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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 response, intraneural electrodes, polyimide, 

parylene C.  
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Introduction 1 

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 (Navarro et al. 2005; del Valle and Navarro 2013). 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 (Lago et al. 2007; Rossini et al. 2010; 

Christensen et al. 2014; Raspopovic et al. 2014; 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 

coatings have been used as local delivery systems of active molecules or drugs to modulate 

the inflammatory response in subcutaneous (Norton et al. 2007; Hetrick et al. 2007) and brain 
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(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. 

 

  1 
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Material and Methods 1 

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 or polyimide devices.   
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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 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.  

 

 

 

 



7 
 

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.  

 

  1 
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Results 1 

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 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. 

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).     

 

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 (Lago et 

al. 2007; Rodriguez et al. 2000; Lacour et al. 2009). 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 
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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).  

 

  1 



10 
 

Discussion 1 

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 polymers (i.e. parylene C 

and polyimide) obtained with dexamethasone, still some encapsulation appeared around the 
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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 (Seki et al. 2009; Berres 

et al. 2010; Sahin and Wasmuth 2013), 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 modulated 

according to the cellular and molecular players within each phase, with sequential 

administration of appropriate drugs for each phase. 



12 
 

Acknowledgements 1 

This research was supported by the European Union FPT-ICT project NEBIAS under contract 

number 611687, FEDER funds, and TERCEL (RD12/0019/0011) and CIBERNED 

(CB06/05/1105) funds from the Instituto de Salud Carlos III of Spain. The ICN2 is funded by 

the CERCA programme of Generalitat de Catalunya and it is supported by the Severo Ochoa 

programme of the Spanish Ministry of Economy, Industry and Competitiveness (MINECO, 

grant no. SEV-2013-0295). The authors thank Monica Espejo and Jessica Jaramillo for the 

technical help. The authors would like to express their special appreciation to Matthias Müeller 

and Thomas Stieglitz from IMTEK, University of Freiburg, for providing the polymer devices 

used in the study. 

 

  2 



13 
 

References 1 

Anderson JM, Rodriguez A, Chang DT. 2008. Foreign body reaction to biomaterials. Semin 2 

Immunol 20:86–100. 3 

Badia J, Boretius T, Andreu D, Azevedo-Coste C, Stieglitz T, Navarro X. 2011. Comparative 4 

analysis of transverse intrafascicular multichannel, longitudinal intrafascicular and 5 

multipolar cuff electrodes for the selective stimulation of nerve fascicles. J Neural Eng 6 

8:036023 7 

Balaji A, Jaganathan SK, Vellayappan MV, John AA, Subramanian AP, SelvaKumar M, 8 

Mohandas H, Sundar Raj M, Supriyanto E. 2015. Prospects of common biomolecules as 9 

coating substances for polymeric biomaterials. RSC Advances 5:69660–69679.  10 

Berres ML, Koenen RP, Rueland A, Moreno Zaldivar M, Heinrichs D, Sahin H, Schmitz P. 11 

2010. Antagonism of the chemokine Ccl5 ameliorates experimental liver fibrosis in mice. 12 

J Clin Invest 120:4129–4140.  13 

Boehler C, Kleber C, Martini N, Xie Y, Dryg I, Stieglitz T, Hofmann UGG, Asplund M. 2017. 14 

Actively controlled release of dexamethasone from neural microelectrodes in a chronic in 15 

vivo study. Biomaterials 129:176–187. 16 

Christensen MB, Pearce SM, Ledbetter NM, Warren DJ, Clark G, Tresco P. 2014. The foreign 17 

body response to the Utah slant electrode array in the cat sciatic nerve. Acta Biomaterialia 18 

10:4650–4660.  19 

Coutinho AE, Chapman KE. 2011. The anti-inflammatory and immunosuppressive effects of 20 

glucocorticoids, recent developments and mechanistic insights. Mol Cell Endocrinol 21 

335:2–13.  22 

Cui X, Lee VA, Raphael Y, Wiler JA, Hetke JF, Anderson DJ, Martin DC. 2001. Surface 23 

modification of neural recording electrodes with conducting polymer / biomolecule blends. 24 

J Biomed Mater Res 56:261–272.  25 

Dang TT, Bratlie KM, Bogatyrev SR, Chen XY, Langer R, Anderson DG. 2011. Spatiotemporal 26 

effects of a controlled-release anti-inflammatory drug on the cellular dynamics of host 27 

response. Biomaterials 32:4464–4470. 28 

De la Oliva N, Del Valle J, Navarro X. 2017. Time course study of long-term biocompatibility 29 

and foreign body reaction to intraneural polyimide-based implants. J Biomed Mater Res - 30 

Part A, in press 31 

Del Valle J, Navarro X. 2013. Interfaces with the peripheral nerve for the control of 32 

neuroprostheses. Int Rev Neurobiol 109:63–83. 33 

FitzGerald, JJ. 2016. Suppression of scarring in peripheral nerve implants by drug elution. J 34 

Neural Eng 13:26006. 35 

Heo DN, Ko WK, Lee WJ, Lee SJ, Lee D, Heo M, Rim H. 2016a. Enhanced biocompatibility of 36 



14 
 

polyimide film by anti-inflammatory drug loading. J Nanosci Nanotechnol 16:8800–8804. 1 

Heo DN, Song SJ, Kim HJ, Lee YJ, Ko WK, Lee SJ, Lee D. 2016b. Multifunctional hydrogel 2 

coatings on the surface of neural cuff electrode for improving electrode-nerve tissue 3 

interfaces. Acta Biomaterialia 39:25–33. 4 

Hetrick EM, Prichard HL, Klitzman B, Schoenfisch MH. 2007. Reduced foreign body response 5 

at nitric oxide-releasing subcutaneous implants. Biomaterials 28:4571–4580. 6 

Ishida Y, Kimura A, Kondo T, Hayashi T, Ueno M, Takakura N, Matsushima K, Mukaida N. 7 

2007. Essential roles of the CC chemokine ligand 3-CC chemokine receptor 5 axis in 8 

bleomycin-induced pulmonary fibrosis through regulation of macrophage and fibrocyte 9 

infiltration. Am J Pathol 170:843–854.  10 

Kastellorizios M, Papadimitrakopoulos F, Burgess DJ. 2015. Multiple tissue response modifiers 11 

to promote angiogenesis and prevent the foreign body reaction around subcutaneous 12 

implants. J Control Release 214:103–111. 13 

Kim DH, Martin DC. 2006. Sustained release of dexamethasone from hydrophilic matrices 14 

using PLGA nanoparticles for neural drug delivery. Biomaterials 27:3031–3037. 15 

Lacour SP, FitzGerald JJ, Lago N, Tarte E, McMahon S, Fawcett J. 2009. Long micro-channel 16 

electrode arrays: a novel type of regenerative peripheral nerve interface. IEEE Trans 17 

Neural Systems Rehab Eng 17:454–460. 18 

Lago N, Yoshida K, Koch KP, Navarro X. 2007. Assessment of biocompatibility of chronically 19 

implanted polyimide and platinum intrafascicular electrodes. IEEE Trans Biomed Eng 20 

54:281–290. 21 

Lee YJ, Kim HK, Kang JY, Do SH, Lee SH. 2017. Biofunctionalization of nerve interface via 22 

biocompatible polymer-roughened pt black on cuff electrode for chronic recording. Adv 23 

Healthcare Mat 6:1601022. 24 

Luttikhuizen DT, Harmsen MC, Van Luyn MJA. 2006. Cellular and molecular dynamics in the 25 

foreign body reaction. Tissue Eng 12:77–97. 26 

McNally AK, Anderson JM. 2011. Macrophage fusion and multinucleated giant cells of 27 

inflammation. Adv Exp Med Biol 713:97–111.  28 

Mercanzini A, Reddy ST, Velluto D, Colin P, Maillard A, Bensadoun JC, Hubbell JA, Renaud 29 

P. 2010. Controlled release nanoparticle-embedded coatings reduce the tissue reaction 30 

to neuroprostheses. J Control Release 145:196–202.  31 

Micera S, Navarro X, Carpaneto J, Citi L, Tonet O, Rossini PM, Carrozza MC. 2008. On the 32 

use of longitudinal intrafascicular peripheral interfaces for the control of cybernetic hand 33 

prostheses in amputees. IEEE Trans Neural Systems Rehab Eng 16:453–472. 34 

Navarro X, Krueger TB, Lago N, Micera S, Stieglitz T, Dario P. 2005. A critical review of 35 

interfaces with the peripheral nervous system for the control of neuroprostheses and 36 

hybrid bionic systems. J Peripher Nerv Syst 10:229–258.  37 



15 
 

Noel S, Dhooghe B, Leal T. 2012. PDE5 inhibitors as potential tools in the treatment of cystic 1 

fibrosis. Front Pharmacol 3:167. 2 

Noorisafa F, Razmjou A, Emami N, Low Z, Korayem AH, Kajani AA. 2016. Surface modification 3 

of polyurethane via creating a biocompatible superhydrophilic nanostructured layer: role 4 

of surface chemistry and structure. J Exp Nanosci 11:1087-1109.  5 

Norton LW, Koschwanez HE, Wisniewski NA, Klitzman B, Reichert WM. 2007. Vascular 6 

endothelial growth factor and dexamethasone release from nonfouling sensor coatings 7 

affect the foreign body response. J Biomed Mater Res - Part A 81:858–869. 8 

Onuki Y, Bhardwaj U, Papadimitrakopoulos F, Burgess DJ. 2008. A review of the 9 

biocompatbility of implantable devices: current challenges to overcome foreign body 10 

response. J Diabetes Sci Technol 2:1003-1015. 11 

Park SJ, Lee IJ, Heo DN, Kwon IK, Yun KS, Kang IY, Lee SH. 2015. Functional nerve cuff 12 

electrode with controllable anti-inflammatory drug loading and release by biodegradable 13 

nanofibers and hydrogel deposition. Sensors Actuators B: Chemical 215:133–141. 14 

Percival JM, Whitehead NP, Adams ME, Adamo CM, Beavo J, Froehner SC. 2012. Sildenafil 15 

reduces respiratory muscle weakness and fibrosis in the mdx mouse model of Duchenne 16 

Muscular Dystrophy. J Pathol 228:77–87. 17 

Raspopovic S, Capogrosso M, Petrini FM, Bonizzato M, Rigosa J, Di Pino G, Carpaneto J. 18 

2014. Restoring natural sensory feedback in real-time bidirectional hand prostheses. Sci 19 

Transl Med 6:222ra19. 20 

Rodriguez FJ, Ceballos D, Schuttler M, Valero A, Valderrama E, Stieglitz T, Navarro X. 2000. 21 

Polyimide Cuff electrodes for peripheral nerve stimulation. J Neurosci Methods 98:105–22 

118. 23 

Rossini PM, Micera S, Benvenuto A, Carpaneto J, Cavallo G, Citi L, Cipriani C. 2010. Double 24 

nerve intraneural interface implant on a human amputee for robotic hand control. Clin 25 

Neurophysiol 121:777–783. 26 

Sahin H, Wasmuth HE. 2013. Chemokines in tissue fibrosis. Biochimica Biophysica Acta - Mol 27 

Basis Dis 1832:1041–1048. 28 

Seki E, De Minicis S, Gwak GY, Kluwe J, Inokuchi S, Bursill CA, Llovet JM, Brenner DA, 29 

Schwabe RF. 2009. CCR1 and CCR5 promote hepatic fibrosis in mice. J Clin Invest 30 

119:1858–1870. 31 

Sheikh Z, Brooks PJ, Barzilay O, Fine N, Glogauer M. 2015. Macrophages, Foreign body giant 32 

cells and their response to implantable biomaterials. Materials 8:5671-5701. 33 

Skousen JL, Bridge MJ, Tresco PA. 2014. A strategy to passively reduce neuroinflammation 34 

surrounding devices implanted chronically in brain tissue by manipulating device surface 35 

permeability. Biomaterials 36:33–43. 36 

Sommakia S, Lee HC, Gaire J, Otto KJ. 2014. Materials approaches for modulating neural 37 



16 
 

tissue responses to implanted microelectrodes through mechanical and biochemical 1 

means. Curr Opin Solid State Mater Sci 18:319–328.  2 

Spataro L, Dilgen J, Retterer S, Spence J, Isaacson M, Turner JN, Shain W. 2005. 3 

Dexamethasone treatment reduces astroglia responses to inserted neuroprosthetic 4 

devices in rat neocortex. Exp Neurol 194:289–300. 5 

Valente EG, Vernet D, Ferrini MG, Qian A, Rajfer J, Gonzalez-Cadavid NF. 2003. L-Arginine 6 

and phosphodiesterase (pde) inhibitors counteract fibrosis in the Peyronie’s fibrotic 7 

plaque and related fibroblast cultures. Nitric Oxide 9:229–244. 8 

Vince V, Brelen ME, Delbeke J, Colin IM. 2005. Anti-TNF reduces the inflammatory reaction 9 

associated with cuff electrode implantation around the sciatic nerve. J Neuroimmunol 10 

165:121–128. 11 

Ward KW. 2008. A review of the foreign-body response to subcutaneously-implanted devices: 12 

the role of macrophages and cytokines in biofouling and fibrosis. J Diabetes Sci Technol 13 

2:768–777. 14 

Wurth S, Capogrosso M, Raspopovic S, Gandar J, Federici G, Kinany N, Cutrone A, Piersigilli 15 

A, Pavlova N, Guiet R, Taverni G, Rigosa J, Shkorbatova P, Navarro X, Barraud Q, 16 

Courtine G, Micera S. 2017. Long-term usability and bio-integration of polyimide-based 17 

intra-neural stimulating electrodes. Biomaterials 122:114–29. 18 

Zhong C, Ke D, Wang L, Lu Y, Wang L. 2017. Bioactive interpenetrating polymer networks for 19 

improving the electrode/neural-tissue interface. Electrochemistry Communications 20 

79:59–62. 21 

Zhong Y, Bellamkonda RV. 2007. Dexamethasone-coated neural probes elicit attenuated 22 

inflammatory response and neuronal loss compared to uncoated neural probes. Brain 23 

Res 1148:15–27. 24 

 

  25 



17 
 

Tables 1 

 2 

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.   
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Figure legends 1 

 

Figure 1. Representative images of iba1 labeled infiltrating macrophages in the tibial nerve 2 

weeks after implant of a parylene 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.  

 

Figure 2. Foreign body giant cells (FBGCs) in the capsule around the parylene electrode 

device. Changes in (A) number and (B) diameter of FBGCs after 2 weeks under the different 

treatments. * p< 0.05 vs saline group.  

 

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.  

 

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.  

 

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. 

 

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 
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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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Figure 1. Representative images of iba1 labeled infiltrating macrophages in the tibial nerve 2 weeks after 
implant of a parylene 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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Figure 2. Foreign body giant cells (FBGCs) in the capsule around the parylene 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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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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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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