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SUMMARY 

The foreign body reaction (FBR) is an immune-mediated response to any 

device implanted in the body. Several studies have shown that it is characterized by 

a first inflammatory phase followed by a tissue remodeling phase, which results in 

the encapsulation of the foreign body. This encapsulation is thought to cause, among 

other factors, the progressive decline in function reported in neural electrodes, 

which should remain chronically implanted in the body to generate and record 

nerve signals from the nervous tissue.  

In this thesis, a detailed characterization of the FBR to intraneural electrodes 

has been performed, in order to determine feasible therapeutic strategies to reduce 

the FBR and to improve the long-term function of chronic implanted intraneural 

electrodes.  

Our results show that the immune infiltration in the nerve peaked after two 

weeks of implant, without differences between two polymers intended to be used as 

electrode substrate (i.e., polyimide and Parylene C). However, the tissue deposition 

around both polymers evolved differently at chronic time points. While the capsule 

around polyimide devices peaked after two weeks and was stabilized after that up 

to 8 months, the capsule around Parylene C devices had a first peak at week 2 and it 

continued increasing after a resting period of 4-8 weeks to reach a second maximum 

at week 16. Molecular analysis of implanted nerves showed no differences between 

the FBR to both polymers in the inflammatory and tissue remodeling studied factors.  

The two main phases described in the FBR in peripheral nerves have 

determined possible therapeutic strategies to reduce this reaction. Among the 

several drugs tested, only dexamethasone significantly reduced the infiltration of 

macrophages and the thickness of the capsule around both polymers. Moreover, 

dexamethasone treatment improved the long-term function of transversal 

intraneural electrodes, particularly in terms of stimulation properties.   

In conclusion, the FBR to intraneural devices shows a similar pattern than 

the reported in other host tissues such as the subcutaneous and the peritoneal 

spaces. Moreover, differences in the FBR between polyimide and Parylene C have 
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been observed, which would rule Parylene C out as a substrate for chronically 

implanted intraneural electrodes. The FBR characterization has allowed testing 

several therapeutic strategies to reduce this response, such as dexamethasone. In 

fact, dexamethasone treatment has improved the outcome of chronic implanted 

intraneural electrodes, may be due to a reduction in the cellular infiltration and 

tissue deposition.   
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LIST OF ABBREVIATIONS 

CCL  C-C motif ligand 

CCR  C-C chemokine receptor 

CD90  cluster of differentiation 90 

CMAP  compound muscle action potential 

CNAP   compound nerve action potential 

CNS  central nervous system 

CXCL  chemokine C-X-C motif ligand 

DRG  dorsal root ganglia 

ECG  electrocardiographic 

ECM  extracellular matrix 

EMG  electromyographic 

ENG  electroneurographic 

FBGCs  foreign body giant cells  

FBR  foreign body reaction 

GM   gastrocnemius medialis 

IL  interleukin 

Iba1  ionized calcium-binding adapter molecule 1 

LIFE  longitudinal intrafascicular electrode 

MEA   multielectrode array 

ParC  Parylene C 

PI  polyimide 

PL   plantar interossei 
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PNS   peripheral nervous system 

SNR  signal-to-noise ratio 

TA  tibialis anterior 

TGFβ  transforming growth factor beta 

TIME  transversal intrafascicular multi-channel electrode 

TNFα  tumor necrosis factor alpha 
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INTRODUCTION 

PERIPHERAL NERVE INTERFACES 

1.1 Peripheral nervous system  

The function of the peripheral nervous system (PNS) is to interconnect and 

communicate the central nervous system (CNS) with the limbs and the internal organs. The 

PNS is constituted by neurons whose cell bodies are located in the spinal cord and within 

ganglia and its axons, which are bundled together within peripheral nerves to reach the 

target organs (Fig. 1). The flow of information has to occur in both directions, from the CNS 

to organs and vice versa. External and internal stimuli (e.g., arterial pressure, mechanical 

stimuli in the skin…) detected by receptors are transmitted by afferent axons of sensory 

neurons located in the dorsal root ganglia (DRGs), that will synapse and transduce the 

signals to CNS neurons in specific regions of the spinal cord or the brainstem. Once the CNS 

has processed the afferent sensory information at different levels, a response may be 

necessary. The CNS then generates an adequate motor response that will lead to impulses 

along the efferent motor axons to activate the appropriate effectors (muscles and glands). 

Thus, the nervous system is able to get and transduce the environmental information, to 

process it and to give a proper response in a fast and reliable way (Tortora and Derrickson, 

2014).  

Afferent and efferent axons that innervate different target organs such as muscles, 

skin or viscera, are grouped into bundles or fascicles surrounded by connective tissue to 

form the peripheral nerves. Peripheral nerves have three supportive layers: epineurium, 

perineurium, and endoneurium (Fig. 1). The epineurium is the outermost sheath, surrounds 

the whole nerve and is mainly composed of loose connective tissue and blood vessels for 

nerve supply. The perineurium surrounds each fascicle in the nerve and is composed of 

perineurial cells and collagen fibers so that it is the responsible for the tensile strength and 

flexibility of the nerve. Finally, the endoneurium is the connective tissue matrix that 

surrounds each axon individually and occupies all the space between fibers. It is composed 

of fibroblasts, collagen and other extracellular matrix (ECM) proteins and Schwann cells, 

which either myelinate or surround the axons.  
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Peripheral nerves are formed by different types of axons: motor axons from 

motoneurons located in the spinal cord, sensory axons from sensory neurons in the DRGs 

and autonomic axons. The number and types of fibers present in peripheral nerves are 

highly variable, but most of them are mixed nerves containing motor, sensory and 

autonomic fibers to innervate a target territory. The nerve fibers are commonly classified 

depending on their diameter and myelination, which will determine the conduction velocity 

of these axons (Table 1, Erlanger and Gasser, 1937). Efferent motor fibers are myelinated 

fibers and can be mainly divided into alpha-motor fibers that innervate skeletal extrafusal 

muscle fibers and gamma-motor fibers that innervate the muscle spindle. Afferent sensory 

axons can be myelinated or unmyelinated and can range from 0.5 to 20 µm in diameter. 

Sensory fibers in the skin, muscles and deep tissues can process different types of stimuli - 

mainly mechanical, thermal, noxious and proprioceptive - through different specific 

membrane receptors. The intensity of stimulation is coded by the frequency of action 

potentials and the number of recruited sensory afferents.  

 

 

 

Figure 1. Anatomy of peripheral nerves. (A) Peripheral nerves contain both motor and sensory 

axons. Flow of afferent information in sensory axons from sensory neurons located in dorsal root 

ganglia to upper structures. Efferent signals from CNS to effectors through motor axons from 

motor neurons located in the ventral horn of the spinal cord. (B) Transversal section of 

peripheral nerve with the epineurium, perineurium, forming nerve fascicles, and endoneurium 

connective layers. Schwann cells surround both myelinated and unmyelinated axons. Modified 

from (A) RCI Rutgers and (B) Pearson education.  
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Table 1. Classification of nerve fibers (Erlanger and Gasser, 1937). 

An injury to peripheral nerves means the partial or total disconnection of the area 

innervated by the affected nerves from the CNS, with the subsequent loss of the conveyed 

functions. The regeneration of injured axons needs a complex and well-coordinated process 

in which axotomized neurons change to a regrowing state, the distal stump debris is cleared 

in a process called Wallerian degeneration and then axons can regenerate through the distal 

stump (Allodi et al., 2012). Several surgical strategies have been developed to repair the 

injured nerves (Navarro and Verdú, 2004). Nevertheless, the functional recovery achieved 

after a nerve injury is usually limited due to the misdirection of regenerating axons, the 

formation of a neuroma and the chronic denervation and atrophy of target organs. On the 

other hand, mechanical hand prostheses have become very advanced and they constitute a 

valid option for hand amputee patients to recover some functionality (Cordella et al., 2016; 

Schultz and Kuiken, 2011). Even more, the possibility of substituting the patient’s own non-

functional arm by an artificial one in cases of severe plexus and nerve injuries is now under 

debate (Aszmann et al., 2016; Smith et al., 2014).  

1.2 Prostheses 

After a nerve injury or limb amputation, especially of a hand or upper limb, loss of 

function of denervated areas cause the inability to perform activities of daily living and 

ultimately determines people’s lifestyle. Besides the evident inability to grasp and 

manipulate surrounding objects, amputee people lose its capacity to interact and 

communicate with its environment or to express emotions without gestures properly. 

The desire and need to restore and replace the lost functions due to injuries to the 

nervous system, limb amputations and degenerative diseases have been historically present 

(Finch, 2011; Nerlich et al., 2000). Several strategies have been developed, from a merely 

Fiber type Function Diameter 

(μm) 

Conduction velocity 

(m/s) 

Myelinated Aα Alpha-motor efferents, 

Proprioception 

12 – 20 80 – 120 

Aβ Tactile, Proprioception 8 – 12 30 – 80 

Aγ Gamma-motor efferents 3 – 8 15 – 40 

Aδ Pain, Temperature 1 – 3 5 – 30 

B Preganglionic autonomic 

efferents 

1 – 3  3 – 15 

Unmyelinated C Pain, Temperature 0,5 –  2 0,5 – 2 
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aesthetic objective to more complex ideas based on artificial systems (Fliegel and Feuer, 

1966; Zuo and Olson, 2014). Aesthetic prostheses were the first strategy to ameliorate the 

loss of a limb, but without any functional recovery aim (Nerlich et al., 2000). With further 

developments in engineering, artificial systems and mechanical prostheses are intended to 

substitute the lost limb in amputee people and recover its normal functions. To ensure a 

good outcome, a prosthesis has: 

• to mimic and look like the natural limb, as do the aesthetic prosthesis, 

• to be naturally felt and controlled by the patient,  

• to allow for multiple degrees of freedom to have all the functions of a natural limb,  

• to provide sensory feedback to achieve the natural control needed by the subject.  

Thus, an ideal prosthesis would use the subject motor commands to induce movement of 

the mechanical limb and then provide sensory feedback from sensors present in the robotic 

arm (Ciancio et al., 2016; Cordella et al., 2016). However, this is not an easy and feasible 

objective and several different strategies have been developed in order to achieve the ideal 

prosthesis.  

1.2.1 Body-powered prostheses 

Body-powered prostheses consist of a 

socket attached to the residual limb that finishes 

in a terminal device. Patients wear them by 

means of harnesses (Fig. 2). They work by using 

cables to link the body movement to control the 

prosthesis motion. Thus, moving the body or the 

remaining limb stump in a certain way (e.g., 

extending the arm or flexing the shoulder) will 

pull on the cable attached to the harness on the 

user back, opening, closing or bending the 

attached terminal device. Besides, in some of 

these prostheses it is possible to interchange 

the terminal device in order to do more specific 

actions (e.g. hooks, mechanical hands…).  

These kinds of prostheses are a good option to solve some basic daily problems and 

with an excellent aesthetic satisfaction. Besides, they are usually more durable and less 

expensive than other more sophisticated systems. However, they do not have a satisfactory 

Figure 2. Body-powered prosthesis with the 

terminal device attached to a socket. The 

prosthesis is fixed to the patient by means of a 

harness and controlled with a cable. Adapted 

from Upperlimbprosthetics.info 
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functional restoring due to the limited degrees of freedom offered (Biddiss et al., 2007; 

Millstein et al., 1986).  

1.2.2 Myoelectric prostheses 

Myoelectric prostheses are a more complex solution for functional restoration. 

These prostheses are motorized and controlled by surface electromyographical (EMG) 

signals recorded from muscles in the residual limb or the body (e.g., chest muscles). 

Electrodes placed on the remaining muscles detect the muscle activity (triggered by the 

user) and translate it into information that electric motors in the prosthesis use to control 

the artificial limb movement. The user can control the strength and speed of the limb 

movement by proportional control according to the EMG signal amplitude (Zecca et al., 

2002). 

A significant advance was made 

in this field with the development of the 

targeted muscle reinnervation (TMR) 

strategy (Fig. 3). With TMR, the 

remaining nerves of the upper limb, 

such as median, ulnar and radial 

nerves, that have been disconnected 

from their targets, are transferred and 

inserted into the residual limb or chest 

muscles that are no longer useful due to 

the loss of the limb (Kuiken et al., 2011). 

Thus, the re-innervated muscles with 

amputated nerves are now the target muscles of the lost limb. Patients control the 

prosthetic system by the efferent signals from injured nerves that now reach the 

reinnervated muscles, which will result in the contraction of those muscles. The strong EMG 

signals generated are used for powered hand, wrist and elbow control. User people find that 

myoelectric prostheses allow for a wide range of motion, a more natural appearance and 

they are more comfortable as the harness is almost eliminated (Miller et al., 2008). 

However, there are some crucial points in the use of myoelectric prostheses that 

cause the incomplete acceptance of these systems by the patients (Biddiss and Chau, 2007). 

When using EMG signals, some delay appears due to the data processing, which results in 

longer time to perform easy movements in comparison to the natural limb (Chadwell et al., 

2016). Even the advances in prosthetic arm designs, which now offer up to 17 degrees of 

Figure 3. Targeted muscle reinnervation 

strategy. Nerves innervating the hand (green) 

were rerouted to chest muscles. Extracted from 

Kuiken et al., 2007. 
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freedom (Burck et al., 2011; Resnik et al., 2014), still these prostheses are far from the 

natural limb performance (Cowley et al., 2017). Besides, users have to rely on visual 

feedback constantly due to the lack of sensory feedback from the prosthesis. In line with 

this, studies with TMR have demonstrated some recovery of tactile sensory feedback in the 

skin overlying the reinnervated muscles, which eventually could be used to improve control 

of mechanical prostheses (Kuiken et al., 2007).   

 1.2.3 Neuroprostheses and bionic systems 

Very advanced hand prostheses have been fabricated in the last decade, which can 

eventually produce almost the same amount and variety of movements than the natural 

human hand (Hashim et al., 2017; Kyberd, 2017). Thus, a parallel improvement is needed 

to offer a proper somatosensory feedback and a more complex voluntary control of the 

prosthesis than provided with the powered and myoelectric prosthetic systems. To achieve 

a more natural and intuitive control, directly interfacing the nervous system would allow to 

record information from motor commands and to stimulate the sensory system. It appears 

as a significant improvement for solving some of the problems with the systems mentioned 

above. Tyler and coworkers have used electrodes placed around the peripheral nerves of 

the upper limb to stimulate specific nerve fibers to give the prosthesis users sensory 

feedback (Schiefer et al., 2016; Tan et al., 2014). They showed an improved in task 

performance of upper limb amputee patients using myoelectric prosthesis based on EMG-

signals control when the nerves innervating the lost limb were stimulated.  

Thus, neuroprostheses are the next step to directly interconnect the nervous system 

of the patient with a robotic limb by means of interfaces with the nervous tissue. Unlike 

myoelectric prostheses, in which EMG signals are recorded from close muscles to control 

the mechanical limb, neuroprostheses systems are based in the recording of efferent motor 

signals directly from the nervous system to control the robotic prosthesis (Fig. 4). In 

addition, the same interfaces can also stimulate afferent sensory fibers to provide a proper 

somatosensory feedback to the patient from sensors present in the mechanical part (Fig. 4). 
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Neural signals can be intercepted from different places in the nervous system, 

depending on the individual characteristics and applications, such as the brain (Wang et al., 

2013), the spinal cord (Capogrosso et al., 2016) and the peripheral nerves (Navarro et al., 

2005). For restoring a functional arm lost, peripheral nerves are a suitable option due to 

easier accessibility and reduced invasiveness in comparison with the CNS. Besides, 

peripheral nerves contain both motor and sensory fibers, so that it would be possible to 

intercept motor commands for prosthetic device control and also to stimulate sensory 

fibers to provide somatosensory feedback more specifically than in higher areas. 

The interface is an essential part of a neuroprosthesis since it includes the electrode 

in direct contact with the nervous tissue and the wires to connect to the external processor 

and controller (Fig. 4). The neural electrode should record efferent bioelectrical activity in 

peripheral nerves that came from commands in the brain and transform these impulses into 

electrical signals to control the motors of the prosthetic limb. Besides, the electrode should 

also be able to translate signals from the mechanical sensors in the device into bioelectrical 

inputs to stimulate afferent fibers to provide a sensory feedback (del Valle and Navarro, 

2013).  

Electrodes functionality and characteristics are described in detail in the following section. 

  

Figure 4. Neuroprosthesis closed 

loop control by means of peripheral 

nerve electrodes. Efferent motor 

signals (red) are recorded to control 

the mechanical prosthesis. Sensory 

signals from the robotic limb 

conveyed to the user through 

selective electrical stimulation of the 

amputated nerve. The sensory 

stimulus travels to upper structures 

to provide sensory feedback.  
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1.3 Peripheral nerve electrodes 

1.3.1 Bases of stimulation and recording from the nervous tissue 

Electrical stimulation and recording from an excitable tissue as the nervous tissue 

are the basis of electrophysiological research and neuroprostheses development. Any 

interface capable of interacting in both ways with the nervous tissue can be considered as a 

bidirectional electrical interface.  

An adequate nerve electrode has to be composed of inert materials, both passively 

and when subjected to electrical stimulation, since deterioration of the device may result in 

implant failure and the release of toxic products. In general, neural electrodes are composed 

of a substrate isolating material and the conductive metal lines. Materials typically used are 

gold, platinum, iridium, tungsten and stainless steel as conductors, and silicon, silicone 

elastomer, polytetrafluoroethylene and polyimide as insulating carriers (Heiduschka and 

Thanos, 1998; Navarro et al., 2005). For the substrate, silicon and flexible polymers like 

polyimide are the most widespread materials used with micromachining techniques.  

The active sites on the electrode are the uncovered parts of the conductive material that 

effectively serve to record or deliver an electrical charge to the nerve fibers. They are made 

of different materials (e.g., gold, platinum, iridium) with different physical and chemical 

properties that will determine the amount of injected charge available, the degradation 

process that could suffer or its impedance (Merrill et al., 2005; Stieglitz et al., 2000). Besides, 

depending on their application (e.g., cortical, peripheral nerves), the electrode and its active 

sites will have specific shape and size, which will also determine the maximum charge it 

may deliver and the impedance since smaller active sites typically have a higher impedance 

(Tyler et al., 2015).  

a) Extracellular stimulation of the nervous tissue 

In terms of extracellular nerve stimulation, when a difference of potential is applied 

between two electrodes in contact with neural tissue, electric current flows between them 

and an electrical field is generated. This electric field activates the voltage-gated sodium and 

potassium channels of the nerve fibers in the neighborhood. When enough channels are 

opened and the threshold potential is achieved, an action potential is generated and 

propagated away from the site of stimulation. Action potentials conducted in motor fibers 

will ultimate provoke the release of acetylcholine in the neuromuscular junction and the 

consequent excitation and contraction of the innervated skeletal muscle. On the other hand, 
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action potentials generated in sensory axons will transduce the sensory input and will be 

conducted along the sensory pathways to upper structures.  

Different parameters modulate the extracellular stimulation capacity of electrodes.  

The first one is the distance between the active site delivering the current and the 

axon to stimulate. The closer the active site and the axon are, the lower current will be 

needed to activate the axon. The minimum current intensity needed to evoke an action 

potential and a specific response is known as the threshold of stimulation and it increases as 

the distance between the active site and the axon to stimulate increases (Ranck, 1975).  

A second factor is the resistance of the nerve fibers to the electrical flow. Nerve 

fibers with a large diameter are activated at smaller currents and have a lower threshold of 

stimulation than small ones (Blair and Erlanger, 1933; McNeal, 1976). This difference is 

particularly important between myelinated and unmyelinated nerve fibers.  

Parameters such amplitude, duration, and frequency of the stimuli applied are also 

relevant to determine the stimulation threshold and the input generated (Gorman and 

Mortimer, 1983). These variables are inversely related: as the amplitude of the pulse 

increases, the duration required to stimulate the fiber decreases (Bostock, 1983), and vice 

versa. Modulation of the pattern of activation by changes in amplitude and duration may 

produce differences in the transduction along the neural pathways. In fact, Tan and 

coworkers showed that repeated stimulation with pulses of constant amplitude and width 

were perceived by the subject as paresthesia, whereas modulation of both parameters 

produced a more natural sensation when stimulating amputated arm nerves (Tan et al., 

2014).   

Hence, the position of the active site with respect to the fibers inside the nerve will 

determine not only the current needed to stimulate the fibers (based on the distance and 

fiber diameter) but also which fibers will be stimulated (based on fiber type and 

topography). This, in fact, will determine the selectivity of stimulation, i.e., the specific 

activation of those axons related to a specific response. Topographical or anatomical 

selectivity describes the ability of an electrode to stimulate only the fibers related to a 

specific anatomical region and target (muscle or skin), usually located bundled in a fascicle, 

without activating other fibers linked to other targets. On the other hand, functional 

selectivity determines the activation of distinct classes of nerve fibers, that relates with the 

type of function conveyed by the targeted axons, for example, excite sensory or motor fibers 

(Grill and Mortimer, 1996).  
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In summary, to achieve a selective stimulation of only those fibers related to the desired 

output, active sites in the implanted electrode have to be close to the specific axons. 

Therefore, detailed knowledge of the topographical organization of the implanted nerve is 

required (Badia et al., 2010) to guide adequate placement of the electrode active sites as 

near as possible to the target bundle of axons. The intensity of the stimuli may be increased 

to obtain a specific response, but then the electrical field also diffuses to a wider area and 

can activate all the fibers in the vicinity, thus decreasing the selectivity for that specific 

response. Hence, when evaluating the selectivity achieved with a particular electrode 

design, it is usually expressed as the ratio of the specific response obtained with respect to 

others responses relying on the same nerve (Badia et al, 2011a, Veraart et al, 1993).  

b) Extracellular recording of nerve signals from nerve fibers 

When an action potential runs along an axon, ions flow across the membrane. This ion 

movement, equivalent to a current flow, also generates a small potential that can be 

detected by the metal active sites of the implanted electrode. Thus, recording nerve signals 

is based on the capacity of the electrode to detect changes in the membrane potential. In 

nerve electrophysiology, the general recording setting is based on the differential recording 

between two electrode sites placed relatively close to the excited tissue. 

Alike the stimulation of nerve fibers, many of the parameters above-mentioned are also 

crucial to obtain good quality nerve signals. The magnitude of the potential sensed depends 

on: a) the distance between the active site and the axons that have generated it, b) the 

impedance of the active site, and c) the tissue impedance between the axon and the active 

site. Moreover, the potential sensed can be the result of the summed current when many 

axons are excited synchronously and they produce a larger signal (compound nerve action 

potential, CNAP). During standard excitation produced by natural sensory stimuli, axons 

fire asynchronously during the stimulus duration, so the signal recorded of the nerve 

activity (electroneurography, ENG) is smaller and disperse compared to the CNAP (Tyler et 

al., 2015). 

Another critical factor in order to obtain proper quality signals is the signal to noise ratio 

(SNR), it is, the amplitude of the signal of interest with respect to the noise. Extracellularly 

recorded neural signals are very small, ranging from 10 to 100 µV within microns of the 

axon without a resistant tissue in between, in comparison to different environmental (e.g., 

circuit) and biological (e.g., ECG, EMG) noise sources. Thus, recording needs a very low-

noise, high-gain amplifier system. Therefore, to record high-quality nerve signals, the active 
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site should be as close as possible to the axons. However, smaller active sites will have a 

higher impedance, which will reduce the signal to amplify.  

On the other hand, since different sources produce electrical signals with different 

frequency components, the recording can be processed with adequate filters to reduce the 

input of undesired signals, thus increasing the SNR of the targeted signal. For example, EMG 

signals usually have a peak around 300Hz, while for ENG it is around 1000Hz (Haugland et 

al., 1994; Upshaw and Sinkjaer, 1998). Moreover, with an adequate processing, recorded 

signals can be differentiated using different features according to the stimulus type 

(Raspopovic et al., 2010). Thus, the limiting factor to having good quality recordings is the 

SNR, which, even with digital processing, depends on the neurophysiological nature of the 

signal, electrochemical changes in the metal active sites, electrode position and tissue 

deposition over time. 

  1.3.2 Types of peripheral nerve electrodes 

Consequently, an equilibrium is needed between the interface design, active site size 

and position, the stimulation/recording properties desired and the ratio benefit/risk. For 

Figure 5. Classification of peripheral nerve electrodes regarding its invasiveness and selectivity. 

Images show examples of extraneural electrodes such as (A) cuff and (B) flat interface neural 

electrode (FINE), intraneural electrodes such as (C) transversal intraneural multichannel 

electrode (TIME), (D) longitudinal intrafascicular electrode (LIFE), (E) multielectrode array 

(MEA) and regenerative electrode such as (F) sieve and (G) multichannel electrode. From del 

Valle and Navarro, 2013.  

Invasiveness 

Extraneural Intraneural Regenerative 

In
te

rf
ac

e 
se

le
ct

iv
it

y
 



20 
 

different biomedical applications, several electrode designs for the PNS have been 

developed based on their location within the nerve anatomy: extraneural, intrafascicular 

and regenerative electrodes, that can be in turn classified according to their invasiveness 

and selectivity (Fig. 5) (Navarro et al., 2005). For example (see following sections), surface 

and muscular electrodes can record EMG activity from and stimulate only the underlying or 

implanted muscles. Extraneural electrodes, such as cuff and epineurial, provide a 

simultaneous interface with many axons in the nerve, whereas intrafascicular and 

regenerative electrodes inserted in the nerve may interface small groups of axons within a 

nerve fascicle. On the other hand, the state of the nerve varies; cuff and intrafascicular 

electrodes can be applied to intact nerves in acute or chronic studies, whereas by definition 

regenerative electrodes are implanted in transected nerves that need to regenerate across 

the electrode over several months. 

a) Extraneural electrodes 

Extraneural electrodes, such as cuffs (Loeb and Peck, 1996; Rodriguez et al., 2000; 

Tan et al., 2013) (Fig.5), are designed to be placed surrounding a nerve trunk and to provide 

simultaneously interfacing with many axons in the nerve (Navarro et al., 2005). They are 

composed of an insulating tubular sheath with the active sites placed on the inner surface. 

This leads to confine the stimulating current to the inner space, avoiding stimulation of 

other neighboring nerves and tissues (Loeb and Peck, 1996).  

Cuff electrodes may induce selective activation of nerve fibers within a nerve or 

fascicle (Tan et al., 2013), but due to its design, mainly only those fibers in the periphery 

(Badia et al., 2011a). This fact leads to a lower selectivity and an increase in current injection 

needed to activate the most internal fibers. Additionally, although cuff electrodes have been 

implanted in patients for decades due to their robustness and relatively low invasiveness 

(Fisher et al., 2009; Polasek et al., 2009), nerves can be damaged by the presence of the cuff 

due to the differences in stiffness between the electrode and the nervous tissue (Krarup et 

al., 1989; Larsen et al., 1998), especially in those nerves subjected to a wide range of motion. 

Nevertheless, the reduced size and thickness of recent polymer cuffs (Stieglitz et al., 2000) 

have brought the possibility to implant several small cuffs around different fascicles or 

branches of nerves to achieve a higher selective functional stimulation without significant 

nerve damage (Rodriguez et al., 2000), although it implies more aggressive implantation 

methods. Recently, promising results from human amputee patients have demonstrated the 

ability to provide sensory feedback using extraneural cuff electrodes over extended periods 

of time (Tan et al., 2013).  
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A variation of the cuff electrode was developed to change the nerve conformation, 

the Flat Interface Nerve Electrode (FINE) (Tyler and Durand, 2002). With this type of 

electrode, the nerve is flattened and there are more nerve fibers close to the active sites in 

the surrounding electrode. Comparative studies with cuff electrode showed that it is 

possible to selectively activate more individual fascicles with the FINE, as well as groups of 

fibers within the fascicles (Leventhal and Durand, 2004; Tyler and Durand, 2002). Besides, 

it also pointed out the strong dependency of selectivity on the relative locations of the 

fascicle and the electrode contacts. However, chronic studies in laboratory animals with 

implanted FINE over 1 to 3 months showed that electrodes applying high reshaping force 

induced nerve damage, whereas those with moderate and small forces did not cause 

significant changes in nerve physiology and histology (Leventhal et al., 2006). Besides, 

electrodes that moderately flattened the nerve demonstrated the best selectivity for limb 

motion measurements that was maintained throughout the implant time (Leventhal and 

Durand, 2004; Park and Durand, 2015; Schiefer et al., 2013). 

In terms of nerve recording, cuff electrodes are usually less used than other designs 

due to a low SNR, mainly caused by the low conductance that the tissue between the active 

sites and the axons have (Tyler et al., 2015). However, some studies have shown the ability 

of cuff electrodes to record nerve signals (Y. J. Lee et al., 2017; Loeb and Peck, 1996).  

 b) Intrafascicular electrodes 

In order to enhance stimulation selectivity and improve the recordings quality with 

respect to extraneural electrodes, more invasive electrodes have been developed, as 

intrafascicular and regenerative electrodes intended to be placed inside the nerve, in closer 

contact with the axons in the endoneurium (Navarro et al., 2005). 

Intrafascicular electrodes, such as the longitudinal intrafascicular electrode (LIFE) 

and the transversal intrafascicular multichannel electrode (TIME), are placed inside the 

nerve, within a given fascicle, in close contact with the nerve fibers to activate or record 

from them. Stimulation with them specifically activates axons in the nerve fascicle in which 

the active sites of the electrode are placed, with little cross-talk to adjacent fascicles. Due to 

the proximity to nerve fibers, lower intensity current is needed to achieve equivalent 

stimulation than with extraneural electrodes (Yoshida et al., 2000). Besides, as they are 

inside fascicles, they avoid the perineurium tissue and its low conductance in comparison 

to the epi- and endoneurium layers (Tyler et al., 2015). 
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LIFE electrodes are longitudinally implanted within nerve fascicles, parallel to the 

longitudinal direction of the axons. They can interface a restricted group of axons within 

that fascicle. The initial LIFEs were composed by thin insulated conducting wires, such as 

Pt-Ir or metalized Kevlar fibers with a short active site zone of the wire bared of insulation 

(Malagodi et al., 1989; McNaughton and Horch, 1996; Yoshida et al., 2000). Histological 

analysis revealed no damage to nerve fibers or to the fascicular architecture due to the 

implant (Lawrence et al., 2002). Nevertheless, the use of flexible polymers such as polyimide 

(Lago et al., 2007) improved the flexibility and long-term biocompatibility of LIFE 

electrodes. Several studies in human amputee patients have proved the applicability of 

LIFEs to stimulate and record from amputee’s peripheral nerves even years after the limb 

amputation (Dhillon and Horch, 2005; Horch et al., 2011). In fact, stimulation of nerve fibers 

and recording of efferent signals allowed users to better control a motorized hand 

prosthesis (Horch et al., 2011; Rossini et al., 2010). However, while the selectivity of the 

LIFE within one fascicle is excellent, it is challenging to implant a few of these electrodes in 

different fascicles of the same nerve to interface several targets.  

In order to improve the connection with diffent fascicles within the same nerve, the 

TIME electrode was developed. The TIME consists of a thin, strip-like polyimide-based 

structure with multiple active sites along the structure (Boretius et al., 2010). The TIME is 

designed to be implanted transversally in the peripheral nerve, thereby accessing different 

groups of axons within different fascicles in the same nerve (Badia et al., 2011b). The 

rationale for the TIME design is to enhance the selectivity of recording from and stimulating 

different populations of axons localized within different fascicles in the nerve with respect 

to longitudinally implanted electrodes. In the case of TIME, several fabrication 

modifications were made to adapt the length and number of active sites to the nerve 

anatomical requirements. Besides, studies in the rat model have shown the capability of 

differentiating between sensory stimuli applied to different sites in the paw according to 

the TIME recordings by different active sites within a peripheral nerve (Badia et al., 2016). 

Recent studies in human amputee patients implanted with TIME electrodes have shown 

that by providing sensory feedback it was possible to improve the accuracy to perform 

different grasping movements, and also to distinguish different shapes and stiffness 

(Raspopovic et al., 2014) and even discriminate between different coarseness of objects 

(Oddo et al., 2016). 

Moreover, a recent modification of the TIME basic structure, the self-opening 

intraneural peripheral interface (SELINE), improves the anchorage to the nerves, thus 
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increasing the stability and stimulation selectivity in experiments performed in animal 

models (Cutrone et al., 2015). 

Finally, a third type of intrafascicular electrode design has been used to interface the 

peripheral nerve, based on previous designs for the brain cortex. The multielectrode array 

(MEA) consists of an array of tens of needles incorporated in glass, silicon or polyimide 

carriers inserted into the nervous system (Rutten et al., 1999). The shaft of the needles is 

isolated while only the very tip is uncovered to serve as the active site. A modified version, 

the Utah slanted electrode array (USEA), has been developed with different lengths of the 

needle rows (Branner et al., 2001). Hence, once implanted in peripheral nerves, stimulation 

or recording may affect not only surface axons but also inner fibers at defined depths in the 

nerve. They have been implanted in animal models with slight nerve damage due to the 

rigidity of the silicon material (Christensen et al., 2014), and successfully used to produce 

nerve fibers stimulation (Branner et al., 2004; Rutten et al., 1991; Smit et al., 1999), while 

nerve signals recording was not as good as the stimulation (Branner et al., 2004; Clark et al., 

2011). Besides, studies in human volunteers have shown successful recordings and 

stimulation of nerve fibers for short-term and sub-chronic periods of time (Christensen et 

al., 2015; Clark et al., 2014; Davis et al., 2016; Warwick et al., 2003). Some shortcomings are 

due to failure of the active sites with time, and to the fact that the length of the spikes was 

not enough to reach the mid part of large nerves in humans.   

 c) Regenerative electrodes 

Regenerative electrodes are probably the most invasive interface to the PNS but are 

also the ones that might offer the highest selectivity. Regenerative electrodes are designed 

to be implanted not in intact nerves but between the severed stumps of a peripheral nerve 

after a section, provided that axons will grow across the electrode device distally. Thus, the 

applicability of regenerative electrodes is directly related to the need of successful 

regeneration of transected axons (Navarro et al., 1996; Rosen et al., 1990). Regenerating 

axons will eventually grow through, along or near the electrode, making it possible to record 

action potentials from and to stimulate individual axons or small groups.  

The sieve electrode has been the most used design in regenerative nerves (Stieglitz 

et al., 1997b) and it consists of an array of holes with metal ring active sites built around 

them. Ideally, individual or small bundles of axons will grow through each hole, thus 

resulting in a high number of selective contacts. The first electrodes were made on hard 

materials, like epoxy, and later on silicon dice (Edell, 1986; Kovacs et al., 1992), that 

represented some problems due to poor adaptability and late compression of the 
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regenerated axons within the via holes (Navarro et al., 1998). Better results have been 

obtained with sieve electrodes made on a flexible polyimide substrate with a large number 

of via holes (Ceballos et al., 2002; Lago et al., 2005), although further investigation is needed 

to overcome the technical and biological problems (e.g., scar tissue, axon compression 

within holes) with these interfaces.  

New designs have been developed in order to improve the regenerative process 

through the regenerative electrode. For example, the micro-channel electrode array, which 

showed successfully regenerated axons after 1 month, but of a limited number of axons due 

to the added difficulty of axons to grow through narrow long microchannels (Lacour et al., 

2009). A recent new design focused on increasing the transparency of the electrode to 

facilitate the growth of a more substantial number of axons have been developed. Tubular 

devices containing a longitudinal planar electrode with several active sites allow the 

separate regeneration of different nerve fascicles (Clements et al., 2013; Delgado-Martinez 

et al., 2017). With such dual aisle design, it was possible to selectively stimulate the two 

different fascicles in acute and chronic experiments in rats, demonstrating that it allowed 

for better nerve regeneration than the sieve electrodes, but also it can be used as an 

interface with the regenerating axons grouped in small new fascicles.   

BIOCOMPATIBILITY AND FOREIGN BODY REACTION  

The potential usability of peripheral nerve interfaces to control mechanical prostheses 

relies directly on its performance as chronically implanted devices. Therefore, it is 

mandatory for these implanted devices not only to be biocompatible but also to accomplish 

with its function in the long-term. However, any implanted device represents a strange body 

that will induce a host response that could ultimately compromise the functional outcome. 

The host response to an implanted device – known as foreign body reaction (FBR) – is 

determined by factors related to both, the material of which the device is made and the 

tissue in which the device is placed. Efforts have been made to characterize the FBR to 

different materials and in different tissues and organs in order to determine targets and 

strategies to reduce the FBR and improve the long-term applicability of medical devices 

(Anderson et al., 2008; Burgess et al., 2015; Kenneth Ward, 2008). 

2.1 Foreign Body Reaction 

Biocompatibility is the most commonly used term to describe an optimal host response 

to implanted medical devices. Biocompatible materials have been defined as those which do 

not induce an adverse tissue reaction (e.g., necrosis, organ failure) (Williams, 1987). 

However, a more helpful definition would be that biocompatibility is the ability of a medical 
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device to accomplish a specific application with an appropriate host response (Williams, 

2008). This definition links the device properties and the tissue reaction with the 

performance in a specific biomedical function. Therefore, it is necessary to characterize 

thoroughly the tissue responses which could be harmful to the host but which could also 

lead to the device failure, facing both the biological and the engineering perspectives. 

After the surgical implantation of any medical device in the body, several biological 

processes occur, from protein adsorption on the material surface to inflammation and scar 

formation around the device. These are comprehended in the foreign body reaction (FBR) 

(Corradetti, 2017). The tissue reaction also occurs to heal the damage caused by the 

implantation of a foreign body in the tissue. A difference must be noted between the normal 

wound healing process after a tissue injury and the process after a device implantation. The 

objective of wound healing after tissue damage is to heal clean incisions in which wound 

edges have been approximated by surgical sutures. If this is not possible, scar tissue is 

formed to fill the damaged tissue and the reactive process will be solved. However, after a 

material implantation, despite a healing process is also activated to repair the damage, 

complete tissue remodeling will not happen because the implant constitutes a physical 

impediment. Therefore, a capsule or scar tissue appears around the implant, as the 

Figure 6. Foreign body reaction following biomaterial implantation. Proteins from serum 

adsorb to the material surface and inflammatory cells such as neutrophils and 

monocytes/macrophages infiltrate in response to tissue damage. Macrophages are initially 

classical activated and secrete pro-inflammatory mediators, which stimulate additional cellular 

recruitment and activation. After several days, macrophages polarize towards an anti-

inflammatory and pro-healing phenotype and release anti-inflammatory and tissue remodeling 

factors. At final stages, macrophages fuse into foreign body giant cells (FBGCs) and recruit 

fibroblasts, which generate a fibrotic capsule around the biomaterial.  
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reconstitution of damaged tissue cannot completely occur. The amount of tissue formed is 

related to the extension of tissue damage and the material area. 

Specific material characteristics (e.g., shape, size, physical and chemical properties) and 

particularities of different organs and tissues determine the overall FBR in each case 

(Boddupalli et al., 2016). Nonetheless, the general sequence of events (Fig. 6) following 

implantation of a device is described in detail in the following sections. 

  2.1.1 Acute inflammation and protein adsorption 

Several molecular and cellular mechanisms are activated after the implantation of 

any device in response to the surgical damage. These are mediated by the innate immune 

system to restore the tissue homeostasis (Janeway et al., 2001). Rapidly after the injury, the 

damage to the blood vessels let fluid, plasma proteins and blood cells into the tissue and 

activation of acute inflammatory response occurs, with infiltration of leucocytes and 

macrophages. Initially, inflammation serves to contain possible infectious or injurious 

agents. Besides, acute inflammation will stimulate following mechanisms to heal and 

reconstitute the injured tissue by native parenchymal cells, fibroblastic scar tissue or a 

combination of both.  

The implantation procedure cause coagulation around the implant, initiated by 

blood coagulation pathways, i.e., platelet, fibrinogen and complement cascades. Clot 

formation on the material surface is induced by the Vroman effect (Vroman et al., 1985, 

1980), which regulates the early changes in protein adsorption to the material surface, 

saturating it with a protein layer within seconds to minutes after implantation (Kenneth 

Ward, 2008), mainly composed of albumin, fibrinogen, complement, fibronectin, integrins 

and others. The Vroman effect depends on chemical composition, roughness and shape of 

the material and the protein composition of the tissue implanted (Vroman, 1988). It has 

been of great interest in the last years (Geelhood et al., 2007; Hirsh et al., 2013; Kim, 2002; 

Mohan et al., 2017) because when infiltrating cells approach the material surface, they do 

not actually interact with the molecular structure of the material itself but with the 

adsorbed protein layer (Latour, 2008). This first cellular contact would determine the 

mechanisms initiated by the first interacting cells with the material and, in turn, determines 

the biocompatibility and the FBR to the implanted device (Hirsh et al., 2013; Vroman et al., 

1985).  

The adsorbed proteins and cells present from minutes to hours after implantation 

are considered as a provisional matrix and they initiate the following resolution, 
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reorganization and repair processes in the FBR. In fact, this provisional matrix can be seen 

as a natural and biodegradable sustained release system of several inflammatory and 

wound healing mediators (cytokines, chemokines and growth factors) (Baldwin and Hunt, 

2008; Luttikhuizen et al., 2006). Considering the critical role that adsorbed layers have in 

the modulation of the acute inflammation and subsequent FBR, different studies have 

focused in the modulation of the FBR by means of protein coatings on implanted devices 

(Balaji et al., 2015; Geelhood et al., 2007; Young et al., 2017).  

Protein mediators present in the provisional matrix regulate the acute inflammatory 

response, which usually is of short duration (from minutes to hours or days) and depends 

on the surgical injury and the origin and size of the biomaterial. The most studied molecular 

mediators that regulate this inflammatory phase and the attraction and activation of 

neutrophils and macrophages to the injury site are tumor necrosis factor alpha (TNFα), 

interleukin 1β (IL-1β), platelet-derived growth factor (PDGF), fibroblast growth factor 

(FGF) and transforming growth factor beta (TGFβ) and proteins from the complement and 

the coagulation systems (Hu et al., 2001; Luttikhuizen et al., 2006).  

Neutrophils and other polymorphonuclear cells are the first to infiltrate the 

damaged tissue, predominate during the first days after implantation (McDonald et al., 

2010) and are subsequently substituted by monocytes/macrophages (Lawrence and Gilroy, 

2007; Martin and Leibovich, 2005). This cell replacement is mainly due to the short life of 

neutrophils and its rapid chemoattraction, while monocytes/macrophages are very long-

lived in tissue (up to months) and their chemoattractive signals last longer (Lech and 

Anders, 2013). Both neutrophils and macrophages are phagocytic cells and clean cellular 

debris, damaged tissue and try to eliminate the foreign body. However, the elimination of 

the foreign body may or may not occur depending on the type and size of the biomaterials. 

If is not possible to degrade and eliminate the foreign body, only recognition and cellular 

attachment occur. This will not lead to engulfment of the foreign body but to the 

extracellular release of products in order to degrade the biomaterial. Thus, the degree of 

acute inflammatory reaction depends on the type of biomaterial implanted and if it can be 

phagocytosed or not.  

  2.1.2 Chronic inflammation 

The presence of monocytes/macrophages and lymphocytes together with blood 

vessels proliferation and connective tissue contributes to the chronic inflammatory phase.  
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While general chronic inflammation in toxicity and infectious situations is characterized by 

the presence of monocytes/macrophages and lymphocytes, the foreign body reaction to 

biomaterials is generally composed of monocytes/macrophages and foreign body giant cells 

(Kenneth Ward, 2008). The chronic inflammatory phase to biomaterials is usually of short 

duration and limited to the implant site. However, chronic inflammation may last longer if 

toxic products are released from the biomaterial or due to micromotions between the 

implant and the tissue.  

Macrophages are the most critical cell type involved in the chronic inflammatory 

phase and the FBR to biomaterials, since they can release a vast range of products, from pro-

inflammatory (e.g., IL-1β, TNFα, reactive oxigen species) to anti-inflammatory (e.g., IL-10, 

IL-4) and tissue remodeling (e.g., TGFβ, vascular endotelial growth factor A – VEGF-A, 

matrix metalopeptidase 9 - MMP9) factors (Klopfleisch, 2016). They can play different roles 

within the FBR, from phagocytosis of the foreign body and damaged tissue to the resolution 

of inflammation and stimulation of wound-healing and remodeling processes. Macrophages 

phenotype and function are heterogeneous, depending on the molecular and cellular 

environment. There are two majors phenotypes that macrophages can display, defined as 

M1 and M2 in vitro (Kigerl et al., 2009; Tarique et al., 2015). M1 or pro-inflammatory 

macrophages are the first to appear after an injury, along with neutrophils. They are potent 

producers of inflammatory factors such as TNFα, IL-1 and reactive oxygen species to 

destroy the foreign material (Moore et al., 2015). After acute inflammation, M2 or pro-

wound-healing macrophages become the predominant subtype, secreting anti-

inflammatory cytokines such as interleukin 10 (IL-10) and pro-regeneration factors such as 

TGFβ. Thus, it is hypothesized that a low ratio M1/M2 is needed to stimulate resolution of 

the inflammatory phase and to start the wound healing process. In the case of the FBR, if the 

implant can be degraded, M2 macrophages will recruit fibroblasts to continue with the 

remodeling and wound healing processes. On the contrary, if the device cannot be degraded 

– as usually occurs with medical and prosthetic devices – M2 macrophages will recruit 

fibroblasts to generate new matrix and fibrous capsule around the implant and will 

stimulate new vessels formation. Unlike in the normal wound healing process in which M1 

and M2 macrophages are temporally separate, in the FBR to biomaterials both phenotypes 

are concurrently observed in the tissue-material interface (Moore and Kyriakides, 2015; 

Sussman et al., 2014). 

Foreign-body giant cells (FBGCs) are typically found in the FBR to most biomaterials. 

FBGCs are fused macrophages intended to phagocyte the implant when individual 

macrophages are unable to do so. These multinucleated cells can have up to one hundred 
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nuclei (McNally and Anderson, 2011) and may persist in the tissue-implant interface, 

together with the fibrous encapsulation, for the lifetime of the implant. However, it is not 

known if these cells remain activated, releasing its lysosomal content to degrade the 

biomaterial or become quiescent (McNally and Anderson, 2011; Sheikh et al., 2015). The 

formation of FBGCs due to macrophage fusion seems to be IL-4 and IL-13-dependant 

(McNally et al., 1996), what suggests their presence is related to an anti-inflammatory and 

tissue remodeling environment.  

  2.1.3 Tissue remodeling phase 

A hallmark of the healing inflammation during the FBR is the formation of 

granulation tissue around the biomaterial and the injury site. Fibroblasts, together with 

macrophages, are typically found within this newly formed tissue.  

After the inflammatory phase, macrophages, by means of anti-inflammatory and 

tissue remodeling secreted factors (e.g., TGFβ, PDGF), stimulate the recruitment of 

fibroblasts to mediate the matrix remodeling (Anderson et al., 2008; Wynn, 2013). 

Fibroblasts are active in synthesizing collagen, proteoglycans and fibronectin. All these 

components mediate the FBR to biomaterials, depending on the biomaterial type and 

topography and the amount of tissue damage (Bota et al., 2010; Veiseh et al., 2015). Due to 

high levels of TGFβ released by M2 macrophages, a constant influx of fibroblasts and 

collagen deposition occurs. Moreover, myofibroblasts and fibrocytes (resident and 

circulating mesenchymal progenitor cells) may also have a role in the formation and 

maintenance of the fibrous capsule around implants (Abe et al., 2001; Bucala et al., 1994; 

Darby et al., 2014).  

For the vast majority of biomaterials, the end-stage of the FBR is the formation of a 

fibrotic capsule around them. The intention of this encapsulation is, on the one hand, to 

reconstitute the damaged tissue and the organ structure and, on the other hand, to isolate 

the implant and localize the FBR. However, tissue characteristics may lead to different 

wound healing outcome. Thus, repair of the implant site can involve two distinct processes: 

tissue reconstitution with the same type of parenchymal cells or replacement by connective 

tissue, which is fibrous encapsulation. This dichotomy is based mainly in 1) the regenerative 

capacity of tissue cell type and the extent of the injury and 2) the persistence of the original 

extracellular matrix (ECM) after injury, which will favor normal tissue restitution. Related 

with the regenerative capacity, perfect tissue repair (i.e., without connective tissue 

deposition) is theoretically only possible in those tissues in which cells can regenerate 

themselves continuously during lifetime (e.g., liver, kidney, pancreas, smooth muscle, 
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epithelial cells). After an injury, while tissues with permanent cells (i.e., nerve tissue, cardiac 

muscle) will give rise to fibrosis with little normal tissue restitution, tissues with 

regenerative cells may undergo fibrosis or may undergo resolution of inflammation and 

restitution of natural tissue structure (Anderson et al., 2008).  

In summary, implantation of a biomaterial in the body elicits a well-orchestrated 

process known as the FBR. Although this reaction shares most of the features of the wound 

healing process, some differences arise. In wound healing, resolution of inflammation and 

subsequent tissue remodeling lead to the restoration of the original tissue. In contrast, 

during the FBR there is no complete inflammatory resolution as macrophages are found on 

the material surface and it results in the encapsulation of the implant by fibrotic tissue 

(Anderson et al., 2008; Luttikhuizen et al., 2006). Therefore, the material has to be seen as 

an impediment to the normal wound healing process of damaged tissue and this is 

sometimes understood as a sign of rejection.  

However, regarding prosthetics and regenerative medicine, this could have a negative 

or positive impact and different scenarios can be developed depending on material type and 

intended function (Klopfleisch, 2016). For some implants, such as breast implants, the 

fibrous encapsulation has a positive impact, since it markedly reduces the motion of the 

implant, stabilizing it within the tissue and reducing the chronic inflammation due to motion 

(Anderson and Jiang, 2017). On the contrary, FBR results in a severe problem with implants 

intended to interact with the tissue in which they are implanted (i.e., glucose sensors, drug 

delivery systems or electrodes). In that case, fibrous encapsulation may lead to functional 

failure of the implant, with negative consequences. Thus, a classification could be done 

regarding the intended function of the implants: those with an acute or temporal function 

(i.e., tissue regeneration), in which the material should be degradable and FBR should not 

be developed; 2) materials with a chronic supporting function (i.e. joint replacement), 

which should have excellent durability and embodiment of the implant could be positive, 

and 3) chronic implants intended to interact with the tissue (i.e., sensors, neural interfaces), 

which have to be durable and no encapsulation should occur to ensure its chronic 

functionality (Boddupalli et al., 2016). 

2.2 Biocompatibility 

Despite the progress achieved in biomaterial, polymer science and immunology fields 

to reduce the FBR, all known materials induce an FBR and the formation of a fibrous capsule 

once implanted in the human body (DiEgidio et al., 2014; Morais et al., 2010). Material 

origin, shape and properties have an important impact on the progression of the FBR. 
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Moreover, location within the body and the intended function of the device are also critical 

factors, as they determine the type and design of the implant. These factors are summarized 

in the next sections. 

2.2.1 Material specificities 

Ideally, in order to avoid rejection, modulate the inflammatory response and reduce 

the FBR, the implanted devices intended to interact with the tissue should be invisible to 

the host.  

Based on their sources, biomaterials can be classified as naturally derived (i.e., ECM 

proteins, polysaccharides, decellularized matrices…) or artificial (i.e., polymers, metals…) 

biomaterials. Both types may induce different host reactions and are intended for different 

clinical applications (Sarkar et al., 2017).  

Natural biomaterials derive from living organisms and its main advantage is that 

they may not produce toxicity problems (Ige et al., 2012). Besides, they could be bioactive, 

as they present specific protein binding sites and biochemical signals, so they can interact 

through cellular activities such as cell attachment, cell-cell communication and tissue 

regeneration (Lapidot et al., 2012). However, although they are considered biocompatible, 

they can still present problems of immunogenicity and contamination (Badylak and Gilbert, 

2008). Moreover, they do not show a very long-term stability, which may result in 

mechanical failure and premature decomposition (Badylak and Gilbert, 2008). Natural 

biomaterials with biodegradable characteristics have many potential applications within 

tissue regeneration and wound healing fields (Nair and Laurencin, 2007).  

However, for long-term applications more stable biomaterials are needed. Synthetic 

materials, such as polymers, may show less biocompatibility than naturally-derived 

biomaterials, but they are easy and less expensive to produce (Fattahi et al., 2014). 

Moreover, they offer the opportunity to control degradation rate, mechanical strength, 

porosity, microstructure and surface properties through different modifications.  

Polymer chemistry can be modified to adjust functional aspects such as 

hydrophilicity, surface pore size, degradation rate and degradation released products. 

These modifications alter protein adsorption and, consequently, immune cell interaction 

and activation (Sheikh et al., 2015). For example, hydrophobic surfaces promote greater 

protein adsorption and cellular adhesion (Hezi-Yamit et al., 2009), because water is easily 

replaced from these surfaces by hydrophobic proteins (Sarkar et al., 2017). In contrast, 

hydrophilic surfaces show less monocyte adhesion and FBGC formation, although they 
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produce higher levels of cytokines and chemokines (Jones et al., 2007). On the other hand, 

biomaterials present multiple structures, from the molecular level (individual polymer 

chain form porous network) to the microscopic level (surface characteristics). Materials 

with small pore size present less area for protein adsorption and smaller capsule formation 

while larger porous size allows for more protein binding (Bota et al., 2010; Sussman et al., 

2014). Moreover, aligned fibers also reduce capsule formation in comparison to non-aligned 

fibers (Cao et al., 2009). Modification of the chemical surface with proteins or specific 

peptide sequences also alter protein adsorption and the FBR (Balaji et al., 2015; Noorisafa 

et al., 2016; Pacelli et al., 2015). In addition, overall geometry and size of the implanted 

device also have a role in the FBR developed (Veiseh et al., 2015; Weyhe et al., 2015), as it 

will determine the ability of immune cells to phagocyte and degrade them.  

In summary, both naturally-derived and synthetic biomaterials show different 

advantages, in which natural materials seem to be more biocompatible while synthetic 

allow for chemical and mechanical modifications (Boddupalli et al., 2016). Thus, a 

combination of both types of materials become essential to improve implant acceptance. 

Tissue specificities and clinical applications will finally determine the material used. 

Therefore, it is mandatory to dissect the specific cues in different tissues to know 

macrophages and fibroblasts phenotypes and modulate them.  

  2.2.2 Strategies to reduce the FBR 

Ideally, implanted devices intended to interact with the surrounding tissue should be 

inert or non-recognizable by the body to avoid the host response. In addition, to choosing 

the appropriate biomaterial according to the intended medical function, host tissue and 

physical and chemical characteristics, different strategies such as surface modification, 

coatings, and local release systems have been proposed to improve the biocompatibility of 

implanted polymers and make them more similar to self-body molecules. 

a) Surface modification by molecular adsorption 

The most attractive method is the pre-adsorption of common biomolecules such as 

proteins, peptides, drugs or lipids onto the biomaterial surface to modulate cell signaling 

and the subsequent FBR.  

Proteins are essential to regulate cell structure and function and to regenerate tissues 

and organs and the pre-adsorption of proteins (e.g., plasma proteins, ECM proteins) onto 

polymer surface has been widely studied to modulate the FBR (Balaji et al., 2015). Materials 

coated with plasma protein such as albumin and fibrinogen showed less platelet activation 
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and cell adhesion on its surface (Amiji et al., 1992; Chang et al., 1977; Mohan et al., 2017). 

In contrast, titanium implants intended for orthopedic and bone regeneration showed 

increased osseo-progenitor cell attachment and matrix deposition after plasma protein 

coating in vitro (Oughlis et al., 2016). Regarding ECM proteins, while laminin and 

vitronectin enhanced rat islet cells adhesion, fibronectin, collagen I, II and IV did not 

produce any significant effect in vitro (Chen et al., 2008).  

b) Coatings 

Polysaccharides as chitosan and heparin are used for surface coating to improve 

biocompatibility and also as drug delivery systems (Boehler et al., 2011; DiEgidio et al., 

2014). Heparin is widely known for its anticoagulant properties and some studies have 

demonstrated better compatibility for heparin-coated materials than non-coated ones 

(Bayramoǧlu et al., 2008; Cui and Schwendeman, 2007; Zhang et al., 2016). Further, chitosan 

has been widely used in polymer coatings, together with other hydrogels, for reducing clot 

formation and anti-bacterial properties. Several studies have reported an increase in 

cellular growth and tissue regeneration in chitosan-coated implants (Deng et al., 2017; 

Mighri et al., 2015; Yuan et al., 2008) and in chitosan-ECM proteins coated materials 

(Haipeng et al., 2000).  

Most of the strategies cited above result in enhanced cellular adhesion and tissue 

regeneration. They may be promising for tissue regeneration and chronic supporting 

implants, but not be suitable options for devices intended to interact with the tissue. 

Enhanced cellular adhesion may not result in reduced FBR and capsule formation. Alike 

biomaterial choice, strategies to improve the biocompatibility of implanted devices should 

keep in mind the intended chronic function and the host tissue too. To address this issue, 

coatings with silk fibroin protein have shown a reduce cellular adhesion to different devices 

(Borkner et al., 2017; Can et al., 2016). However, the exact molecular mechanisms by which 

these strategies modulate and, indeed, reduce the implant encapsulation for long-term 

devices is unclear.  

c) Local and systemic treatments 

In addition to surface modifications and coatings, local drug release and systemic 

treatments can also be used to modulate the immune response to implanted materials 

(Boehler et al., 2011).  

Bioactive molecules, such as cytokines and anti-inflammatory drugs, can be 

incorporated in the material surface, within hydrogel coatings or as a systemic therapy. To 
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extend the presence of these cues in the implanted area, localized delivery systems such as 

microspheres can be used, incorporated within the material (Norton et al., 2007, 2005). 

Molecules such as endothelial growth factor (EGF), FGF, VEGF or TGFβ are responsible for 

adhesion, migration, proliferation and differentiation of the cells implicated in wound 

healing. Therefore, it has been suggested that releasing of these molecules from coatings 

could have an immunomodulatory effect during the FBR (Kastellorizios et al., 2015a; Norton 

et al., 2007). In the same vein, coating with nitric oxide (NO)-releasing layer has been 

another suggested strategy to modulate the immune response to reduce the FBR (Hetrick 

et al., 2007). However, other authors have pointed out the role of NO in wound healing, 

increasing the amount of tissue deposition around the implant (Kang et al., 2015).  

Glucocorticoids, such as dexamethasone, have anti-inflammatory and 

immunosuppressive properties. They act through glucocorticoid receptor, inhibiting the 

phospholipase 2A (PLA2) and cyclooxygenases (COX1 and COX2), thus reducing the 

production of pro-inflammatory molecules (e.g., leukotrienes, prostaglandins) (Cain and 

Cidlowski, 2017). Glucocorticoid treatment results in less infiltrating inflammatory cells, 

less capillary permeability and reduced fibroblast proliferation (Coutinho and Chapman, 

2011). However, it also reduces the secretion of VEGF, downregulating angiogenesis and 

potentially inhibiting wound healing. Studies with dexamethasone-loaded microparticles 

implanted in the subcutaneous space have reported a reduction in inflammatory cells and 

fibroblasts infiltration and less collagen deposition up to 1 month (Dang et al., 2011; 

Kastellorizios et al., 2015b). Similar results were reported using subcutaneous polyimide 

implants soaked with dexamethasone, in which a reduced inflammatory response was 

observed both in vitro and in vivo (Heo et al., 2016a).  

In conclusion, surface coatings can contribute to improving biocompatibility by 

improving cellular adhesion to implants intended to stimulate tissue regeneration. Different 

immune modulators can reduce the inflammatory response or the wound healing process. 

Strategies developed nowadays try to polarize the inflammatory environment to a more M2 

and tissue remodeling phenotype in order to resolve inflammation and wound healing. 

Despite the promising results, it is mandatory to evaluate these strategies in an in vivo 

implant, also considering the intended function of specific medical devices. Thus, surface 

modifications and drug-release coatings should also try to repulse cell adhesion and reduce 

the FBR for implants with long-term applications (Balaji et al., 2015).  
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THE FBR TO INTERFACES WITH THE NERVOUS SYSTEM 

Regarding neuroprostheses, the main objective of interfaces implanted within the 

nervous system is to stimulate and record the information from neurons and nerve fibers. 

The potential usability of neural interfaces relies on its performance as chronically 

implanted devices, that depends, at least in part, on the FBR. In fact, several studies have 

reported a decrease in signal recording and electrode stability over time following electrode 

implantation (Davis et al., 2016; Gunasekera et al., 2015; Kozai et al., 2015). As opposed to 

the PNS, where the electrode interface axons, in the CNS there are neuronal somas close to 

the interface. The position of neuronal soma with respect to the implanted electrode 

determines the strength and the quality of bioelectric signal recordings. In fact, there is a 

maximal distance between neuronal soma and electrode (i.e. 50-100 µm) to ensure good 

quality signal recordings (Henze et al., 2000; Rosenthal, 1972). Thus, tissue encapsulation 

and neuronal death after electrode implantation reduce signal recordings. As it occurs in 

other tissues, the tissue reaction and FBR after the implantation of a device varies between 

peripheral nerves and CNS. One of the main differences is regarding the cells implicated in 

the tissue response. 

3.1 CNS interfaces and the FBR 

After an injury to the CNS, astrocytes become reactive, enlarge their projections, 

proliferate and increase matrix production. Astrocytes are the responsible for scar 

formation around the injury or the device implanted, in order to isolate the implant and the 

subsequent inflammatory response from healthy tissue (Seymour and Kipke, 2007). 

Microglial cells change their appearance from the quiescent inactive ramified state after an 

injury, becoming reactive amoeboid cells. Principally, both cell types act as cytotoxic cells 

killing pathogenic organisms or as phagocytes of damaged tissue and foreign materials by 

upregulation of production and secretion of lytic enzymes. Although CNS is considered as 

an immune-privileged site, the BBB is damaged after an injury and blood-derived immune 

cells enter the brain parenchyma due to platelet and cytokines recruitment. Once inside, 

monocytes/macrophages are indistinguishable from microglial cells and seem to perform 

the same functions (Polikov et al., 2005). Microglial cells release several factors involved in 

the immune response, such as macrophage chemoattractant protein 1 (MCP1), IL-1, IL-6 

and TNFα (Smith et al., 2011). Besides, they release not only factors to ensure neuronal 

survival as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and 

neurotrophin 3 (NT-3) but can also produce various cytotoxic and neurotoxic factors which 

could lead to neuronal death (Hanisch and Kettenmann, 2007). As in the FBR in other 

tissues, it has been suggested that non-degradable materials lead to a “frustrated wound 
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healing” state, in which macrophages are unable to remove the foreign body and therefore 

remain activated, causing more tissue damage (Polikov et al., 2005).  

Tissue reaction after penetrating electrodes implanted in the brain has been well 

studied (Polikov et al., 2005) and is similar to the fibrotic encapsulation of implanted 

devices in other soft tissues. The mechanical damage of insertion causes a first injury to the 

tissue now occupied by the electrode. A first inflammatory response is observed with 

activated microglia and infiltration of blood-derived immune cells. Once acute inflammation 

declines, the chronic inflammatory response occurs, characterized by reactive astrocytes 

and activated microglia at the surface of the device (Polikov et al., 2005; Xie et al., 2014). 

This chronic inflammation is maintained as long as the device remains within the brain 

tissue, noted by the continued presence of microglial cells in the surface of the device 

(Hascup et al., 2009; Szarowski et al., 2003). The most common feature of the chronic CNS 

response to implanted electrodes is the encapsulation by glial cells, forming the so-called 

“glial scar” (Biran et al., 2005; Seymour and Kipke, 2007). While soft tissue encapsulation 

involves other types of cells and matrix production, astrocytes in the CNS are the main cell 

population involved. The glial scar isolates the electrode from the neurons to interface, 

increasing the distance and the impedance. In addition, neuronal loss also occurs around 

the electrode (Biran et al., 2005; Nolta et al., 2015), contributing to progressive decay in 

signal recording and electrode function (McCreery et al., 2016).  

3.2 PNS interfaces and the FBR 

In contrast, the PNS does not have a specific immune-cell population, being scarce the 

resident macrophages (Müller et al., 2010; Vass et al., 1993). After a peripheral nerve injury, 

immune blood cells infiltrate the injury site and are the main responsible for the reparative 

process in peripheral nerves (Bosse, 2012; Gaudet et al., 2011). However, the FBR to 

peripheral nerve electrodes has been less studied. This is due to, mostly, the wide range of 

electrode designs available, summarized in section 1.3. Different studies have focused on 

the tissue response to implanted multielectrode arrays (Christensen et al., 2015, 2014), 

extraneural (Leventhal et al., 2006), longitudinal (Lago et al., 2007) and transversal (Badia 

et al., 2011b) electrodes. However, the description of the FBR in these studies was not as 

complete as in those for subcutaneous implants and even of brain electrode implants. 

Recently, a more detailed characterization of the FBR to implanted transversal 

electrodes has been done, correlating biological features with the functional performance 

(Wurth et al., 2017). One of the main conclusions of previous works regarding nerve 

interfaces is that improvement in the long-term functional performance is still needed. For 
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that, it is mandatory to know the progression of the FBR in peripheral nerves in order to 

develop strategies to reduce this response and to improve the chronic stability of implanted 

electrodes. 

3.3 Strategies to reduce the FBR to neural interfaces 

Similar to implanted devices in other tissues, many efforts have been made in the 

development of neural interfaces that would reduce local inflammation and FBR. As 

previously described, surface properties of implanted electrodes are critical factors for 

tissue capsule formation (Fattahi et al., 2014; Kim and Romero-Ortega, 2012; Lacour et al., 

2016). In a neural electrode, both the isolating-supporting material and the active sites 

material may contribute to the FBR development.  

The FBR leads to the formation of scar tissue around the implanted electrode, but also 

may degrade the active sites, contributing to the increase of impedance and electrode 

failure. Actives sites are fabricated from a variety of conductive materials, including gold, 

platinum, platinum-iridium or iridium oxide deposited over isolating non-conductive 

substrates (Merrill et al., 2005). Although these metals are considered safe, biocompatible 

and corrosion-resistive materials, the release of ions due to hydrolyzation of metals can 

affect tissue response after chronic implantation. On the other hand, although impedance 

could be reduced by increasing the area of the active sites, this is not always possible 

according to the implant site. If the active site area increases, so would do the 

stimulated/recorded area of the nerve and the selectivity will decrease. Coating the active 

sites with conducting polymers or carbon nanotubes may allow for smaller active sites but 

with better electrochemical characteristics (i.e., low impedance, safe charge injection 

capacity and high charge storage density). Conducting polymers such as polypyrrole (PPy), 

polythiophene (PTh) and poly-(3,4-ethylenedioxythiophene) (PEDOT) have been used to 

improve electrode-tissue communication in nerve electrodes (Green et al., 2008). These 

coatings are non-cytotoxic (Asplund et al., 2009) and improve the electrochemical 

characteristics compared to bared active sites (Heo et al., 2016b; Jan et al., 2009).  

Another critical parameter is the mechanical mismatch (difference in elasticity and 

stiffness) between the device implanted and the host tissue, usually evaluated with the 

Young’s modulus (YM). The YM of nerve tissue is around 0.45MPa, while current polymers 

used range from 1MPa to 8GPa and silicon is around 150GPa (Fekete and Pongrácz, 2017; 

Tyler et al., 2015). Since polymers are typically soft materials, it is hypothesized that coated 

devices or polymers with lower Young’s modulus and less mechanical mismatch would 

reduce the inflammatory response and the FBR (H. C. Lee et al., 2017). Several polymer 
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substrates have been tested to reduce the mechanical mismatch between the electrode 

surface and the neural tissue (Fekete and Pongrácz, 2017): 

• Silicone or polydimethylsiloxane (PDMS): is one of the most used materials for 

polymer implants (Donalson, 1989; Lawrence et al., 2004). Although there are 

different PDMS types, all have a backbone of siloxanes in common. Methyl-groups 

can be replaced by others (e.g., nitrogen, vinyl), changing the material properties 

drastically. All silicones have a high permeability for oxygen and water vapor but 

are impermeable to ions, which make them suitable for isolating coat for electrical 

implants. Besides, it has a tissue-like YM close to 1 MPa. As they are FDA approved, 

there are many clinical products and applications (Gebelein and Carraher, 2007).  

• Polyimide (PI): represents a class of polymer of imide monomers. It is a good 

candidate for flexible neural implants due to its good chemical and mechanical 

durability, low water uptake and low hydrolysis, electrical insulation properties and 

its processing with standard cleanroom equipment (Rubehn and Stieglitz, 2010). 

Studies have shown good biocompatibility for PI (Stieglitz et al., 2000) and good 

stability over long-term studies in vitro (Rubehn and Stieglitz, 2010). However, it 

has a high YM around 8500 MPa and is still not FDA approved. Different PI-based 

designs have been developed for PNS (Boretius et al., 2010; Lago et al., 2007, 2005; 

Rodriguez et al., 2000; Stieglitz, 2001) and CNS applications (Rousche et al., 2001; 

Stieglitz et al., 1997a).  

• Parylene C (ParC): is the most promising and used type of poly(p-xylylene) polymers 

in microelectromechanical and biomedical systems (Kim and Meng, 2016). 

Currently, it is mainly used as a biocompatible coating for CNS interfaces (Schmidt 

et al., 1988; Seymour and Kipke, 2007), although it is being adopted for other 

applications due to its biocompatibility and chemical inertness (P.-C. Chang et al., 

2007; Lecomte et al., 2017). However, since it delaminates easier than other 

polymer substrates due to its low tensile strength, its chronic use as substrate is still 

limited (Fekete and Pongrácz, 2017). Regarding neural interfaces, its mechanical 

properties could allow for an improved manufacturing process of neural electrodes 

(Lecomte et al., 2017; Mueller et al., 2016). Besides, Parylene C is more hydrophilic 

than polyimide, showing higher contact angles (T. Y. Chang et al., 2007), which could 

be interesting in terms of FBR control. Since it is an FDA approved material, further 

research is needed to determine its suitability as neural electrodes substrate.  

Biological coatings have also been proposed to modulate the tissue response to neural 

electrodes. Neural probes coated with biomolecules such as laminin (Bossi et al., 2010) or 
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fibronectin (Cui et al., 2001) showed promising results in vitro. Fibronectin-coated brain 

probes had a positive effect on recording during the first week of implant, although no 

longer effect was observed after three weeks (Cui et al., 2003). In fact, in vitro studies 

demonstrated better adhesion of glial rat cells to coated probes while neuroblastoma cells 

did not show any preference (Cui et al., 2001). These results suggest that chemical 

modifications of the surface may improve electrode performance, and also the 

biocompatibility (i.e., cell attachment) but do not reduce the FBR (i.e., glial scar formation). 

Some other coatings as polyethylene glycol (PEG) or silk fibroin (SF) showed improved 

material-tissue mismatching and can also be used as drug delivery systems to modulate the 

local FBR (Lecomte et al., 2015; Metallo and Trimmer, 2015). 

The search of drug delivery systems was motivated since it was reported that systemic 

administration of anti-inflammatory glucocorticoids reduced the number of glial cells 

forming the glial scar around penetrating cortical implants (Spataro et al., 2005). Since then, 

strategies to locally deliver such agents have been proposed (Willerth and Sakiyama-Elbert, 

2007). Indeed, dexamethasone-coating neural probes implanted in brain demonstrated to 

efficiently reduce the inflammatory response for one week while the number of reactive 

astrocytes was reduced for four weeks (Zhong and Bellamkonda, 2007). Furthermore, 

coatings of dexamethasone-encapsulated nanoparticles seemed also able to reduce glial 

scar and electrode impedance after 14 and 46 days of implant (Kim and Martin, 2006; 

Mercanzini et al., 2010). Such system could be combined with conductive coatings such as 

PEDOT to improve not only the inflammatory reaction but also the electrochemical 

characteristics of the electrodes (Boehler et al., 2017; Park et al., 2015; Zhong et al., 2017). 

All these local delivery strategies have been mainly developed for CNS implants. Regarding 

PNS interfaces, a recent study with a dexamethasone eluting regenerative electrode 

indicated a reduction of scar tissue deposition (FitzGerald, 2016). Dexamethasone or 

glucocorticoids in the PNS have been mainly used for nerve blockages or to improve nerve 

regeneration through the expression of regeneration-associated genes such as growth 

associated protein 43 (GAP43) (Albrecht et al., 2015; Wang et al., 2015; Yao and Kiyama, 

1995; Zhang et al., 2016). Targeting molecules involved in inflammation or the FBR in other 

tissues could be a suitable option also to modulate the FBR in the PNS. For example, it has 

been shown that TNFα neutralizing antibodies could have a positive effect in reducing the 

early tissue reaction around the nerve after cuff electrode implantation (Vince et al., 2005), 

although there is no evidence if it affects electrode performance.  

In summary, although there are different strategies to reduce the FBR to neural 

implants, still further research is needed to develop feasible options to reduce this response 
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in peripheral nerves and to improve the long-term performance of peripheral nerve 

interfaces.  
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OBJECTIVES 

Intraneural electrodes are a key element to bidirectionally interconnect a 

bionic prosthetic limb with the PNS due to its high selectivity of stimulation with a 

relatively low invasiveness. However, any device implanted in the body induces the 

development of a foreign body reaction (FBR) that results in the encapsulation and 

isolation of the electrode from the nervous tissue, thus decreasing its functionality 

after chronic implantation. Strategies to reduce and avoid the FBR have been 

attempted for improving the chronic use of nerve electrodes, from different 

substrate polymers to molecule-releasing coatings or pharmacological treatments.  

The main objective of this thesis is to improve the long-term functionality of chronic 

implanted intraneural electrodes by means of improving the knowledge about the 

FBR to intraneural devices. In the mainframe of the European project NEBIAS, a new 

polymer-based interface has been developed and tested in vivo. 

To accomplish this general objective, specific objectives have been established: 

 

1. To study the biocompatibility and suitability of the Parylene C polymer as a 

substrate of neural electrodes. 

 

2. To characterize the progression of the FBR developed around longitudinal 

polyimide and Parylene C devices implanted in peripheral nerves. 

 

3. To identify the cellular and molecular mechanisms involved in the FBR to both 

materials used as a substrate for electrodes in peripheral nerves. 

 

4. To evaluate different pharmacological treatments to reduce the FBR in 

peripheral nerves. 

 

5. To evaluate whether pharmacological treatments can improve the long-term 

functionality of intraneural interfaces in terms of chronic stimulation and 

recording capabilities.  
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CHAPTER 1: IN VIVO BIOCOMPATIBILITY AND FUNCTIONALITY 

OF A NEW PARYLENE C-BASED TRANSVERSAL INTRANEURAL 

ELECTRODE 

 

In this chapter, the biocompatibility and the chronic functionality of a new intraneural 

interface made in Parylene C have been evaluated. Nerve damage, nerve function and 

stimulation properties of the new electrode have been analyzed after chronic implantation 

in rat sciatic nerve.  

Parylene C is a polymer that has been widely used as an insulator for brain interfaces 

(Hassler et al., 2010; Seymour and Kipke, 2007) and other medical devices (Kim and Meng, 

2016). It is an FDA approved material for different clinical applications, and different 

studies have shown its good biocompatible characteristics both in vitro (Chang et al., 2007) 

and in vivo (Lecomte et al., 2017; Winslow et al., 2010) models. Regarding intraneural 

interfaces, its mechanical properties offer the possibility, together with a new double-sided 

fabrication process (Mueller et al., 2016), to integrate several metal contacts in both sides 

of the polymer substrate, thus reducing the total thickness of the electrode in comparison 

to the previous transversal design made in polyimide, the TIME electrode (Boretius et al., 

2010).  

This study has been published in collaboration with Matthias Mueller and Thomas Stieglitz, 

from the Laboratory for Biomedical Microtechnology, Department of Microsystems 

Engineering (IMTEK) from the University of Freiburg, Germany. They are responsible for 

the fabrication and electrode in vitro characterization, studies that are part of the Ph.D. 

thesis of Matthias Mueller. 
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Abstract  
Objective. Interfacing the peripheral nervous system can be performed with a large variety of 
electrode arrays. However, stimulating and recording a nerve while having a reasonable amount 
of channels limits the number of available systems. Translational research towards human 
clinical trial requires device safety and biocompatibility but would benefit from design 
flexibility in the development process to individualize probes. Approach. We selected 
established medical grade implant materials like precious metals and Parylene C to develop a 
rapid prototyping process for novel intrafascicular electrode arrays using a picosecond laser 
structuring. A design for a rodent animal model was developed in conjunction with an 
intrafascicular implantation strategy. Electrode characterization and optimization was 
performed first in saline solution in vitro before performance and biocompatibility were 
validated in sciatic nerves of rats in chronic implantation. Main results. The novel fabrication 
process proved to be suitable for prototyping and building intrafascicular electrode arrays. 
Electrochemical properties of the electrode sites were enhanced and tested for long-term 
stability. Chronic implantation in the sciatic nerve of rats showed good biocompatibility, 
selectivity and stable stimulation thresholds. Significance. Established medical grade materials 
can be used for intrafascicular nerve electrode arrays when laser structuring defines structure 
size in the micro-scale. Design flexibility reduces re-design cycle time and material certificates 
are beneficial support for safety studies on the way to clinical trials. 
 
Keywords: peripheral nerve, interface, electrode, Parylene C, laser fabrication, neural 
prostheses 
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1.  Introduction 

 
Ongoing research in biomedical engineering gave rise to a 
multitude of implantable electrode arrays and their numerous 
applications. A classification of these electrode arrays can be 
done by their intended implantation site or the mechanical 
properties of the substrate. The first approach leads to sur-
face, extraneural and penetrating electrode arrays [1]. The 
second approach further classifies into flexible and non-flex-
ible arrays [2]. Well known examples for flexible substrates 
are silicone rubber and polyimide, non-flexible substrates are 
usually fabricated from silicon wafers. Silicone rubbers have 
traditionally been used as encapsulants and substrates in 
precision-machined devices, while they are now also used as 
substrate materials for laser fabricated electrode arrays [3, 4]. 
Polyimides were investigated for application in cochlea 
implants and were later on used in implantable, high-den-sity 
electrode arrays due to their compatibility with standard 
microelectromechanical (MEMS) processes [5, 6]. Silicon 
based microelectrodes have been in application since 1969, 
mainly used for measurements in the brain cortex [7].  
Concerning flexible electrode arrays, silicone rubber offers large 
stretchability and a high degree of freedom for the designer, if 
used with laser fabrication of metal foils. However, this leads to 
relative thick arrays of several 100 µm which are mainly used for 
surface applications [4] or as a car-rier for stiffer penetrating 
elements [8]. Cleanroom fabricated polyimide electrodes are only 
minimally stretchable but offer a high degree of flexibility, while 
offering a thickness of about 10 µm [9, 10]. A drawback of this 
technology is the need for several lithography masks and 
sophisticated process tech-nology, which contradicts the need for 
multiple design itera-tions during development of the electrode 
arrays. Moreover, there is no medical-grade polyimide available 
that has records for long-term human implantation. During the 
recent years, research in ultra-flexible electrodes based on 
biocompatible substrate materials has been conducted. However, 
flexibility goes hand in hand with utilizing very thin substrate 
layers and thus limited application in vivo due to low mechanical 
sta-bility [11, 12]. The intended application has to be taken into 
consideration, while choosing the right type of electrode array 
and the right fabrication method.  
This study proceeds with the development of intrafascicular 
electrode arrays for peripheral nerves. Ultrashort pulse lasers in 
the picosecond (ps) and femtosecond (fs) range offer new 
possibilities in high-resolution metal cutting and subsequent 
thinning due to cold ablation [13]. This allows to combine the 
advantages of laser fabricated and lithography based elec-trode 
arrays. Both, the variability in the design process and the tenuity 
of the substrate, are necessary to have a feasible implantation 
procedure in a peripheral nerve. A comparable electrode array, 
called the TIME electrode (transverse intra-fascicular 
multichannel electrode), has been fabricated in a lithographic 
process with polyimide and implanted in human to treat phantom 
limb pain and to restore sensory feedback in prosthesis control 
[14, 15]. Due to the absence of a double-sided fabrication process 
the electrodes were folded, which resulted in an arrow shaped 
structure of about 20 µm thick-ness. Next to increasing the 
integration density, the transversal 

 
penetration of the nerve was simplified. Two pilot studies 
have been carried out to gain first insight in the new 
technology and limitations of the utilization of Parylene C in 
combination with ablated metal foils [16, 17]  
Parylene C, in contrast to other thin film polymers used as 
substrates, has the advantage of being classified for chronic 
implantation by the United States Pharmacopoeia (USP class VI). 
However, due to a relatively low Young’s modulus of 2.7 GPa 
small filament electrodes cannot withstand much force. This 
challenge has been addressed by coating biode-gradable layers 
like silk or maltose to enhance the robustness, which is, however, 
not suitable for intraneural electrodes due to an increase in 
thickness of several 100 µm [18, 19]. Thus, in this work we 
propose alternatively to increase the stiffness with the embedded 
metal layer as well as adding a guidance directly to the array. To 
address the limited capability of plain metal to transfer charge, 
the possibilities to increase the active surface by laser hatching as 
well as the electrochemical depo-sition of nanostructures were 
investigated [20]. Ultrashort pulse lasers offer the possibility to 
structure a metal surface by arranging sub-micron ripples, which 
develop on a material due to surface plasmon interference (SPI) 
of the incident laser light, to form interference patterns [21, 22]. 
All these research items were integrated in a novel fabrication 
process, electro-chemically investigated in vitro and transferred 
into rodent animal models for acute and chronic in vivo 
experiments. 

 
2.  Materials and methods 

 
2.1.  Electrode fabrication 
 
2.1.1.  Design considerations.  Whereas the initial elec-trode 
design was inspired by the TIME electrodes, the task of 
rethinking the implantation strategy arose due to deviat-ing 
material parameters. Thin film polyimide electrodes like LIFE 
and TIME have a thickness of roughly 10 µm and can thus be 
folded, forming an arrow-like tip which can incorpo-rate a needle 
with suture, to be easily pulled through a nerve [23, 24]. Parylene 
C based ps laser fabricated intrafascicu-lar electrodes cannot be 
fabricated this thin due to the lower Young’s modulus compared 
to polyimide as well as due to use of a metal foil instead of 
evaporated metal layers. The general thickness of these 
electrodes imposes the necessity of changing the implantation 
strategy. Due to the design freedom the tip of the electrode can 
be extended to form an elonga-tion to be used as suture material 
(figure 1(A)). Inspired by the TIME electrodes, two electrode 
arrays can be fabricated at the same time and stay connected via 
a bridge of Parylene C. After placing a loop of medical suture 
inside the electrodes can be folded alongside the symmetric axis 
to form an arrow-like structure. Along the sharpened tip, the two 
single-sided electrodes can be pulled through the nerve, forming 
a double-sided electrode array (figure 1(B)). The possibility to 
freely change the thickness and layout of the metal foil with a ps 
laser allows to terminate the electrode tip in a thin metal beam. In 
contrast to thin film metals a conductive wire can be resist- ance 
welded on top of it. In this case a medical grade MP35N wire is 
sharpened and resistance welded to the tip, replacing the demand 
for a surgical needle (figure 1(C)). 

 
2 
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Figure 1.  Three different concepts for the transversal implantation strategy of Parylene C based ps laser structured intrafascicular 
electrode arrays. (A) Elongated Parylene C tip which can be used as suture material to pull the electrode through the nerve. (B) Two 
single-sided electrodes, which are folded during assembly, form an arrow-like tip that incorporates a needle with fixed suture. (C) The 
electrode tip terminates in thin and narrow metal fiber on which a sharpened MP35N wire is resistance welded. The wire acts as a needle 
that guides the electrode through the nerve. 
 
2.1.2.  Fabrication process.  All intrafascicular electrode arrays 
were fabricated with a passively mode-locked Nd:YVO4 
picosecond laser (Rapid 10, Coherent Inc., Santa Clara, CA). 
Through internal frequency tripling the native wavelength is 
converted to 355 nm. Movement and focusing of the 12 µm laser 
spot is implemented by a two axis deflection unit with an 
integrated f-theta lens (Superscan II, Raylase AG, Wesslingen, 
Germany) inside a process chamber.  
Two types of intrafascicular electrode arrays were fabri-cated 
in this setup; electrode arrays with a silicone rubber interlayer 
in a single- and double-sided configuration (figure 2 left 
column) and electrodes that only consist out of Parylene C and 
a metal foil electrodes (figure 2 right column). All fab-rication 
routes started with the lamination of adhesive poly-imide tape 
(No. 5413, 3M Co., St.Paul, MN) on a 2″ by 2″ mechanical 
carrier (96% pure alumina ceramic substrate) (figure 2(1)). 
The tape was used as a release layer at the end of the 
fabrication process.  
For single- and double-sided electrodes the devia-tions in the 
individual routes are minor. Making use of the ‘Gorham process’ 
[25] a 10 µm layer of Parylene C (Dimer DPX-C, Coater PDS 
2010. Speciality Coating Systems Inc., Indianapolis, IN) was 
deposited on top of the carrier structure (figure 2(2, left)). To 
offer adhesion for the metal foil a 10 µm thick layer of n-heptane-
diluted MED-1000 silicone adhesive (NuSil Technology LLC, 
Carpinteria, CA) was spin-coated on top of the Parylene C (figure 
2(3, left)). With 5 min of curing, if needed, the structures that later 
on form the backside con-tacts were lasered and ablated (figure 
2(4, left)). Afterwards a 25 µm thick metal foil (Pt90/Ir10, 
Goodfellow Cambridge Ltd, Huntington, United Kingdom) was 
laminated (figure 2(5, left)). Applying a hatching pattern with the 
ps laser allowed to thin down the metal to 10 µm at desired areas 
before pat-terning the interconnection sites, conducting tracks 
and elec-trodes (figures 2(6, left) and (7, left)). Excess material 
was peeled off and the remaining electrode array again covered 
with Parylene C (figures 2(8, left) and (9, left)). Afterwards laser 
hatching was used to open as well as roughen the elec-trode sites 
and the contact pads for MicroFlex Interconnects and resistance 
welding (figure 2(10, left)) [26]. At his step some electrodes were 
also subjected to structured laser inter-ference patterning (SLIP), 
by continuously hatching across 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Fabrication process of Parylene C based intrafascicular 
electrode arrays for peripheral nerves. Left: fabrication process 
for single- or double-sided arrays with silicone rubber interlayer. 
Right: fabrication process for arrays that consist only of metal 
and Parylene C.  
 
the electrode surface with 0°, 4° and 135° angled lines of 8 
µm spacing, at the minimal possible power level necessary for 
cold ablation [21]. The intrafascicular electrode arrays 
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were released by laser cutting the outer perimeters through the 
Parylene C and subsequent peeling from the release layer 
(figures 2(11, left) and (12, left)).  
Electrode arrays consisting of only metal and Parylene C follow 
an altered fabrication route (all following steps: figure 2 right 
column). A 100 µm thick MED-1000 silicone adhesive was spin-
coated as a release layer (figure 2(2, right)). After the layer was 
cured for a week to decrease the adhe-sion properties a 25 µm 
thick metal foil (Pt90/Ir10) was lami-nated on top and transferred 
to the ps laser (figure 2(3, right)). There, a mirrored version of the 
electrode array design was hatched in the metal foil before 
coating it with a 10 µm thick layer of Parylene C (figures 2(4, 
right) and (5, right)). Next, the boundaries of the metal foil were 
laser cut and flipped with the Parylene C facing downwards 
(figures 2(6, right) and (7, right)). By applying a hatch pattern the 
metal layer was thinned down to 10 µm, before transferring the 
electrode the design by ablating the metal not completely through 
to the Parylene C (figure 2(8, right)). The excess metal could be 
peeled whereas the intended structures adhered to the Parylene C 
layer. Afterwards a second Parylene C layer was deposited on 
top, completely encasing the complete electrode array (figure 2(9, 
right)). With hatching the electrode sites were opened, releasing 
the array was achieved by laser cut-ting completely through the 
two layers of Parylene C (figures 2(10, right) and (11, right)). To 
decrease the adhesion of the silicone adhesive ethanol was 
applied, so that the array could be peeled of (figure 2(12, right)). 
 
All electrode types were interconnected via a ceramic adaptor 
to a cable; the double-sided arrays were additionally 
resistance welded with a 75 µm diameter MP35N wire at the 
tip to facilitate implantation into the nerve (figure 2(13)). 
 
2.1.3.  Imaging of electrode samples.  The fabricated 
samples were optically characterized with a scanning electron 
micros-copy (SEM) system (Phenom PRO Desktop SEM, 
Phenom-World BV., Eindhoven, Netherlands) in a 
configuration with 10 kV acceleration voltage. Hatched and 
SLIP electrodes were also investigated with a Zeiss Auriga 60 
(Carl Zeiss AG, Oberkochern, Germany) focused ion beam 
setup (FIB) with integrated SEM. A focused gallium ion beam 
was used to cre-ate a cross section in the metal surface, before 
cross sectional images were taken via SEM. 

 
2.2.  Mechanical characterization 
 
A T-pull test and a peel test were performed [27] to inves-tigate 
the adhesion between the different material interfaces inside the 
intrafascicular electrode array. Both tests were performed with a 
bond tester (type 4000 with WP10kg mea-surement cartridge, 
Dage Holdings Ltd, Buckinghamshire, United Kingdom). 
Samples for adhesion measurements of two Parylene C layers 
were prepared by depositing two layers with an individual 
thickness of 8 µm, with a small strip of Polyimide tape between 
them at one end. Utilizing the ps laser system the samples were 
cut in stripes of 28 mm in length and 5 mm in width. One layer 
was fixated in a chuck, the second layer was clamped and pulled 
away in an 180° angle. Adhesion 

 
was calculated with (1), in which FA is the applied average force 
while delamination and b the width of the samples [28]:  

P180 = 2 ∗ FA/b. (1) 
For the investigation of the adhesion between Pt90/Ir10 and 
Parylene C metal samples were hatched and cut to measure 
28 mm in length and 5 mm in width. One series of the samples 
were hatched with 2 µm deep lines of 29 µm spacing and an 
inclination of 90° and 45° towards each other. For fur-ther 
investigation on the effect of the roughness of the Pt90/ Ir10, two 
rectangular hatch patterns with a spacing of 288 µm between the 
lines and a varying depth of 2 µm and 5 µm were fabricated, 
others remained unhatched. After a deposition of a 8 µm thick 
Parylene C layer the samples were submitted to a 90° peel-test. 
Adhesion was calculated with (2), in which FA is the applied 
average force while delamination and b the width of the samples 
[28]:  

P90 = FA/b. (2) 
 
 
2.3.  Electrochemical characterization 
 
Electrode arrays were investigated with electrochemical 
impedance spectroscopy (EIS). Measurements ranged between 
100 kHz to 1 Hz at a sinusoidal excitation amplitude of 10 mV 
with a potentiostat and a frequency analyzer (Solartron 
1260&1287, Solartron Analytical, Farnborough, United 
Kingdom) in a three-electrode configuration. As working elec-
trode (WE), a large-area platinum counter electrode (CE) and as 
reference electrode (RE) Ag/AgCl (3M KCL) were placed in 
phosphate buffered saline solution (PBS). Analysis of the data 
was performed with the software Zplot v2.8 (Scribner Associates 
Inc., Southern Pines, NC). An electrochemical cleaning step, 
using cyclic voltammetry (CV) (100 times with 300 mV s−1 
from  −0.6 V to 0.8 versus Ag|AgCl in PBS), was performed 
before starting the measurements.  
Pulse testing was done in a two-electrode setup (WE: front or 
back side electrodes; CE: 1 cm2 Pt/Ir) in PBS with a PlexStim 
Electrical Stimulator system (Plexon Inc., Dallas, TX) [29]. 
Stimulus was a rectangular, symmetrical, charged balanced 
pulse (cathodic first, pulse width: 200 µs with 10 µs interpulse 
delay, repetition frequency: 200 Hz). The voltage response 
across the phase boundary (VPB) was recorded, while varying 
the amplitude of the current. Due to an open circuit potential 
(OCP) of 300 mV the safe charge injection limit was reached 
at a potential of VPB  =  −900 mV (with a cathodic water 
window of  −600 mV in PBS).  
Platinum with nanorough surface was deposited to improve 
electrochemical behavior of the electrodes, thus gaining a 
better insight of the enlargement of the real surface by ps laser 
hatching. Details of the deposition process can be found in 
[20]. 

 
2.4.  In vivo evaluation 
 
2.4.1.  Implantation procedure.  Experiments were conducted 

implanting Parylene C based electrodes in the rat (Sprague-
Dawley, 250  ±  20 g) sciatic nerve. Implants were made at 
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the distal half of the thigh, where the sciatic nerve divides into 
the tibial, peroneal and sural branches, but they are still 
bundled together and enclosed by a common epineurium. All 
procedures were performed under ketamine and xylacine 
anaesthesia (90/10 mg kg−1 i.p.) and in compliance to proto-
cols approved by the Ethical Committee of the Universitat 
Autònoma de Barcelona, Spain in accordance with the Euro-
pean Communities Council Directive 2010/63/EU.  
The implantation procedure was based on already estab-lished 
methods with the TIME electrode [24]. In the case of Parylene 
C electrodes, the MP35N guiding wire (figure 1(C)) was 
added to help penetration in the nerve. Thus, the MP35N thin 
wire was used to pierce the nerve branches and pull the 
flexible electrode through the sciatic nerve until the correct 
positioning. All the process was monitored under a dissection 
microscope to ensure that the electrode active sites were 
located inside the nerve tissue. Then, the electrode was fixed 
to the closest muscles with a 10-0 suture stitch to pre-vent 
motion. The PCB of the connected electrodes was placed and 
fixed on the gluteus muscles while the silicone wire was 
placed subcutaneously, leaving the Omnetics connector fixed 
over the skin with a plastic base on the back of the animals at 
the hip level. After implant, animals were left to recover in 
warm pads and then housed in plastic cages at 22  ±  2 °C 
under a 12:12 h light cycle with free access to food and tap 
water with amitriptyline.  
Furthermore, to evaluate the long-term biocompatibility of 
these new electrodes, non-connected devices without wires 
were also implanted in other animals following the same 
procedure and nerve function tests were performed for up to 
twelve months. These non-connected devices were chosen to 
avoid forces and tensions on the nerve due to the PCB and 
wires of the functional electrodes to evaluate possible nerve 
damage due to the implanted electrode only.  
Three months post implantation for both functional and 
nonfunctional electrode groups and twelve months post 
implantation for the nonfunctional electrode groups, animals 
were deeply anesthetized with an overdose of pentobarbital and 
perfused transcardially with 4% PFA in phosphate buffer (PB). 
After the perfusion, the sciatic nerve segment including the 
implant was collected and paraffin embedded, and the distal part 
of the nerve was kept in 3%glutaraldehyde-3% paraformaldehyde 
in PB for epon embedding. 
 
2.4.2.  Nerve function evaluation.  The functional proper-ties of 
the nerves that had been implanted were evaluated by means of 
nerve conduction, algesimetry and locomotion tests from 2 weeks 
up to 12 months after the implant of the non-connected devices. 
Nerve conduction tests were performed by stimulating the sciatic 
nerve proximally with single electrical pulses and recording the 
compound muscle action potentials (CMAPs) of tibialis anterior 
(TA), gastrocnemius media-lis (GM) and plantar interossei (PL) 
muscles as previously described [30, 31]. The nociceptive 
threshold to mechanical stimuli was evaluated by means of an 
electronic Von Frey algesimeter (Bioseb, Chaville, France) 
following the same protocol than in [32]. Briefly, rats were placed 
on a wire net platform in plastic chambers, and a metal tip applied 
to the 

 
sole of the hindpaw until the rat withdrew the paw in response 
to the stimulus. Finally, the walking track test was performed 
to assess locomotor function after the implant. The plantar 
surface of the hindpaws was painted with black ink and the rat 
was left to walk on top of a white paper along a corridor [33]. 
The print length, the distance between the 1st and 5th toes and 
between the 2nd and 4th toes were measured to calculate the 
sciatic functional index (SFI) [34]. 
 
2.4.3.  Histological evaluation.  To identify the location of the 
electrode inside the nerve, paraffin embedded nerve seg-ments 
were cut in transverse sections (10 µm thick), mounted in silane-
coated slides and dried overnight. The sections were 
deparaffinized and a standard luxol fast blue (LFB) staining was 
performed overnight to visualize myelin in nerve samples and 
then a hematoxylin-eosin (HE) staining was performed in the 
same nerve slices. Then, samples were dehydrated and mounted 
with DPX (Sigma-Aldrich, St. Louis, MO).  
In order to evaluate the potential damage to the implanted 
nerves, distal nerve segments were postfixed in 2% OsO4 for 
2 h, dehydrated through ethanol series and embedded in epon 
resin. Semithin sections (0.5 µm thick) were stained with 
toluidine blue and examined by light microscopy. The number 
of myelinated fibers in the distal tibial nerve was counted in 
images taken with a BX51 light microscope and a DP50 dig-
ital camera (Olympus K.K., Tokyo, Japan) at 100×  chosen by 
systematic random sampling of squares representing at least 
30% of the nerve cross-sectional area. The cross-sectional 
area of the tibial nerve was measured at 4×  and the total 
number of myelinated fibers estimated. 
 
2.4.4.  Electrode functionality evaluation.  To assess the elec-
trode nerve stimulation capabilities over time, monophasic 
rectangular voltage pulses with a width of 20 µs and ampl- itude 
from 5 to 100 V were delivered through each one of the different 
electrode active sites against a small needle electrode placed 
subcutaneously in the back of the animal. Simultane-ously, 
electromyographic (EMG) signals were recorded from TA, GM 
and PL muscles, which are innervated by different fascicles or 
subfascicles of the sciatic nerve [35] using nee-dle recording 
electrodes placed in each muscle. Signals were amplified (P511 
AC; Grass; WestWarwick, RI) by 200×  or 1000×, and digitized 
with a PowerLab recording system (PowerLab16SP, 
ADInstruments, Bella Vista, Australia). The same experiment 
was repeated in five implanted rats at 0, 7, 15, 30, 45 and 60 days 
post implant. The amplitude of the CMAP was measured from 
baseline to the positive peak and nor- malized to the maximum 
CMAP amplitude obtained in each experiment. The EMG data 
was used to calculate the stimu-lation threshold at which a 5% of 
maximal muscle response was achieved. Moreover, the 
selectivity index (SI) was also calculated to quantify the 
activation of a single muscle among the set of three muscles (TA, 
GM, PL) when stimulating by each one of the active sites, as 
previously described [30, 36]. Thus, the maximum CMAP 
obtained for one active site (as) was used to calculate the 
maximum selectivity index (SIas max) for each muscle and each 
electrode and the mean of the maximum SIas (SIas max) was plot. 
Besides, the selectivity 
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Figure 3.  Optical and SEM images of a Parylene C based intrafascicular electrode array. (A) Design of an electrode array with 6 
electrode contacts and one ground electrode. All dimensions in mm. (B) Optical image of the same electrode array. Close up of the 
Microflex interconnects to a ceramic adaptor. (C) SEM image of front side 80 µm electrode with hatching pattern. (D) Surface of the 
rough hatching pattern. (E) SLIP patterned Pt90/Ir10 surface. (F) Close up of the SLIP patterned surface. 
 
index for the device (SId) was also calculated following the 
described formulae by [30]. 
 
2.4.5.  Statistics.  Results are expressed as mean  ±  SEM. 
Statistical analysis of mean were performed using one or two-
way ANOVA followed by Tukey post hoc test for differ-ences 
between groups or time-points using GraphPad Prism 
software. Differences among groups or times were considered 
significant when p  <  0.05. 
 
 
3.  Results 

 
3.1.  In vitro characterization 
 
3.1.1.  Sample fabrication.  All electrode arrays were fabri-
cated following the proposed fabrication route. The arrays 
featured a ground electrode outside the nerve and 4–6 active sites 
for intraneural implantation (figures 3(A) and (B) version with 6 
electrode contacts). However, the 80 µm electrode con-tacts 
showed small deviations in actual geometry due to the use of a 
mechanical deflection system for the laser movement (figure 
3(C)). An optical observable roughening of the surface could be 
achieved with normal hatching patterns (figure 3(D)). The metal 
surface showed a wave structure that represent the laser path as 
well as a grainy roughening on the surface. With SLIP patterning 
the grains were formed multiple times over and interacted 
forming an interference pattern on the metal surface (figure 3(E)). 
Close up a very rough pattern with deep pores could be observed 
(figure 3(F)). Cross section views revealed a clear difference in 
the penetration depth of the cre-ated structures for hatched and 
SLIP electrodes. Whereas the hatched surfaces exhibit a distinct 
3D surface enlargement, the penetration depth of the grains is in 
the range of several 10 nm (figure 4(A)). Pores of the SLIP 
pattern were observed to penetrate the metal surface for at least 
1.5 µm (figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  SEM micrographs of cross sections, cut with FIB in Pt 
electrode surfaces. (A) Cross section of hatched electrode surface. 
The wave structure and the low penetration depth of the grainy 
structures can be observed. (B) 10k magnification of SLIP surface.  
(C) Cross section through SLIP structures. Two pores can be 
seen penetrating out of the viewing field into the bulk. 
 
4(B), (C)). However, while running the ps laser beam across 
the surface a faint light was observed on the backside, imply-
ing some pores might penetrate deeper into the bulk. 
 
3.1.2.  Mechanical measurements.  The mean adhesion of 
Parylene C on bare, untreated Pt90/Ir10 foil was found to be 
roughly 60 mN cm−1. However, between two 10 µm thick lay-
ers of Parylene C a mean adhesion of 4400 mN cm−1 was 
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Figure 5.  (A) Left to right: adhesion force of: 2 10 µm thick Parylene C layers; Pt/Ir with 10 µm Parylene C layer on top and 45° inclinated 

mesh (2 µm depth, 29 µm distance); Pt90/Ir10 with 10 µm Parylene C layer on top and rectangular hatch (5 µm/2 µm depth, 288 µm 
distance); untreated Pt/Ir foil with 10 µm Parylene C layer on top (n  =  14, others n  =  8). (B) Impedance and phase angles of peeled and 
hatched 80 µm Pt/Ir electrodes, both pure and coated with platinum nanostructures, as well as SLIP roughened electrodes. (C) Long-term 
pulse testing of a hatched (non-coated) 80 µm Pt90/Ir10 electrode. (D) Complete assembly of intrafascicular Parylene C based electrode 
used for the measurements. 
 
measured. Applying the hatch pattern with 2 µm depth low-
ered the mean adhesion to 47 mN cm−1, whereas an increase 
of depth to 5 µm led to an increase in mean adhesion to 3053 
mN cm−1. Narrowing the hatching pattern and providing 
crossing points of 4 µm depth led to an increase in mean adhe-
sion to 4012 mN cm−1 (figure 5(A)). 
 
3.1.3.  Electrochemical measurements.  The fabricated 
elec-trodes showed the anticipated high pass behavior. This 
cor-relates to a R||C-R electrode model which can be fitted to 
all electrodes.  
Access resistance RA of the peeled electrodes was meas-ured 
to be 5540 Ω (standard deviation (std.) 541 Ω) whereas for the 
hatched electrodes 4762 Ω (std. 47 Ω) were deter-mined. At 
1 kHz the impedance magnitudes were measured to 55.5 kΩ 
(std. 12.5 kΩ) and 43.8 kΩ (std. 3081 Ω) respectively. After 
coating the electrodes according to [20] the impedance 
magnitude at 1 kHz dropped to 7.6 kΩ (std. 941 Ω) for the 
peeled and 5.8 kΩ (std. 182 Ω) for the hatched electrodes. 
Without coating, both types featured a cutoff frequency of 
over 50 kHz. Coating the electrodes lowered the cutoff fre-
quency to 1 kHz. SLIP electrodes yielded an RA of 4105 Ω 
(std. 177 Ω) and an impedance magnitude at 1 kHz of 18.7 kΩ 
(std. 632 Ω) (figure 5(B)).  
Over the phase boundary of a peeled electrode a mean charge 
of 2.97 nC per phase (maximum charge injection 

 
capacity (Qmaxinj ) resulted in 59.64 µC cm−2) could be deliv-ered 
before reaching the cathodic water window. Hatched electrodes were 
able to support a mean charge of 9.93 nC (Qmaxinj : 197.63 µC cm−2). 
With the coating the mean delivered charge of peeled electrodes was 
boosted to 31.20 nC (Qmaxinj : 635.75 µC cm−2) whereas the hatched 
electrodes were raised to 37.89 nC (Qmaxinj : 753.24 µC cm−2). SLIP 
electrodes exhib- 
ited a Qmaxinj : of 272.18 µC cm−2.  
Prior to their implantation, a long-term pulse test of hatched 80 
µm electrodes with a charge of 4 nC per pulse was performed 
over five weeks (figure 5(C)). The lower border of the water 
window is shifted from  −600 mV to  −900 mV due to an OCP of 
300 mV. Whereas the initial voltage response was  −850 mV it 
dropped to  −668 mV after one week where it rested relatively 
stable for the remaining experiment. 
 
 
3.2.  In vivo tests 
 
3.2.1.  In vivo biocompatibility.  To evaluate functional changes 

in the nerves with implanted electrodes, neurophysiological tests 
were performed at different time points. In electrophysiological 
tests, there were no differences in the CMAP amplitude (figure 
6(A)) and latency to the onset of the response of TA, GM or PL 
muscles between the implanted and the contralateral intact limb 
of the rats during the 12 months follow-up. Regarding 
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Figure 6.  (A) Gastrocnemius CMAPs amplitude for implanted and contralateral paws over time. (B) Total number of myelinated fibers 

from control, 3 months and 12 months implanted nerves. (C) Representative images of distal nerves after 3 or 12 months of implant. 
Scale bar  =  10 µm. (D) H–E representative images of implanted nerves. Arrows indicate the electrode implanted and dotted line 
delimitates nerves fascicles. Scale bar  =  100 µm. 
 
pain assessment, pain threshold of animals implanted with 
both connected and non-connected devices remained around 
30 g throughout all the studied time points. Besides, no 
alterations in the locomotion pattern were found during the 
year of implant- ation at any of the implanted animals.  
Evaluation of the distal segment of nerves implanted with both 
non-connected and connected electrodes showed no 
morphological alterations, differences in the total number of 
myelinated fibers (figure 6(B)) neither signs of degeneration after 
three or twelve months of implant for the non-connected devices 
or after three months for the connected electrodes.  
The histological analysis showed that at the segment where the 
electrodes were implanted, there were no signs of nerve 
degeneration and that the fascicular architecture of the nerve was 
preserved (figures 6(C) and (D)) after 3 or 12 months of implant. 
Besides, no important changes in the matrix accu-mulation 
around the electrode seem to occur from 3 months onward for 
both connected and non-connected devices. Thus, the main 
matrix deposition surrounding the electrodes occurs during the 
first weeks after the implantation. 
 
3.2.2.  In vivo electrodes functionality.  The threshold of 
stimulation needed to elicit a 5% of the total muscle response 

 
showed significant changes over time (figure 7(A)) and two 
different phases could be observed over time. During the first 
weeks of implant, an increase in the stimulation threshold was 
observed compared to acute tests; then, a plateau was reached 
from 2 weeks to 2 months of implant.  
Regarding the stimulation selectivity of the electrodes no 
significant differences were observed from acute stimulation 
at the implant day to chronic stimulation over 2 months of 
implant (figure 7(B)), with a SI for each muscle around 0.55 
during all the follow-up. The SI for the device was also main-
tained stable (figure 7(C)). These results proved that parylene 
electrodes are able to selectively stimulate different axonal 
subpopulations of the sciatic nerve, depending on the active 
site used and the intensity of stimulation. 
 
 
4.  Discussion 

 
In this work we describe a new method for the fabrication of 
a novel intrafascicular electrode array. Even though the 
individual electrode sites are rather small, a precise fabrica-
tion over several transfer steps during the process is possible. 
Utilizing ps laser technology the adhesion of the individual 
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Figure 7.  (A) Threshold of stimulation to achieve 5% of the maximal muscular response over 8 weeks of follow-up for GM, TA and PL 

muscles. (B) Maximal selectivity index for GM, TA and PL muscles after 8 weeks of implant. (C) Progression of device selectivity index 
over time. *p  <  0.05, two-way ANOVA. 
 
layers can be adjusted to each other, forming a mechanical 
stable system. Disparities in the peeled and hatched electrodes 
were observable optically and by electrochemical measure-
ments. Larger standard deviations reflect the disadvantageous 
manual peeling of the small contacts in comparison to a touch-
free direct hatching. The fabrication process now allows for 
quick design changes which are only limited by the maximum 
work area of the deflection unit.  
Coating the electrodes gave insights on the difference in active 
area of the two processes. At 1 kHz the peeled electrodes have a 
1.27 times higher impedance compared to the hatched electrodes. 
This factor changed to 1.31 after the coating. In terms of Qmaxinj 
a factor of 3.34, which dropped to 1.21 after the coating, was 
measured. The same investigation on SLIP elec-trodes hints 
towards a surface enlargement by a factor of 3, which is about 
15% higher compared to Green et al [21], how-ever small 
changes in diameter strongly influences the electro-chemical 
characteristics of microelectrodes [29]. Considering widespread 
use of iridium oxide covered microelectrodes a comparison needs 
to be addressed. Over the phase boundary  
of such a 80 µm electrode results a Qmaxinj of 2.3 mC cm−2 [37], 
which is over 10 times larger than the hatched electrodes (3  
times for the coated electrodes), but the impedances can be 
roughly matched by coating a hatched electrode. However, the 
hatched electrodes have a 3–4 times larger Qmaxinj compared to 
bare platinum electrodes [38] and show a good long-term stability 
during pulse testing. A future shift to SLIP electrodes might 
further improve application. The nanorough Pt coating has 
already been investigated for long-term stability over 240 million 
pulses and in vitro cytotoxicity [20].  
Furthermore, parylene-based electrodes have shown good 
biocompatibility and safety after long-term implantation in an in 

vivo rat model. As shown by the electromyography studies, no 
changes in the nerve function were observed. Besides, no signs 
of pain or locomotion alterations were found after 1year follow-
up. These results agree to those shown with similar electrodes 
designs [24] or with other intrafascicular electrodes [39]. 
Moreover, histological analysis revealed no evidence of nerve 
damage due to the devices implanted.  
However, tissue accumulation surrounding the implanted devices 
was observed after months of implant in both con-nected and 
non-connected electrodes, as reported for other neural electrodes 
[39, 40]. The increase of threshold stimulation 

 
necessary to induce a response in the first two weeks indicate that 
matrix accumulation around the implanted device mainly occur 
during the first weeks after implantation, similar to other studies 
[41]. The later stabilization implies that after 4–8 weeks there is 
no more tissue deposition around the electrodes, although 
changes in its cellular nature may occur [42]. Such tissue 
deposition surrounding the electrodes explain, among other facts, 
the increase in the voltage needed to stimulate nerve fibers, as the 
distance between the active sites and the nervous tissue is 
widened. Nevertheless, the electrodes showed a stable SI of 
stimulation, without significant changes over time, indicating 
stable position in the implanted nerve. Thus, parylene-based 
electrodes meet the needs for chronic implants in animals or even 
in humans [43]. However, further studies are needed to elucidate 
if these new Parylene C electrodes are able to record neural 
signals after long-term implantation. 
 
 
5.  Conclusions 

 
A novel fabrication process and implantation technique for 
thin intrafascicular Parylene C based electrode arrays was 
implemented and used to create arrays for a small animal 
model. During chronic implantation the electrode arrays 
exhibited good biocompatibility and functionality. A design 
change for including more electrode sites and for adaptation 
to larger nerve diameters has to be made to prove feasibility 
in a larger animal model and ultimately the application in 
human patients. The published fabrication process allows for 
rapid prototyping of novel biocompatible electrode arrays. 
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ABSTRACT                                                                                                                                                                                                                                                                                                                                                                    

The foreign body reaction (FBR) against an implanted device is characterized by the 

formation of a fibrotic tissue around the implant. In the case of electrodes for peripheral 

nerves, used to stimulate a specific group of axons and to record different nerve signals, the 

FBR induces a matrix deposition around the implant creating a physical separation between 

nerve fibers and the electrode that may reduce its functionality over time.  

In order to understand the FBR to intraneural electrodes, polyimide and Parylene C non-

functional devices were implanted longitudinally in the rat sciatic nerve. Functional tests 

(electrophysiological, pain and locomotion) and histological evaluation demonstrated that 

implanted devices did not cause any alteration in nerve function, in myelinated axons or in 

nerve architecture. The inflammatory response due to the surgical implantation was 

decreased after 2 weeks. In contrast, inflammation was higher and more prolonged in the 

device implanted nerves with a peak at 2 weeks. With regard to tissue deposition, a tissue 

capsule appeared soon around the devices, acquiring maximal thickness at 2 weeks and 

being remodeled subsequently. The capsule increased in thickness until 8 weeks, and then 

stabilized on polyimide devices, but continued to increase on Parylene C devices. 

Immunohistochemical analysis revealed two different cell types implicated in the FBR in the 

nerve: macrophages as the first cells in contact with the interface and fibroblasts that 

appear after 8 weeks at the edge of the capsule. Our results describe how the FBR against 

an intraneural implant in the peripheral nerve occurs and which are the main cellular 

players. Moreover, the FBR dynamics is determined not only by the tissue but also by the 

material implanted. Increasing knowledge of these responses will help to improve 

strategies to decrease the FBR against intraneural electrodes and to extend their usability. 

 

Keywords: foreign body reaction, intraneural electrode, Parylene C, polyimide. 



60 
 

INTRODUCTION 

Advanced neuroprostheses are based on their capability to interface specific groups 

of motor axons within a nerve to obtain different motor signals and to stimulate specific 

sensory afferent fibers to provide feedback, thus allowing for a bidirectional communication 

between the nervous system and the mechanical prosthesis by means of neural electrodes 

(del Valle and Navarro, 2013; Navarro et al., 2005; Tyler et al., 2015). Some authors consider 

intraneural electrodes as the most adequate type, as they allow for higher selectivity of 

recording and stimulation, lower intensity for stimulation and increased signal-to-noise 

ratio of recordings compared to extraneural electrodes (Badia et al., 2011a; Yoshida et al., 

2000). Several intraneural electrodes, such as multielectrode arrays (Branner et al., 2001; 

Branner and Normann, 2000; Clark et al., 2014, 2011; Wark et al., 2013), longitudinal (LIFE) 

(Lago et al., 2007; Malmstrom et al., 1998) and transversal (TIME) (Badia et al., 2011b; 

Boretius et al., 2010) intrafascicular electrodes have shown good performance for a 

bidirectional interface with the peripheral nerve. Such intraneural interfaces should have 

good biocompatibility and stability to remain inside the nerves for months or years, and be 

able to record neural signals with high signal-to-noise ratio, to extract motor efferent 

information to drive a prosthetic limb, and also to selectively stimulate axons to evoke 

sensory feedback of the use of the prosthesis. 

However, after the implantation of any device in the body, an immune-mediated 

response – known as foreign body reaction (FBR) – occurs. The FBR results in the 

encapsulation of the implant with immune cells and fibrotic tissue (Anderson et al., 2008; 

Kenneth Ward, 2008) and it may finally lead to the failure of the device due to the lack of 

interaction with the tissue environment (Chen and Young, 2016; Yu et al., 2007). In fact, 

several studies have shown a progressive reduction in the functionality of intraneural 

electrodes after days/weeks of implantation (Raspopovic et al., 2014; Rossini et al., 2010; 

Warwick et al., 2003), thus limiting the prospective use of intraneural electrodes. Such 

failures could be attributed to electromechanical erosion of the metal sites, fatigue of the 

connections, changes in conductivity, cell death and to the biological response of the nerve 

tissue against the electrode implant. Regarding the latter, experimental studies have 

reported that the implanted electrode becomes encapsulated by host cells, creating a 

separation between the electrode and the nerve fibers to be interfaced (Lago et al., 2007). 

Despite the FBR has been widely studied and the progression of this response is well 

known in subcutaneous (Fet et al., 2014; Gretzer et al., 2006; Kastellorizios et al., 2015), 

peritoneal (Le et al., 2010; Robitaille et al., 2005) and even central nervous system implants 
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(Biran et al., 2005; Polikov et al., 2005; Yanagihara et al., 1967), few studies have focused in 

the peripheral nervous system (Christensen et al., 2016, 2014; Wark et al., 2014) and a 

detailed description of the long-term response and its time-course against implanted 

interfaces in peripheral nerves is still needed. 

Moreover, the substrate material on which the electrode is made has an essential 

role in the FBR developed (Boddupalli et al., 2016). It has to be biocompatible and biostable, 

avoiding the release of degrading particles that will induce an inflammatory reaction. 

Another recognized problem is the mismatch of compliance between neural tissue and the 

implant material; indeed, reducing biomaterial stiffness can reduce the activation of 

immune cells leading to a less severe FBR (Blakney et al., 2012). Regarding the advances in 

biocompatible materials, several polymers have emerged as feasible options as substrates 

of flexible neural electrodes, such as polyimide and Parylene C. 

Polyimide is currently used in the fabrication of peripheral nerve interfaces 

(Boretius et al., 2010; Cutrone et al., 2015; Lago et al., 2007; Wurth et al., 2017). This 

polymer has good chemical, mechanical and electrical insulation properties (Rubehn and 

Stieglitz, 2010) and good biocompatibility and long-term stability (Rubehn and Stieglitz, 

2010; Stieglitz et al., 2000). Parylene C is a highly flexible polymer used in many biomedical 

applications, such as sensors, coatings or as substrate for neural electrodes (Chen and 

Young, 2016; Haggren et al., 2017; Kim and Meng, 2016; Ordonez et al., 2012) due to its 

good biocompatibility and biostability (Chang et al., 2007; Lecomte et al., 2017). Unlike 

polyimide and other polymers used, Parylene C allows for thinner layers that could improve 

the implantation procedure and reduce the damage to the nerves (Mueller et al., 2017, 

2016). 

In order to characterize the cellular processes participating in the FBR to an 

intraneural electrode, which may allow identifying new targets to modulate this response 

and enhance the interface functionality, we have studied from 1 day to 8 months the 

progression of the FBR to longitudinal nerve implants made of polyimide or Parylene C. 
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MATERIAL AND METHODS 

Animals and surgical procedures 

All animal experiments were performed with the approval of the Ethical Committee 

of the Universitat Autònoma de Barcelona in accordance with the European Communities 

Council Directive 2010/63/EU.  

Female Sprague-Dawley rats weighing 250-300g were used (n = 6-8/group). All 

surgeries were performed under ketamine and xylazine anesthesia (90 / 10 mg/kg i.p.). The 

sciatic nerve was surgically exposed at the midthigh and carefully freed from adherences to 

surrounding tissues. Passive devices of polyimide or Parylene C (20 mm long, 200 µm wide 

and 10 µm thick) (Fig. 1A) were inserted longitudinally in the tibial branch of the sciatic 

nerve with the help of a straight needle attached to a 10-0 loop thread (STC-6, Ethicon). The 

thread was passed between the two arms of the device and pulled the arrow-shaped center 

of the electrode strip (Fig. 1B-C), as previously described for the insertion of LIFEs (Lago et 

al., 2007). Then, the surrounding muscles and the skin were closed and the wound 

disinfected with povidone-iodine. A longitudinal implant was chosen because of its better 

reproducibility in comparison with transversal implants and to better study only the FBR 

inside the nerve.  A group of animals underwent a sham operation with the same procedures 

but leaving no implant inside the nerve and another group of intact animals was included 

for reference of normal nerves. Animals were left to recover under warm environment. They 

were housed at 22±2ºC under a 12:12h light cycle with ad libitum food and water access.  

After 6 hours, 1, 2, 4 days and 2, 4, 8, 16 and 32 weeks post-implant, animals were 

deeply anesthetized with an overdose of pentobarbital and transcardially perfused with 4% 

PFA in phosphate buffer (PB) or sterile saline to obtain the sciatic nerve including the 

implanted device for histological or molecular analyses.  

Figure 1. Surgical procedure. (A) Photograph of the longitudinal polyimide (above) or Parylene C 

(middle) devices implanted and the needle used (bottom). (B) Needle used for the implantation 

piercing (arrowhead) the sciatic nerve (arrow) of a rat. (C) Device implanted (arrow points to the 

triangle base) in the sciatic nerve. Scale bar in (B-C) = 1mm. 
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Functional evaluation 

To evaluate functional properties of the implanted nerves, nerve conduction, 

algesimetry and locomotion tests were performed at different time points. Nerve 

conduction test was performed by stimulating the sciatic nerve proximally with single 

electrical pulses and recording the compound action potentials (CMAPs) of the 

gastrocnemius medialis (GM) muscle as previously described (Badia et al., 2011b; Lago et 

al., 2007). Pain threshold to mechanical stimuli was assessed by means of an electronic Von 

Frey algesimeter (Bioseb, Chaville, France). Briefly, rats were placed on a wire net platform 

in plastic chambers 10 min before the experiment for habituation. Then, the hindpaw 

plantar surface was stimulated by applying a non-noxious pointed probe slowly increasing 

the pressure until the rat mice withdrew the paw in response to the stimulus (Cobianchi et 

al., 2014). The walking track test was performed to assess locomotor function after the 

implant. The plantar surface of the hind paws was painted with black ink and the rat was 

left to freely walk along a corridor. The print length, the distance between the 1st and the 

5tg toes and between the 2nd and the 4th toes were measured to calculate the Sciatic 

Functional Index (SFI) (de Medinaceli et al., 1982). 

Morphological evaluation 

To evaluate the microstructure of implanted nerves and the myelinated axons, a 

segment of the tibial nerve was fixed in 3% glutaraldhyde-3% paraformaldehyde and 

postfixed in 2% OsO4 for 2h, dehydrated through ethanol series and embedded in epon 

resin. Semithin sections (0.5 µm thick) were stained with toluidine blue and examined by 

light microscopy. To estimate the number of myelinated fibers in the tibial nerve, axons 

were counted in images at 100x, chosen by systematic selection and representing at least 

the 30% of the nerve cross-section area. The whole area of the tibial nerve was measured 

in 4x images, and the number of axons was estimated. Using the same sections, the thickness 

of the tissue capsule around the devices implanted was measured as the distance between 

each side of the device and the closest myelinated axon, using ImageJ software.  

Transmission electron microscopy (TEM) was performed to analyze the tissue and 

the collagen deposition around the implanted devices. Ultrathin sections (70 nm) were cut, 

mounted on formvar 200 mesh copper grids and contrasted with uranyl acetate/lead 

citrate. Images of the area with the device were taken using a TEM microscope (JEM 1400) 

to evaluate the encapsulating tissue at different time points.  
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Immunohistochemistry 

Another nerve segment containing the device implanted was serially cut (15 µm) 

with a cryostat (Leica CM190, Leica Microsystems). After blocking with normal donkey 

serum, slides were incubated overnight at 4ºC with primary antibodies rabbit anti-iba1 

(Wako, 191947, 1:500) for macrophages and mouse anti-CD90 clone OX-7 (BD Pharmingen, 

554897, 1:150) for fibroblasts. Slides were then washed with 0.1% tween 20 buffer solution 

and incubated with AlexaFluor 594 donkey anti-rabbit (Invitrogen, A21207, 1:200) and 488 

donkey anti-mouse (Invitrogen, A21202, 1:200) secondary antibodies for 1 h at room 

temperature. Finally, slides were mounted with mowiol containing DAPI (0.1μg/ml, Sigma).  

The number of infiltrating macrophages labeled with Iba1 marker was quantified 

using images of the whole tibial nerve. Images were taken with an epifluorescence 

microscope (Olympus BX51) attached to a digital camera (Olympus DP73) and equally 

treated to adjust brightness and contrast. The background was subtracted, and a threshold 

of detection and binarization was applied using ImageJ software. Iba1 positive cells in the 

whole tibial nerve, excluding the implanted device and tissue surrounding, were counted 

using the plugin “Analyze Particles” of ImageJ.  

Hematoxylin-eosin staining 

To determine the amount of foreign body giant cells (FBGCs) around the implant, 

cryostat sections were immersed in hematoxylin Harris solution (Fluka, Sigma) for 7 min, 

and washed in water followed by 1% HCl in ethanol solution for 20 sec. Then, sections were 

rewashed with water and stained with Eosin Y (Merck Millipore) for 5 min. Sections were 

dehydrated with series of graded ethanol rinses and mounted with DPX (Sigma). The 

number of FBGC was counted under the microscope in each stained section and expressed 

as FBGC per mm of implant width. Moreover, pictures of every FBGC were taken and the 

diameter was measured with ImageJ. 

Cytokine protein expression 

A group of animals were transcardially perfused with sterile saline after 6 hours, 1 

and 4 days, 2 and 8 weeks post-implant and 1 centimeter of the sciatic nerve including the 

implanted device was taken, snap-frozen with liquid nitrogen and kept at -80ºC. Sciatic 

nerves were homogenized with HEPES buffer, and the protein concentration was 

determined using Pierce BCA assay kit (Thermo Fisher). To ensure equal amounts of 

protein, all samples were diluted with HEPES to 4 µg/µl. Cytokines (EGF, CCL11, 



65 
 

Fraktalkine/CX3CL1, GCSF, GMCSF, CXCL1, IFNγ, IL1α, IL1β, IL2, IL4, IL5, IL6, IL10, IL12, 

IL13, IL17A, IL18, IP10/CXCL10, Leptin, LIX/CXCL6, MCP1/CCL2, MIP1α/CCL3, 

MIP2/CXCL2, RANTES/CCL5, TNFα, VEGF-A) and TGFβ (TGFβ1, TGFβ2, TGFβ3) protein 

levels were analyzed using the Milliplex map Rat Cytokine/Chemokine magnetic bead panel 

(RECYMAG65PMX27BK, Merck Millipore) or the Milliplex map TGFβ magnetic bead 3 Plex 

Kit (TGFBMAG-64K-03, Merck Millipore), according to the manufacturer protocol. Proteins 

with levels lower than detection limit are not shown.  

Statistical analysis 

All reported values are the mean ± SEM. Differences between groups or times were 

analyzed by one or two-way ANOVA followed by Bonferroni post hoc tests (GraphPad 

Prism). Statistical significance was considered at p < 0.05. For protein levels, results are 

expressed as the ratio with intact, sham or polyimide values in heatmaps.  
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RESULTS 

Longitudinal neural implants do not cause damage to the implanted 

nerves  

Alterations in nerve function were assessed by means of different functional tests. 

Electrophysiological tests of gastrocnemius muscle showed no differences in CMAP 

amplitude (Fig. 2A) or initial latency (Fig. 2B) between both Parylene C or polyimide 

implanted and sham animals. Moreover, Von Frey test showed no changes in pain 

thresholds (Fig. 2C) between groups and, according to the SFI values, implanted rats 

displayed normal locomotor patterns comparable to sham rats (Fig. 2D).  

Histological evaluation of polyimide and Parylene C implanted nerves revealed that 

all the implanted devices were placed within the tibial nerve (Fig. 2E). Light microscopy 

observations showed a normal fascicular architecture and axonal morphology of both 

implanted and sham nerves, similar to intact sciatic nerves (Fig. 2E-F) and the number of 

myelinated fibers showed no differences between groups (Fig. 2G). Moreover, no signs of 

axonal degeneration or demyelination due to the surgery or the implanted device within the 

nerve were found, indicating that the implant model used was useful to assess the FBR to 

longitudinal devices, without confounding factors that might be due to tissue damage. 

Nerve response and tissue capsule formation  

The tissue capsule formed around the implant was evaluated under light 

microscopy. Whereas in the sham nerves there was no evidence of wound or tissue 

aggregation at any time point, the surrounding of the implant was rapidly modified in the 

device implanted nerves (Fig. 3A). Quantification of tissue deposition thickness around the 

implant showed a gradual increase from 2 days to 2 weeks post-implant and a slight 

decrease and compaction thereafter for both polyimide and Parylene C devices. However, 

while the thickness of the capsule formed around polyimide showed no changes from 4 to 

32 weeks post-implant, in Parylene C devices it increased again at 16 weeks and then was 

stabilized up to 8 months post-implant (Fig. 3A-B).  
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Figure 2. Functional and histological evaluation of implanted nerves. No differences were 

found in (A) amplitude or (B) initial latency of the gastrocnemius CMAP between Parylene C, 

polyimide, and sham groups. (C) No alterations in pain threshold assessed by Von Frey 

mechanical algesimetry in the paw due to the surgery or the device implanted. (D) No differences 

in SFI values of sham and implanted animals. (E) Low and (F) high magnification of sham and 

polyimide and Parylene C implanted nerves. Scale bar in (E) = 150μm and in (F) = 10μm. (G) 

Number of myelinated fibers in the tibial nerve of rats with polyimide or Parylene C implants in 

comparison with the sham group. Dotted line indicates values from intact animals.  
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Detailed analysis of the encapsulating tissue under light and transmission electron 

microscopy showed several changes in the surroundings of the device (Fig. 4). At day one 

only some erythrocytes could be seen near the implant and axons were still in close contact 

with both polyimide and Parylene C devices (Fig. 4). After 2 and 4 days, amoeboid cells were 

easily recognizable in the space between axons and the device embedded in a loose and 

disorganized matrix (Fig. 4A-B, J-K). At 2 and 4 weeks post-implant, the capsule that 

separated the axons and the polyimide implant appeared as a more compacted tissue 

containing mainly amoeboid-shaped cells and the characteristic collagen organization of the 

endoneurium was not distinguished in the surroundings of the implant (Fig. 4C, L). After 8 

weeks, spindle-shape cells started to appear on the edge of the capsule, in contact with 

axons (Fig. 4E, M). Two zones could be differentiated in the capsule: an inner area with 

amoeboid cells in contact with the device as in the previous time points, and an outer region 

composed of layers of parallel spindle-shaped cells. However, from this time point, 

differences between the capsules around polyimide or Parylene C devices were found. In 

the case of polyimide devices, disposition and thickness of the two different zones were 

maintained after 16 weeks, and the presence of amoeboid cells seemed to slightly decrease  

Figure 3. Progression of tissue capsule formation observed by light microscopy. (A) 

Representative images of capsule deposition around devices and in sham animals at different 

time-points. Scale bar = 50µm. (B) Increase in tissue capsule thickness over time. *p< 0.05 vs 

respective value at 2w. #p<0.05 vs Parylene C at 16w. 
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(Fig. 4F). By week 32, only spindle-shape cells were seen in the polyimide capsule without 

presence of amoeboid cells (Fig. 4I). In contrast, after 16 weeks of Parylene C devices 

implantation, although the inner area remained more or less similar, the outer zone 

appeared thicker and with more spindle-shape cells present than seen on polyimide 

implants (Fig. 4N). After 8 months post-implant, the tissue around the device appeared as a 

compact and organized matrix with spindle-shape cells and some amoeboid cells in the 

inner zone (Fig. 4O). The changes in the cellular type from 8 to 32 weeks were related with 

a progressive organization of the extracellular matrix of the capsule in both groups, with an 

increasing deposition and organization of collagenous fibers that invaded the area occupied 

by spindle-shaped cells (Fig. 4G-I, R-U). This was more obvious by week 16 in the case of 

Parylene C devices, when in the inner area amoeboid cells occupied all the space (Fig4S) 

while most of the outer zone was full of collagen fibers (Fig.4T). 

Cellular characterization of the FBR 

To evaluate the inflammatory response due to the surgery or the implant, we 

assessed the presence of Iba1 labeled macrophages in the whole tibial nerve. Whereas in 

intact nerves a few macrophages were seen, the number of Iba1 positive macrophages 

started to increase within the implanted nerves one day after surgery in device implanted 

and in sham nerves (Fig. 5A). The inflammatory response caused solely by the surgery, 

evaluated in sham rats with no implant left within the nerve, peaked at 4 days and decreased 

noticeably at 2 and 4 weeks, reaching similar values than intact animals from week 8 

onwards (Fig. 5B). In contrast, the inflammatory reaction due to implanted devices peaked 

at 2 weeks and took more time to resolve, with a slight decrease at 4 weeks that persisted 8 

weeks after the implant for both materials. Finally, at weeks 16 and 32, the number of 

macrophages showed a further decrease but with still significantly more Iba1+ cells than 

sham and intact animals (Fig. 5B).  

To further investigate how the tissue capsule is formed around the implant, we 

focused on the two main cell populations involved in the FBR process: macrophages and 

fibroblasts (Anderson, 2016). In the host response in the implanted peripheral nerves, 

macrophages were the first cells to arrive (Fig. 6A, I) and rapidly surrounded the device 

from day 2-4 up to 4 weeks after implant (Fig.6B-E, J-M). Indeed, after 2 and 4 weeks, the 

capsule around the device was mainly formed by compacted macrophagic cells expressing 

Iba1 in close contact with the device, in a similar disposition of the round-shape cells 

observed by TEM in figure 4. By week 8, some CD90+ fibroblasts started to appear in the 

edge of the capsule for both materials, between the inner macrophage layer and the  
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  Figure 4. Detailed evaluation of tissue capsule by light and transmission microscopy. 

Representative images of tissue capsule changes around (A-F) polyimide and (M-O) Parylene C 

devices. Scale bar = 10µm. At (A, J) 1 day, (B, K) 2-4 days and (C, L) 2 weeks only erythrocytes 

(asterisks) and amoeboid cells (arrows) were seen in the vicinity of the device. From (E, M) week 

8, two different zones can be distinguished within the capsule (dotted line), (continued on the 

next page)  
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(continued from previous page) with spindle-shaped cells localized in the periphery of the capsule 

(arrowheads). After (F, N-O) 16 and 32 weeks post-implant, the capsule was mainly formed by 

spindle-shape cells and collagen fibers (insets, I, R-U). Insets show the progressive change from 

(G, P-Q) amoeboid cells at early time points to (H-I, R-U) spindle-shape cells, together with an 

increase in collagen deposition from 8 weeks. Scale bar = 2µm.  
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surrounding nerve fibers (Fig. 6F, N), confirming the observations of light and electron 

microscopy. After 16 weeks, while the number of cells in the polyimide capsule seemed to 

decrease (Fig. 6G), a higher organization of Iba1 positive cells could be appreciated in the 

Parylene C capsule, being these cells flattened (Fig. 6O). After 32 weeks of implant, most 

cells in the capsule were CD90+ fibroblasts within a well-organized extracellular matrix for 

both materials, without presence of Iba1+ cells (Fig 6H, P) and a higher number of CD90+ 

cells was observed in Parylene C than in polyimide surrounding capsule.  

Figure 5. Iba1 labeling for infiltrating macrophages in the tibial nerve. (A) Representative 

images of implanted and sham nerves at different time-points. Scale bar = 100 µm. (C) Number of 

iba1 positive cells in the whole tibial nerve over time. *p< 0.05 vs sham animals. #p<0.05 vs 2w 

implanted.   
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The amount of FBGCs (Fig. 7A) was also measured as another hallmark of the FBR. 

These cells resulting from macrophage fusion appeared soon after the device implantation 

and increased in number over time (Fig. 7B) for both materials. The FBGCs seen in this 

model had many nuclei mainly in the cellular periphery, as expected with the presence of 

foreign bodies (McNally and Anderson, 2011). By week 2 these cells were easily recognized 

around the implant, becoming stabilized in number and size (Fig. 7B-C) up to 8 weeks. From 

week 16 onwards, the amount of these cells remained stable and it was slightly increase at 

32 weeks in the capsule around both materials. 

Figure 6. Cellular integration of the capsule visualized under confocal imaging. Representative 

images of Iba1 and CD90 labeling in the capsule of (A-H) polyimide and (I-P) Parylene C devices. 

Only iba1+ macrophages were observed from 1 day to 4 weeks post-implant. From 8 to 16 weeks, 

CD90+ fibroblasts were located in the periphery of the capsule, and by week 32w, CD90+ 

fibroblasts occupied most of the area of the capsule for both materials. Scale bar = 5µm.  
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Molecular environment of the FBR  

Although the inflammatory pattern in Parylene C and polyimide implanted nerves is 

similar, the tissue deposition dynamics appears to be different. To further characterize the 

immune response to devices implanted in the peripheral nerve and to compare the 

response between these two materials, cytokines and TGFβ levels were quantified using 

Luminex technology from 6 hours to 8 weeks of implantation.  

The analysis showed an increase for most of the studied factors at 6 hours and 1 day 

after surgery in the implanted (Fig. 8A-A’, B-B’) and sham (Fig. 8C-C’) animals in comparison 

to intact nerves, and levels for most cytokines recovered to control values from 4 days 

onwards. On the other hand, there were no differences in the levels of the main pro-

inflammatory, anti-inflammatory or tissue-remodeling factors between sham animals and 

Parylene C (Fig.9A-A’) or polyimide (Fig.9B-B’) implanted nerves with the exception of an 

increase in the levels of CCL2 and CCL3 in both materials in comparison to sham animals at 

chronic time points. Moreover, a comparison between materials was performed, but the 

analysis did not point out any different factor at any time point between the response to 

Parylene C or polyimide devices (Fig.9C-C’). Some interleukins such as IL1a, IL1b, IL17A, 

and IL13 showed disparate values at 6 hours and 1 day after implant in comparison with 

polyimide devices. At chronic time points, there were no clear differences between 

materials in any of the studied cytokines. MIP2/CXCL2 was the only one to show different 

levels between Parylene C and polyimide from 4 days to 8 weeks, although there were no 

statistical differences. 

Figure 7. FBGCs presence in the capsule. (A) Representative photograph of FBGCs due to FBR 

at 8 weeks around an implanted polyimide device. Scale bar = 20µm. Changes in (B) number and 

(C) diameter of FBGCs over time for both materials.  
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Figure 8. Dynamic changes of cytokine levels after sham or device implantation in comparison 

to intact nerves. Heatmaps (A-C) and ratio values (A’-C’) showing the changes in protein levels of 

relevant pro-inflammatory, anti-inflammatory and tissue remodeling-related factors in (A, A’) 

Parylene, (B, B’) polyimide and (C, C’) sham implanted nerves. Results expressed as the mean of 

the ratio between each group and intact values. Crossed out squares means no protein detected.  
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Figure 9. Cytokine levels analyzed by Milliplex map. Heatmaps and ratio values showing the 

changes in different proteins at different time points in (A-A’) Parylene C and (B-B’) polyimide 

implanted animals versus sham animals. Results expressed as the mean of the ratio between each 

group and sham values. (C) Heatmap and (C’) ratio values representing the changes in Parylene C 

implanted nerves with respect to polyimide implanted nerves. Results expressed as the mean of 

the ratio between Parylene C and polyimide values. Crossed out squares means no protein 

detected.  
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Discussion 

The FBR is the first response of the immune system after the implant of any device 

in the body (Anderson et al., 2008; Luttikhuizen et al., 2006) and it includes an inflammatory 

response and the tissue encapsulation of the implanted device (Kenneth Ward, 2008; Sheikh 

et al., 2015). The peripheral nervous system is not an exception (Lago et al., 2007) and it is 

a severe problem when the active sites of implanted intraneural interfaces have to be in 

close contact with nerve fibers to have a proper functionality. Although many studies have 

reported good results regarding stimulation and recording of nerve signals in short-term 

studies, a progressive loss of function of intraneural electrodes that reduces the useful life 

of the interface has been reported (Raspopovic et al., 2014; Rossini et al., 2010; Wark et al., 

2014; Warwick et al., 2003). The encapsulating tissue reduces the amplitude of recordable 

axonal impulses and increases the intensity needed for axonal excitation due to the 

interposition of the fibrous tissue between the active sites in the electrode and the axons. 

Although stimulation can be maintained over time at the cost of increasing the intensity of 

stimuli (Raspopovic et al., 2014), recording of nerve signals is more critically affected given 

the low amplitude, in the range of microvolts, of axonal impulses recorded extracellularly 

(Bisoni et al., 2017). Provided these signals cannot be increased, the amplitude and quality 

of signal recordings decline as the distance between the active sites and axons is increased 

(Kamondi et al., 1998). However, whereas the rationale to explain the functional decrease 

in chronic electrodes has been hypothesized and modeled (Micera et al., 2010; Raspopovic 

et al., 2011), the exact mechanisms that explain the possible role of the FBR in electrode 

failure have not yet been elucidated (Raspopovic et al., 2017). 

Some reports have previously characterized the FBR to nerve electrodes in cats 

(Christensen et al., 2014) and humans (Christensen et al., 2016), but these studies were 

conducted after the implantation of rigid multielectrode Utah slanted arrays, and the 

stiffness of these electrodes has been reported to contribute to traumatic nerve injuries due 

to mechanical tension, increasing the FBR (Lacour et al., 2010). Thus, the use of passive non-

functional longitudinal devices and the absence of wires that may induce some tethering 

forces in the nerve (Navarro et al., 2005) avoids external artifacts in the creation of a FBR 

and focus only in the material reaction in comparison with those studies that used wired or 

active electrodes (Christensen et al., 2016, 2014; Wark et al., 2014; Wurth et al., 2017). The 

results exposed in this work describe in detail the progression of the FBR to longitudinal 

intraneural devices fabricated with polyimide or Parylene C, two polymers used as a 

substrate for neural electrodes (Boretius et al., 2010; Cutrone et al., 2015; Mueller et al., 

2017).  



78 
 

Unlike other fibrotic responses in pathological conditions where scar tissue impairs 

proper function of the organ (Duffield, 2014; Gross and Hunninghake, 2001), our results 

showed that the new tissue formation in the peripheral nerve does not have a negative 

impact on its function after careful implantation. No alterations in nerve conduction, 

nociception or locomotion were observed due to implanted devices along eight months 

follow-up. These results were corroborated by histological observations of implanted and 

sham nerves, where the regular fascicular architecture was preserved, and no evidence of 

axonal damage or distal degeneration were observed at all the studied time points. Taking 

into account that the model used is a longitudinal device, these results are not surprising 

according to previous studies with longitudinal electrodes (Lago et al., 2007). Besides, these 

results confirm the biocompatible characteristics of both materials (Chang et al., 2007; 

Richardson et al., 1993). 

Regarding the progression of the FBR, several studies, mainly with subcutaneous 

and intraperitoneal implants (Anderson et al., 2008; Kenneth Ward, 2008; Sheikh et al., 

2015), have shown that it has a first inflammatory phase followed by an anti-inflammatory 

and tissue remodeling phase. Here we have observed a similar pattern to that reported in 

other peripheral nerve FBR studies (Christensen et al., 2016, 2014; Wurth et al., 2017). 

Whereas in the sham group the inflammatory reaction was low and resolved rapidly, 

inflammation was longer in time in both implanted groups. Inflammatory macrophages 

surrounded the device after 1 day, generating a cellular capsule that peaks in thickness after 

2 weeks (Fig. 3B), coinciding with the maximum inflammatory reaction (Fig. 5B). However, 

while the inflammatory reaction was solved by week 8 in both implanted materials, the 

formation of the capsule evolved differently between materials. In the case of polyimide 

devices, the thickness of the capsule peaked at 2 weeks and then decreased until 

stabilization after 8 weeks. In contrast, capsule around Parylene C devices also peaked after 

2 weeks but continued increasing up to a maximum after 16 weeks. Therefore, these results 

indicate that Parylene C promotes a slightly different pattern of FBR than polyimide. 

During the first phase of the FBR, tissue damage from the implantation and protein 

adsorption to the device surface stimulate resident nerve macrophages and recruitment 

and infiltration of macrophages and polymorphonuclear cells into the nerve. These cells try 

to phagocyte the foreign body. If this is not possible, macrophages fuse to generate FBGCs, 

a hallmark of the response to non-degradable implants. This leads to the second phase, in 

which FBGCs and recruited fibroblasts isolate the device generating a capsule. Hence, the 

general pattern of the FBR for non-degradable implants is a switch from a pro-inflammatory 

to an anti-inflammatory and tissue deposition environment (Doloff et al., 2017; Vince et al., 
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2005). However, a slight independence from the inflammatory phase seems to occur with 

Parylene C devices. Thus, despite the inflammatory reaction decreases, the tissue deposition 

continues increasing. This scenario implies a difference between the response in the whole 

implanted nerve and the local response around the implant. Thus, the inflammation in the 

nerve is solved after 8 weeks (i.e. reduced Iba1+ cells), but it is maintained in areas 

surrounding the implant (i.e. tissue capsule). When fibroblasts start to surround the implant 

and to deposit collagen between 8 and 16 weeks post-implant, the macrophages remain in 

the inner zone and continue stimulating fibroblast recruitment and collagen deposition. In 

fact, higher number of fibroblasts was observed around Parylene C devices after 32 weeks. 

The reason for such stronger macrophage activation phase with Parylene C implants needs 

further analysis. Differences in FBR can have their origin in differeces in the surface or 

chemical structure of polyimide and Parylene C (Ordonez et al., 2012; Veiseh et al., 2015; 

Zhou et al., 2016). While the aromatic rings in the polyimide are in stable configurations, 

Parylene C is known to have non-saturated radicals at the carbon atoms that might result in 

different surface potentials (Zeta-potential) that influence interaction with proteins at the 

material-tissue interface (Goda et al., 2007; Myllymaa et al., 2010). 

Molecular analyses were also performed to clarify if there were differences 

regarding the mediators inducing the cellular events. However, no changes in the amount 

of several inflammation-related cytokines were observed between Parylene C and 

polyimide implants at any time point, which were also similar to sham-implanted nerves. In 

our results, as well as in most injury models, the highest levels of cytokines are normally 

produced within the first hours or days after a tissue injury (Baldwin and Hunt, 2008; 

Luttikhuizen et al., 2006; Rodriguez et al., 2009). Moreover, in our model, the levels of the 

cytokines were already decreased by 2 weeks when the injury of the implantation is mainly 

resolved. Intriguingly, CCL3 and CCL5 have been found as potential targets to 

pharmacologically reduce the tissue deposition around implanted devices since they were 

increased compared with sham nerves. It has been shown that CCL3/MIP1α (macrophage 

inflammatory protein 1) and CCL5/RANTES recruit polymorphonuclear cells and 

macrophages (Luttikhuizen et al., 2006; Rodriguez et al., 2009; Sahin and Wasmuth, 2013), 

thus increasing the first inflammatory phase of the FBR to implanted devices. On the other 

hand, CXCL2 levels are also increased in Parylene C in comparison to polyimide implanted 

nerves at chronic time points, although no significant, so further analyses are needed to 

clarify the differences between both materials.  

In conclusion, our results show how the FBR against a polyimide or a Parylene C 

implant in the peripheral nerve occurs and which are the main players. It should be taken 



80 
 

into account that the specificities of the FBR seem to be determined not only by the tissue 

in which the device is implanted but also by the material implanted (Boddupalli et al., 2016). 

Thus, differences between the FBR to both materials have been found, particularly in the 

chronic phase. The understanding of these changes will let to a better development of new 

strategies that would reduce the FBR against intraneural implants and thus lengthen their 

lifespan.  
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ABSTRACT 

Intraneural electrodes must be in intimate contact with nerve fibers to have a proper 

function, but this interface is compromised due to the foreign body reaction (FBR). The FBR 

is characterized by a first inflammatory phase followed by a second anti-inflammatory and 

fibrotic phase, which results in the formation of a tissue capsule around the device, causing 

physical separation between the active sites of the electrode and the nerve fibers. We have 

tested several anti-inflammatory drugs such as dexamethasone, ibuprofen and maraviroc 

to reduce macrophage activation, as well as clodronate liposomes to reduce 

monocyte/macrophage infiltration, and sildenafil as an antifibrotic drug to reduce collagen 

deposition in an FBR model with longitudinal Parylene C intraneural devices implanted in 

the rat sciatic nerve. Treatment with dexamethasone, ibuprofen or clodronate significantly 

reduced the inflammatory response in the nerve in comparison to the saline group after two 

weeks of the implant, whereas sildenafil and maraviroc had no effect on infiltration of 

macrophages in the nerve. However, only dexamethasone was able to significantly reduce 

the matrix deposition around the implant. Similar positive results were obtained with 

dexamethasone in the case of polyimide-based intraneural implants, another polymer 

substrate for the electrode. These results indicate that inflammation triggers the FBR in 

peripheral nerves, and that anti-inflammatory treatment with dexamethasone may have 

beneficial effects on lengthening intraneural interface functionality.  

 

Keywords: dexamethasone, foreign body reaction, intraneural electrodes, polyimide, 

Parylene C.
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INTRODUCTION 

Advanced neuroprostheses are intended to link the human nervous system with 

electronic or robotic prostheses, with the aim of restoring motor and sensory functions lost 

after neural injuries or amputations. Various neuroprosthetic systems include an interface 

with the peripheral nerve. Although different peripheral nerve interfaces have been 

developed, all of them are based on their capability to contact with specific groups of axons 

within a nerve to obtain neural signals and to stimulate their activity, thus achieving a 

bidirectional communication (del Valle and Navarro, 2013; Navarro et al., 2005). Interfaces 

designed to achieve a high resolution, in terms of recording the small amplitude of neural 

signals and of stimulation with high selectivity small fascicles of axons with a common 

target, require a close positioning of axons and electrode. Hence, intraneural electrodes 

have been proposed as showing an adequate trade-off thanks to a reduced invasiveness and 

a good selectivity (Micera et al., 2008). The most used designs of electrodes that are 

implanted within a peripheral nerve include the multielectrode arrays (MEAs), the 

longitudinal intra-fascicular electrode (LIFE) and the transversal intraneural multichannel 

electrode (TIME), all of them providing several (ten to hundred) small electrical active sites 

in one device. Compared with extraneural electrodes, such as cuff types, intraneural 

electrodes are placed within a fascicle in the nerve and have closer contact to the targeted 

axons. This intraneural positioning increases the signal-to-noise ratio of recordings, 

reduces the stimulus intensity needed to depolarize the axons, and enhances selectivity 

(Badia et al., 2011).  

However, any implanted device in the body induces a host response, known as the 

foreign body reaction (FBR), that may ultimately compromise the long-term functional 

outcome of a biomedical device. The FBR is the response of the immune system to any 

external device implanted in the body (Ward 2008; Onuki et al. 2008). It is characterized by 

an initial inflammatory phase, followed by an inflammatory resolution and tissue 

remodeling phase that results in the formation of a fibrous tissue capsule around the device 

(Luttikhuizen et al. 2006; Anderson et al. 2008). In the case of an intraneural electrode, this 

encapsulation results in a progressive decline in signal level and increase in stimulation 

threshold, because the scar tissue gradually separates axons away from the contacts 

(Christensen et al., 2014; Lago et al., 2007; Raspopovic et al., 2014; Rossini et al., 2010; 

Wurth et al., 2017).  

To improve the long-term functional outcome of implanted electrodes, different 

strategies have been developed. From the biomaterials field, different polymers (Sommakia 

et al. 2014; Skousen et al. 2014; Lee et al. 2017) and surface coatings (Cui et al. 2001; Balaji 

et al. 2015; Noorisafa et al. 2016) have been investigated to reduce the FBR. In fact, these 
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coatings have been used as local delivery systems of active molecules or drugs to modulate 

the inflammatory response in subcutaneous (Hetrick et al., 2007; Norton et al., 2007) and 

brain (Mercanzini et al. 2010; Zhong et al. 2017) implants. Besides, a combination of 

conductive polymers and anti-inflammatory treatment have shown better recording 

properties and closer neurons to implants over time (Boehler et al., 2017). However, only a 

few of these strategies have been applied to peripheral nerve interfaces, such as cuff (Vince 

et al. 2005; Heo et al. 2016b) and regenerative (FitzGerald, 2016) devices. In the case of 

intraneural interfaces, there are some limitations (i.e. nerve size) that limit the use of bulky 

local administration strategies. Moreover, the effective time window to improve the FBR for 

intraneural electrodes is still unknown.  

We have recently characterized the extent of the inflammatory and the remodeling 

phases of the FBR to devices longitudinally implanted in the peripheral nerve (de la Oliva et 

al., 2017), thus determining possible targets for reducing the encapsulation and improving 

electrode functional outcome. The aim of this study is to evaluate the effect of different 

treatments to modulate the FBR and to reduce capsule thickness around longitudinal 

Parylene C intraneural devices inserted in the rat sciatic nerve. Hence, anti-inflammatory 

drugs such as dexamethasone, ibuprofen and maraviroc were administered for 2 weeks to 

reduce macrophage activation, as well as clodronate liposomes to reduce 

monocyte/macrophage infiltration. Sildenafil was also assayed as an antifibrotic drug to 

reduce collagen deposition around the device (Percival et al., 2012). The effects have been 

assessed in terms of anatomical and histological measures of the capsule and the infiltrating 

cells. Finally, the effects of dexamethasone have been also evaluated in the FBR to polyimide 

electrode implants, for comparing the differences between device substrates. 
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MATERIAL AND METHODS 

Surgical procedures and drug administration 

All animal experiments conducted were performed with the approval of the Ethical 

Committee of the Universitat Autònoma de Barcelona in accordance with the European 

Communities Council Directive 2010/63/EU.  

Female Sprague-Dawley rats of 200-250 g of weight were used. Surgery was 

performed under ketamine and xylazine anaesthesia (90/10 mg/kg, i.p.). The implantation 

procedure was performed as previously described for LIFEs (Lago et al., 2007). Briefly, the 

sciatic nerve was surgically exposed at the midthigh and freed from surrounding 

adherences. Parylene C and polyimide strips of 20 mm length, 200 µm width and 10 µm 

thickness, mimicking the structure of the thin-film LIFE (Lago et al., 2007) were 

longitudinally implanted in the tibial branch of the sciatic nerve with the help of a straight 

needle attached to a 10-0 loop thread (STC-6, Ethicon). A longitudinal implant was chosen 

because of its better reproducibility in comparison with transversal implants and to better 

study only the FBR inside the nerve. Finally, the surrounding muscles and the skin were 

sutured and disinfected with povidone-iodine. Animals were housed at 22±2ºC on a 12h 

light-dark cycle with food and water ad libitum.  

Treatments to reduce FBR to the Parylene C intraneural devices started 2 days 

before surgery to ensure appropriate systemic levels and were daily administered for 2 

weeks since we have previously found that at this time postimplant the thickness of the 

encapsulation reaches stable maximal values (de la Oliva et al., 2017). We have assayed 

three anti-inflammatory drugs, dexamethasone, ibuprofen and maraviroc, to reduce 

macrophage activation; clodronate liposomes to reduce monocyte/macrophage infiltration, 

and sildenafil to reduce collagen deposition around the device. Animal distribution, doses 

and administration pathways are summarized in Table 1. Dosage was selected according to 

previous reports in the literature. In a second part of the study, the most effective drug 

treatment found, i.e. dexamethasone, was administered at three different doses to assess 

dose-effect response. Finally, dexamethasone was administered to rats with either Parylene 

C or polyimide implants for comparing possible differences between electrode substrates, 

and during 1, 2 or 8 weeks for comparing the differences in duration of treatment.  

For each drug and material group, a saline group was studied as control. However, 

as there were no differences between administration pathways, all the saline animals were 

combined in a unique group for Parylene C or polyimide devices.   
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Table 1. Drugs, doses and administration pathways used in this work. 

Group Material Treatment 

duration 

Dose Administration N 

Dexamethasone 

ParC 

2w 

400 µg/kg/s.i.d.1 

s.c 

6 

200 µg/kg/s.i.d.1 12 

50 µg/kg/s.i.d.1 6 

1w 

200 µg/kg/s.i.d.1 

8 

2w 8 

8w 8 

Pol 

1w 

200 µg/kg/s.i.d.1 

8 

2w 8 

8w 8 

Ibuprofen ParC 2w 30 mg/kg/s.i.d.1 p.o. 6 

Clodronate ParC 2w 10 ml/kg/q.a.d.2 i.v. 6 

Sildenafil ParC 2w 25 mg/kg/s.i.d.1 p.o. 6 

Dex+Sild ParC 2w  s.c., p.o. 6 

Maraviroc ParC 2w 30 mg/kg/b.d.s.3 p.o. 10 

Saline ParC   s.c/p.o/i.v. 28 

Saline Pol   s.c. 8 

1s.i.d.: once a day, 2q.a.d.: every other day, 3b.d.s.: twice a day.  

 

Morphological evaluation 

After 2 or 8 weeks post-implant, animals were deeply anaesthetized with an 

overdose of pentobarbital and transcardially perfused with 4% PFA in phosphate buffer 

(PB) to obtain the sciatic nerve including the implanted device for histological and 

immunohistochemical analyses.  

To evaluate the microstructure of the nerve and the thickness of the tissue capsule 

around the device, nerve segments were postfixed in 3% glutaraldhyde-3% 

paraformaldehyde and postfixed in 2% OsO4 for 2h, dehydrated through ethanol series and 

embedded in epon resin. Semithin sections (0.5 µm thick) were stained with toluidine blue 

and examined by light microscopy. The thickness of the tissue capsule was measured as the 

distance between each side of the device and the closest myelinated axon using ImageJ 

software.  

Analysis of infiltrating macrophages in the implanted nerves was performed using 

immunohistochemical labeling. Nerve segments containing the device implanted were 

serially cut (15 µm) with a cryostat (Leica CM190, Leica Microsystems). After thawing and 

blocking with normal donkey serum, slides were incubated overnight at 4ºC with primary 
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antibody rabbit anti-Iba1 (Wako, 191947, 1:500). Slides were then washed with 0.1% 

Tween 20 buffer solution and incubated with AlexaFluor 555 donkey anti-rabbit secondary 

antibody (Invitrogen, A21207, 1:200) for 1 h at room temperature. Finally, slides were 

mounted with Mowiol containing DAPI (0.1 μg/ml, Sigma). The number of Iba1 positive 

macrophages that infiltrate the whole tibial nerve was quantified in images taken with an 

epifluorescence microscope (Olympus BX51). Images were equally treated to adjust 

brightness and contrast, and background subtraction. A threshold of detection and 

binarization was applied using ImageJ software. Iba1 positive cells in the whole tibial nerve, 

excluding the implant and the tissue capsule, were counted using the plugin “Analyze 

particles” of ImageJ.  

Hematoxylin-eosin staining was performed to evaluate the formation of foreign 

body giant cells (FBGCs) as a result of macrophage fusion around the implant. Other cryostat 

sections were immersed in hematoxylin Harrys solution (Fluka, Sigma) for 7 min, washed 

in water and immersed in 1% HCl in ethanol for 20 sec. Then, sections were washed again 

in water and stained with Eosin Y (Merck Millipore) for 5 min. Finally, sections were 

dehydrated with series of graded ethanol rinses and mounted with DPX (Sigma). The 

number of FBGCs in each stained section was counted under the microscope and results 

expressed as FBGC per mm of implant width. In addition, the diameter of each FBGC counted 

was measured using ImageJ.  

 

Statistical analysis 

All reported values are the average ± SEM. Differences between groups or times 

postimplant were analyzed by one or two-way ANOVA followed by Bonferroni post hoc 

tests, using the GraphPad Prism software. Statistical significance was considered at p < 0.05.  
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RESULTS 

Anti-inflammatory treatment reduces the infiltration of macrophages in 

implanted nerves 

The infiltration of macrophages in Parylene C implanted nerves was significantly 

reduced by treatment with ibuprofen, clodronate and dexamethasone compared to the 

saline administered group (Fig. 1). In contrast, maraviroc and sildenafil did not reduce the 

number of macrophages present after 2 weeks of treatment. The combination of 

Figure 1. Representative images 

of iba1 labeled infiltrating 

macrophages in the tibial nerve 2 

weeks after implant of a Parylene 

C electrode device, following 

administration of (A) saline, (B) 

ibuprofen, (C) clodronate, (D) 

maraviroc, (E) dexamethasone, 

(F) sildenafil or (G) 

dexamethasone and sildenafil. (H) 

Quantification of the number of 

iba1 positive cells in the nerve 

after the different treatments. 

Scale bar = 150µm. * p< 0.05 vs 

saline group.  
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dexamethasone and sildenafil significantly reduced the infiltration of iba1+ cells to similar 

levels than dexamethasone alone (Fig. 1).  

As a hallmark of the final phase of the FBR, the number of FBGCs was evaluated. 

These cells are the result of the fusion of macrophages when they are not able to phagocyte 

the foreign body and are associated with an anti-inflammatory and tissue remodeling 

environment (McNally et al. 2011; Sheikh et al. 2015). No changes in the number of FBGCs 

around the implant were found for any of the treatments administered except for maraviroc 

(Fig. 2), which caused a marked increase in FBGCs in the capsule around the devices in 

comparison to saline-treated animals. No changes in the diameter of these cells were 

observed between groups (Fig. 2). 

The FBR results in the formation of a tissue capsule around the implanted devices 

in the peripheral nerve. Among the anti-inflammatory drugs used only dexamethasone 

significantly reduced the thickness of the capsule compared with the saline controls (Fig. 3). 

Sildenafil also reduced the formation of this capsule, although to a lesser degree. The 

combination of both treatments, dexamethasone plus sildenafil during 2 weeks did not 

show any additive effect. 

Figure 2. Foreign body giant cells (FBGCs) in the capsule around the Parylene C electrode device. 

Changes in (A) number and (B) diameter of FBGCs after 2 weeks under the different treatments. * p< 

0.05 vs saline group.  
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Since dexamethasone was the most effective drug in reducing inflammatory cell 

infiltration and encapsulation of the intraneural devices, we further investigated the dose-

effect relation. Thus, dexamethasone was given daily at 400, 200 and 50 µg/kg in different 

groups of rats. The results showed that the lowest dose was not able to reduce significantly 

cell infiltration and tissue encapsulation, whereas the highest and the medium doses were 

similarly effective (Fig.4).     

 

Figure 3. Tissue capsule formed 

around the parylene device with 

(A) saline, (B) ibuprofen, (C) 

clodronate, (D) maraviroc, (E) 

dexamethasone, (F) sildenafil or 

(G) combined dexamethasone 

and sildenafil treatment for 2 

weeks. (H) Histogram of the 

capsule thickness. Scale bar = 

50µm. * p< 0.05, ** p< 0.01 vs 

saline group.  
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Evaluation of dexamethasone effect on the FBR to different polymers 

We also tested the effects of systemic dexamethasone administration on the FBR to 

intraneural devices made of polyimide, another polymer used as electrode substrate 

(Lacour et al., 2009; Lago et al., 2007; Rodriguez et al., 2000). As expected, dexamethasone 

treatment also reduced the infiltration of iba1+ macrophages in polyimide implanted 

nerves and the tissue capsule thickness around the device (Fig. 5). Comparatively, the 

characteristics of the FBR were similar for both Parylene C and polyimide substrates. The 

beneficial effect of dexamethasone was slightly more marked for the polyimide device, 

particularly in the limitation of macrophage infiltration after 2 weeks. 

Finally, to know whether the reduction in macrophage infiltration and tissue 

deposition persisted over time after treatment withdrawal to avoid secondary adverse 

effects, groups of rats were administered for either 1, 2 or 8 weeks with dexamethasone at 

200 µg/kg/s.i.d. and followed for 2 or 8 weeks of implant. The analyses made at 2 weeks 

after implant showed that only 1 week of treatment was not enough to reduce macrophage 

infiltration nor thickness of the capsule around both polyimide and Parylene C devices (Fig. 

5). On the contrary, the results after 8 weeks of implant showed that only 2 weeks of 

dexamethasone administration were sufficient to reduce the capsule thickness, even 

though, treatment maintained for 8 weeks resulted in a more marked effect for both 

materials (Fig. 6).  

 

Figure 4. Dose-response effect of dexamethasone on (A) iba1+ cells infiltration, and (B) capsule 

formation around parylene C devices implanted in the nerve during 2 weeks. * p< 0.01 vs saline 

group.  
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Figure 5. Effects of dexamethasone on FBR to parylene C and polyimide devices after 2 weeks implantation. 

(A) Representative images of iba1 labeling after 1 or 2 weeks of dexamethasone treatment in parylene C 

and polyimide implanted nerves. Scale bar = 100µm. (B) Quantification of iba1 positive cells after treatment 

with saline (Sal) or dexamethasone (Dex) during 2 (left) or 1 (right) week following intraneural 

implantation of parylene (blue) or polyimide (orange) devices. *p< 0.05 vs respective saline group. #p<0.05 

vs respective 1+1w treated group. (C) Representative images of tissue capsule after 2 or 1 week of 

dexamethasone treatment around parylene C and polyimide devices implanted in the nerve. Scale bar = 

100µm. (D) Capsule thickness measurement after treatment with saline (Sal) or dexamethasone (Dex) 

during 2 (left) or 1 (right) week in parylene (blue) or polyimide (orange) devices. * p< 0.05 vs respective 

saline group. # p<0.05 vs respective 1+1w treated group. 
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Figure 6. Effects of dexamethasone on FBR to parylene C and polyimide devices after 8 weeks 

implantation. (A) Representative images of iba1 labeling after 2 or 8 weeks of dexamethasone 

treatment in parylene C and polyimide implanted nerves. Scale bar = 100µm. (B) Quantification of iba1 

positive cells after treatment with saline (Sal) or dexamethasone (Dex) during 8 (left) or 2 (right) weeks 

after parylene (blue) or polyimide (orange) devices implant. *p< 0.05 vs respective saline group. (C) 

Representative images of tissue capsule after 2 or 8 weeks of dexamethasone treatment in parylene C 

and polyimide implanted devices. Scale bar = 100µm. (D) Capsule thickness measurement after 

treatment with saline (Sal) or dexamethasone (Dex) during 8 (left) or 2 (right) weeks around parylene 

(blue) or polyimide (orange) implanted devices. * p< 0.05 vs respective saline group. # p<0.05 vs 

respective 2+6w treated group. 
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DISCUSSION 

The results of this study demonstrate that dexamethasone is effective in reducing 

the inflammatory reaction and the fibrous encapsulation seen as the response to electrodes 

implanted in the peripheral nerve. This is an important issue in the application of nerve 

interfaces for neuroprostheses because progressive scarring will impair long-term interface 

function. Even with recent advances in the electrode design to make them more adaptive 

and stable (Lago et al., 2007; Boretius et al., 2010; Cutrone et al., 2015) and in the use of 

biocompatible materials (Sommakia et al. 2014), the FBR still compromises the long-term 

functional performance of implanted neural interfaces.  

In this study, systemic administration of different drugs has been tested to reduce 

the tissue encapsulation of longitudinal intraneural devices. Dexamethasone has been found 

as the most effective treatment to modulate the FBR, by reducing the infiltration of 

macrophages and the capsule thickness around both Parylene C and polyimide devices. Our 

results agree with those previously found with systemic (Spataro et al., 2005) and local 

(Zhong and Bellamkonda 2007; FitzGerald 2016) administration of dexamethasone, in 

which a reduction of scar tissue formation was reported. Moreover, improvement in 

electrode functionality due to local release of dexamethasone has also been described (Kim 

and Martin 2006; Mercanzini et al. 2010). However, most of the local release studies have 

been made on brain (Kim and Martin 2006; Zhong and Bellamkonda 2007; Mercanzini et al. 

2010) and subcutaneous implants (Dang et al. 2011; Kastellorizios et al. 2015; Heo et al. 

2016a). Only a few works have focused on strategies to focally release anti-inflammatory 

drugs in peripheral nerves (Park et al. 2015; FitzGerald 2016; Heo et al. 2016b). Indeed, by 

using systemic administration we aimed to make a feasible screening of different drugs with 

the potential to prevent the FBR. Eventually, modifications in the design of current 

intraneural electrodes may allow to include systems for focal, controlled release, either by 

coating their surface with biodegradable hydrogels or by adapting a microfluidic system. 

Nevertheless, the volume limits within the peripheral nerve must be considered, so these 

options should avoid an increase in the thickness of the electrode. 

On the other hand, systemic administration facilitates the combination of different 

FBR modulatory drugs at different time points after implantation, according to the time-

window of effectiveness for each drug. As our results show, at least two weeks of 

dexamethasone administration (at a dose of 200 µg/kg/s.i.d.) are needed to significantly 

reduce the infiltration of immune cells and the thickness of the capsule. The effect achieved 

during the first two weeks is maintained after 8 weeks of implant, suggesting that this initial 

period is predictive of the later chronic FBR. Despite the reduction of the FBR to electrode 
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polymers (i.e. Parylene C and polyimide) obtained with dexamethasone, still some 

encapsulation appeared around the implanted devices. Therefore, the ultimate question is 

how this reduction in capsule thickness may improve the functionality of intraneural 

interfaces in terms of stimulation and nerve signals recording. Current experiments will 

determine the potential effect of dexamethasone in improving the functional characteristics 

of chronically implanted intraneural electrodes. Given the similarities in the FBR with other 

types of devices, such as multielectrode arrays (Christensen et al., 2014) and transversal 

electrodes (Wurth et al., 2017), dexamethasone treatment will be likely useful to modulate 

the FBR to different electrode designs for peripheral nerves. 

The differences found between the several anti-inflammatory drugs assayed in this 

work point out the mechanisms through which dexamethasone is doing its positive effect. 

Ibuprofen is a NSAID, known to exert anti-inflammatory effect by the inhibition of 

cyclooxygenase 1 and 2 enzymes. Clodronate induces apoptosis of circulating 

monocytes/macrophages. Dexamethasone acts through the glucocorticoid receptor, having 

a much wider spectrum of actions (Coutinho and Chapman, 2011), from anti-inflammatory 

to immunosuppressive effects. Thus, the reduction of infiltrating macrophages and the 

decrease of immune mediators achieved also with ibuprofen and clodronate treatments, 

would not be enough to reduce the encapsulation of implanted devices. In the same line, 

maraviroc, an antagonist of CCR5, did not reduce macrophages infiltration nor tissue 

deposition in the implanted nerves. Despite the role of CCR5 in different fibrotic models 

(Berres et al., 2010; Sahin and Wasmuth, 2013; Seki et al., 2009), we did not observe any 

beneficial effect of its blockage in our model of FBR in peripheral nerves. However, CCR5 is 

not the only chemokine receptor implicated in tissue fibrosis (Ishida et al., 2007; Sahin and 

Wasmuth, 2013).  

As expected from previous studies using sildenafil for reducing fibrosis 

development (Valente et al. 2003; Noel et al. 2012; Percival et al. 2012), we found a 

significant reduction in capsule thickness. However, the effect was not as marked as with 

dexamethasone. This could be due to the two main phases of the FBR, one pro-inflammatory 

followed by a second one anti-inflammatory and tissue remodeling (Anderson et al. 2008). 

Thus, dexamethasone might be modulating both phases while the other treatments 

assessed only act by reducing either activation of the inflammatory cells or the matrix 

deposition.  

In conclusion, systemic administration of dexamethasone could be a feasible option 

to improve the long-term usability of neural electrodes in peripheral nerves without 

modifications on electrodes design. Further advances can be expected if the FBR might be 
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modulated according to the cellular and molecular players within each phase, with 

sequential administration of appropriate drugs for each phase. 
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ABSTRACT 

Neuroprostheses aimed to restore lost functions after a limb amputation are based on the 

interaction with the nervous system by means of neural interfaces. Among the different 

designs, intraneural electrodes implanted in peripheral nerves represent a good strategy to 

stimulate nerve fibers to send sensory feedback and also to record nerve signals to control 

the prosthetic limb. However, any device implanted in the body undergoes a process called 

foreign body reaction (FBR). The FBR is an immune-mediated response to any device 

implanted in the body that includes a first pro-inflammatory phase followed by a second 

anti-inflammatory and tissue remodeling phase, which results in the tissue encapsulation 

of the device implanted. In the case of intraneural electrodes, which should remain 

chronically implanted to interact with nerve fibers, the FBR causes a progressive decline of 

function over time due to the physical separation between the electrode and the axons to 

interface. Administration of anti-inflammatory drugs such as dexamethasone might reduce 

the FBR and maintain electrode functionality. In this work, transversal intraneural multi-

channel electrodes (TIMEs) implanted in rat sciatic nerve have been tested during 3 months 

to evaluate its stimulation and recording capabilities. Dexamethasone treatment 

significantly reduced the current needed to evoke a muscle response during the follow-up 

compared to saline-treated animals, without affecting the selectivity of stimulation. 

However, dexamethasone treatment did not improve the signal-to-noise ratio (SNR) of the 

recorded neural signals in comparison to the saline group. Dexamethasone treatment was 

associated with more working active sites than with saline treatment. Thus, systemic 

administration of dexamethasone appears as a useful treatment to improve the 

functionality of chronically implanted neural electrodes.   
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INTRODUCTION 

The interface of neuroprosthetic systems intended to substitute an amputated limb 

is based in the stimulation of remaining sensory nerves to evoke sensory feedback and in 

the recording of motor nerve signals to control the prosthetic device (Navarro et al., 2005; 

Tyler et al., 2015). Peripheral nerve electrodes are a key component of neuroprostheses, as 

they are the active part that will interact with the nervous tissue to stimulate and record 

signals from nerve fibers. Despite the different designs of neural interfaces, all of them 

consist on a polymer substrate where metal active sites are embedded to deliver current to 

stimulate nerve fibers or to record nerve signals due to changes in the membrane potentials. 

Therefore, the relative position and distance to the nerve fibers will determine the intensity 

needed to stimulate the axons and the quality of the recorded signals. Among the different 

designs developed, intraneural electrodes, such as the transversal intrafascicular 

multichannel electrode (TIME), have shown good capabilities for selective stimulation and 

high quality recorded neural signals in comparison to extraneural electrodes, as the active 

sites in the electrode are closer to nerve fibers than with perineural electrodes, such as cuffs 

(Badia et al., 2011a).  

However, studies in human volunteers and animal experiments have shown a 

progressive decline in the intraneural electrode functionality over time (Oddo et al., 2016; 

Raspopovic et al., 2014; Rossini et al., 2010). It has been shown that an immune-mediated 

response, known as the foreign body reaction (FBR), is triggered after the implantation of 

any device in the body (Anderson et al., 2008; Ward, 2008). Regarding neural interfaces, it 

is characterized by an inflammatory phase, where polymorphonuclear cells and 

monocytes/macrophages infiltrate the tissue from 1 day up to 8 weeks after the implant. 

This first phase induces a second anti-inflammatory and tissue remodeling phase by week 

8 post-implant, mainly orchestrated by fibroblasts (Christensen et al., 2014; de la Oliva et 

al., 2017; Wurth et al., 2017). The FBR to neural interfaces results in a progressive tissue 

encapsulation, leading to physical separation of the electrode from the nervous tissue and 

an increase in tissue resistance. Since the relative position and distance to the nerve fibers 

is critical to determine the intensity needed to stimulate the axons and the quality of the 

recorded signals, the capsule tissue around the electrode will affect its functionality.  

Different strategies have been pursued to improve the long-term functional 

outcome of implanted electrodes, including the use of different polymers as a substrate of 

the electrode (Kim and Romero-Ortega, 2012; Skousen et al., 2014; Sommakia et al., 2014), 

diverse surface coatings (Balaji et al., 2015; Chen and Allen, 2012; Noorisafa et al., 2016) 
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and pharmacological modulators of the FBR (Kastellorizios et al., 2015; Norton et al., 2007). 

One of the most used drugs to modulate this reaction is dexamethasone, a glucocorticoid 

known for its anti-inflammatory and immune-depressant effects (Coutinho and Chapman, 

2011). Dexamethasone administration has shown good results in reducing the 

inflammatory reaction to implanted electrodes in the central nervous system (Spataro et al., 

2005; Zhong and Bellamkonda, 2007) as well as improving brain recordings (Boehler et al., 

2017). However, not all the strategies mentioned above are suitable for peripheral nerves, 

as they may increase the size of the electrode to implant. Some studies have applied these 

strategies to peripheral nerve electrodes, as for example, dexamethasone-releasing cuff 

(Park et al., 2015) or dexamethasone-loaded regenerative (FitzGerald, 2016) electrodes. 

However, these studies did not take into account the time-window in which such 

modulators may be effective or if the modulation of the FBR has positive effects on the 

functional performance of the electrodes for stimulation and recording. Systemic 

administration of modulators of the FBR allows for a better control of dosage and timing 

without modifications in the design of current nerve electrodes. We have made a 

comparative assay of several compounds with potential anti-inflammatory and/or anti-

fibrotic properties in the previous chapter and found that dexamethasone was the most 

effective drug to reduce the capsule thickness. Thus, this study aims to evaluate if 

dexamethasone treatment improves the long-term functional outcome of TIME electrodes 

implanted in the rat sciatic nerve.   
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MATERIAL AND METHODS 

Surgical procedures and drug administration 

All animal experiments conducted in this study were performed according to protocols 

approved by the Ethical Committee of the Universitat Autònoma de Barcelona in accordance 

with the European Communities Council Directive 2010/63/EU.  

The electrode used was a transversal intrafascicular multichannel electrode (TIME version 

3H; developed by the Department of Microsystems Engineering-IMTEK, University of 

Freiburg, Germany) (Boretius et al., 2010). It contains seven active sites (AS) made of 

iridium oxide at each arm of the device, with a diameter of 80 µm in one arm and a diameter 

ranging from 20 to 60 µm in the other. In this study, only the AS of 80 µm at one arm were 

evaluated. The TIME electrodes were implanted in the sciatic nerve of female Sprague-

Dawley rats (n=12, 220±20g). Animals were anesthetized with ketamine and xylazine 

(90/10 mg/kg, i.p.) and the sciatic nerve was surgically exposed at the midthigh and freed 

from adherences to surrounding tissues. Following the same procedure as in Badia et al., 

2011, the TIME was transversally inserted across the sciatic nerve with the help of a straight 

needle attached to a 10-0 loop thread. All the process was monitored under a dissection 

microscope to ensure the correct position of the active sites (AS) inside the nerve fascicles 

(Fig. 1). Since the TIME used was originally designed for human nerves, in most cases, only 

2-3 of seven contacts per arm were positioned within the rat sciatic nerve at the same time. 

Then, the electrode tip was fixed to the closest muscle with a 10-0 suture to avoid motion. 

The PCB, where the TIME tracks are connected to wires, was fixed on the gluteus muscles 

to reduce tethering forces on the electrode. The wires were routed inside a thin silicone 

tube subcutaneously and finished in a Nano Plastic Circular Omnetic connector that was 

fixed with a custom-made plastic base on the back of the animal to facilitate the connection 

during the electrophysiological tests and covered with a metal protection cap. The 

surrounding muscles and the skin were closed with sutures and the wounds disinfected 

with povidone-iodine (Fig. 1). After the surgical procedure, animals were left to recover in 

warm pads. During the follow-up, they were housed at 22±2ºC under a 12:12h light cycle 

with food and water access ad libitum.   

Half of the rats were administered daily with dexamethasone (n=6, 200 µg//kg 

subcutaneous; Merck) from two days before the surgery to ensure systemic levels and 

during all the follow-up. The other half received an injection of the same volume of saline 

vehicle. After 12 weeks post-implant, animals were deeply anesthetized with an overdose 
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of pentobarbital, transcardially perfused with 4% paraformaldehyde in phosphate buffer 

and the sciatic nerve including the implanted device harvested for histological analysis.  

Histological studies 

To identify the location of TIME electrode inside the nerve and to evaluate the presence of 

foreign body giant cells (FBGCS), the nerve segment including the intraneural electrode was 

embedded in paraffin. Transverse sections (10 µm thick) were cut, mounted on silane-

coated slides and dried overnight. Sections were deparaffinized and successively stained, 

first overnight with standard luxol fast blue (LFB) for myelin visualization, after that with 

hematoxylin Harris solution (Fluka, Sigma) for 7 min, washed with water and stained with 

Eosin Y (Merck Millipore) for 5 min. Sections were dehydrated with series of graded ethanol 

rinses and mounted with DPX (Sigma).  

Nerve stimulation protocol  

To assess the stimulation capabilities of implanted TIMEs, biphasic rectangular current 

pulses with a width of 100 µs and an intensity up to 1 mA were delivered (Stimulator DS4, 

Digitimer) through each one of the active sites against a small needle electrode placed 

subcutaneously. Simultaneously, the compound muscle action potentials (CMAP) were 

recorded from gastrocnemius medialis (GM), tibialis anterior (TA) and plantar interossei 

(PL) muscles using small needle electrodes placed in each muscle (Badia et al., 2011a). EMG 

data was amplified x200 for GM and TA and x1000 for PL muscles (P511AC amplifiers, 

Figure 1. Surgical implantation of TIME electrode. (A) Photograph of the TIME inserted 

transversally in the rat sciatic nerve, with the tip sutured to the close muscle to avoid motion. 

Active site 1 (square) can be seen near the nerve. Scale bar = 1cm. (B) View of the back of the 

animal with the subcutaneous silicone tube protecting the wires and the plastic base holding the 

Omnetics connector sutured to the fascia. The metal cup is used to prevent damage to the 

connector.  
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Grass), band-pass filtered (3 Hz to 3 kHz) and digitized with a Powerlab recording system 

(PowerLab16SP, ADInstruments) at 20 kHz. The amplitude of each CMAP (M wave) was 

measured peak to peak and normalized to the maximum CMAP amplitude obtained in each 

experiment by monopolar stimulation of the sciatic nerve with a stainless-steel needle 

electrode. For each active site (AS), the current of stimulation that elicited a 5, 36, 50 and 

95% of the maximum CMAP was determined. The threshold current was defined as the 

minimal current needed to elicit the above-mentioned percentages of CMAP. Due to nerve 

dimension, only 2 or 3 ASs out of 7 could be properly accommodated inside the nerve. 

Therefore, only the best AS with the lowest threshold value was used for data analysis and 

comparison between groups. Finally, the selectivity index (SI) was calculated to quantify the 

specific activation of a single muscle among the set of three muscles (GM, PL, TA) when 

stimulating from each active site, as previously described (Badia et al., 2011a; Veraart et al., 

1993) and the maximum SI (SImax) from each TIME for each muscle was analysed.   

Nerve signals recording protocol 

To assess the recording capabilities of TIME electrodes over time, two different protocols 

were performed a previously described (Badia et al., 2016).  

First, the compound nerve action potentials (CNAPs) were recorded from each one of the 

active sites in the TIME following electrical stimulation of the distal tibial nerve. Monophasic 

rectangular pulses of 100 µs and up to 5 mA (Stimulator DS4, Digitimer) were delivered 

using two small needles inserted on the medial side of the paw. The CNAP amplitude was 

measure peak to peak for each active site in each electrode and the mean of the maximum 

amplitude recorded from each TIME was analyzed.  On the other hand, evoked neural 

activity after fast scratching with a plastic blunt probe the plantar surface of the paw (10 

repetitions) was also recorded from each active site. Signals recorded were amplified 

x5000, band-pass filtered (between 300 Hz and 10 kHz) and fed to a power-line noise 

eliminator (Hum Bug, Quest Scientific), then digitized at 20 kHz and recorded with Chart 

software (PowerLab System, ADInstruments). The total power of the recorded signals and 

the noise was obtained after applying the short-time Fourier transform with a window of 1 

ms, and an overlap of 87.5% (Chart software) and the signal-to-noise ratio (SNR) was 

calculated.  

Animal body temperature was maintained constant using a thermostatic heating pad during 

the stimulation and recording session. Both stimulation and recording protocols were 

performed acutely (0 days, 30 minutes after the implantation) and at chronic time points 

(7, 14, 30, 60 and 90 days after implant) or until failure of the interface.  
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Statistical analysis 

Results are expressed as the average ± SEM. Differences between groups or times were 

analyzed by two-way ANOVA followed by Bonferroni post hoc tests (GraphPad Prism). 

Statistical significance was considered at p < 0.05. 



122 
 

RESULTS 

Animals implanted with TIME electrodes and administered with dexamethasone or saline 

were followed for 3 months to evaluate electrode functionality. Unfortunately, many times 

the wiring system resulted damaged too early, and the experiment had to be aborted ahead 

of time. Therefore, the comparison between the two groups with respect to 

electrophysiological results was only performed up to 1 month of implant.  

Nerve stimulation results 

The plot of the current needed to achieve a CMAP of 5% of the maximal amplitude (5% 

threshold) for each active site in each TIME implanted showed changes over time. For some 

electrodes (e.g., electrodes 1 and 3) a progressive increase over time was observed.  In 

contrast, in electrodes 2, 4, 5 and 6, there was an increase in the threshold during the first 

two weeks that was later decreased (Fig. 2). The 5% threshold of the contacts located inside 

the nerve was 70 µA ± 10 SEM (n=6/group), while nearly half of the ASs was outside and 

showed a 5% threshold of 300 µA ± 70 SEM (Fig. 2) in the first day of the implant. Moreover, 

a shift from the original position (day 0) for some implanted electrodes was observed, as 

the ASs with lower threshold changed during the follow-up (Fig. 2). In consequence, only 

the best AS (i.e., the lowest threshold value which would indicate the best position inside 

the nerve) for each muscle in each electrode was chosen for comparison between 

dexamethasone and saline-treated animals.  

Focusing on the results of the different thresholds needed to elicit a 5%, 36%, 50% and 95% 

(Fig. 3 A-D) of the maximum CMAP amplitude, all animals showed a clear increase in the 

first week of follow-up, with a stabilization at day 14 and 30 after the implant (two-way 

ANOVA vs time, p<0.05). Moreover, rats receiving dexamethasone had significantly lower 

values for GM and TA muscles (two-way ANOVA vs saline, p<0.05) in comparison with the 

saline-treated group (Fig. 3), indicating that the treatment limited the initial increase in 

tissue resistance. Moreover, the treated group still maintained lower values after 1 month 

of implant, showing that electrodes implanted in dexamethasone-treated rats required less 

current than saline ones (Fig.3).  
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Figure 2. Evolution of 5% threshold values for each AS in implanted TIMEs over time. 

Stimulus current needed to evoke a CMAP of 5% the maximal amplitude in gastrocnemius (GM) 

and tibialis anterior (TA) muscles (5% threshold) by three different (A) saline or (B) 

dexamethasone-treated electrodes over time. (C) Schematic view of a TIME implanted in the 

fascicles (SN: sural nerve, TN: tibial nerve, PN: peroneal nerve) of the sciatic nerve with the ideal 

position of the active sites (from AS1 to AS7). Note the increase in threshold values over time (e.g., 

electrode 3) and the changes in the AS with the lowest threshold value likely due to AS 

displacement in the nerve (e.g., electrode 6). 
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Additionally, the total amount of working ASs able to evoke a 5%, 36%, 50% or 95% of the 

maximum CMAP decreased over time for both groups, with animals receiving the 

dexamethasone treatment maintaining more working ASs, although without significant 

differences (Fig. 4).  

The selectivity of stimulation (SI) for the three different muscles tested innervated by the 

sciatic nerve was also calculated. The SI for GM and TA muscles were maintained during the 

follow-up, without differences between both groups. In the case of the PL muscle, the SI 

decreased from 0 to 30 days after the implant in treated and saline animals (two-way 

ANOVA vs time, p<0.001) (Fig.5A). On the other hand, while there were no differences in 

Figure 3. Differences in current values needed to evoke the (A) 5%, (B) 36%, (C) 50% or (D) 

95% of the maximum CMAP of gastrocnemius (GM), tibialis anterior (TA) and plantar interossei 

(PL) muscles between saline and dexamethasone-treated groups over time. *p<0.05 s saline 

group, two-way ANOVA. 
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the SI between groups, the current needed to achieve the maximum SI was lower, although 

not significantly, in the dexamethasone-treated animals (Fig. 5B), according to the previous 

result in threshold current (Fig. 3).    

Figure 5. (A) Maximal selectivity index (SImax) and (B) current needed to achieve the 

SImax for gastrocnemius (GM), tibialis anterior (TA) and plantar interossei (PL) muscles over 

time in saline and dexamethasone-treated groups. ***p<0.001 vs time, two-way ANOVA.  

Figure 4. Number of working AS able to evoke CMAPs of (A) 5%, (B) 36%, (C) 50% and (D) 95% 

of the maximum CMAP amplitude of gastrocnemius (GM), tibialis anterior (TA) and plantar 

interossei (PL) muscles, in the saline and dexamethasone-treated groups at different time points. 

*p<0.05 vs saline group, two-way ANOVA.   
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Nerve signals recording results 

Electrical stimulation of the distal nerve was used to generate afferent CNAPs conducted 

orthodromically by the sciatic nerve and recorded from the different ASs in the implanted 

TIME. The maximum amplitude recorded for the CNAP decrease over time for both groups 

(two-way ANOVA vs time, p<0.05). Electrodes under dexamethasone treatment appeared 

to record CNAPs of slightly higher amplitudes, although not significantly, than saline-treated 

electrodes during the first two weeks of follow-up (Fig. 6A). Electroneurographic recordings 

were also performed during mechanical stimulation of the hind paw sole. Moreover, the 

SNR value drastically decreased from 0 to 7 days after the implant, and remained unchanged 

until 30 days (Fig. 6 B, C), without differences between the two groups at any studied time 

point. Finally, dexamethasone treatment resulted in a higher number of ASs capable of 

recording afferent signals during mechanical stimulation during the follow-up (Fig.6D). 

Figure 6. Recording evoked neural activity over time.  (A) Maximum CNAP amplitude 

recorded by TIME in saline and dexamethasone-treated rats. (B) Signal-to-noise ratio (SNR) of 

sensory afferent signals induced by mechanical stimulation on the sole during time after 

implantation in saline and dexamethasone-treated rats. (C) Decrease of the SNR with respect to 

acute recordings (day 0) in saline and dexamethasone-treated groups. (D) Number of AS that 

recorded nerve signals with an SNR above 1.01 along time.   
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Nerve histology 

Histological evaluation after 3 months of TIME implant showed that most of the electrodes 

implanted were within the fascicles of the sciatic nerve, traversing peroneal and tibial 

fascicles (Fig. 7A, B). Although axons were still close to the active sites, the electrodes were 

surrounded by a thick capsule of fibrotic tissue, as shown by the hematoxylin-eosin staining 

and no noticeable differences between dexamethasone and saline groups were observed. 

Moreover, foreign body giant cells (FBGCs) (McNally and Anderson, 2011) were present in 

close contact with the polyimide substrate, indicative of the second anti-inflammatory 

phase of the FBR (Fig. 7C, D). 

Figure 7. Histological evaluation of TIME electrodes after 12 weeks of implant with (A) 

saline or (B) dexamethasone treatment. Dotted lines delimit nerve fascicles. Note the empty 

spaces due to sample processing. Insets from (C) saline and (D) dexamethasone-treated rats 

showing an ASs inside the nerve (arrow in D) and foreign body giant cells (FBGCs; arrowheads in 

C and D). Scale bars in (A-B) 200 µm and (C-D) 100 µm. 
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DISCUSSION 

Neural electrodes are a key component of interfaces for the communication between the 

nervous system and bionic prostheses. Despite the considerable advances achieved in 

biomaterial and electrode designs (Boddupalli et al., 2016; Navarro et al., 2005; Tyler et al., 

2015), improved stability is desired to maintain the functionality of the implanted 

electrodes over long periods of time. One of the factors that contributes to the failure or 

decline of function of neural implants is the FBR (de la Oliva et al., 2017). The encapsulation 

of the implanted devices enlarges the distance between the axons membrane and the active 

sites and also increases the tissue resistance, resulting in an increase in the current needed 

to stimulate the neurons and the axons and also a decrease of the SNR during recordings. 

This study combines two of the most promising strategies to improve the long-term 

functionality of neural implants in peripheral nerves: transversal and flexible intraneural 

electrodes (i.e., TIME) and anti-inflammatory treatment (i.e., dexamethasone) by systemic 

administration.  

TIME electrodes have been previously shown to provide good stimulation capabilities in 

animal models (Badia et al., 2016, 2011a) and humans (Oddo et al., 2016; Raspopovic et al., 

2014). Although these studies reported adequate values of impedance and injected charge 

for useful stimulation in human patients, an increase in the stimulation threshold was 

observed during the first month of implant. Our present results are in agreement since the 

stimulation current needed to activate the nerve increased during the first weeks of implant, 

followed by a stabilization of the threshold values. Moreover, the selectivity indices 

achieved in this work are similar to those shown in previous studies with intraneural 

electrodes (Badia et al., 2011a; Cutrone et al., 2015; Wurth et al., 2017), confirming the 

stable selectivity in chronic implants despite the increased threshold.  

TIME electrode was designed as a bidirectional interface, capable of stimulating as well as 

recording nerve signals. However, few works have focused on the recording capabilities of 

this type of electrode and only in acute conditions (Badia et al., 2016). Our results on 

chronically implanted TIME electrodes show a marked decrease in the amplitude of the 

recorded signals, either compound or single action potentials from one week post-implant, 

although later they stabilized in the following weeks.  

Several studies have looked for the effect of anti-inflammatory drugs on the FBR to neural 

implants, with positive effects on electrode functionality and on the amount of FBR (Boehler 

et al., 2017; Park et al., 2015; Spataro et al., 2005; Zhong and Bellamkonda, 2007). However, 

this is the first work in which it has been evaluated with intraneural electrodes in the 
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peripheral nerve. The present results indicate that dexamethasone administration 

substantially decreased the stimulation threshold values during the first month of implant. 

Throughout the course of this first month, the inflammation of the first phase of the FBR 

peaks (de la Oliva et al., 2017) and dexamethasone treatment not only decreases the amount 

of inflammatory macrophages within the nerve but also shrinks the capsule around 

intraneural devices (De la Oliva et al., submitted, Chapter 3). On the other hand, 

dexamethasone treatment did not improve the capability for recording neural signals. The 

quality of the recorded signal relies on the amplitude of that signal and the placement of the 

AS with respect to the activated axons. Since the amplitude of nerve signals is on the scale 

of microvolts, the distance between the axons and the AS and the capsule tissue 

characteristics become critical to have a good SNR. The FBR adds about 30 µm of separation 

between the ASs and the axons in longitudinal implants (de la Oliva et al., 2017), but it seems 

larger in transversal implants (Wurth et al., 2017; present study). In addition, the fibrotic 

capsule formed around the electrode will presumably offer a higher resistivity, that might 

be comparable to that of the perineurium (Weerasuriya et al., 1984), than the endoneurial 

tissue in the nerve. Probably due to the decrease in capsule thickness produced by 

dexamethasone treatment, there were more AS able of recording small nerve signals.  

These results showed a positive effect of dexamethasone treatment on the functionality of 

intraneural electrodes during the first month of implant. Other previously proposed 

strategies try to deliver different drugs locally on the implant side. However, these 

strategies have some limitations in the case of intraneural electrodes, such as the nerve size. 

Thus, local delivery systems are difficult to adapt to intraneural electrodes. Our results 

demonstrated that systemic administration of anti-inflammatory drugs would be useful and 

easily to apply. Moreover, stronger effects could be expected in more stable models of 

electrode implantation, such those observed in brain implants (Boehler et al., 2017), or in 

larger nerves (i.e., human implants), since the size mismatch between rat nerves and the 

implanted electrodes is more prominent than in other species.  

In conclusion, dexamethasone treatment improves the stimulation and recording 

capabilities of implanted transversal electrodes after implant, being a feasible option to 

improve the functionality of chronic implanted electrodes. Further studies to improve 

electrode stability and signal recording and decoding are needed to ensure electrode 

functionality over time.     
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GENERAL DISCUSSION 

Neuroprostheses are electromechanical systems intended to restore the lost 

functions after an injury to the nervous system or due to a partial or total limb amputation. 

In the case of limb prostheses for amputations, the link with the peripheral nervous system 

seems more advantageous that the access to the brain. A neural interface for the control of 

a bionic prosthesis should detect the descending motor signals to control the prosthetic 

device but also stimulate the nervous tissue to send an ascending sensory feedback to 

inform the nervous system about the action and sensing performed by the prosthesis. State-

of-the-art hand bionic prostheses aim to mimic a large number of potential movements 

performed by the hand and the enormous amount of sensory information captured by skin 

and muscle receptors. Thus, the number of interfacing channels and the precision of the 

intercommunication need to be high. Regarding neuroprostheses for upper limb amputee 

patients, intraneural electrodes have been presented as the best strategy to selectively 

stimulate and record from axons in the peripheral nerves (del Valle and Navarro, 2013; 

Tyler et al., 2015). To accomplish its purpose, neural interfaces should be biocompatible 

and remain stable when chronically implanted. In addition, the electrodes should maintain 

proper function as long as needed. However, a progressive loss of electrode functionality 

has been reported in chronic human studies (Raspopovic et al., 2014; Rossini et al., 2010; 

Wark et al., 2014), due to, among other factors, the biological response to the implanted 

device in the body, known as FBR (Anderson et al., 2008; Kenneth Ward, 2008). In the 

present thesis, a characterization of the FBR to polymer-based devices implanted in the 

peripheral nerve has been first performed, in order to determine the main targets amenable 

to modifications, and consequently we have assayed which treatments may be more 

effective to reduce and modulate this FBR, hence improving the long-term functionality of 

implanted electrodes in the peripheral nerve.  

First of all, a characterization of a new intraneural interface was performed in 

chapter 1 (Mueller et al., 2017) in collaboration with Thomas Stieglitz and coworkers from 

IMTEK (Freiburg, Germany). Taking advantage of the successful design of the polyimide-

based TIME interface, that is, transversally implanted in peripheral nerves, the new 

interface developed was made in Parylene C instead of polyimide. Parylene C is a polymer 

that has been widely used as an insulator for brain interfaces and other medical devices 

(Hassler et al., 2010; Kim and Meng, 2016; Schmidt et al., 1988). It is an FDA approved 

material for clinical applications, and different studies have shown good biocompatible 

characteristics (T. Y. Chang et al., 2007; Lecomte et al., 2017). In the case of intraneural 
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interfaces, the mechanical properties of Parylene C offer the possibility to integrate several 

active sites in both sides of the substrate, reducing the thickness of the implanted interface 

(Mueller et al., 2016) and thus reducing the size of the implanted device. In the histological 

analyses performed in Chapter 1, the Parylene C-based interface showed excellent 

biocompatibility and safety, as no signs of degeneration nor changes in the nerve 

architecture or the number of myelinated fibers were observed. Besides, the selectivity of 

the stimulation indicates that the interface position within the nerve was stable over time. 

However, an increase in the threshold of stimulation – the current needed to evoke a muscle 

response - was observed from 2 to 4 weeks after implant. Previous studies with intraneural 

(Oddo et al., 2016; Raspopovic et al., 2014; Rossini et al., 2010), extraneural (Fisher et al., 

2009; Polasek et al., 2009; Tan et al., 2013) and even brain interfaces (Biran et al., 2005; 

Mercanzini et al., 2010; Nolta et al., 2015) have also reported an increase in the threshold of 

stimulation and a progressive decrease in the overall functionality.  

These changes in electrode functionality could be attributed to electrochemical 

changes in the active sites inducing changes in conductivity, erosion of the metal sites, 

mechanical tensions of the wires, cell death and the biological response to the implanted 

device, which separate and isolate the electrode with a capsule tissue that increases the 

resistance and the distance between the nerve tissue and the active sites. In fact, an increase 

in the tissue deposition around the Parylene C electrodes was observed over time. 

According to the increase in the threshold of stimulation, the main tissue deposition seemed 

to occur during the first two weeks after the implantation, being stabilized thereafter. Such 

a capsule was similar to that reported in previous studies chronically implanting 

longitudinal (Lago et al., 2007) as well as transversal intraneural electrodes (Badia et al., 

2011b; Wurth et al., 2017). 

In order to depict the cellular and molecular events of the FBR after device 

implantation in peripheral nerves, we performed the experiments reported in Chapter 2 

using longitudinal intraneural devices implanted up to 8 months. This characterization 

should help to eventually test treatments in further works to improve the functionality of 

intraneural electrodes. The description of the FBR was focused on two different polymers: 

polyimide, the current material used as a substrate of neural interfaces (Boretius et al., 

2010; Lago et al., 2007; Rousche et al., 2001; Rubehn and Stieglitz, 2010), and Parylene C, a 

polymer previously used as an insulator in brain interfaces (Fekete and Pongrácz, 2017; 

Lecomte et al., 2017; Seymour and Kipke, 2007; Takeuchi et al., 2005) but also promoted 

for intraneural electrodes as shown in Chapter 1 (Mueller et al., 2017). Similar to previous 

studies with longitudinal intraneural devices (Lago et al., 2007), no damage or degeneration 



137 
 

of the implanted nerve were observed with polyimide nor Parylene C devices at any time 

point. These results confirmed the biocompatible characteristics of Parylene C as there were 

no harmful effects affecting nerve function (T. Y. Chang et al., 2007; Winslow et al., 2010).  

With regard to the molecular and cellular processes associated with the FBR, several 

studies have characterized these events in subcutaneous and peritoneal implants 

(Anderson et al., 2008; Kenneth Ward, 2008; Luttikhuizen et al., 2006). According to them, 

FBR has a first inflammatory phase followed by an anti-inflammatory and tissue remodeling 

phase, which results in the tissue encapsulation of the device. Our results from Chapter 2 

are in agreement with this pattern, where infiltration of polymorphonuclear cells and 

monocytes/macrophages was observed rapidly after the implant of both polyimide and 

Parylene C devices. Macrophages were the main cell type present in the first inflammatory 

phase of the FBR, starting to surround the longitudinal implants just after 1 day and 

generating a first capsule around the devices. These cells produced a peak of infiltration 2 

weeks after the implant invading all the endoneurium and this maximum coincided with the 

highest thickness of the tissue capsule around both polyimide and Parylene C devices. Thus, 

the link between inflammation and the encapsulation process has been correlated for 

intraneural devices. From 2 to 8 weeks post-implant, infiltrating cells started to leave the 

nerve tissue. The clearance of immune cells occurred earlier in sham animals, whom only 

received the surgical implantation leaving no implant inside, than in implanted animals, 

indicating that the device implanted, and not only the surgical implantation, is contributing 

to the inflammatory process. With regard to the two materials implanted, there were no 

differences in the infiltration dynamics or in the number of inflammatory cells at any 

studied time-point.  

On the other hand, the clearance of immune cells may indicate the transition from 

the first pro-inflammatory phase of the FBR to the subsequent anti-inflammatory and 

remodeling phase. This second phase is characterized by the production and stabilization 

of a tissue capsule around the implant. In fact, FBGCs – results of macrophage fusion (Sheikh 

et al., 2015) – were present in the capsules for both materials, as a hallmark of the anti-

inflammatory and tissue remodeling phase. In the case of polyimide device, the thickness of 

the capsule peaked at 2 weeks and progressively decreased until stabilization after 8 weeks. 

In contrast, capsule around Parylene C devices also peaked after 2 weeks but, after a slight 

stabilization at 4 weeks, it continued increasing up to its maximum after 16 weeks. By then, 

the capsule to both materials appeared full of collagen fibers. Besides, the increase in the 

thickness of the capsule was accompanied of a change in the cellular integration of the 

capsule for both materials, from iba1 macrophages by week 2 and 4 to CD90 fibroblasts 
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from 8 weeks onwards. In the case of Parylene C, macrophages seemed to remain longer 

than in polyimide capsules, what may indicate a higher stimulation of the inflammatory 

phase by Parylene C. However, molecular analyses of cytokines and other related molecules 

such as TGFβ indicated no changes in the amount of those molecules between Parylene C 

and polyimide responses at any time point. In fact, there were no differences not even with 

sham animals. This could be explained by the fact that cytokines highest levels are normally 

produced within the first hours or days after injury (Baldwin and Hunt, 2008; Luttikhuizen 

et al., 2006; Rodriguez et al., 2009) and, by then, the FBR processes and the wound healing 

processes due to the implantation procedure are happening simultaneously. Nevertheless, 

the chemical surface of polymers would also explain, at least in part, these results. Jones and 

coworkers showed that hydrophilic surfaces promote less cellular adhesion but a higher 

cytokine production (Jones et al., 2007). Although both materials show a hydrophobic 

behavior with contact angles ranging from 80 to 100º, Parylene C can be considered more 

hydrophilic than polyimide (T. Y. Chang et al., 2007; Ghosh et al., 1997; Richardson et al., 

1993), which could explain the higher matrix deposition due to a higher inflammatory 

environment. Moreover, the degradation ratio of polymers has also been related to the 

molecular environment. Biodegradable materials would stimulate higher presence of 

polymorphonuclear cells and M1-like macrophages, with higher phagocytic capacity, to 

eliminate the implant. In contrast, non-biodegradable materials would stimulate a more 

M2-like and tissue deposition environment, to isolate the implant in case that macrophages 

cannot phagocyte it (Boddupalli et al., 2016; Veiseh et al., 2015). In that sense, Parylene C 

physical characteristics (i.e., degradation dynamics, stiffness, hardness …) might be 

different from those of polyimide, thus stimulating different environments.  

In general terms, it is accepted that the FBR has two main phases: a first pro-

inflammatory phase followed by a second anti-inflammatory and remodeling phase, with 

different time progression depending on the host tissue. In peritoneal FBR models, myeloid 

cells and macrophages peak after 1 week of device implantation, and macrophage to 

myofibroblasts transition have been reported by week 4 (Mooney et al., 2010). On the other 

hand, the FBR in the CNS is completed by microglial cells, as inflammatory cells, and 

astroglial cells, main responsible of the glial scar around the device implanted and the tissue 

injury (Kozai et al., 2015; Polikov et al., 2005). The fact that only two cell populations – 

macrophages and fibroblasts, mainly – participate in the capsule formation not only in 

peripheral nerves but also in other tissues and to different materials indicates the 

conservation and generalization of the response, although with differences in the time 

progression of the response. This could be useful when searching for treatments to reduce 

this response and lengthening the lifespan of implanted devices. Even though, the 
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specificities of the FBR seem to be determined not only by the tissue in which the device is 

implanted but also by the type and size of the material implanted (Boddupalli et al., 2016; 

Veiseh et al., 2015). Therefore, studies for each material and each host tissue are needed to 

determine the specific FBR progression in time and to develop helpful strategies to 

modulate this response in order to improve the functional outcome of implanted devices.  

As reviewed in the introduction part, different strategies have been developed to 

reduce the inflammatory process and the encapsulation of implanted devices. These 

strategies range from the use of different materials with modified surface characteristics to 

pharmacological approaches depending on the device final function. With regard to neural 

electrodes, few studies have focused on strategies to modulate the FBR and to improve the 

stimulation and recording capabilities of implanted electrodes (Norton et al., 2007; Park et 

al., 2015; Vince et al., 2005). According to the phases characterized in the FBR to intraneural 

devices, in Chapter 3 we tested several drugs, from anti-inflammatory (dexamethasone, 

ibuprofen, maraviroc, and clodronate) to anti-fibrotic (sildenafil) drugs, to modulate the 

response to Parylene C devices for 2 weeks, as in that point is when the peak in cell 

infiltration and capsule thickness occur. Systemic administration was chosen since it 

facilitates the combination of different FBR modulatory drugs at different time points after 

implantation, according to the time-window of effectiveness for each drug. Indeed, by using 

systemic administration, we aimed to make a feasible screening of different drugs with the 

potential to prevent the FBR.  

Our results show that only dexamethasone treatment significantly reduces both 

cellular infiltration and tissue capsule thickness after 2 weeks of the implant of both 

Parylene C and polyimide devices. These results agree with previous studies in which a 

reduced scar tissue formation was reported after systemic (Spataro et al., 2005) and local 

(FitzGerald, 2016; Zhong and Bellamkonda, 2007) dexamethasone administration. 

Moreover, our results have shown for the first time that at least two weeks of 

dexamethasone are needed to significantly reduce the infiltration of immune cells and the 

thickness of the capsule in peripheral nerves. The effect achieved during the first two weeks 

is maintained after 8 weeks of implant, suggesting that this initial period is predictive of the 

later chronic FBR. Once more, knowledge of the FBR progression in each host tissue is 

essential to determine the useful time-window of each drug in order to modulate the 

reaction. Furthermore, the beneficial effects of dexamethasone treatment were also 

observed in the FBR to polyimide devices, where there was a significant decrease in capsule 

thickness after 2 and 8 weeks of implant. Thus, although some differences have been 

described in the chronic development of the tissue capsule between polyimide and Parylene 
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C devices, dexamethasone is decreasing the first pro-inflammatory phase to both materials, 

thus reducing the following tissue deposition. This result corroborates the generalization of 

the FBR, even the differences that can arise due to the implanted material or the host tissue.  

In contrast to dexamethasone, the other studied anti-inflammatory drugs (i.e., 

ibuprofen and clodronate) do not have the same effect. While there was a reduction in 

inflammatory cells infiltration in the sciatic nerve after 2 weeks, no changes in tissue 

deposition were observed. These results could point out the mechanisms through which 

dexamethasone is doing its positive effect. Ibuprofen is an NSAID, known to exert an anti-

inflammatory effect by the inhibition of cyclooxygenase 1 and 2 enzymes. Clodronate 

induces apoptosis of circulating monocytes/macrophages. Dexamethasone acts through the 

glucocorticoid receptor, having a much broader spectrum of actions (Coutinho and 

Chapman, 2011), from anti-inflammatory to immunosuppressive effects. Thus, the 

reduction of infiltrating macrophages and the decrease of immune mediators achieved also 

with ibuprofen and clodronate treatments would not be enough to reduce the encapsulation 

of implanted devices. A combination of both ibuprofen and clodronate treatments may have 

similar effects than dexamethasone. However, since clodronate is not a good option for 

human use as it stimulates the apoptosis of circulating monocytes/macrophages, the 

combination of both drugs would not be a feasible strategy. On the other hand, the 

elucidation of the exact pathway that dexamethasone is modulating to reduce the tissue 

encapsulation may give further targets to developed treatments with fewer side-effects 

than this classical corticosteroid. In that regard, maraviroc, an antagonist of CCR5, was also 

administered for 2 weeks with the longitudinal FBR model in peripheral nerves. However, 

maraviroc did not reduce macrophages infiltration nor tissue deposition in the implanted 

nerves. Despite the role of CCR5 in different fibrotic models to recruit 

monocytes/macrophages (Berres et al., 2010; Sahin and Wasmuth, 2013; Seki et al., 2009), 

we did not observe any beneficial effect of its blockage in our model of FBR in peripheral 

nerves. This receptor can also be activated by other molecules, such as CCL2 and CCL3 

(Sahin and Wasmuth, 2013). Besides, CCR5 is not the only chemokine receptor implicated 

in monocyte/macrophage recruitment and progression of the inflammatory response 

(Ishida et al., 2007; Sahin and Wasmuth, 2013) and different molecules act during the FBR, 

such as CCL2/MCP-1, CCL3/MIP1α, TNFα, granulocyte-macrophage colony stimulating 

factor (GM-CSF) or IL-6.  

As expected from previous studies using sildenafil for reducing fibrosis 

development (Valente et al. 2003; Noel et al. 2012; Percival et al. 2012), we found a 

significant reduction in capsule thickness. However, the effect was not as marked as with 

dexamethasone. This could be due to the two main phases of the FBR, one pro-inflammatory 
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followed by a second one anti-inflammatory and tissue remodeling (Anderson et al. 2008). 

Thus, dexamethasone might be modulating both phases while the other treatments 

assessed only act by reducing either activation of the inflammatory cells or the tissue 

deposition and remodeling. Given the similarities in the FBR with other types of devices, 

such as multielectrode arrays (Christensen et al., 2014) and transversal electrodes (Wurth 

et al., 2017), dexamethasone treatment will be likely useful to modulate the FBR to different 

electrode designs for peripheral nerves. 

However, despite the reduction of the FBR to substrate polymers (i.e., Parylene C 

and polyimide) obtained with dexamethasone, still some encapsulation appeared around 

the implanted devices. The ultimate question is how this reduction in capsule thickness may 

improve the functionality of intraneural interfaces in terms of stimulation and nerve signal 

recording. In Chapter 4 we combined the best two solutions that have been found up to date. 

On the one hand, polyimide as a substrate of the neural interface, considering the FBR 

progression in chronic time-points around Parylene C devices. Although it is an FDA 

approved material and the Parylene C-based interface showed good functional performance 

in vivo (Mueller et al., 2017), polyimide-based intraneural interfaces have been already used 

with human volunteers with promising results (Oddo et al., 2016; Raspopovic et al., 2014; 

Rossini et al., 2010). On the other hand, systemic dexamethasone was administered due to 

the reduction achieved in cell infiltration and capsule thickness. Thus, transversal 

polyimide-based intraneural interfaces (TIME electrodes) were chronically implanted for 3 

months to evaluate its stimulation and recording capabilities after systemic dexamethasone 

treatment. While a longitudinal implant model was used to characterize the FBR in Chapter 

2, a transversal electrode was used to test whether dexamethasone improves its 

functionality over time in Chapter 4. The transversal electrode was chosen because it is 

more clinically relevant than the longitudinal one since TIME electrodes allow to target 

different fascicles within the same nerve (Badia et al., 2011a). However, the implantation of 

transversal devices is usually less accurate than longitudinal devices and it also implies 

greater damage of the epineurium in comparison to longitudinal implantation. Hence, to 

characterize the FBR, the longitudinal implant was chosen because of its better 

reproducibility and to better study only the FBR inside the nerve, without confounding 

factors due to tissue damage. Moreover, the use of non-functional longitudinal devices and 

the absence of wires that may induce some tethering forces in the nerve (Navarro et al., 

2005) avoids external artifacts in the creation of a FBR and focus only in the material 

reaction in comparison with those studies that used wired or active electrodes (Christensen 

et al., 2016; Wark et al., 2014; Wurth et al., 2017).  
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The implanted TIME electrodes have shown similar stimulation and recording 

capabilities in our results in comparison with previous studies in acute conditions (Badia et 

al., 2016, 2011a). In the saline-treated animals, a progressive increase in the threshold of 

stimulation – the current needed to evoke a muscular response – was observed over time. 

In fact, this increase coincided in time with the first inflammatory phase of the FBR, as it 

occurred during the first weeks after the implant. Dexamethasone treatment significantly 

reduced the threshold of stimulation during the first month of implant. From our previous 

results on FBR progression (Chapter 2), the tissue deposition is stabilized from 4 weeks 

onwards for polyimide devices. Moreover, dexamethasone significantly decreased the 

tissue deposition after 2 and 8 weeks of treatment (Chapter 3). Therefore, the decrease in 

the threshold of stimulation can be directly related to the decrease in the cell infiltration 

and tissue deposition. Even though, no differences in tissue deposition were observed 

between groups in the histological analysis after 3 months. The fact that dexamethasone 

apparently did not reduce the tissue deposition could be due to that in the transversal model 

there is much more contamination from the epineurium and the perineurium tissues. 

Therefore, the connective tissue and the new deposited tissue around the electrode due to 

the FBR do not easily differentiate in the transversal model. On the other hand, the 

transversal model allows evaluating not only the effect of dexamethasone on the FBR to 

active sites inside the nerve but also to active sites outside the nerve. In fact, in 

dexamethasone-treated animals, there was a higher number of active sites able to evoke a 

muscle response over time. This could be due to the fact that dexamethasone is indeed 

reducing the tissue deposition around the implanted electrode, although no noticeable 

differences were observed in the histological analysis.  

As expected, there were no differences in the stimulation selectivity between 

groups, as this aspect depends more on the position with respect the fibers to stimulate than 

in the few microns of the tissue capsule generated. On the other hand, recording capabilities 

did not show a clear improvement after dexamethasone treatment. The quality of the 

recorded signal relies on the amplitude of nerve signals and on the localization of the active 

sites concerning the fibers that are generating the electric signals. Since the amplitude of 

nerve signals is within the scale of microvolts, the position of the electrode active sites after 

the implant and the nerve fibers becomes more critical to have a good SNR than the capsule 

generated due to the FBR. However, due to dexamethasone decrease in capsule thickness, 

there were more AS able to record small nerve signals, similarly to the stimulation results.  

Overall, these results showed a useful effect of dexamethasone treatment on the 

functionality of intraneural electrodes during the first month of implant. Besides, most of 

the strategies try to deliver the different drugs locally on the implant side with controlled-
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released coatings or nanoparticles. However, these strategies have some limitations in the 

case of intraneural electrodes, such as the nerve size since the coatings would increase the 

thickness of the device implanted. Thus, local delivery systems are difficult to adapt to 

intraneural electrodes. Our results have demonstrated that systemic administration of anti-

inflammatory drugs would be likewise useful and easily to apply to modulate the FBR to 

intraneural interfaces. Nevertheless, FBR is not the only nor the most important factor 

related to the decrease in electrode functionality. Hence, further studies to improve 

electrode stability and signal recording and decoding are needed to ensure electrode 

functionality over time.     
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CONCLUSIONS 

The main conclusions of this thesis are summarized as: 

1. A new design of intraneural electrode was made on Parylene C, based on the 

transversal intraneural electrode TIME model.  

1.1. The new electrode design has been optimized for allowing implantation in 

small peripheral nerves, such as the rat sciatic nerve. 

1.2. It shows good biocompatibility and does not produce any functional or 

structural damage in the rat sciatic nerve after 3 and 12 months of 

implantation. 

1.3. The implanted electrode allowed for good stimulation selectivity. 

1.4. However, the intensity of stimulation required to evoke the muscle 

responses increased with time from two weeks after the implant. This 

functional decline might be related to the progressive tissue encapsulation 

observed around the implanted electrode. 

 

2. The biocompatibility and the foreign body reaction to polyimide and Parylene C 

based devices chronically implanted in the peripheral nerve have been 

characterized: 

2.1 A chronic longitudinal implant model has been designed, which allows 

reproducible evaluation of the foreign body reaction and avoids confounding 

factors from variations in the implant placement and tethering forces by 

connectors. 

2.2 Both Polyimide and Parylene C can be considered as biocompatible 

materials, as they do not cause any alteration in the nerve structure, axonal 

number and in the nerve function after up to 8 months of implantation. 

2.3 The implantation surgery, evaluated in the sham animals, produced an 

infiltration of macrophages in the nerve that is resolved in 2 weeks. No signs 

of scar tissue were observed at later time points.  
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2.4 The implanted devices produced increased macrophage recruitment, which 

started to resolve by 8 weeks, but still remained higher than in intact nerve 

after 8 months for both materials. 

2.5 A progressive tissue encapsulation was formed around both polyimide and 

Parylene C devices. The capsule thickness for polyimide devices peaked at 2 

weeks and was maintained thereafter, whereas the capsule around Parylene 

C devices peaked also after 2 weeks, but then increased again up to a 

maximum at 16 weeks. 

2.6 Macrophages are the main cells surrounding the intraneural device from 1 

day until 4 weeks. Fibroblasts appear by 8 weeks at the edge of the capsule, 

coinciding with production and organization of collagen fibrils. Two zones 

are distinguished within the capsule: an inner zone containing macrophages, 

and an outer zone with fibroblasts.  

2.7 With polyimide devices fibroblasts have mostly substituted macrophages by 

16 weeks, in Parylene C devices macrophages stayed longer, in contact with 

the device. This may indicate higher stimulation of the inflammatory phase 

by Parylene C. There were no differences between materials in the amount 

or size of FBGCs.  

2.8 Molecular analysis of cytokines and inflammatory mediators revealed a pro-

inflammatory peak for both material implants at early time points. There 

were only a few significant differences in the response to implanted devices 

with respect to the sham surgical procedure. CCL2 and CCL3 were increased 

in both materials in comparison to sham animals, and CXCL2 increased, 

although not significantly, in Parylene C compared with polyimide devices.     

2.9 Provided the higher tissue capsule induced by Parylene C in comparison with 

polyimide implants, Parylene C may not be a good option to be used as 

substrate for chronic implanted intraneural electrodes. 

 

3. The two main phases described in the foreign body reaction (FBR) determine 

possible therapeutic strategies to modulate the response: 
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3.1 Systemic anti-inflammatory treatments, such as dexamethasone, ibuprofen, 

and clodronate, significantly reduced the number of infiltrating macrophages 

in the nerve after 2 weeks of Parylene C implants.  

3.2 Only dexamethasone significantly reduced the capsule thickness after 2 

weeks. At least 2 weeks of dexamethasone administration are needed to 

significantly reduce the FBR after 2 and 8 weeks of implant. 

3.3 Dexamethasone similarly modulates the FBR after 2 and 8 weeks of implant 

of polyimide devices. 

3.4 Systemic administration of anti-inflammatory drugs is a feasible option to 

modulate the FBR to intraneural devices. 

3.5 Maraviroc, a CCR5 antagonist, does not have any effect on the FBR to 

Parylene C devices.  

3.6 Sildenafil, used as an anti-fibrotic drug, reduced the thickness of the capsule 

but did not affect the number of infiltrating cells after 2 weeks of Parylene C 

implant. 

 

4. The functional outcome of chronic implanted polyimide transversal electrodes 

under systemic dexamethasone treatment has been evaluated over 3 months: 

4.1 The intensity of stimulation in the saline-treated animals increased during 

the first two weeks of implant and then it stabilized. Dexamethasone 

treatment significantly reduced the intensity of stimulation in comparison to 

saline-treated animals. 

4.2 The stimulation selectivity did not change over time nor between treatment 

groups. 

4.3 Dexamethasone treatment did not improve the recording sensitivity of 

intraneural electrodes after one month of implant.  

4.4 Systemic administration of dexamethasone shows a positive effect on the 

functionality of intraneural electrodes during the first months of implant, 

particularly for the stimulation properties.  
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Abstract: The foreign body reaction (FBR) against an implanted device is 

characterized by the formation of a fibrotic tissue around the implant. In 

the case of interfaces for peripheral nerves, used to stimulate specific 

group of axons and to record different nerve signals, the FBR induces a 

matrix deposition around the implant creating a physical separation 

between nerve fibers and the interface that may reduce its functionality 

over time. In order to understand how the FBR to intraneural interfaces 

evolves, polyimide non-functional devices were implanted in rat 

peripheral nerve. Functional tests (electrophysiological, pain and 

locomotion) and histological evaluation demonstrated that implanted 

devices did not cause any alteration in nerve function, in myelinated 

axons or in nerve architecture. The inflammatory response due to the 

surgical implantation decreased after 2 weeks. In contrast, inflammation 

was higher and more prolonged in the device implanted nerves with a 

peak after 2 weeks. With regard to tissue deposition, a tissue capsule 

appeared soon around the devices, acquiring maximal thickness at 2 

weeks and being remodeled subsequently. Immunohistochemical 

analysis revealed two different cell types implicated in the FBR in the 

nerve: macrophages as the first cells in contact with the interface and 

fibroblasts that appear later at the edge of the capsule. Our results 

describe how the FBR against a polyimide implant in the peripheral nerve 

occurs and which are the main cellular players. Increasing knowledge of 

these responses will help to improve strategies to decrease the FBR 

against intraneural implants and to extend their usability. VC 2017 Wiley 

Periodicals, Inc. J Biomed Mater Res Part A: 00B:000–000, 2017. 

Key Words: foreign body reaction, peripheral nerve interface, 

biocompatibility, polyimide, nerve electrode 

INTRODUCTION 

Neuroprostheses aimed to restore the loss of motor and sensory 
function after a limb amputation try to link the peripheral nervous 
system with electromechanical prostheses by means of neural 
electrodes. Advanced neuroprostheses rely on the capability to 
interface specific groups of nerve fibers within the nerve for 
obtaining different motor signals and for stimulating selective 
populations of sensory afferents. Some authors consider 
intraneural electrodes as the most adequate type, as they allow for 
higher selectivity of recording and stimulation, lower intensity for 
stimulation and increased signal-to-noise ratio of recordings 
compared with extraneural electrodes.1–3 Several intraneural 
electrodes, such as multielectrode arrays,4–8 longitudinal 

(LIFE),9,10 and transversal (TIME)11,12 intrafascicular electrodes 
have shown good performance for the bidirectional interface with 
the peripheral nerve. Intraneural electrodes should remain within 
the nerve for months or years and be able to record high quality 
motor nerve signals and to selectively stimulate small groups of 
afferent axons to evoke sensory activity for a successful 
performance over time.13–16 Consequently, they have to show good 
biocompatibility and stability. 

However, during chronic implantations made in human 
subjects, it has been observed a reduction in the functionality of 
electrode active sites14,17 or an increase in the threshold needed for 
stimulation15 along time, thus limiting the prospective use of 
intraneural electrodes. Such failures could be attributed to 
electromechanical erosion of the 
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FIGURE 1. Surgical procedure. (A) Photograph of the LIFE device implanted (bottom) and the implantation needle used (top). (B) Needle used for the implantation piercing 

(arrowhead) the sciatic nerve (arrow) of a rat. (C) Device implanted (arrow points to the triangle base) in the sciatic 
nerve. Scale bar in (B-C)51 mm. metal sites, fatigue of the connections, changes in conductivity, 

cell death and to the biological response of the nerve tissue against 
the electrode implant. Regarding the latter, experimental studies 
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have reported that the implanted electrode becomes encapsulated 
by host cells, creating a separation between the electrode and the 
nerve fibers to be 
interfaced.10,11,18,19 

The foreign body reaction (FBR) is the first response of the 
nonspecific immune system against an implanted device. It is 
characterized by a primarily inflammatory phase triggered by 
macrophages and leukocytes, that is followed by a fibrotic phase 
in which fibroblasts are responsible for the formation of a fibrotic 
tissue around the implant.20 Despite the FBR has been widely 
studied and the progression of this response is well known in 
subcutaneous,21–23 peritoneal,24,25 and even central nervous system 
implants,26–28 few studies have focused on the peripheral nervous 
system29–32 and a detailed description of the long-term response 
against implanted interfaces in peripheral nerves and its time-
course is still needed. In order to characterize the cellular 
processes participating in the FBR to an intraneural electrode, 
which may allow to identify new targets to modulate this response 
and enhance the interface functionality, we have studied from 1 
day to 8 months the progression of the FBR to LIFE nerve implants 
made of polyimide, a material widely used in the fabrication of 
peripheral nerve interfaces,10,12,19,33 in the rat sciatic nerve. 

MATERIALS AND METHODS 

Animals and surgical procedures 
Female Sprague-Dawley rats weighing 250–300 g were used (n5 

6–8/group). All surgeries were performed under ketamine and 
xylazine anesthesia (90/10 mg/kg i.p.). The sciatic nerve was 
surgically exposed at the midthigh and carefully freed from 
adherences to surrounding tissues. Passive devices of polyimide 
20 mm long, 200 mm wide, and 10 mm thick [Fig. 1(A)] were 
inserted longitudinally in the tibial branch of the sciatic nerve with 
the help of a straight needle attached to a 10–0 loop thread (STC-
6, Ethicon). The thread is passed between the two arms of the 
device and pulls the arrow-shaped center of the electrode strip 
[Fig. 1(B,C)], as previously described for the insertion of LIFEs.10 

Longitudinal implant was chosen because of its better 
reproducibility in comparison with TIME implant and to better 
study only the FBR inside the nerve. A group of animals 
underwent a sham operation with the same surgical procedures but 
the device was implanted and instantly removed leaving no 
implant inside the nerve. Moreover, a group of intact animals was 
included for reference of normal nerves (Supporting Information 
Fig. S1). 

Adequate measures were taken to reduce the number of 
animals used and to minimize pain and animal discomfort during 
surgery and in the postoperative follow-up. After surgeries 
animals were left to recover under a warm environment and were 
housed at 22 6 28C under a 12:12 h light cycle with food and water 
access ad libitum. All experimental procedures performed were 
approved by the Ethical Committee of the Universitat Autonoma 
de Barcelona in accordance with the European Communities 
Council Directive 2010/63/EU. 

After 1, 2, 4 days and 2, 4, 8, 16, and 32 weeks postimplant, 
animals were deeply anesthetized with an overdose of 
pentobarbital, injected intracardially with 1000 UI of heparin per 
kg body weight and perfused transcardially with 4% PFA in 
phosphate buffer (PB). After the perfusion, the sciatic nerve 
segment including the implant was collected and kept in 30% 
sucrose in PB for immunohistochemistry, in 70% ethanol for 
paraffin embedding or in 3%glutaraldehyde-3% 
paraformaldehyde in PB for light and electron microscopy. 

Functional evaluation 
The functional properties of the nerves that had been implanted 
were evaluated by means of nerve conduction, algesimetry, and 
locomotion tests over time after the implant. Nerve conduction test 
was performed by stimulating the sciatic nerve proximally with 
single electrical pulses and recording the compound muscle action 
potentials (CMAPs) of the gastrocnemius medialis muscle as 
previously described in.19 The nociceptive threshold to mechanical 
stimuli was evaluated by means of an electronic Von Frey 
algesimeter (Bioseb, Chaville, France) following the same 
protocol described before.34 Rats were placed on a wire net 
platform in plastic chambers, and a metal tip applied to the sole of 
the hind paw until the rat withdrew the paw in response to the 
stimulus. The walking track test was performed to assess 
locomotor function 
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implanted animals. Dotted lines indicate values from intact animals. 

after the implant. The plantar surface of the hind paws was painted 
with black ink and the rat was left to walk along a corridor. The 
print length, the distance between the first and fifth toes and 
between the second and fourth toes were measured to calculate the 
Sciatic Functional Index (SFI).35 

Morphological evaluation 
In order to evaluate the microstructure of the implanted nerves and 
the myelinated nerve fibers, segments fixed in 3% glutaraldhyde-
3% paraformaldehyde were postfixed in 2% OsO4 for 2 h, 
dehydrated through ethanol series and embedded in epon resin. 
Semithin sections (0.5 mm thick) were stained with toluidine blue 
and examined by light microscopy. The number of myelinated 
fibers in the implanted tibial nerve was counted in images taken at 
100x chosen by systematic random sampling of squares 
representing at least 30% of the nerve cross-sectional area. The 
cross-sectional area of the whole sciatic nerve was measured at 43 

with a microscope BX51 (Olympus) and a DP73 digital camera 
(Olympus) and the total number of myelinated fibers estimated. 
The thickness of the deposited tissue around the implant was 
measured as the distance between each side of the device and the 
closest myelinated axon, using ImageJ software.36 

Transmission electron microscopy (TEM) was used to 
evaluate the ultrastructure of the tissue and collagen deposition 

around the polyimide device in transverse nerve sections. Ultrathin 
sections of the entire nerve were cut, mounted on formvar 200 
mesh copper grids and contrasted with uranyl acetate/lead citrate. 
A TEM microscope (JEM 1400) was used to take pictures of the 
area with the implanted device, to analyze the encapsulating tissue 
and the surrounding nerve fibers at different time points. 

Immunohistochemistry 
Nerve segments containing the implanted polyimide device were 
serially cut into 15 mm thick sections in 10 slides with 12 slices 
each with a cryostat (Leica CM190, Leica Microsystems). Nerve 
sections were blocked with normal donkey serum and incubated 
overnight at 48C with primary antibodies rabbit anti-iba1 (Wako, 
191947, 1:500) and mouse antiCD-68 clone ED1 (Abcam, 
ab31630, 1:500) for macrophages and mouse anti-CD90 clone 
OX-7 (BD Pharmingen, 554897, 1:150) for fibroblasts. Slides 
were then washed with 0.1% Tween 20 buffer solution and 
incubated with AlexaFluor 594 donkey anti-rabbit (Invitrogen, 
A21207, 1:200) and 488 donkey anti-mouse (Invitrogen, A21202, 
1:200) secondary antibodies for 1 h at room temperature. Finally, 
sections were mounted with mowiol containing DAPI (0.1 lg/mL, 
Sigma). 

 

FIGURE 2. Functional evaluation of implanted nerves. No alterations were found in the (A) amplitude and (B) initial latency of the gastrocnemius 
CAMP of implanted and sham animals. (C) Pain threshold assessed by Von Frey mechanical algesimetry in the hind paw. (D) SFI of sham and 
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To quantify the amount of infiltrating macrophages, images of 
the whole tibial nerve with iba1 or ED1 immunostaining were 

taken with an epifluorescence microscope (BX51, Olympus) 
attached to a digital camera (DP73, Olympus) and equally treated 
to adjust brightness and contrast. Then, the background was 
subtracted and a threshold of detection and binarization was 
applied. Iba1 or ED1 positive cells were counted in the whole area 
of the tibial nerve, excluding the implant device and the tissue 
capsule using the command “Analyze Particles” of ImageJ. 

Paraffin embedding and hematoxylin-eosin staining 
To determine the amount of foreign body giant cells (FBGCs) 
around the implant, nerve segments containing the implanted 
device were dehydrated with increasing ethanol series, followed 
by increasing xylene series and finally embedded in paraffin. 
Then, 5 mm thick serial sections were cut with a microtome (Leica 
RM 2255). To study FBGCs, slides were deparaffinized using two 
xylene rinses of 15 min each and rehydrated with decreasing 
ethanol series and 5 min in water. Then, slides were immersed in 
hematoxylin Harris solution (Fluka, Sigma) for 7 min and washed 
in water followed by 1% HCl in ethanol solution for 20 s. Finally, 
sections were washed again with water and stained with Eosin Y 
(Merck Millipore) for 5 min. Sections were dehydrated with series 
of graded ethanol rinses and mounted with DPX (Sigma). Then, 
the number of FBGCs was counted under the microscope in each 
stained section and expressed as FBGCs per mm of implant length. 
Moreover, pictures of every FBGC were taken and the diameter 
was measured with ImageJ. 

Statistical analysis 
Results are expressed as mean 6 SEM. Means were compared with 
one or two-way ANOVA followed by Bonferroni post hoc test for 
differences between groups or times. To quantify the linear 
relationship between two variables, the Pearson’s correlation 
coefficient and the p values of the Fisher test were calculated. All 

analyses were conducted by using GraphPad Prism software. 
Statistical significance was considered when p< 0.05. 

RESULTS 

Longitudinal neural implants do not cause functional damage in 
the implanted nerves 
Functional studies performed over time (from week 1 up to month 
8) postimplant did not show any changes in nerve conduction, pain 
thresholds or locomotion (Fig. 2). Histological evaluation of 
polyimide implanted nerves revealed that all the implanted 
devices were placed within the tibial nerve [Fig. 3(A)]. Light 
microscopy observations showed normal fascicular architecture 
and axonal morphology of both implanted and sham implanted 
nerves, similar to intact sciatic nerves [Fig. 3(A,B)] and the 
number of myelinated fibers showed no differences between 
groups [Fig. 3(C)]. Moreover, no obvious signs of axonal 
degeneration or demyelination due to the surgery or the implanted 
device within the nerve were found, indicating that the implant 
model used was useful to assess the FBR to the polyimide device, 
without confounding factors that might be due to tissue damage. 

Nerve response and tissue capsule formation 
The tissue encapsulation around the polyimide implant was 
evaluated under light microscopy. Whereas in the sham nerves 
there was no evidence of wound or tissue aggregation at any time 
point [Fig. 4(B)], the surrounding of the implant was rapidly 
modified in the device implanted nerves [Fig. 4(A)]. The thickness 
of the tissue encapsulation around the implant showed a gradual 
increase from 2 days to 2 weeks post-implant when it reached its 
maximum, and a slight decrease and compaction thereafter [Fig. 
4(C)]. 

Detailed analysis of the encapsulating tissue under light and 
TEM showed several changes in the surroundings of the device. 
Thus, at day one only some erythrocytes could be seen near the 
implant and axons were still in close contact with the polyimide. 
After 4 days, some ameboid cells had already arrived at the 

 

FIGURE 3. Histological evaluation of implanted nerves. (A) Low and (B) high magnification images of semithin sections of sham (top) and implanted (bottom) nerves after 2 

weeks of surgery. (C) Quantification of myelinated fibers in sham and implanted nerves. The dotted line indicates the mean number of intact tibial nerves. Scale bar in 

(A)5200 lm and (B)510 lm. 
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vicinity of the polyimide device [Fig. 5(A)] and started to organize 
creating a small gap between the implant and the axons. At 2 and 
4 weeks post- 

*p<0.05 versus 2 weeks. Scale bar550 lm. 

implant, the capsule that separated the axons and the polyimide 
implant appeared as a more compacted tissue containing mainly 
ameboid-shaped cells and the characteristic collagen organization 
of the endoneurium was not distinguished in the surroundings of 
the implant [Fig. 5(B,D)]. At 8 weeks, two zones could be 
differentiated in the encapsulating tissue, with an inner area 
stocked with ameboid cells as in the previous time points, and an 
outer region composed of layers of parallel spindle-shaped cells 
[Fig. 5(C,E)]. Although this disposition was very similar after 16 
weeks, the presence of ameboid cells seemed to slightly decline, 
but it was at 32 weeks post-implant that only spindle-shape cells 
were seen in the capsule [Fig. 5(F)] with no presence of ameboid 
cells. Moreover, these changes in the cellular type from 8 to 32 
weeks also correlated with a progressive organization of the 
extracellular matrix of the capsule, with an increased deposition 

and organization of new collagenous fibrils that progressively 
filled the area formerly occupied by spindle-shaped and ameboid 
cells [Fig. 5(D–F) and insets]. 

Cellular characterization of the FBR 
To evaluate the inflammatory response due to the surgery or the 
implant, we assessed the presence of Iba1 labeled macrophages in 
the whole tibial nerve. Whereas in intact nerves a few 
macrophages were seen (Supporting Information Fig. S1), the 
number of Iba1 positive macrophages started to increase within 
the implanted nerves one day after surgery both in polyimide 
device and in sham groups [Fig. 6(A,B)]. The inflammatory 
response caused solely by the surgery, evaluated in sham rats with 
no implants left within the nerve, peaked at 4 days and decreased 
noticeably at 2 and 4 weeks, reaching similar values than intact 
animals from week 8 onwards [Fig. 6(C)]. In contrast, the 
inflammatory reaction due to the implanted device peaked at 2 
weeks and took more time to resolve, with a slight decrease at 4 
weeks that persisted 8 weeks after the implant. Finally, at week 16 
and 32, the number of macrophages showed a further decrease but 
with still significantly more Iba11 cells than sham and intact 

 

FIGURE 4. Histological progression of capsule tissue around the implants. (A) Representative images of time progression of the capsule around polyimide implants. (B) No 

signs of tissue aggregation can be observed in sham nerves. (C) Measurements of capsule thickness along time. 
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animals [Fig. 6(C)]. To characterize these infiltrating 
macrophages, the amount 

F), 5 lm (G–I), 2 lm (insets). 

of macrophages that presented positivity for the CD-68 ED1 
antigen [Fig. 7(A)] was quantified. As expected, all the CD681 

cells were also stained with the Iba1 antibody, while several Iba11 

macrophages did not express the ED1 antigen as previously 

reported.37 However, the evolution of ED11 cells was very similar 
to that of Iba11 cells [Fig. 7(B)], with a peak at 2 weeks after the 

implantation and a gradual decline up to 8 months. Hence, the 
amount of CD-681 and Iba11 cells maintained a ratio of 1:3 (SEM 
0.26), following a significant positive relationship [Fig. 7(C)]. 

 

FIGURE 5. Tissue capsule development around the implant (bottom). Images of semithin sections showing changes in the capsule. At (A) day 1, erythrocytes (arrow) can be 

seen near the implant. After 4 days, 2, and 4 weeks (B–D) ameboid cells (asterisks) are forming the capsule. After 8 and 16 weeks (E,F), the capsule is already compacted 

and spindle-shape cells (arrowheads) are seen within. (G–I) Representative TEM images taken at different time points showing the ameboid-shaped cells (asterisks) in the 

inner zone of the capsule at 2 weeks and the spindle-shaped cells (arrowheads) in the outer zone at 8 and 32 weeks. Insets of G–I show high-magnification view of changes 

at 2 (I inset), 8 (H inset) and 32 weeks (I inset). A lenticular collagen fibril architecture of the extracellular matrix (dotted line area) is defined at 32 weeks. Scale bar510 lm 

(A– 
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To further investigate how the tissue capsule is formed around 
the implant, we focused on the two main cell populations involved 
in the FBR process: macrophages and fibroblasts.38 In the host 

response in the implanted peripheral nerves, macrophages were 
the first cells to arrive [Fig. 8(A)] and rapidly surround the device 
from day 2–4 up to 4 weeks after implant [Fig. 8(B–E)]. Indeed, 
after 2 and 4 weeks, the capsule around the device was mainly 
formed by compacted macrophagic cells expressing Iba1 in close 
contact with the device, in a similar disposition of the round-shape 
cells observed by TEM in Figure 4. By week 8, some CD901 

fibroblasts started to appear in the edge of the capsule, between the 
inner macrophage layer and the surrounding nerve fibers [Fig. 
8(F)], confirming the observations under light and electron 
microscopy. After 16 weeks, although the number of cells in the 
capsule decreased, Iba11 macrophages were still in contact with the 
device and CD901 fibroblasts were in the outer layer of the capsule, 
in contact with nerve fibers [Fig. 8(G)]. After 32 weeks of implant, 
most cells in the capsule were CD901 fibroblasts within a well-
organized extracellular matrix [Fig. 8(H)]. 

Finally, the amount and size of FBGCs were also measured as 
another hallmark of FBR. These cells resulting from macrophage 

fusion appeared soon after the polyimide device implantation and 
its number increased over time [Fig. 9(A,B)]. The FBGCs seen in 
this model had many nuclei mainly in the cellular periphery,39 as 

expected with the presence of foreign bodies. By week 2 these 
cells were easily recognizable around the implant, becoming 
stabilized in number and size [Fig. 9(B,C)] up to 8 weeks. From 
week 16 onwards, the amount of these cells started to decline 
concomitantly with the emergence of fibroblasts and the decline 
of macrophages both in the nerve and the capsule. On the other 
hand, the diameter of these cells increased progressively from the 
first day up to week 2. From 2 up to 16 weeks post-implant the 
size of the FBGCs remained stable and it was slightly increased at 
32 weeks. 

DISCUSSION 

After the implant of any biomaterial in the body, acute and chronic 
cellular and tissue responses occur.20,40 These events include 
inflammatory response, FBR, and fibrous encapsulation of the 
implanted device.41,42 The peripheral nervous system is not an 
exception10 and it is a serious problem when the active sites of 

 

FIGURE 6. Inflammatory cells in the implanted nerves. Representative images of macrophages labeled with Iba1 at different times points in (A) implanted and (B) sham 

nerves. (C) Quantification of the number of Iba1 positive cells along time in implanted and sham animals. Dotted line indicates the mean of intact nerves.*p<0.05 vs. sham. 

#p<0.05 versus 2 weeks. Scale bar5100 mm. 
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implanted intraneural interfaces have to be in intimate contact with 
nerve fibers to have a proper functionality. Although many studies 
have 
FIGURE 7. ED1-Iba1 macrophage staining over time. (A) Representative images of ED1 (green) and Iba1 (red) labeling after 2 weeks of implant; cell nuclei can be seen in blue 

by DAPI staining. (B) Quantification of the number of ED1 positive cells and Iba1 positive cells over time. (C) Correlation between number of ED1 and Iba1 positive cells. The 

solid gray line represents the linear regression (slope significantly different from zero, p<0.001), while the dotted line represents the 95% CI. Scale bar5200 mm. 

reported good results regarding stimulation and recording of the interface has been reported.14 The encapsulating tisof nerve signals in 
short-term studies, a progressive loss of sue reduces the amplitude of recordable axonal impulses function of intraneural electrodes that 
reduce the useful life and increases the intensity needed for axonal excitation due 
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FIGURE 8. Cellular events in the tissue capsule around the device. Representative confocal images of cells in the capsule from 1 day to 32 weeks. Macrophages (red) are in 

contact with the device until 16 weeks. Fibroblasts (green) appear at 4–8 weeks and are located in the periphery of the capsule, in contact with nerve fibers. Scale bar515 

mm. 

 

FIGURE 9. Foreign body giants cells as a hallmark of the FBR. (A) Presence of FBGCs in the surface of the device observed with hematoxylineosin at different time points. (B) 

Number and (C) diameter of FBGCs on the device over time. *p<0.05 versus 2 weeks. Scale bar515 mm. 
to the interposition of the fibrous tissue between the active sites in 
the electrode and the axons. Although stimulation can be 
maintained over time at the cost of increasing the intensity of 
stimuli,15 recording of nerve signals is more critically affected 
given the low amplitude of axonal impulses recorded 
extracellularly, in the range of microvolts, that cannot be 
increased, and the influence of distance between active site and 
recorded cells in quality of signal recordings.43 Whereas the 
rationale to explain the functional decrease in chronic electrodes 
has been hypothesized and modeled,44,45 the exact mechanisms 
that explain the possible role of the FBR in electrode failure have 
not yet been 
elucidated.46 

Some reports have characterized the FBR to intraneural 
implants in cats31 and in humans,29 but these studies were 
conducted after implantation of rigid multielectrode Utah slanted 
arrays and the stiffness of these electrodes has been reported to 
contribute to traumatic nerve injuries and an increased FBR.47 

However, here we describe in detail the progression of the FBR to 
LIFE intraneural devices fabricated with polyimide, a flexible 
material that can deform in 3D and adapt with the nerve,48 widely 
used in the fabrication of nerve electrodes tested in rats19,32,49 and 
in humans.14–16 The implant of wired active electrodes may induce 
tethering forces resulting in damage to the nerve tissue29–32 but not 
directly contribute to the FBR. Thus, the use of non-functional 
devices avoided external artifacts in the creation of a FBR and 
provided a more reproducible model to focus only on the nerve 

reaction to the implant. Therefore, the information in this study 
may help to design novel strategies for modulating the FBR 
against electrodes placed within the peripheral nerve. 

Unlike other fibrotic responses in pathological conditions 
where scar tissue impairs proper function of the organ,50,51 our 
results showed that the new tissue formation in the peripheral 
nerve did not have a negative impact on its function after careful 
implantation, as previously reported when implanting LIFE10 or 
even TIME electrodes.11 Electrophysiological tests of the 
implanted nerves did not show alterations in the onset and the 
amplitude of the evoked compound action potentials along the 8 
months of implantation. Besides, there were no functional 
alterations observed in nociceptive and in locomotion tests. These 
results were corroborated by histological observations of 
implanted and sham nerves, where the normal fascicular 
architecture was preserved, and no evidence of axonal damage and 
distal degeneration were observed at all the studied time points. 
This is an important point, since the LIFE implant of the thin film 
polyimide device, mimicking the use of tf-LIFEs, allowed us to 
investigate the FBR against the device, without relevant 
contributions of tissue damage due to the surgical procedure or to 
the mechanical stress of connected wires. 

In order to understand how the FBR evolves, we first studied 
the infiltration of macrophages in the nerve as a sign of the 
immune response. Whereas in the sham group, that had received 
the same surgical procedure as implanted animals but leaving no 
implant in the nerve, the inflammatory reaction was low and time-
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limited, in the device implanted group there were more infiltrating 
macrophages during a longer time, becoming chronic. This 
evolution corresponds to the FBR widely studied in other tissues, 
which normally has an acute inflammatory phase that may become 
chronic with time.20 Regarding the phenotype of the infiltrating 
macrophages, the ED1 clone of CD68 was proposed as a marker 
of activated or inflammatory macrophages.52 The evolution of 
ED11 macrophages, comprehending about a third of those labeled 
with Iba1 in the nerve, was similar to the evolution of the total 
Iba11 cell population, increasing to a peak between 1 and 2 weeks 
and slowly disappearing later, as also found in a previous report.32 

These observations suggest that ED1 labels a subpopulation of 
macrophages rather than a different pro-inflammatory reactive 
subclass, all stained with Iba1. Thus, description of nerve 
macrophages need to be made using reliable macrophage markers, 
such as Iba137 or F4/80,53 and additional measurements of Ly6C, 
CX3CR1, CCR2, and CD62L, rather than only ED1 labeling, 
should be performed for a better characterization of macrophage 
activation.54 

We also assessed the progressive formation of an 
encapsulating tissue around the polyimide device. One day after 
the implantation the body started to react against the foreign device 
with changes in the surrounding as seen by electron microscopy. 
Nevertheless, there was no real capsule until four days and the 
thickness peaked by 2 weeks. From week 4 to the end of the 
follow-up, the capsule was progressively decreasing in thickness 
until stabilization. This dynamic in the capsule formation is 
coincident in time with the infiltration of macrophages in the nerve 
due to the implant described here, which also peaked after 2 weeks 
and started to decrease thereafter. It has been shown that 
macrophages and phagocytes are related to the nature of the 
material implanted and its degradation dynamics.55,56 Thus, 
biodegradable materials would stimulate more M1 phenotype and 
phagocytic environment to eliminate the implant. In contrast, non-
biodegradable materials would stimulate more M2, pro-fibrotic 
and tissue remodeling environment, with the contribution of 
FBGCs and matrix deposition. In fact, fused macrophages forming 
FBGCs were found surrounding the implanted device as early as 
1 day after the implant contributing to the FBR, and their size did 
not change substantially throughout the study, except for a slight 
increase seen at 32 weeks, probably due to further stabilization and 
fusion of these cells. The amount of FBGCs increased gradually 
to reach a maximum at 2 weeks, similar to the density of Iba11 

cells and the capsule thickness, but declined slower than 
macrophages in the nerve. At late time, 16 and 32 weeks, when 
macrophages have practically disappeared from the nerve, the 
presence of these FBCGs also declined as a hallmark of the 
chronic phase of FBR.42 FBGCs are found only within the tissue 
capsule where tissue reactivity and inflammation is higher than 
within the nerve endoneurium, and these cells have been linked to 
the tissue formation around implants.57 Therefore, the decline of 
FBGCs could indicate an intermediate step between the 
predominant presence of macrophages to fibroblasts around the 
implant, when the tissue capsule switches from a phagocytic state 
to a barrier forming state due to the presence of a non-

phagocytable foreign body. Taking our results into account, 
polyimide intraneural implants could be stimulating the second 
scenario, regarding the presence of FBGCs and the resolution of 
the inflammatory response in the nerve in comparison to the 
remodeling response. 

Although the appearance of the different cells and the 
characteristics of the encapsulation in the peripheral nerve seem to 
follow a similar pattern to the FBR described in subcutaneous 
implants, there are differences in the timecourse of the cellular 
events between subcutaneous41 and nerve implants.10,32 Thus, 
during the acute inflammatory phase of the FBR, macrophages and 
other immune cells, such as mast cells and neutrophils, start to 
surround the foreign body and to bind to adsorbed proteins on the 
device surface in a process called biofouling that will stimulate the 
subsequent phases.41 The accumulation of these cells around the 
device would contribute to the proinflammatory environment 
which leads to the subsequent chronic inflammation and tissue 
remodeling phase.20 During the first weeks after the intraneural 
implant, there is a marked presence of round-shaped macrophages 
surrounding the device without evidence of other cell types. As a 
matter of fact, Wurth et al.32 reported a zone of increased 
cellularity around the implant being both fibroblasts and 
monocytes the main components of the tissue capsule as early as 
1 week after implantation of a transverse type electrode. In our 
study we also observed a tissue capsule with increased cellularity, 
but we found that macrophages are the main cells that populate 
this capsule from 1 day to 4 weeks, without presence of monocytes 
which are rarely found within the peripheral nerve,58,59 or 
fibroblasts that were not seen until 8 weeks after the implant at the 
edge of the capsule. Later on, the occurrence of macrophages 
declines while fibroblasts increase at 16 weeks. Finally, 8 

months after the implantation, macrophages almost 
disappeared from the encapsulating tissue and fibroblasts became 
more numerous, forming a permanent connective capsule. These 
changes in the cellularity of the capsule correlate with an 
increasing deposition of extracellular matrix mainly formed by 
collagen fibrils. Therefore, subcutaneous implantation models 
may give an indication on different strategies to decrease the tissue 
reaction in the nerve, but the use of an intraneural model is 
necessary for an optimal understanding of the nerve FBR provided 
the different evolution of cellular events in time. 

In conclusion, our study characterizes the FBR against an 
intraneural passive polyimide electrode. The advantages of using 
a LIFE device are that the implant creates a stable environment of 
10–15 mm inside the nerve that creates a reliable model with high 
reproducibility to study the FBR throughout the nerve. In our 
model, the FBR stems from the relationship between the 
endoneurium and the device itself without the confounding 
contribution of other external factors, such as variability of 
implantation, electrical stimulation, or tethering forces of the 
wires. Our results help to understand the FBR to intraneural 
electrodes and provide the bases for developing new strategies to 
reduce this reaction and, thus, lengthen the
 lifespan of intraneural interfaces. 
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