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Populärvetenskaplig Sammanfattning 

Det är sannolikt att implanterbar elektrodteknik för direkt kommunikation med 
nervceller i hjärnan kommer att revolutionera vår förståelse av hur hjärnan 
fungerar och möjliggöra helt nya och mycket effektiva behandlingsmetoder för 
svåra neurologiska sjukdomar. Elektroder som används för att registrera eller 
stimulera nervceller i hjärnan, kallas för ”neurala interface” och används redan 
idag inom forskning och klinik. Ett exempel är ”Deep Brain Stimulation” som 
mycket framgångsrikt används idag vid behandling av Parkinsons sjukdom. Ett 
annat exempel är elektrodimplantat som hjälper förlamade patienter att styra 
robotarmar. Tyvärr fungerar de neurala interface som används idag inte helt 
optimalt vilket till stor del beror på de vävnadsreaktioner som uppkommer efter 
implantation. Dessa vävnadsreaktioner beror förmodligen till största del på att 
reaktiva celler i hjärnan, såsom astrocyter, kapslar in elektroderna i en slags 
ärrvävnad. Denna inkapsling kallas för ett glia-ärr och det verkar som en isolering 
runtom elektroden. En annan celltyp i hjärnan som spelar en viktig roll i dess 
inflammatoriska försvar är mikrogliaceller. Mikrogliaceller aktiveras vid skada 
och städar upp rester från bl.a. döda celler. Mikrogliaceller frisätter även 
neurotoxiska ämnen som kan döda nervceller i dess omgivning. Sammantaget 
leder dessa akuta och kroniska inflammatoriska reaktioner i hjärnvävnaden till att 
en del nervceller dör direkt vid elektrodimplantationen, en del dör till följd av den 
toxiska inflammatoriska miljön och en del nervceller trycks även bort eller isoleras 
från elektroden på grund av det glia-ärr som har uppstått. 

För att optimera funktionen hos neurala interface är det viktigt att designa dem så 
att de minimerar dessa inflammatoriska reaktioner, både i det akuta skedet och i 
det långa loppet. Det är idag känt att den framkallade inflammatoriska reaktionen 
kan påverkas dels av elektrodens storlek, styvhet och ytstruktur, samt av 
fixeringsläge och implantationsmetod. Ett sätt att försöka minska 
vävnadsreaktionen är att modifiera ytan på elektroderna, till exempel genom att 
tillverka nanostrukturerade elektroder. Vid tillverkning av nanostrukturerade 
elektroder finns det möjlighet designa dem till att efterlikna miljön i 
hjärnvävnaden, eftersom cellerna i hjärnan och den extracellulära miljön är 
strukturerad i mikro- och nanoskala. Nanostrukturerade elektroder har därmed 
möjlighet att kamoufleras bättre i vävnaden än en elektrod med slät yta. 
Nanostrukturen kan även fungera som ett slags ankare i vävnaden som håller 
elektroden på plats och upprätthåller en stabil kontakt med enskilda nervceller. En 
möjlig form av nanostruktur som kan användas till att täcka elektrodytan är så 
kallade nanopinnar, dessa nanopinnar är ungefär 1000 gånger tunnare än ett 
hårstrå. Det har visat sig att nervceller, som odlas utanför kroppen, kan växa på 
ytor täckta med nanopinnar, till och med när cellerna genomborras av dessa 
nanopinnar. Detta innebär att elektroder med en nanopinnstrukturerad yta har 
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möjlighet att bidra till en ökad biokompatibilitet, det vill säga de skulle kunna göra 
elektroden mer vävnadsvänlig. Detta öppnar upp för tillverkning av en ny typ av 
neuralt interface med möjlighet att registrera signaler från enskilda nervceller, 
eftersom cell-elektrodavståndet kan göras mycket litet med hjälp av dessa 
nanopinnar. 

Denna avhandling handlar om hur hjärnans olika celler reagerar på implantationer 
av olika nanostrukturer och elektrod-komponenter. Innan nanostrukturerade 
elektroders funktion och biokompatibilitet kan testas är det emellertid viktigt att ta 
reda på hur hjärnvävnaden och dess celler reagerar på implantation av fria 
nanopinnar, då dessa nanopinnar liknar asbestfiber till morfologin. Det är känt att 
asbestfiber kan orsaka kronisk inflammation i lungvävnad som eskalerar med 
tiden. Vid en implantation av en elektrod med nanopinnar på är det sannolikt att en 
del av nanopinnarna går av vid själva implantationsproceduren. Det är också 
möjligt att en del nanopinnar går av med tiden på grund av slitage eftersom 
hjärnan konstant rör sig inne i skallen, vid till exempel andning och hjärtslag. Av 
dessa anledningar var det av yttersta vikt att genomföra en säkerhetsstudie där vi 
undersöker hjärnans kroniska svar på fria nanopinnar. 

I arbete I och II utvärderar vi hur hjärnan reagerar på injektion av fria nanopinnar 
av olika längd och material; ett material som bryts ned med tiden och ett material 
som är stabilt i vävnaden. Dessa två arbeten utvärderar vävnadsreaktionen i 
råtthjärna vid två kroniska tidpunkter, 12 veckor respektive ett år efter injektion. 
Ett år motsvarar ungefär en råttas halva livslängd och är en sann kronisk tidpunkt 
som sällan utvärderas histologiskt. För att kunna injicera de fria nanopinnarna är 
de uppslammade i en vävnadsvänlig saltlösning. I dessa två arbeten har vi 
utvärderat en stor mängd insamlat material (I, II) och vi kommer här fram till en 
längd på nanopinnarna (2 µm) som framkallar ett ytterst litet vävnadssvar, 
motsvarande vad en injektion av endast saltlösning (utan nanopinnar i) framkallar. 
Vi visar även injicerade degraderbara nanopinnar av samma längd (2 µm) ger ett 
liknande, minimalt inflammatoriskt svar som de biostabila nanopinnarna. Vi såg 
ingen eskalering av det inflammatoriska svaret i någon av grupperna, vilket tyder 
på att det ur säkerhetsaspekt är fullt möjligt att använda nanopinnar som ytstruktur 
på neurala interface. 

I arbete III utvärderar vi hur olika vävnadsvänliga gel-inbäddningar av 
elektroderna kan bidra till att så få nanopinnar som möjligt bryts av vid själva 
implantationsproceduren. Denna gel-inbäddning är relativt hård vid inbäddning 
men löser sedan upp sig efter implantation och möjliggör därmed implantation av 
flexibla elektroder med nanostrukturerade ytor. 

I arbete IV analyserar vi hur hjärnan och dess celler påverkas av antalet elektroder 
som implanteras i hjärnan. Detta gör vi genom att implantera flera gel-inbäddade 
elektroder i mikroskala i olika områden i hjärnbarken, dock maximalt fem per 
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hjärnhalva i denna studie. Att kunna implantera flera elektroder utan att det sker 
något kumulativt ökat svar möjliggör för oss att kunna registrera eller stimulera 
flera olika områden i hjärnan samtidigt och därmed kan vi till exempel se hur 
dessa områden interagerar med varandra. 

Sammanfattningsvis har arbetena i denna avhandling klargjort vilka typer av 
nanopinnar som kan användas vid tillverkning av nanopinnestrukturerade 
elektroder och löst problemet hur dessa elektroder kan implanteras med hjälp av 
en skyddande gel. 

Vi har även kommit fram till att det inte sker något kumulativt ökat vävnadssvar 
till de enskilda implantationerna när ett ökat antal implantat sätts in i hjärnan. Vi 
har med dessa arbeten tagit oss några få men viktiga steg närmre mot att kunna 
designa ett mer vävnadsvänligt nanostrukturerat neuralt interface. 
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Abstract 

Chronic neural interfaces that are able to record or stimulate neurons in the CNS 
are valuable instruments in use today and they hold great promise for the future 
both within neuroscience research and in the clinic. However, a major obstacle is 
that they show a decline in performance over time. Many different approaches to 
improve the interface designs are gradually evaluated in hope of overcoming this 
obstacle. One approach is to enhance the biomaterials ability to integrate with the 
surrounding tissue by manipulating the surface structure. One way of doing this is 
to construct a nanostructured electrode surface. A nanostructured electrode 
surface, in this case nanowires, has the potential to improve the electrical 
properties of the neural interface a well as to improve the interface 
biocompatibility and tissue integration. However, before nanowires can be used as 
an electrode surface structure it is crucial to investigate the safety aspects of 
exposing the brain tissue to nanowires. Nanowires share morphological features 
with asbestos fibers and if some of the nanowires were to break off from the 
electrode surface a possible asbestosis-like pathology might develop. To address 
this issue we assessed the inflammatory tissue response and neuronal survival 
following injection of biostable nanowires of different lengths (paper I). 
Furthermore, we also evaluated the tissue response following injection of short 
degradable nanowires (paper II). We found that short biodegradable or biostable 
nanowires did not cause a significant tissue response or neuronal loss. However, 
we found that debris from degradable nanowires as well as intact biostable 
nanowires remained in the brain one year post injection. Suggesting that 
nanoparticle clearance from the brain is a very slow process. 

A neural interface with a nanostructured surface needs to be protected from 
damage during the implantation procedure. In paper III, we showed that 
embedding the nanowire substrate in a temporary protective and stiffening matrix, 
consisting of gelatin and glycerol, preserved the majority of the nanowires during 
implantation into agar. 

In paper IV, we showed that implanting multiple wire bundles in the brain does 
not result in an increased glial response to each individual implant. This implies 
that it is feasible to interface and interact with several brain structures in parallel 
without the confounding factor of an over all cumulatively increased glial 
response. 

In summary, this thesis has provided key knowledge about how to design and 
implant a nanowire structured neural interface. The development of a seamlessly 
integrating neural interface would have immense implications in neuroscience 
research as well as in clinical settings. 
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Introduction 

Neural interfaces – background, potential & limitations 

Neural interfaces chronically implanted for stimulation or recording within the 
central nervous system (CNS) holds great promise in the field of neuroscience, 
both as research tools and for clinical applications [1-6]. Indeed, successful 
recordings have been obtained in awake, freely moving animals [7-10]. Hence, 
attaining such recordings opens up for elucidating neural mechanisms underlying 
for example movement and cognition in real time and also to clarify mechanisms 
underlying different neurological conditions. Moreover, it has been shown that 
tetraplegic human patients can learn to control a prosthetic hand or a cursor on a 
computer screen with microelectrode arrays implanted in motor cortex [4, 11]. 
Implanted electrodes can also be used for stimulation. Treatment of symptoms in 
levodopa resistant Parkinson’s disease using Deep Brain Stimulation (DBS) has 
been quite successful and has since the 80’s, when the use of DBS in Parkinsonian 
patients started [12], provided almost 100 000 patients with symptom relief [13]. 
There are many other possible applications for neural interfaces, such as for 
treatment of depression, bladder control and epilepsy [2, 14, 15]. However, a 
major challenge in the field of neural interfaces is that the function of the neural 
interfaces used today often deteriorates over time [16-20]. This deterioration is in 
part due to the brain tissue response that arises and forms an insulating layer 
between the interface and the neurons, but may also be due to a loss of neurons. 
As a result, the neural circuits to be studied or interacted with becomes 
reorganized and/or damaged. Finding ways to reduce the tissue responses is thus 
fundamental in order to establish stable long-term communication with the brain. 

Brain tissue responses 

An inflammatory brain tissue response is an immunological reaction that serves to 
heal or protect the brain from damage caused by for example bacterial infections, 
from damage caused by a traumatic brain injury or an implantation of a neural 
interface. In the case of an implantation, the chronic inflammatory process serves 
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to isolate the indwelling foreign body from the surrounding tissue. This ongoing 
process leads to loss or displacement of neurons in the vicinity of the neural 
interface and could thus lead to device failure. 

As a neural interface enters the brain parenchyma the blood vessels and cells are 
more or less damaged and the tissue is displaced [21]. The initial vascular damage 
caused by an implantation contributes greatly to the inflammatory tissue response 
as the blood brain barrier (BBB) is breached and blood-borne macrophages and 
neutrophil granulocytes can infiltrate the insertion site along with for example 
plasma proteins [22]. The initial tissue trauma will also activate resident 
phagocytizing microglial cells in the brain tissue (Fig. 1). Activated microglia and 
macrophages are both recognized by the same marker, ED1, although they have 
different origins [23]. ED1 is widely used as a measure of inflammatory tissue 
response in the brain [18, 24]. When the microglia and macrophages fail to engulf 
and break down the inorganic foreign material they encounter, these cells might 
become frustrated and fuse to form multinucleated giant cells. These highly 
activated giant cells can produce large amounts of neurotoxic substances, such as 
reactive oxygen species and proteolytical enzymes [25, 26]. 

Astrocytes are another type of glial cell in the brain that plays a major part in the 
brain tissue response. In a normal healthy state, astrocytes are very important 
when it comes to for example energy provision to cells, regulating blood flow and 
clearing metabolic products [27, 28]. However, when a CNS insult occurs, as for 
example when implanting a neural interface, the astrocytes will become reactive, a 
process also known as astrogliosis. The reactive astrocytes form a glial scar that 
encloses the foreign body from the surrounding brain tissue (Fig. 1). This scar 
formation has been described as a continuation of the glia limitans and it serves to 
separate damaged tissue or a foreign body from healthy tissue in the brain [29, 30]. 
To evaluate astrogliosis in the brain tissue we have in our histological evaluations 
stained the tissue with the commonly used astrocyte-specific cytoskeletal protein 
called glial fibrillary acidic protein (GFAP) [19, 31, 32]. 

Other cells are involved in wound healing and scar formation, such as pericytes 
and fibroblast. Pericytes have been suggested to play a role in controlling the rate 
at which inflammatory cells leave the blood stream and they have also been 
suggested to play a role in the scar formation in the wound healing process [33]. 
Furthermore, meningeal cells can also migrate from the injury at the meningeal 
surface and along with astrocytes take part in the re-formation of the glia limitans 
[30]. However, today, markers for these cells are not commonly used to evaluate 
the brain tissue response following implantation of foreign materials. To assess a 
possible increase in cells that are involved in the inflammatory brain tissue 
response, other than astrocytes and microglia/macrophages specifically, we have 
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also quantified the overall cell nuclei density using the cell nuclei staining DAPI 
(4-, 6-diamidino-2-phenylindole). 

For the use of neural interfaces, the most important cell type is of course neurons. 
In order to record from neurons with good signal-to-noise ratio they need to be 
close to the interface, depending on neuron type approximately within 50 µm of 
the electrode tip [34, 35]. Previously, several papers have reported evidence of a 
so-called “kill zone” surrounding implants, this is a region defined by a 
significantly low or non-existent neuronal density with a high density of 
inflammatory cells, up to as far as 100 µm away from the electrode [16] (Fig. 1). 
This is not only a problem for recordings but also for stimulation purposes. In 
order to stimulate the neurons outside of the “kill zone” and the glial scar, current 
electrodes need to be relatively large resulting in poor specificity. 

 

Figure 1. Illustration of the inflammatory response in the brain following implantation of a neural interface. 
Following an implantation of a neural interface of today, the acute trauma will damage blood vessels and cause local 
cell death. The cell death is a consequence of the implantation trauma itself and is also caused by toxic substances 
that are released from damaged cells and that are leaking into the tissue from the damaged blood vessels. This will 
activate resident microglia and blood-borne macrophages. The activated microglia and macrophages will phagocytize 
cell debris as well as release inflammatory factors, which in turn will activate astrocytes in the tissue. The reactive 
astrocytes will encapsulate the interface and form a glial scar to protect the surrounding tissue from further damage 
and infection. Over time the number of activated microglia/macrophages will diminish, while the glial scar will stabilize 
and remain in the tissue chronically. The glial scar both acts as insulation around the electrode and it pushes the 
surrounding tissue away from the interface. These events result in a loss of neurons at the electrode interface and are 
thus major contributors to device failure. Hence, finding ways to reduce the acute and chronic tissue responses is 
fundamental in order to establish stable long-term communication with the brain. 

Thus, when re-designing neural interfaces one of the most important objective is to 
minimize the inflammatory tissue response and try to eliminate the “kill zone”, 
this would reduce the gap between the interface and the neurons. To evaluate 
neuronal survival in the papers in this thesis we have assessed the neuronal density 
by staining for neuronal nuclei using the antibody NeuN. 
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Definition of biocompatibility 

The term biocompatibility is widely used in many different scientific disciplines 
and it is applicable to a plethora of devices intended to interact with the body, 
ranging from for example orthopedic devices to neural interfaces. The term has 
been around for decades, it surfaced in peer-review journals in the 1970’s [36, 37]. 
The materials used in these medical devices are typically defined as biomaterials 
and have been described as “non-viable materials used in medical devices, 
intended to interact with a biological system” [38]. The concept of 
biocompatibility have since then started to move from a biomaterial that is not 
directly toxic or harmful to a biomaterial that does “good”, for example 
encouraging wound healing and tissue integration [39]. The ability to control and 
understand the host inflammatory response and the healing that follows an 
implantation of a medical device have advanced significantly since the 1970’s. 
Thus, one might say that the criteria for a biomaterial to be called biocompatible 
have evolved and this calls for a new consensual view of what biocompatibility 
truly is. Ratner 2011, have proposed an apt new definition of biocompatibility that 
reflects the increased knowledge we now have of the mechanisms underlying 
biological responses and the ability we now have to manipulate these responses 
[40]: 

“BIOCOMPATIBILITY: the ability of a material to locally trigger and guide non-
fibrotic wound healing, reconstruction and tissue integration” 

In the field of neural interfaces this new definition of biocompatibility would 
translate to a neural interface causing a minimal inflammatory tissue response and 
minimal alterations to the neural circuits. A truly biocompatible neural interface 
would thus not lead to glial scarring and the interface would not be insulated from 
the surrounding neurons, this would enable the neural interface to record and 
stimulate neural tissues over long periods of time. 

Towards nanostructured neural interfaces 

The brain tissue response that arises when a neural interface is implanted is 
influenced by many factors, such as implant size [41, 42], flexibility [31, 43-45], 
density [46, 47], material [47, 48], surface structure [47] and fixation mode [19, 
42]. Moreover, in order to study the interaction of different areas in the brain, at 
the same time, multiple neural interfaces need to be implanted. Whether or not 
multiple implants could result in an increased brain tissue response to each 
individual implant is not known. 
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One way of minimizing the inflammatory brain tissue response could be to 
develop state-of-the-art neural interfaces with a nanostructured surface. With a 
nanostructured surface the interface has the possibility to mimic brain tissue, since 
the cells and the extra-cellular matrix are structured in nano-scale, and the 
interface thereby has the potential to go ‘under the radar’ of the inflammatory 
tissue response. Indeed, nanostructured (and microstructured) electrode surfaces 
have been shown to improve recording properties and lower the evoked 
inflammatory tissue response [49-51]. Nanostructured surfaces have the potential 
to mimic the extra cellular matrix, which is composed of nanoscale proteins, in a 
way flat surfaces cannot, this could enhance the biocompatibility of the implant 
and thus lessen the brain tissue response [52]. A nanostructured electrode surface 
would also increase the surface to volume ratio, which would improve the 
electrode properties. Furthermore, using nanoparticles, such as nanowires, as 
electrode tips opens up the possibility to record and interact with the smallest parts 
of neurons, e.g. dendrites and synapses. 

Micro-motions between the brain, which exhibits constant movement due to for 
example breathing and blood flow, and the typically poorly compliant neural 
interfaces is also thought to play an important role in exacerbating the 
inflammatory brain tissue response [19, 53]. Flexible nanomaterials, such as 
nanowires or carbon nanotubes (CNTs), on the surface of a neural interface could 
improve the local mechanical compliance of the interface and would thereby allow 
the interface to move better with the brains micro-motions. 

Studies done in vitro have shown that cells can grow on and interact with arrays of 
nanowires or nanopillars [54-58] and neurite outgrowth, guidance of optic nerves 
and reduced glial cell spreading have been demonstrated on gallium phosphide 
(GaP) nanowire substrates [59-62]. Indeed, acute in vivo recordings in rat cortex 
have been obtained using a GaP nanowire-based electrode [63]. However, using 
nanowires as a surface structure on neural interfaces might result in nanowires 
detaching from the surface during or after implantation. These high-aspect-ratio 
nanoparticles have similar morphological features as asbestos fibers. It has been 
shown in vivo that nanotubes and nanowires of lengths comparable to immune 
cells can induce frustrated phagocytosis in pleural and abdominal cavity resulting 
in a chronic inflammation that escalates over time, which is also seen in asbestosis 
[64-66]. Thus, there is a need to investigate the long-term brain tissue response to 
nanowires of different material and lengths in order to find out which parameters 
that could be used when designing a nanowire-structured neural interface. It is also 
of importance to detect if there is a possible nanowire clearance from the brain and 
if that could lead to injury or inflammation in other tissues. The nanowire length 
and material chosen for the neural interface design should evoke minimal 
inflammatory tissue response if they were to detach from the electrode. 
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There is also a need to develop an implantation method that would preserve the 
majority of the nanowires on the surface of the interface. This implantation 
method should provide mechanical support to the implant during implantation and 
compliance once implanted. One possible way of doing this is by using gelatin as 
an embedding material. Gelatin can be made stiff in room temperature, providing 
mechanical support to the implant, and dissolve once the interface is implanted. 
Gelatin has been shown to reduce tissue reactions towards implants, possibly due 
to the hemostatic properties of collagen, which is a main component of gelatin, 
and possibly also due to the fact that the gelatin surface becomes slippery when it 
starts to dissolve during the implantation [67]. Furthermore, it is well known that 
neurons can thrive on gelatin-based surfaces in cultures [68, 69]. However, the 
internal forces of the gelatin solution would need to be reduced so the nanowires 
does not break during the drying process. This can be achieved by adding a 
biocompatible plasticizer to the gelatin solution. Glycerol is a commonly used 
plasticizer that could increase the water content and the flexibility of the 
embedding solution [70, 71]. 

Hence, in order to design a state-of-the-art biocompatible neural interface there are 
many key properties that need to be considered and evaluated. In this thesis work 
the main focus have been on identifying a nanowire length suitable as an interface 
topography, on developing an implantation method that could preserve the 
nanowires on the electrode surface as well as evaluating whether multiple implants 
results in an increased brain tissue response to each individual implant. 
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Aims 

The overall aim of this thesis was to clarify safety aspects of implanted 
nanostructures and neural interfaces, as well as to develop a technique that allows 
implantation of nanostructured surfaces into the brain tissue. 

The specific goals were: 

I. To investigate the long-term brain tissue response to biostable nanowires 
of different lengths in rat after 12 weeks and 12 months of implantation. 

II. To investigate the long-term brain tissue response to short biodegradable 
nanowires in the rat brain after one year of implantation. 

III. To develop a method enabling implantation of flexible nanowire-
structured electrodes, providing mechanical support during implantation 
and compliance once implanted. 

IV. To evaluate the effect multiple neural implants have on the ensuing tissue 
response. 
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General Methods and Protocols 

In this section, key methods and protocols used during this thesis work are 
presented. All procedures described involving animals were approved in advance 
by the Lund/Malmö local ethical committee on animal experiments. 

Nanowire growth and coating (I, II, III) 

Gallium phosphide (GaP) nanowires were grown from gold (Au) aerosol particles 
(∅ 40 nm) using metal organic vapour phase epitaxy (Aix 200/4, Aixtron, 
Germany), as previously described [59, 72, 73]. The gold aerosol particles were 
randomly distributed on a (111)B GaP substrate (Girmet Ltd, Moscow, Russia) at 
an average density of 1/µm2. 

For paper I, the nanowire growth duration was adjusted to make nanowire lengths 
of 2 µm (± 0.2 µm), 5 µm (± 0.2 µm) or 10 µm (± 0.5 µm). In order to obtain a 
stable and inert nanowire surface chemistry, hafnium oxide (HfOx) was used as a 
surface coating. Hafnium belongs to the same group (IVB) as titanium (Ti) in the 
periodic table of elements and has been shown to present similar biocompatible 
traits as titanium [74, 75]. Furthermore, HfOx has been shown to be biocompatible 
in a nano-configuration [76]. Thus, the GaP nanowires were coated with a 20 nm 
layer of HfOx using atomic layer deposition (Savannah-100 system, Cambridge 
NanoTech Inc., USA). For paper II, the nanowire growth time was adjusted to 
obtain a nanowire length of 2 μm and the GaP nanowires were coated with a 20 
nm layer of silicon oxide (SiOx) or HfOx using atomic layer deposition (Fiji, 
Cambridge NanoTech Inc., USA). 

The final diameter and length of the nanowires were characterized using a 
scanning electron microscope (SEM) (Fig. 2); the final nanowire diameter was 80 
µm ± 5 nm for the 2 and 5 µm long nanowires and 80 µm ± 10 nm for the 10 µm 
long nanowires. 
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Figure 2. SEM images of nanowires. 
Representative SEM images of 2 µm long HfOx-coated GaP nanowires. Scale bars: 1 µm (a), and 200 nm (b). 

The substrates with the coated GaP nanowires were cleaned with an oxygen 
plasma chamber (Plasma Preen, Plasmatic Systems Inc., USA). To break the 
nanowires off from the substrate, the substrates were ultrasonicated and the 
nanowires were dispersed in Hank’s balanced salt solution (HBSS) as vehicle 
solution. The final nanowire concentration in the solution was 70 000 
nanowires/µL. 

For paper III, the growth time was adjusted to obtain 4–5 µm long nanowires with 
a diameter of approximately 60–80 nm. After the nanowire growth, the substrates 
were coated with a 50 nm layer of HfOx using atomic layer deposition. The 
nanowires were subsequently coated with 15 nm of Ti and 75 nm Au in a 
magnetron sputtering system (Orion 5, AJA International, USA), which resulted in 
additional layers of 3–5 nm Ti and 20–25 nm Au. The final nanowire diameter was 
estimated to be approximately 200-240 nm. 

Multiple implants (IV) 

The gelatin embedded wire bundles used in this study were produced as described 
in a previous study from our laboratory [67]. In short, each implant consisted of 32 
tungsten wires (∅ 7.5 µm) with an insulation layer of 3 µm polyimide. The wire 
bundles were molded into a gelatin needle (gelatin type B, VWR Inc., Sweden) 
with a final diameter of 300 µm. The gelatin embedding gives stability to the 
highly flexible wires while penetrating the meninges and brain tissue. The gelatin 
dissolves after implantation leaving only the wire bundle (∅ ~180 µm) in place in 
the cortex. 
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Animals (I, II, IV) 

Female Sprague-Dawley (SD) rats (Taconic, Denmark) were used. All rats 
received food and water ad libitum and were kept in a 12-h day-night cycle. At the 
beginning of the experiments the rats weighed approximately 225 g and they 
followed a normal weight curve after the surgeries. 

In paper I and II a total of 126 SD rats were used. The different experimental 
groups for the two time points, 12 weeks and 1 year, are summarized in Table 1. 

The 12 week time point had seven different experimental groups (I). One group 
was kept naïve (no surgical procedures). One group received bilateral control 
vehicle-injections of Hank’s balanced salt solution (HBSS injection only). Three 
animal groups received bilateral injections of 2, 5 or 10 µm long HfOx-coated GaP 
nanowires in HBSS. One group of animals received stab wounds (SW) in one 
hemisphere and control-injections of HBSS (HBSS injection only) in the 
contralateral hemisphere. Stab wounds vs. control injection comparisons were 
performed to ensure that the control solution, HBSS, did not have an adverse 
effect on the tissue. 

For the one year time point (I, II), six experimental groups were used. One group 
was kept naïve (no surgical procedures). One group received bilateral control-
injections (HBSS injection only). Three groups received bilateral injections of 2, 5 
or 10 µm long HfOx-coated GaP nanowires in HBSS. One group received striatal 
bilateral injections of 2 µm long SiOx-coated nanowires suspended in HBSS. 

In the one year animal groups we found spontaneous tumors in ten out of the 60 
animals. At this point the rats were approximately 425 days old. Upon tumor 
detection, these animals were immediately euthanized and excluded from the 
study. The prevalence of tumors was distributed over all groups, including the 
naïve group (no surgical procedures). The prevalence of tumors in both the naïve 
and the control rats (HBSS injection only) and the well-documented occurrence of 
spontaneous age-related tumors in old SD rats [77-80], led us to conclude that the 
tumors were not linked to our experimental procedures. Furthermore, at both time 
points, animals were excluded for not meeting our histological inclusion criteria 
(for example poor tissue fixation or unsuccessful injection). 
  



26  

Table 1. 

Experimental setup for paper I and II. The table show total number in each experimental group (n = one unilateral 
implantation). 

 
Naïve SW 

SW-
control 

HBSS 

Control 
HBSS 

2 µm 
SiOx 

2 µm 
HfOx 

5 µm 
HfOx 

10 
µm 

HfOx 

Groups 
at 12 w  

18 8 8 24 - 26 24 24 

12 w 
included 

18 8 8 20 - 20 18 16 

12 w 
excluded 

0 0 0 4 - 6 6 8 

Groups 
at 1 y 

20 - - 20 20 20 20 20 

1 y 
included 

18 - - 16 14 11 15 15 

1 y 
excluded 

2 - - 4 6 9 5 5 

 

In paper IV a total of 23 female SD rats were used. The animals were kept for one 
or six weeks and were divided into four experimental groups (Fig. 3). The four 
groups: 1) one week, implanted with five wire bundles in the left hemisphere with 
1 mm spacing between each bundle, and one wire bundle implanted in the right 
hemisphere (n = 6); 2) one week, implanted with only one wire bundle in the left 
hemisphere (n = 6); 3) six weeks, implanted with five wire bundles in the left 
hemisphere, with 1 mm spacing between each bundle, and one wire bundle 
implanted in the right hemisphere (n = 6); 4) six weeks, implanted with only one 
wire bundle in the left hemisphere (n = 5). 

 

Figure 3. Schematic overview of wire bundle locations in the four different experimental groups. 
Dorsal view of cortex with wire bundle locations indicated. The wire bundles in the left hemisphere of Group 1 & 3 are 
referred to as the contralateral implants and the wire bundles in the right hemisphere in group 1 & 3 are referred to as 
middle and outer implants. The wire bundles in the right hemisphere of group 2 & 4 are referred to as the solitary 
implants. Unnamed wire bundles in the right hemisphere of Group 1 &3 were not analyzed in this study. 

m
id

lin
e

contralateral

1
 m

m

middle

middle

outer

m
id

lin
e

solitary

Group 1 (1 w)
Group 3 (6 w)

Group 2 (1 w)
Group 4 (6 w)



27 

Surgery (I, II, IV) 

The anesthetic procedures have been described in detail elsewhere [81]. In short, 
the animals were anesthetized by intraperitoneal (i.p.) injections of Fentanyl (0.3 
mg/kg body weight (BW)) and Domitor vet (metedetomidin hydrochloride, 0.3 
mg/kg BW). The surgical area was shaved and the anesthetized animals were 
attached to a stereotactic frame (KOPF instruments, USA) prior to surgical 
procedures. The scalp was disinfected with 70% ethanol. After surgery, the skin 
was closed with surgical clips. The animals received subcutaneous injections (s.i.) 
of Temgesic (buprenorphine, 50 µg/kg body weight) to reduce postoperative pain, 
and Antisedan as an antidote to the anesthesia (atipamezole hydrochloride, 0.5 
mg/kg body weight), and were awakened under supervision. 

The surgical procedures for paper I and II have been described in detail previously 
[82]. In short, local anesthetic was administered (0.25% Marcaine, bupivacaine, 
0.33 mg/kg BW). To expose the skull a 2 cm midline incision was made and 
bilateral craniotomies were drilled at 1 mm anterior and 2.5 mm lateral to bregma 
(∅ 1 mm2). The dura mater was incised and deflected with fine forceps. Manual 
stereotactic injections were made using a 2 µL Hamilton syringe with a glass 
microcapillary (tip ∅ ~ 130 µm) attached. The HBSS suspension (with or without 
nanowires) was injected into striatum at two depths; i) 5 mm (1 µL) and ii) 4 mm 
(1 µL); in total 2 µL/hemisphere over a total time of 2 x 2 min. Stab wounds were 
performed in an identical manner with a Hamilton syringe with a glass 
microcapillary (tip ∅ ~ 130 µm) attached, without injection of HBSS. Before and 
after each session of nanowire injections a drop of the nanowire suspension was 
ejected from the syringe onto a microscope slide and the presence of individually 
suspended nanowires was confirmed using a Nikon eclipse 80i microscope 
(Nikon, Japan). 

For paper IV, a midline incision was made to expose the skull and craniotomies 
(∅ 1 mm2) were drilled at the single bundle implantation sites and one craniotomy 
(6 x 1 mm) was made at the five bundle implantation site. The dura mater was 
incised and deflected. The implants were attached to a hydraulic micromanipulator 
(KOPF instruments, USA) using a small clip holding on to the top of the wire 
bundle. This top part of the gelatin embedded bundle contained only gelatin and 
no wires. Implantations were made to a depth of 2 mm at a speed of 10 µm/s. The 
gelatin attaching the bundle to the micromanipulator was flushed with room 
temperature (RT) saline solution until the gelatin dissolved and thereby released 
the implant. This insertion method enables implantation and release of implants 
without moving them while inside the brain. The implants were left untethered in 
the tissue, i.e. they had no attachment to the skull or each other. 
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Histology (I, II, IV) 

The animals were killed by an i.p. overdose of pentobarbital at 1 or 6 weeks (IV) 
or after 12 weeks or one year (I, II) post implantation/injection. The animals were 
transcardially perfused with 200 mL of ice-cold saline solution (sodium chloride 
0.9% in distilled water) followed by 125 mL of ice-cold 4% paraformaldehyde 
(PFA) in 0.1 M phosphate buffer (pH 7.4). The brains were dissected and post-
fixed in 4% PFA overnight (4 °C). In addition, cervical lymph nodes (I, II), liver 
(I), heart (I) and vessels (I) from all experimental groups were dissected and post-
fixed in 4% PFA overnight (4 °C). Following post-fixation in PFA, the tissues 
were cryoprotected in 25% sucrose solution until equilibrated (4 °C). 

For paper I and II, the brains or tissues were snap frozen with dry ice and attached 
to a sectioning block using Tissue Tek optimal cutting temperature (O.C.T.) 
compound (Sakura Finetek, USA). Consecutive coronal sections of the brains 
were cut serially (6 series) in increments of 10 µm onto Super Frost® plus slides 
(Menzel-Gläser, Germany) using a cryostat (Microm, Germany). 

For paper IV, the wire bundles were carefully removed and the brains were snap 
frozen and horizontally cryosectioned serially (4 series) in increments of 10 µm 
onto Super Frost® plus slides. 

The primary antibodies used to visualize activated microglia or macrophages 
(CD68/ED1), astrocytes (glial fibrillary acidic protein (GFAP)), and neurons 
(neuronal nuclei (NeuN)) are listed in Table 2. All stained sections were also 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI), an all cell nuclei 
marker. Tissue sections were hydrated and rinsed with phosphate buffered saline 
(PBS) three times. Following rinsing, the sections were incubated with blocking 
solution to prevent unspecific binding (5% normal goat serum and 0.25% Triton 
X-100 in PBS, 1 hr, at room temperature (RT)). Incubation with the primary 
antibodies (in blocking solution) was made at RT overnight. The following day, 
sections were rinsed in PBS followed by incubation (light sealed chambers, RT, 2 
hrs) with DAPI and the secondary antibodies: goat anti-rabbit IgG Alexa 594 and 
goat anti-mouse IgG Alexa 488 (in blocking solution) (Table 2). Sections were 
rinsed in PBS three times and coverslipped using PVA/DABCO (Fluka/Sigma-
Aldrich, Switzerland). 

For paper I and II, the tissues were from older animals (~ 5 and 14 months) and 
thus, when staining with the NeuN antibody, an antigen retrieval method was also 
performed. In short, after hydration and rinsing the sections, they were immersed 
in a 10 mM sodium citrate buffer (0.05% Tween 20, pH 6) and subsequently 
microwaved for 3 x 5 min at 500 W. PBS was omitted from the staining protocol 
and a Tris-buffer (Sigma-Aldrich, Germany) was used instead and Triton X-100 
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was excluded from the blocking solution, otherwise all steps were made according 
to the staining protocol above. 

The lymph nodes, liver, heart and vessels were sectioned in increments of 10 µm 
and labeled with ED1 and DAPI, in the same manner as mentioned above. The 
sections were screened for presence of nanowires using a Nikon eclipse 80i 
microscope and a laser scanning confocal microscope (Zeiss LSM 510). 
Nanowires can be visualized using the laser reflection mode, since they scatter 
confocal laser light. 

Table 2.  

List of primary antibodies, secondary antibodies and nucleic acid stain used in paper I, II and IV. 

Name Characteristics Host 
Working 
dilution 

Source 

CD68/ED1 
Activated 
microglia/macrophages 

Mouse 1:250 
Cat. Nr. 
MCA341R, AbD 
Serotec, UK 

GFAP 
Glial fibrillary acidic protein, 
activated astrocyte marker 

Rabbit 1:5000 
Cat. Nr. Z0334, 
Dako, Denmark 

NeuN 
Neuronal nuclei, an 
neuronal marker 

Mouse 1:100 
Cat. Nr. MAB377, 
Millipore, USA 

DAPI 
Nucleic acid stain (4′,6-
diamidino-2-phenylindole), 
all cell nuclei marker 

- 1:1000 
Cat. Nr. D3571, 
Invitrogen, USA 

Alexa Fluor 594 
Goat anti-rabbit IgG (H + L), 
secondary antibody 

Goat 1:500 
Cat. Nr. A11005, 
Invitrogen, USA 

Alexa Fluor 488 
Goat anti-mouse IgG (H + 
L), secondary antibody 

Goat 1:500 
Cat. Nr. A11001, 
Invitrogen, USA 

Image acquisition and analysis 

Image acquisition was done with a DS-2MV digital camera (Nikon, Japan) 
mounted on a Nikon eclipse 80i microscope (Nikon, Japan) with a 10x objective 
(I, II, IV). 

For paper I and II, the quantification analysis was carried out according to a 
previously described method [82]. In order to quantify the density of neurons and 
activated glial cells in defined regions of interest (ROIs), we quantified selected 
cell markers in the tissue (Table 2). The scar in the tissue was located using ED1- 
and GFAP-positive area. A photograph was taken of the fluorescence of the ED1- 
and GFAP-positive cells and cell nuclei (DAPI), where the injection scar was seen 
at its maximum. The images were used to quantify ED1, GFAP and DAPI. The 
adjacent sections (from the second series) were stained with NeuN, GFAP and 
DAPI and photographs of the scar were taken. These images were used to quantify 
neuronal density in the scar area. 
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A rectangular shaped ROI (ROI; total ROI area 300 x 800 µm) was centered on 
the scar to evaluate the inflammatory response (ED1, GFAP), all cell (DAPI) and 
neuronal density (NeuN). The rectangle was divided into an inner and an outer 
ROI (100 x 800 µm and 200 x 800 µm, respectively) (Fig. 4). The inner ROI 
quantifies the area 0-50 µm from the injection tract, this area was chosen since 
neuronal activity can be recorded up to ~50 µm from an electrode and thus it is 
crucial that there are viable neurons in this area [83]. The outer ROI quantifies the 
area 50-150 µm from the injection tract and this ROI was chosen in order to detect 
a possible widespread inflammatory tissue response or neuronal death in the 
tissue. 

 

Figure 4.Quantification method (I, II). 
Representative image of the two regions of interest (ROIs). The inner ROI (100 x 800 μm) is depicted here in white 
and the outer ROI (200 x 800 μm) in grey. This image shows the scar after injection of 10 μm long nanowires after 12 
weeks. ED1-positive cells (green), GFAP-positive cells (red), and cell nuclei (blue). Scale bar: 100 μm. 
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The quantifications of the different markers were carried out by measuring the 
proportion of immunoreactive area (ED1, GFAP) or by counting the number of 
cells (NeuN, DAPI) within the total screened area, i.e. inner or outer ROI. In order 
to ensure that nonspecific staining was not included in the area assigned as ED1 or 
GFAP-positive, thresholds were set for each image at a fixed ratio of the mean 
background intensity. Thus, only the fraction of area in the ROI with intensity 
above this set threshold was quantified. Intensity thresholds for the signal to 
background ratio were set at 5.5 times the background intensity for ED1 
immunofluorescence and at 4.5 times for GFAP immunofluorescence. Neuronal 
nuclei were quantified manually by counting NeuN-positive cells with a co-stained 
DAPI-positive nucleus within the ROIs. Cell nuclei were quantified by counting 
DAPI-positive nuclei (nuclei above ∅ 3 µm, to avoid counting debris/artefacts) 
within the ROIs. 

To visualize nanowires in the tissue, we used confocal imaging. Confocal images 
were obtained with a laser scanning confocal microscope (Zeiss LSM 510, 
Germany) with a 63x oil-immersion objective (N.A. 1.4) and Zen software (Zeiss, 
Germany). The nanowires can be seen in the tissue using the laser-reflection 
mode. Image J was used for processing of all confocal images. 

For paper IV, images from the middle of the shaft of each bundle track, at an 
approximate depth of 1 mm below brain surface, were captured. The ROIs were 
set at 0–50 µm and 50–200 µm distance from the rim of the scar left by the wire 
bundles. The histological quantification method has previously been described in 
detail [42, 67]. Intensity thresholds for quantification of astrocytes and microglia 
were used as in paper I and II. The intensity thresholds were set at 6 times the 
background intensity for GFAP and at 5 times for ED1 immunofluorescence. Due 
to variability in the markers and the different marker batches antigen-specificity, 
the thresholds were set at individual levels for each marker and each study. The 
larger the contrast between the unspecific background and the positively labeled 
cells, the higher the threshold was set. 

Nanowire substrate embedment (III) 

Porcine skin type A gelatin (~300 Bloom) (Sigma Aldrich, Switzerland) was 
dissolved in de-ionized water at 50 mg/ml (5%) or 100 mg/ml (10%). The gelatin 
solutions were subsequently heated up to 70 °C and cooled down to 50 °C. To 
increase the gels flexibility, glycerol was added to the 100 mg/ml gelatin solution 
at a concentration of 100/40 gelatin/glycerol (w/w) or 100/60 gelatin/glycerol 
(w/w) (20 min, 50 °C). The substrates were dip-coated in the gelatin or 
gelatin/glycerol solutions and were left to dry horizontally at RT overnight. To 
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remove the embedding matrixes the substrates were soaked in de-ionized water at 
50 °C (90 min). 

Brain model insertion (III) 

A brain tissue model for substrate implantations was made by mixing 1% agar in 
de-ionized water. The solution was heated up to 80–90 °C (15 min). The nanowire 
substrates with different embedding were inserted into the agar gel and 
immediately retracted using a micromanipulator (Kopf Instruments) at 25 µm/s. 

Statistical analyses 

To compare the experimental groups the Kruskal Wallis with Dunn's multiple 
comparison test was used (I). For comparison of two paired groups (SW vs. SW-
control (HBSS injection only)) Wilcoxon matched-pairs signed rank test was used 
(I). Mann-Whitney test was used to compare the SiOx-coated nanowire group to 
the HfOx-coated nanowire group (II). 

Kruskal-Wallis and the Dunn’s post hoc test were used for comparison of selected 
pairs (IV). The comparisons made were as follows: i) middle implant and the 
mean of the two outer implants; ii) middle implant and the contralateral implant; 
and iii) the contralateral implant and the solitary implant (see Fig. 3 for 
schematic). All values in graphs are presented as median values with indication of 
the 25 and 75 percentiles and p-values of <0.05 (*) were considered significant (I, 
II and IV). Analyses in the study were performed using the GraphPad Prism 
software (GraphPad Software Inc., USA) (I, II, IV). 

For paper III, analysis was done using scanning electron microscopy (SEM) 
(microscope JSM 6400F, SEM Leo 1560, or FEI Nova NanoLab 600) with stage 
tilted at 20° unless otherwise indicated. Percentage of broken or bent nanowires 
was quantified by counting the number of nanowires with a horizontal projection 
of 1.5 µm or more on SEM images taken with no stage tilt. On a non-tilted stage, 
nanowires not affected by the embedding or insertion process remain vertical and 
remain point-like in the images, while a 1.5 µm length corresponds to 
approximately a bending of the wires by 20°. A total area of 6645 µm2 was imaged 
in the middle of the substrates and the broken or bent nanowires were counted 
using a cell counter plugin in Image J software. 
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Results and comments 

Brain tissue response to free nanowires (I, II) 

Nanowire-structured neural interfaces hold promise for enhanced biocompatibility 
and improved electrode properties, as well as the possibility to record and interact 
with individual spines and neurons. However, stress put on the nanowires, for 
example during the implantation procedure and later by wear and tear, a portion of 
the nanowires might detach from the surface. These high-aspect-ratio nanowires 
share similar morphological features as asbestos fibers and could in a worst-case 
scenario give rise to an escalating inflammatory response, as seen in asbestosis. 
Hence, there was a need to clarify the risks involved in exposing brain tissue to 
free nanowires. Here, in a long-term nanosafety study we aim to identify a 
nanowire length suitable for use as a surface structure on a neural interface. Thus 
2, 5 and 10 µm long biostable high-aspect ratio nanowires were injected into 
striatum (I). Furthermore, we compared the long-term brain tissue response to two 
different surface coatings, SiOx (degradable) vs. HfOx (biostable), of 2 µm long 
nanowires (II). The animals were killed 12 weeks or 1 year after nanowire 
injection. It should be noted that one year correspond to approximately half the 
lifetime of a rat. We chose to evaluate the tissue response at this time point in 
order to ensure that any possible escalation in inflammatory response or 
neurotoxicity that might occur over longer time periods could be detected. The 
different cell markers used were quantified in two ROIs (inner and outer ROI) 
centered on the injection tract. To assess the tissue response, activated microglia 
(ED1) and astrocytes (GFAP) were quantified as well as the neuronal survival 
(NeuN) and cell nuclei density (DAPI). Confocal microscopy was used to detect 
nanowires or nanowire debris present in the dissected tissues (brain, cervical 
lymph nodes, liver and heart). 

Evaluating the control solution 

In order to ensure that the control solution, HBSS, did not have an adverse effect 
on the tissue, the tissue response following an HBSS injection alone was compared 
to that of a stab wound in a 12 week study. Bilateral surgery was performed on 
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eight animals, with stab wound in one hemisphere and a HBSS injection in the 
contralateral hemisphere. No significant difference in the outer ROI for any of the 
markers was found and there was no significant difference in the inner ROI in 
ED1-positive area, neuronal density or cell nuclei density. For the GFAP-positive 
area we found, in fact, a small but significant increase for the stab wound group in 
the inner ROI, mean 17.4% ± 2.3% compared to 10.9% ± 1.3% for the control 
injection. This finding suggests that HBSS might actually have a beneficial effect 
on the tissue response that follows the injection trauma. One plausible explanation 
for this could be that the injection of the solution results in a dilution of pro-
inflammatory factors in the injection tract, factors such as interleukins, nuclear 
transcription factor-κB or transforming growth factor-β, that are known to be 
involved in the recruitment of astrocytes [84]. This could possibly result in a 
lowered level of astrocytic reactivity and thus in a decrease in GFAP-positive area. 
The finding is interesting but further investigations are needed in order to elucidate 
mechanisms responsible. However, we concluded that the control solution did not 
have an adverse effect on the brain tissue and could safely be used as vehicle 
solution. 

Microglia/macrophage activity (ED1) (I) 

Figure 5 and 6 show representative fluorescence microscopy images of the 
inflammatory tissue response 12 weeks and one year, respectively, after injections 
of control solution (HBSS injection only) or biostable nanowires of different 
lengths (2, 5 and 10 µm). The figures show microglia (green) localized to the 
center of the scar and astrocytes (red) in a more widespread area surrounding the 
injection tract. 
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Figure 5. Tissue response 12 weeks after nanowire injection. 
Representative fluorescent images of the brain tissue response 12 weeks after injection of a) control solution, b) 2, c) 
5 and d) 10 µm long HfOx-coated nanowires. ED1-positive cells (green), GFAP-positive cells (red), cell nuclei (blue) 
and merge. Scale bars: 100 µm. 
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Figure 6. Tissue response 1 year after nanowire injection. 
Representative fluorescent images of the brain tissue response 1 year after injection of a) control solution, b) 2, c) 5 
and d) 10 µm long HfOx-coated nanowires. ED1-positive cells (green), GFAP-positive cells (red), cell nuclei (blue) and 
merge. Scale bars: 100µm. 
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In the inner ROI after 12 weeks there was a significant increase in ED1-positive 
area when comparing the 10 µm long nanowire group to both the control group 
(HBSS injection only) and to the group receiving 2 µm long nanowires (Fig. 7). At 
one year post injection there was a significant increase in ED1-positive area in the 
inner ROI comparing the groups receiving 10 and 5 µm long nanowires to the 
control group (HBSS injection only) (Fig. 8). The increased ED1 
immunoreactivity seen for the longer nanowire groups might reflect a length 
dependent limit of the phagocytic capacity of the microglia. Indeed, when the 
nanowire lengths are approximately equal to the diameter of the phagocytizing cell 
(~ 5-10 µm), difficulty in engulfing the nanowires would be expected. This could 
possibly lead to the cells becoming frustrated, triggering a continuous release of 
toxic agents. However, no sign of escalation over time in the ED1 response was 
detected. In the outer ROI, there was no significant difference in ED1-positive 
area comparing the groups at any of the two time points. The overall 
immunoreactive area for ED1 in the outer ROI was close to zero after one year in 
all groups, thus, the microglial and macrophage activity is essentially limited to 
the inner ROI. 

Astrocytic reactivity (GFAP) (I) 

In the inner ROI at 12 weeks post injection, the group receiving 10 µm long 
nanowires exhibited a significant increase in GFAP-positive area compared to the 
control group (HBSS injection only) (Fig. 7). No significant difference was found 
in the inner ROI after one year. In the outer ROI, there was a significant increase 
in GFAP-positive area for the 5 µm nanowire group compared to the control group 
(HBSS injection only) (Fig. 7) and after one year a significant increase in GFAP-
positive area was found comparing the 10 µm long nanowire group to the 5 µm 
long nanowire group (Fig. 8). 

The increase in astrocytic activity found for the 10 µm long nanowires at 12 weeks 
in the inner ROI did not persist at one year. However, the GFAP immunoreactivity 
appears to be slightly more widespread in the tissue after one year in the 10 µm 
nanowire group (see outer ROI, Fig. 8). However, no obvious escalation in 
astrocytic activity was observed for any of the groups. 
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Figure 7. Inflammatory tissue response, neuronal and cell density 12 weeks post nanowire injection. 
Boxplots showing the quantification in the inner ROI (0-50 µm) of a) ED1-positive area, b) GFAP-positive area, c) 
NeuN density and d) cell density at 12 weeks post nanowire and control injection (HBSS only). Quantification in the 
outer ROI (50-150 µm) of e) GFAP-positive area at 12 weeks post nanowire and control injection (HBSS only). 
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Figure 8. Inflammatory tissue response, neuronal and cell density one year post nanowire injection. 
Boxplots showing the quantification in the inner ROI (0-50 µm) of a) ED1-positive area, b) GFAP-positive area, c) 
NeuN density and d) cell density at one year post nanowire and control injection (HBSS only). Quantification in the 
outer ROI (50-150 µm) of e) GFAP-positive area and f) NeuN density at one year post nanowire and control injection 
(HBSS only).  

 



40  

Neurons (NeuN) (I) 

No significant difference was found in neuronal density, in the inner (Fig. 7) or 
outer ROI at 12 weeks post injection, indicating that no nanowire-induced 
neurotoxicity had developed. However, at the one year time point, in the inner 
ROI, there was a significant decrease in neuronal density in the group receiving 10 
µm long nanowires compared to the control group (HBSS injection only) (Fig. 8). 
The decrease observed corresponds to approximately a 24% loss of neurons in the 
10 µm nanowire group compared to the control group (HBSS injection only). In 
the outer ROI, no significant difference in neuronal density was found when 
comparing the different groups, hence, indicating that the loss of neurons in the 10 
µm group in the inner ROI, was likely not caused by a displacement of neurons 
from the inner to the outer ROI. 

Cell nuclei (DAPI) (I) 

In the inner ROI we found a significant increase in the number of cell nuclei 
(DAPI) in the 10 µm long nanowire group compared to the control group (HBSS 
injection only) after 12 weeks. This corresponds to a cell nuclei increase of 
approximately 17% in the 10 µm nanowire group compared to the control group 
(HBSS injection only). The increase could be explained by the increase in the 
markers for activated microglia (ED1) and astrocytes (GFAP) noted in the group 
at this time point. Nevertheless, we can not exclude that other un-labeled cells that 
are involved in the inflammatory response and wound healing, e.g. pericytes or 
fibroblast, contribute to this increased cell density. There was no significant 
difference in cell nuclei density when comparing the groups at one year post 
injection (Fig. 8). 

Degradable vs biostable nanowires (II) 

Figure 9 and 10 show representative fluorescence microscopy images and 
quantification of the inflammatory tissue response one year post injections of 2 µm 
long biostable or degradable GaP nanowires. When comparing the ED1-positive 
area, GFAP-positive area, neuronal density and the cell nuclei density for the two 
groups no significant difference was seen in the inner or outer ROI (Fig. 9, 10). 
The injection of 2 µm long biostable nanowires results in a tissue response and 
neuronal density not significantly different from a control injection (HBSS 
injection only) (I). Hence, the degradable nanowires evaluated here show no 
obvious neurotoxicity or biosafety issues. 
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Figure 9. Quantification (inner ROI) and representative fluorescent images of GaP nanowires with biostable 
(HfOx) vs. degradable (SiOx) coating. 
Quantification in the inner ROI (0-50 μm) of ED1-positive area (a), GFAP-positive area (b), neuronal density (c), and 
cell nuclei density (d) for 2 µm long HfOx-coated GaP nanowires and 2 µm long SiOx-coated GaP nanowires one year 
post injection. Representative fluorescent images one year post injection of (e) 2 μm long HfOx-coated GaP 
nanowires and (f) 2 µm long SiOx-coated GaP nanowires. ED1-positive cells (green), GFAP-positive cells (red), and 
cell nuclei (blue). Scale bar: 100 μm. 
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Figure 10. Quantification (inner ROI) and representative fluorescent images of GaP nanowires with biostable 
(HfOx) vs. degradable (SiOx) coating. 
Quantification in the inner ROI (50-150 μm) of ED1-positive area (a), GFAP-positive area (b), neuronal density (c), 
and cell nuclei density (d) for 2 µm long HfOx-coated GaP nanowires and 2 µm long SiOx-coated GaP nanowires one 
year post injection. Representative fluorescent images one year post injection of (e) 2 μm long HfOx-coated GaP 
nanowires and (f) 2 µm long SiOx-coated GaP nanowires. Neuronal nuclei (green), GFAP-positive cells (red), and cell 
nuclei (blue). Scale bar: 100 μm. 
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Confocal analysis (I, II) 

At both time points, confocal examination of the experimental groups receiving 
biostable nanowires of different lengths showed that microglia or macrophages 
had engulfed most of the 2 µm long nanowires. Whereas, for the groups receiving 
5 µm and 10 µm long nanowires, some nanowires were not engulfed and was seen 
free in the tissue. Furthermore, in the injection scar, small aggregations of co-
localized ED1 and GFAP staining was observed. These aggregates, possibly cell 
debris or aggregations of cells, most often contained nanowires, see Figure 11. The 
double positive (ED1 and GFAP) aggregates were frequently lacking DAPI-
positive nuclei, indicating that the aggregates may not have contained viable cells. 
Furthermore, the aggregates were mostly seen in the groups with the longer 
nanowires (5 and 10 µm) at one year post injection and they were rarely seen at 
the early time point, i.e. at 12 weeks. 

 

Figure 11. Confocal image of aggregate one year after injection of biostable nanowires into the brain 
Laser scanning confocal microscopy image of the scar area after injection of 5 μm long HfOx-coated GaP nanowires 
one year post injection. The image shows an aggregate of cells or cell debris with internalized nanowires. The 
aggregate lacks DAPI-positive nuclei. ED1-positive cells (green), GFAP-positive cells (red), cell nuclei (blue), and 
nanowires (white). Scale bar: 10 μm. 

For the two different nanowire coatings, we found ED1-positive cells with both 
engulfed degraded nanowire residue (SiOx-coated) and intact biostable nanowires 
(HfOx-coated) (Fig. 12). The intact HfOx-coated biostable nanowires were found 
both in larger cells and in cell aggregates, as well as in smaller ED1-positive cells. 
For the degradable SiOx-coated nanowires residues were primarily seen in large 
ED1-positive cells or in ED1-positive cell aggregates. It is possible that the 
aggregates seen in the tissue were macrophages/microglial cells that had fused to 
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form multinucleated giant cells. In a few instances intact SiOx-coated nanowires 
were present in the tissue, primarily in single, small ED1-positive cells. This might 
be expected since the degradation process is probably much slower in the single, 
small ED1-positive cells compared to the giant cells. The giant cells are assumed 
to be highly activated cells that can produce large amounts of free radicals and 
proteolytical enzymes, this would likely speed up the breakdown of the degradable 
nanowires [25]. Confocal examination of the ED1-positive cells also suggest that 
more nanowire material remain at or in the vicinity of the injection site for the 
HfOx-coated nanowire group compared to the degradable SiOx-coated nanowire 
group. This could result from that the nanowires are broken down into very small 
fragments that might not be visualized using confocal microscope, since the 
smaller the fragments the less they scatter the laser light. However, this could also 
be a result of clearance from the brain. 

 

Figure 12. Close-up confocal images one year post injection of biostable and degradable GaP nanowires. 
Laser scanning confocal microscopy images showing ED1-positive cells with engulfed nanowires or nanowire debris. 
a) 2 μm long HfOx-coated nanowires injected into striatum and b) 2 µm long SiOx-coated GaP nanowires one year 
post injection into rat striatum. ED1-positive cells (green), GFAP-positive cells (red), cell nuclei (blue) and nanowires 
(white, scattered laser light). Scale bar 5 µm. 

For both paper I and II, we scanned external tissue (cervical lymph nodes, liver, 
blood vessels, and heart) for presence of nanowires or nanowire debris. The 
cervical lymph nodes are a known target for monocytes emigrating from the brain 
[85]. However, we found no nanowires or nanowire debris, free or engulfed, in 
any group at any of the two time points. This suggests, that there is a very slow or 
non-existent nanowire clearance from the brain. This hypothesis agrees with 
reports showing that nanoparticles introduced orally, can pass the BBB, 
accumulate in the brain and remain in the brain tissue months after delivery [86, 
87]. 
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Developing a technique for implantation of 
nanostructured neural interfaces (III) 

In order to implant a thin and flexible nanostructured neural interface into the 
brain we needed to develop a method that enabled implantation without destroying 
the nanostructure. To do this we evaluated nanowire preservation after embedding 
nanowire substrates with an embedding matrix with different concentrations of 
gelatin/glycerol, where glycerol acts as a plasticizer. 

Embedding in gelatin solution 

Figure 13 shows a nanowire substrate embedded in 5% gelatin (A) before and (B) 
after gelatin removal, i.e. after soaking the substrate in de-ionized water (50 °C, 90 
min). The nanowires on the substrates were bent, broken, or agglomerated with the 
same pattern that was seen in the gelatin layer. This was probably due to internal 
forces during the drying process, caused by stress in the cross-links. As a control 
step, a nanowire substrate was washed according to the gelatin removal process 
and the nanowires on the substrate remained vertical. Thus, the gelatin embedding 
was responsible for the nanowire damage and not the gelatin removal step. 

 

Figure 13. SEM images of a nanowire substrate before and after gelatin removal. 
Nanowire substrate embedded in 5% gelatin solution (A) before and (B) after gelatin removal step. Nanowires on the 
substrate are bent, broken, or agglomerated due to the forces caused by the gelatin drying step. Scale bars: 10μm. 

Embedding in gelatin/glycerol solution 

The internal forces of the gelatin embedding needed to be reduced in order to 
preserve the nanowires on the substrate surface. Hence, the plasticizer glycerol 
was added to the embedding matrix in different concentrations. Figure 14 shows 
SEM images of nanowire substrates after removal of the embedding matrix: (A) 
control (removal step only), (B) nanowire substrate embedded in 100/40 
gelatin/glycerol, (C) nanowire substrate embedded in 100/60 gelatin/glycerol, and 
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(D) nanowire substrate embedded in 100/60 gelatin/glycerol and inserted into agar. 
Embedding the nanowire electrodes in a 100/40 gelatin/glycerol (w/w) solution 
resulted in 18% of the nanowires bent or broken. Control surfaces showed 5% of 
broken or bent nanowires. Increasing the amount of glycerol to 100/60 
gelatin/glycerol led to only 8.5% of the nanowire being broken or bent. A 100/60 
gelatin/glycerol embedded nanowire substrate was also dipped in agar to mimic a 
brain insertion. The agar insertion step resulted in 13% of the nanowires being 
broken or bent after the gelatin/glycerol removal step. Thus, the 100/60 
gelatin/glycerol solution could be appropriate for brain insertion, since the 
embedding process preserved 96% of the nanowires and 95% of the remaining 
nanowires were protected during the implantation in agar. Hence, the 
gelatin/glycerol solution is flexible enough to preserve the majority of the 
nanowires during the drying process and at the same time strong enough to 
preserve most of them during the implantation step. 

 

Figure 14. SEM images of nanowires after gelatin/glycerol removal. 
(A) Control (removal step only) (B) nanowire substrate after removal of embedding of a 100/40 gelatin/glycerol (w/w) 
gel, (C) nanowire substrate after removal of embedding in 100/60 gelatin/glycerol, and (D) nanowire substrate that 
have been embedded in 100/60 gelatin/glycerol and inserted into 1% agar prior to removal of embedding. Scale bars: 
10 μm. 
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The brain tissue response to multiple implants (IV) 

In order to study the activity in neural circuits or interaction of different areas in 
the brain, at the same time, multiple neural interfaces need to be implanted in 
different structures in the brain. However, it is not known whether or not multiple 
implants could result in an increased brain tissue response to each individual 
implant. In paper IV we wanted to assess whether multiple implants in one 
hemisphere would lead to cumulatively larger immune responses to individual 
implants in the same hemisphere and/or in the contralateral hemisphere (see 
experimental group overview in Figure 15). 

Intrahemispheric interactions 

We found significantly smaller GFAP-positive areas around the middle implants 
in the inner ROI (0–50 µm) six weeks post implantation when compared to the 
contralateral implant (Fig. 15). This effect was quite small, however, it could be 
explained by a possible competitive recruitment from a limited local pool of 
astrocytes. When the implants are placed in close vicinity of each other, the middle 
implant would thus have to compete with the surrounding implants for the local 
pool of astrocytes. Furthermore, the middle scar tended to have less GFAP-
positive areas than both the contralateral scar and the outer scars in all animals 
(inner ROI, six weeks), although the difference was not statistically significant. A 
similar trend was observed one week post implantation, where the contralateral 
scar and the outer implants tended to have larger GFAP-positive areas than the 
middle implant in the inner ROI. However, these differences were not statistically 
significant. We found no differences or even tendencies to differences when 
quantifying ED1-positive areas (Fig. 15). Indicating that multiple implants in one 
hemisphere did not aggravate the tissue response to each implant. 

Interhemispheric interactions 

Potential interactions between hemispheres were examined by comparing the 
inflammatory tissue response to the contralateral implant vs. the solitary implant 
(Fig. 15). No statistically significant differences were found between these groups 
at one or six weeks, neither for astrocytic nor microglial reactions (Fig. 15). 
Indicating that the multiple implants in one hemisphere did not have an adverse 
effect on the tissue response toward the contralateral implant. These results taken 
together indicate that it is feasible to implant multiple neural interfaces in various 
neural structures without causing a cumulatively larger inflammatory response. 
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Figure 15. Inflammatory response surrounding implant scars six weeks post implantation. 
Representative images of GFAP (magenta) and ED1 (green) staining from a) middle, b) outer, c) contralateral and d) 
solitary implant scars after six weeks. Scale bar 100 µm. Quantifications of GFAP and ED1-positive areas after six 
weeks in e) inner ROI (0–50 µm) and f) outer ROI (50–200 µm). 
A schematic overview of implant locations in the experimental groups. 
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General discussion 

The main aim of this thesis was to clarify safety aspects of implanted 
nanostructures and multiple neural interfaces, as well as to develop a technique 
that allows implantation of nanostructured interfaces into the brain tissue. The 
studies presented in this thesis give key information of the nanowire dimension 
that would be safe to use when designing a nanowire-structured neural interface. 
Moreover, a method for implanting a thin substrate with a mechanically compliant 
nanowire-structured surface was developed. This opens up for the development 
and use of a nanowire-structured neural interface that have the potential to 
interface the nervous tissue optimally so that the electrodes may interact with 
neurons on a sub cellular level with minimal side effects. 

Furthermore, another key finding was that implanting multiple wire bundles in the 
brain is feasible without aggravating the inflammatory response to each individual 
implant. This allows for studying larger neural circuits and interactions between 
different structures in the brain in parallel, without risking a cumulatively larger 
inflammatory response. 

Nanowire biocompatibility 

Neural interfaces with nanostructured topography have great potential for 
improving both the biocompatibility of the interface as well as the recording 
properties [49, 50, 54, 59, 61]. 

Patterning an electrode surface with nanowires has the potential to guide cell 
attachment. For example, guidance of axons has been demonstrated in vitro using 
rows of GaP nanowires [62]. Here, they found that focal adhesions had formed at 
the nanowires, thus establishing possible sites of interaction between the electrode 
surface and the neurons. Furthermore, substrates with vertical nanowires 
intercalated by flat regions were capable of separating neurons from glial cells 
[61]. Hence, in contrast to conventional neural interfaces of today, nanowire-
structured electrodes show potential for enabling recordings from sub-cellular 
structures or compartments, such as spines, synapses or even organelles. However, 
the findings demonstrated in vitro remains to be tested and verified in vivo. A step 
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in this direction was taken by Suyatin et al. 2013, where they achieved the first in 
vivo “proof of principle” using a nanowire-based electrode by performing acute 
recordings in rat cortex [63]. 

Nanowires also show potential within the upcoming field of neurophotonics. 
Nanowires have been proposed to be used as membrane-based nanosensors for 
biological applications [88] as well as for light-induced and electrical stimulation 
of biological cells, such as neurons or retinal cells [89]. Khraiche et al. 2011 have 
presented novel technology applicable for restoring retina function, were they used 
nanowires as photodetectors and the obtained signal transduction performances 
approached those of the rods and cones in the mammalian retina [90]. 

However, caution is warranted when it comes to using high-aspect-ratio 
nanoparticles, such as nanowires, as a surface structure on a chronically implanted 
neural interface, since biostable high-aspect-ratio nanowires share morphological 
features with asbestos fibers and it has been known for decades that retention of 
asbestos fibers in lung tissue can lead to chronic inflammation and scarring [91, 
92]. The fiber pathogenicity paradigm for asbestosis predicts that long, thin and 
biostable fibers lead to frustrated phagocytosis and would thus elicit a chronic 
inflammatory response in the tissue. Consequently, finding out what would happen 
in the brain tissue over time, if some nanowires would to detach from an implanted 
neural interface, was of utmost importance. A chronic and escalating inflammatory 
response in the vicinity of the neural interface could possibly generate a 
detrimental neurotoxic milieu. In order to detect a possible escalation of the 
inflammatory response over time, as is observed in asbestosis, a truly chronic end 
point was needed. Hence, we kept the rats for approximately half their expected 
lifetime in our nanowire safety studies. 

In paper I, after one year, we found that the neuronal survival in the 10 µm long 
nanowire group was significantly lower compared to the control group, indicating 
a possible neurotoxic effect developing over time. The neuronal loss might have 
been caused by a continuous release of neurotoxic factors from activated 
microglia/macrophages present in the scar area [93, 94]. This loss of neurons 
would not have been detected had we not included a one year end point. However, 
the inflammatory tissue response observed, was over all very limited at this point 
and not alarming regarding the possible similarities with asbestosis. 

Notably, the glial response and neuronal survival following injection of biostable 2 
µm long nanowires did not differ significantly at any point from the tissue 
response observed following the injection of the control solution alone. 
Furthermore, we did not observe any significant difference in glial response or 
neuronal survival following injection of 2 µm long degradable nanowires 
compared to the injection of 2 µm long biostable nanowires. Thus, we found that 
the trauma caused by the implantation procedure alone gives rise to a long-lasting 



51 

albeit very small chronic inflammatory response. It is a risk that the possible tissue 
response caused by the short nanowires might be hidden by the reaction to the 
injection trauma. The implantation procedure used in our studies (I, II), i.e. using a 
Hamilton syringe with a glass capillary attached, is a widely used technique, for 
example during cell transplantation. The finding that the control injection gives 
rise to a long-lasting tissue response in the injection tract calls for a refinement of 
the implantation procedure. In our studies, one way of circumventing the 
implantation trauma could be to incorporate the nanowires in a gelatin needle. This 
needle could be implanted with minimal tissue trauma, as has been demonstrated 
by Lind et al. 2010 [67], and the possible chronic tissue response would then be 
caused by the nanowires alone. 

Nanowire clearance from the brain 

A surprising finding in this thesis was that the residue from the degradable 
nanowires was not cleared from the brain, even after one year. Debris from the 
broken down or fragmented nanowires was clearly visualized inside 
microglia/macrophages in the injection tract. This hints to a very slow elimination 
of nanoparticles from the brain. This in turn begs the question: Are the nanowires 
or the microglia/macrophages with engulfed nanowires/nanowire debris not able to 
leave the CNS? 

The CNS has long been considered an immune privileged site that lacks 
conventional lymphatic drainage. However, studies have now revealed a 
functional meningeal lymphatic system that drains cerebrospinal to deep cervical 
lymph nodes [95, 96]. Furthermore, monocytes have also been shown capable of 
migrating from CNS to cervical lymph nodes [85]. However, considering 
nanowires and nanowire debris were observed in the injection tract inside 
microglia/macrophages one year post injection and that no nanowires or nanowire 
debris were found in the cervical lymph nodes scanned in our studies (I, II), the 
elimination process of nanoparticles from the CNS appear to be a very slow 
process. In line with this, several studies have shown that nanoparticles tend to 
accumulate in the brain; this was shown both following oral [86, 87] as well as 
intravenous administration [97]. Notably, in the studies where the nanoparticles 
were administered orally a retention of nanoparticles was found in the brain 
several months post administration. Furthermore, concern might be raised that it is 
the amount of nano debris in the brain that is the main player in the chronic tissue 
reactions. However, as we show in paper IV, when implanting multiple wire 
bundles in the brain we found no overall increased brain tissue response, which 
might indicate that the accumulation of nano debris in the brain does not result in 
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an expanded toxic reaction. Indeed, the shorter nanowires, degradable or biostable, 
showed no sign of giving rise to a neurotoxic environment or an escalating 
inflammatory response in the tissue, not even after one year. 

These findings indicate that it is indeed feasible to implant a nanowire-structured 
neural interface, intended for long-term communication with the neural tissue, 
without risking an asbestosis-like pathology if part of the nanostructure, i.e. in this 
case nanowires, were to detach from the surface. However, the goal is to keep the 
nanostructure intact for biocompatibility purposes as well as for 
recording/stimulation purposes, thus, an implantation method that preserves the 
majority of the nanowires during implantation was needed. 

Implantation method for nanostructured neural interfaces 

We have showed that implanting a nanowire-structured substrate embedded in a 
protective layer of gelatin/glycerol is feasible and would leave the majority of the 
nanowires intact. This method would apply to other mechanically compliant 
nanostructured substrates. Furthermore, Lind et al. 2010 showed that pure gelatin 
needles evoked a significantly smaller chronic scar than stab wounds [67], 
indicating that embedding implants in gelatin ameliorates the damage caused by 
the implantation. This could be due to the gradual dissolution of the gelatin during 
the insertion, which provides a slippery surface coating and thus inflicts minimal 
stress on the tissue during insertion. Hence, we used this method as a starting point 
for embedding our nanostructured substrates. However, gelatin alone caused the 
nanowires to break during the drying process. In order to increase the water 
content of the gelatin solution we added the biocompatible and commonly used 
plasticizer glycerol. We found a combination of gelatin and glycerol that preserved 
the majority of the nanowire-structured surface during the implantation procedure. 
This role of the embedding gel is crucial in order to maintain the enhanced 
electrical properties of the electrode as well as the biocompatibility of the 
interface, which was the purpose of the nanostructure to begin with. 

The gelatin embedding method also allows for incorporating drugs in the gelatin 
solution. This could be used for promoting an anti-inflammatory environment. 
Incorporating neurotropic factors, such as nerve growth factor, in the embedding 
solution could also have a local direct positive effect on the neurons and their 
processes [98]. 

Thus, previous results as well as findings in this thesis work show that the gelatin 
embedding method allows for implanting nanostructured highly flexible neural 
interfaces. The flexibility of an implanted interface has been shown to be a vital 
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for minimize the evoked inflammatory tissue response [31, 44]. Thus, the 
possibility to combine a flexible neural interface with a flexible nanostructured 
surface would be a promising step towards achieving a long-term communication 
with the brain. 

Cells at the neural interface 

It is known that macrophages/microglia are among the first cells to respond to 
CNS injury. Thus, quantifying ED1, a marker of activated microglia and 
macrophages is a good measure of the inflammatory process. Furthermore, Köhler 
et al. 2015, showed a correlation between neuronal survival and a small ED1 
immunoreactivity [44]. However, recently it has become known that there are 
subsets of microglia and that they are capable of promoting both injury and repair. 
“Classically activated” M1 microglia are the pro-inflammatory subset and the 
“alternatively activated” M2 microglia are the anti-inflammatory subset that has 
been shown to promote neurite outgrowth and length [99]. The cells differentiation 
into the M1 or M2 subset depends on signals in the injured tissue. Thus, when 
implanting a neural interface one could incorporating factors in the embedding gel, 
such as interleukin-4 and substance P, that have been shown to promote microglia 
and macrophages to differentiation into the M2 subset [100]. This might help 
promote restitution of the neural circuits after the injury caused by the 
implantation trauma. 

To further elucidate what happens in tissue following an implantation it might be 
necessary to look beyond the astrocytic and the microglial response. For example, 
a leaky BBB have been associated with a reduction in recording performances 
[22], thus adding IgG to our histological investigations could help to estimate the 
expected performance of the neural interface. Furthermore, since it is now known 
that there are subsets of microglia involved in the tissue repair, it would be of 
interest in future studies to look at the different markers of microglia subsets. The 
aim might no longer be to minimize the microglial activation at all, rather to guide 
the activated microglia cells into an anti-inflammatory state that promote wound 
healing and tissue repair. 

In our studies, we look at neuronal nuclei density as a measure of neuronal 
survival; however, it does not necessarily mean that the stained neurons are 
functioning normally or that the neuronal processes are intact. Looking further into 
the viability of the neurons and staining with for example a neurofilament marker, 
to assess possible axon degeneration in the tissue would be of interest for future 
studies. This would provide a better insight as to whether the neural circuits are 
intact at the interface. For future studies this would enable correlations to be made 
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between for example recording quality and the amount of intact dendrites/axons at 
the interface. However, as a general estimation of neuronal survival as a first 
assessment of biocompatibility or safety of a material, neuronal nuclei density is a 
useful and common measure to use. 

It is known that astrocytes and microglia constitutes the main part of a glial scar, 
hence, they are widely used as a measure of the glial response and those are the 
inflammatory cells that we have focused on in our studies. However, there are 
other types of cells that come in to play following an implantation, such as 
pericytes and meningeal cells. Unpublished results from our laboratory have 
shown that there are a number of unidentified cells residing in between the glial 
limitans and an implanted probe. Some of these cells do not stain positive for ED1 
but showed expression of the markers fibronectin, nestin, vimentin and PDGFR-
beta. The origin of these cells are not clear, however, they could possibly descend 
from pericytes coming from nearby blood vessels or meningeal fibroblasts that 
have been displaced during the implantation procedure or that have possibly 
migrated down along the implantation track. Further studies are needed in order to 
clarify what types of cells are and what role they play in the scar formation and 
wound healing. 

Towards a biocompatible nanostructured neural interface 

The design of a neural interface should aim to minimize the harmful inflammatory 
response that produces and maintains a compact glial scar, which in turn isolates 
the electrode from the brain. To this end, this thesis provides evidence that it is 
vital to minimize the acute tissue trauma caused by the implantation procedure, 
since it strongly influences the ensuing chronic tissue response. Furthermore, in 
line with the new proposed definition of biocompatibility, we should aim to guide 
the tissue response towards a non-fibrotic wound healing, with optimal tissue 
integration [40]. If these requirements are met we might be able to circumvent the 
development of an insulating glial scar. 

This thesis has provided key information when it comes to constructing and 
implanting a chronically biocompatible nanostructured neural interface. There still 
remain a number of hurdles to overcome before an optimal neural interface 
becomes a reality, the brain is a complex milieu and there is a need to elucidate the 
possible anti- and pro-inflammatory roles different cell types play at the abiotic-
biotic interface. However, the implications of constructing a perfectly integrating 
neural interface, which may no longer be a far-fetched idea, would be immense, 
both in the neuroscience research field as well as in the clinic. 
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e and structurally controlled nanowires of different lengths for a period up to one
r results show that, as for lung and abdominal tissue, the brain is subject to a
mation when biostable and high-aspect-ratio nanoparticles of 5 mm or longer are

issue. In addition, a significant loss of neurons was observed adjacent to the 10 mm
t escalate between 12 weeks and one year. Furthermore, 2 mm nanowires did not

nanowires a
nanowires
cause signi
ear. Notably, the inflammatory response was restricted to a narrow zone around the
ficant inflammatory response nor significant loss of neurons nearby. The present results
provide key information for the design of future neural implants based on nanomaterials.
s. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA
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t provide stable communication with individual neurons. It is
monly assumed that these shortcomings are due to an encap-
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dence indicating that microforces between the brain, which
stantly exhibits movements, and neural interfaces, which

typically exhibit a poorme
an important part in fuelli
contribute to the instabilit

A promising approac
compliance of implants i
nanorods or carbon nanot
interfaces. Surfaces coate
improve the electrical pr
matory tissue response to
in vitro [13,14]. Nanowire-
promote neuronal growth
in vitro [15e17]. Furtherm
have recently been achiev

In order to achieve lon
these nanostructures need

been raised about using bio
nanoparticles (such as nanow
dent abdominal tissue and lun
nanotubes, nanowires and nan
size of immune cells, can indu
in a chronic inflammationwhic

0)46

118,

son_

ss article under the CC BY-NC-SA license (http://
ivecommons.org/licenses/by-nc-sa/3.0/).

ical compliancewith the tissue, play
e inflammatory tissue response and
neural recordings [9e12].
locally improve the mechanical

use flexible nanomaterials, such as
(CNTs), on the surface of the neural
ith CNTs have been reported to
ties and lower the evoked inflam-
s neural interfaces, both in vivo and
ified substrates have been shown to
limit the proliferation of glial cells
successful in vivo neural recordings
ing nanowire-based electrodes [18].
rm communication with the brain,
e biostable. However, concerns have
stable, long, and high-aspect-ratio
ires and CNTs) in the brain. In ro-
gs, it has been shown that biostable
orods of lengths comparable to the
ce frustrated phagocytosis, resulting
h escalates over time, comparable to

creativecommons.org/licenses/by-nc-sa/3.0/).

http://creativecommons.org/licenses/by-nc-sa/3.0/
mailto:Christelle.Prinz@ftf.lth.se
mailto:Cecilia.Eriksson_Linsmeier@med.lu.se
mailto:Cecilia.Eriksson_Linsmeier@med.lu.se
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2014.11.051&domain=pdf
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2014.11.051
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://dx.doi.org/10.1016/j.biomaterials.2014.11.051
http://dx.doi.org/10.1016/j.biomaterials.2014.11.051


asbe
aspe
terf
flam
kno
exp
ture

T
neu
here
bios
Epit
high
con
afte
in t
time

T
enc
surv
of n
nan
esca
sign
imp

2. M

2.1.

M
grow
rand
avera
nano
in ad
Ga(C
was
prod
The
imag

I
nano
layer
a fin
whic
biom
table
titan
even
plasm
expe
quen
Hank
mL. F

rimen
ttee o
nic, D
andw

he beg
ery an
seven
jectio
d bila
urgica
hemi
W-co
re use
ted na
S only

urs in
5 days
d excl
Tabl

ps, in
taneo
ith a

or allo
r naï
spont
fore m
in [29

etized
and D
rgical
esthet
y we
omicr
thano
ody w

Fig. 1
the l

d excl
ber in

b
und

xclud

exclu
redet

173
stosis [19e21]. In the brain, the presence of biostable and high-
ct-ratio nanoparticles detached from implanted neural in-
aces could pose a similar risk and give rise to an escalating in-
matory response as seen in asbestosis. At present, little is
wn concerning the brain tissue response after long-term
osure to biostable nanoparticles having morphological fea-
s similar to asbestos fibres.
o clarify the long-term risks involved in using nanostructured
ral interfaces for stable communication with brain cells, we
examine the chronic brain tissue response to implantation of
table nanorods of equal diameter but different lengths.
axially grown nanowires were used as a model particle for
-aspect-ratio nanorods since their dimensions can be
trolled precisely [22]. The glial response and neuronal survival
r implantation of biostable nanowires of three different lengths
he rat brain were evaluated after up to one year implantation
, which corresponds to half of the animal's lifespan.
he results show that nanowire length has a significant influ-
e on the inflammatory tissue response as well as on neuronal
ival. Whereas no significant increase in glial response or loss
eurons was found for 2 mm long nanowires, the longer
owires studied (5 and 10 mm) caused a persistent, but not
lating, glial response. Furthermore, for the 10 mmnanowires, a
ificant loss of neurons could be seen at one year post
lantation.

ethods

Nanowire growth and coating

etal organic vapour phase epitaxy (Aix 200/4, Aixtron, Germany) was used to
gallium phosphide (GaP) nanowires from 40 nm gold aerosol particles

omly distributed on a (111)B GaP substrate (Girmet Ltd, Moscow, Russia) at an
ge density of 1/mm2, as previously described [22,23]. The temperature for
wire growth was 470 �C and wire growth was initiated by supplying Ga(CH3)3
dition to PH3. Precursor molar fractions were 4.3 � 10�6 and 8.5 � 10�2 for
H3)3 and PH3, respectively, in a hydrogen carrier gas flow of 6 L/min. The growth
conducted under low pressure (10 kPa). The growth duration was adjusted to
uce nanowires of different lengths (2 ± 0.2 mm, 5 ± 0.2 mm and 10 mm ± 0.5 mm).
nanowire length was characterized by scanning electron microscope (SEM)
ing.
n order to obtain nanowires with a stable and inert surface chemistry, the GaP
wires were coated with a 20 nm layer of hafnium oxide (HfOx) using atomic
deposition (Savannah-100 system, Cambridge NanoTech Inc., USA), resulting in
al nanowire diameter of 80 nm ± 5 nm (±10 nm for the 10 mm long nanowires)
h was characterized using SEM imaging (Fig. 1). Titanium is widely used as a
aterial; hafnium belongs to the same group (IVB) as titanium in the periodic
of elements and has been shown to display similar biocompatible traits as

ium [24,25]. In addition, hafnium oxide has been shown to be biocompatible
in a nano configuration [26]. The substrates were cleaned with in an oxygen
a chamber (Plasma Preen, Plasmatic Systems Inc., USA) and can therefore be

cted to carry hydroxyl groups at the surface [27]. The nanowires were subse-
tly broken off from the substrate using ultra sonication and suspended in
's balanced salt solution (HBSS) to a final concentration of 70,000 nanowires/

2.2. Animals

Approval for the animal expe
Lund/Malm€o local ethical commi
SpragueeDawley (SD) rats (Taco
received food andwater ad libitum
weighed approximately 225 g at t
a normal weight curve after surg

For the 12 week time point,
Three groups received bilateral in
wires in HBSS. One group receive
One group was kept naïve (no s
received stabwounds (SW) in one
the contralateral hemisphere (S
different experimental groups we
of 2, 5 or 10 mm long HfOx-coa
bilateral control-injections (HBS
procedures).

We found spontaneous tumo
year group (rats approximately 42
were immediately terminated an
imal group history is shown in
distributed evenly over all grou
cedures). The occurrence of spon
viously been well documented w
female SD rats kept until day 540
the prevalence of tumours in ou
demonstrating the incidence of
observed in our study were there
presence of nanowires in the bra

2.3. Surgery

The rats were deeply anaesth
tanyl (0.3 mg/kg body weight)
0.3 mg/kg body weight). The su
previously [28]. In short, the ana
their heads were shaved and the
struments, USA) set under a stere
scalp was disinfected using 70% e
caine (Bupivacaine, 0.33 mg/kg b

Table 1
Experimental setup; included an
plantation site). Total group num

Naïve Sta
wo

Groups at 12 weeks 18 8
12 week included 18 8
12 week excludeda 0 0
Groups at one year 20 e

One year included 18 e

One year excludedb 2 e

a At 12 weeks, animals were e
exclusion criteria's.

b At one year, animals were
exclusion criteria's (tumours) or p
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or further detailed description, see Eriksson Linsmeier et al., 2009 [28]. expose the skull a 2 cm midline incision

. SEM images of nanowires. Representative SEM images of vertical GaP nanowires coated with HfOx, at low (a) and high (b) magn
ength and diameter of the nanowires. Stage tilt 20� . Scale bars: 1 mm (a), and 200 nm (b).
ts described below was obtained from the
n animal experiments. A total of 116 female
enmark) were used in this study. All rats
ere kept in a 12-h dayenight cycle. The rats
inning of the experiment. The rats followed
d up to the experimental end point.
different experimental groups were used.

ns of 2, 5 or 10 mm long HfOx-coated nano-
teral control vehicle-injections (HBSS only).
l procedures). An additional set of animals
sphere and control-injections (HBSS only) in
ntrol). For the one-year time point, five
d. Three groups received bilateral injections
nowires in HBSS, and one group received
). One group was kept naïve (no surgical

eight out of 60 animals (13.33%) in the one
old). Upon tumour detection, these animals

uded from the study. A summary of the an-
e 1. The prevalence of the tumours was
cluding the naïve group (no surgical pro-
us age-related tumours in SD rats has pre-
reported tumour incidence of 57e58% in
wed to live out their lifespan [29,30]. Due to
ve and control rats and the vast literature
aneous tumours in aged rats, the tumours
ost likely age-related, and not linked to the
e32].

by intraperitoneal (i.p.) injections of Fen-
omitor vet (metedetomidin hydrochloride,
procedures have been described in detail
ized animals were prepared for surgery, i.e.
re placed in a stereotactic frame (KOPF in-
oscope (Leica Microsystems, Germany). The
l solution and local anaesthetic, 0.25% Mar-
eight) in sterile water, was administered. To

uded animals listed (n ¼ one unilateral im-
bold.

SW-control Control 2 mm
HfOx

5 mm
HfOx

10 mm
HfOx

8 24 26 24 24
8 20 20 18 16
0 4 6 6 8
e 20 20 20 20
e 16 11 15 15
e 4 9 5 5

ed for meeting predetermined histological

ded either for meeting ethical guideline
ermined histological exclusion criteria's.
was made. Tissue attached to the skull was

ification. SEM images were used to determine
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efully removed and blood was cleansed away. Bilateral craniotomies (ø 1 mm2)
re drilled at 1.0 mm anterior and 2.5 mm lateral to bregma under stereotactic
trol. The dura mater was incised and deflected using fine forceps. Bilateral ste-
tactic injections at the above-mentioned coordinates were made using a 2 mL
ilton syringe with a glass microcapillary (tip ø ~ 130 mm) attached. The sus-
sionwas injected into the striatum at two different depths; i) 5 mm (1 mL) and ii)
m (1 mL); in total 2 mL/hemisphere over a total time of 2 � 2 min. The amount of
owires injected corresponds to an estimation of the number of nanowires that
ld detach from a future nanostructured neural interface. Stab wounds were
formed in an identical manner. After injections or stab wound, the skin was
ed using surgical clips. The surgeries for the different groups took place in
erent sessions. In order to confirm that the nanowires were still individually
pended in the HBSS and had not assembled into larger aggregates, a drop of the
pension containing nanowires was ejected from the syringe onto a microscope
e and examined using a Nikon eclipse 80i microscope, before and after each
ction series.
The animals received subcutaneous injections of Temgesic (buprenorphine,
mg/kg body weight) to reduce postoperative pain, as well as an antidote to the
esthesia (Antisedan, atipamezole hydrochloride, 0.5 mg/kg body weight), and
re awakened under supervision.

Histology

The animals were killed by an i.p. overdose of pentobarbital and transcardially
fused with 200 mL of ice-cold saline solution (sodium chloride 0.9% in distilled
ter) followed by 125mL of ice-cold 4% paraformaldehyde (PFA) in 0.1 M phosphate
fer (pH 7.4). The brains were carefully removed and post-fixed in 4% PFA over-
ht (4 �C). In addition, lymph nodes, liver, heart and vessels from all experimental
ups (12 weeks and one year) (n ¼ 24) were dissected and post-fixed in 4% PFA.
The tissues were cryoprotected in 25% sucrose solution until equilibrated and
re subsequently attached to the sectioning block using Tissue Tek O.C.T. com-
nd (Sakura Finetek, USA). Coronal serial sections of the brains were cut (6 series)
0 mm thickness onto Super Frost® plus slides (Menzel-Gl€aser, Germany) using a
ostat (Microm, Germany). The markers used to visualize activated microglia and
crophages (CD68/ED1), astrocytes (glial fibrillary acidic protein (GFAP)), and
ronal nuclei (NeuN) are summarized in Table 2. All sections were counterstained
g the cell nuclei marker 40 ,6-diamidino-2-phenylindole (DAPI).
The lymph nodes, liver, heart and vessels were sectioned in the same manner
mentioned above, at 10 mm thickness and labelled with ED1 and DAPI. They
re subsequently screened for presence of nanowires using a Nikon eclipse 80i
roscope and a laser scanning confocal microscope (Zeiss LSM 510). Nanowires
tter confocal laser light and can therefore be visualized using the laser-
ection mode.
Tissue sections were hydrated in phosphate buffered saline (PBS) and blocked
h 5% normal goat serum and 0.25% Triton X-100 in PBS (blocking solution). In-
ation with primary antibodies (in blocking solution) was made at room tem-
ature (RT) overnight. Sections were subsequently rinsed in PBS followed by
ubation with DAPI, goat anti-rabbit IgG Alexa 594 and goat anti-mouse IgG Alexa
(in blocking solution) in the dark (RT) for 2 h (Table 2). Sections were rinsed and
erslipped using PVA-DABCO (polyvinyl alcohol, Fluka/SigmaeAldrich,
itzerland).
Prior to NeuN staining an antigen retrieval method was performed. In short,
r hydration, the sections selected for NeuN staining were immersed in a 10 mM

ium citrate buffer (0.05% Tween 20, pH 6) and microwaved for 3 � 5 min at
W. Tris-buffer (SigmaeAldrich, Germany) was used instead of PBS for all steps

2.5. Image acquisition and analy

In order to quantitatively eva
glial cells in defined regions of
quantified the binding of selecte
tissue. In short, the sections wer
the ED1- and GFAP-positive are
tographs of the fluorescence of
(DAPI) were taken at each injec
Japan) mounted on a Nikon ecl
capture and analysis were perfo
Instruments, Japan). The adjacen
DAPI and photographs of the inj

The quantification analysis w
short, rectangular shaped ROI
300 � 800 mm, respectively), w
Fig. 1). The different cell quanti
of immunoreactive area (for ED1
DAPI) in the total screened area
mental groups [28]. Due to varia
their respective antigen, thresho
ratio of the mean background in
ensure that only positively stain
cific background staining was no
was set to 5.5 for ED1 immuno
cence. The fraction of the area
Neuronal nuclei were counted m
stained DAPI-positive nucleus wi
counting the number of DAPI-pos
artefacts) within the ROI.

Confocal images of the sc
confocal microscope (Zeiss LSM
1.4) and the ZEN software (Ze
reflection mode.

2.6. Statistical analyses

Kruskal Wallis with Dunn's
the experimental groups. Wilc
when paired comparisons of tw
SW-control). p-values < 0.05 (*
sented as median values, togethe
and maximum values. All analys
software (GraphPad Software In

3. Results

To determine the effec
ratio nanowires on the ev
injected nanowires of thre
the rat striatum. The anim
12 weeks or one year. In
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Triton X-100 was omitted from the blocking solution, otherwise all steps were
de according to the staining protocol above.

astrocytosis and the evoked in
from all groups were stained
rophages) and GFAP-positive
neuronal survival and the num
area, NeuN (neuronal nuclei) a
different markers were quanti
surrounding the injection trac
mental protocol).

3.1. General observations

At both time points, area
significantly larger for contro
compared to the naïve group (
The neuronal and cell nuclei
experimental groups was sign
naïve group at both time poin

Excluding brain tissue, no
tionally dissected and investig
liver, heart and vessels, in any

le 2
mary of primary antibodies, secondary antibodies and nucleic acid stain.

ame Characteristics Host Working
dilution

Source

D1
(CD68)

Activated
microglia/macrophages

Mouse 1:250 Cat. Nr.
MCA341R,
AbD Serotec

FAP Glial fibrillary acidic protein Rabbit 1:5000 Cat. Nr. Z0334,
Dako

euN Neuronal nuclei,
neuronal marker

Mouse 1:100 Cat. Nr.
MAB377,
Millipore

lexa
594

Goat anti-rabbit IgG (H þ L) Goat 1:500 Cat. Nr. A11005,
Invitrogen

lexa
488

Goat anti-mouse IgG (H þ L) Goat 1:500 Cat. Nr. A11001,
Invitrogen

API Nucleic Acid Stain
(40 ,6-diamidino-2-phenylindole)

1:1000 Cat. Nr. D3571,
Invitrogen
quantitative assessment

the density of neurons and activation state of
st (ROIs) in relation to the injection site, we
rkers to cell specific proteins/antigens in the
ened to detect the location of the scar where
seen at its maximum. At this location, pho-
D1- and GFAP-positive cells and cell nuclei
site, using a DS-2MV digital camera (Nikon,
0i microscope with a 10� objective. Image
using the NIS-Elements 3.1 software (Nikon
sections were stained using NeuN, GFAP and
sites were taken.

sed on a previously described method [28]. In
er and outer ROIs (100 � 800 mm and
ntred on the injection tract (Supplementary
ns were made by measuring the proportion
GFAP) and the number of cells (for NeuN and
ach marker and injection site for all experi-
in the binding specificity of ED1 and GFAP to
ere set for each individual image at a fixed
y for each marker. The thresholds were set to
tigens were quantified, whereas the nonspe-
scence and to 4.5 for GFAP immunofluores-
this threshold in each ROI was quantified.

ly by matching NeuN-positive cells with a co-
he ROIs. Cell nuclei were countedmanually by
nuclei (above ø 3 mm to avoid counting debris/

ere photographed with a laser scanning
using a 63� oil-immersion objective (N.A.
anowires were visualized using the laser-
matched-pairs signed rank test was used
perimental groups were performed (SW vs.
e considered significant. All values are pre-
h 25 and 75 percentiles, as well as, minimum
ere performed using the GraphPad Prism 6.0
).

the length of biostable high-aspect-
d inflammatory tissue response, we
fferent lengths (2, 5 and 10 mm) into
ere killed and perfused either after
er to assess the degree of reactive
flammatory response, brain sections
for ED1- (microglial cells and mac-
cells (astrocytes). To assess the
ber of total cell nuclei in the scar

nd DAPI (cell nuclei) were used. The
fied in two regions of interest (ROIs)
t (see method for detailed experi-
s positive for ED1 and GFAP were
l and experimental groups, when
inner ROI) (Supplementary Table 1).
density (inner ROI) in control and
ificantly lower as compared to the
ts (Supplementary Table 1).
nanowires were detected in addi-
ated tissues, i.e. in the lymph nodes,
of the experimental groups.
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Effect of the suspension media

n order to investigate the effect of the control, (i.e. vehicle so-
n, Hank's balanced salt solution (HBSS)), we performed bilat-
surgery on eight animals; stab wound (SW) and a stab wound
control injection of HBSS (SW-control) in opposing hemi-

eres, respectively. No significant difference in ED1-positive area,
ronal density or cell nuclei density (inner or outer ROI) could be
d when comparing the responses in the two groups (SW vs.
control) after 12 weeks. However, GFAP-positive area was
ificantly higher (p ¼ 0.023) in the inner ROI for the SW group
an 17.4% ± 2.3%) as compared to SW-control (mean
% ± 1.3%) (Fig. 2). These results indicate that HBSS may lower
astrocytic inflammatory response in the brain towards the stab

3.3.1. Microglia/macrophag
A significant increase in

found for the group receiv
both the control group (p¼
long nanowires (p ¼ 0.018)
area of 3.75% ± 0.78% (for
control), and 1.11% ± 0.15%
outer ROI, no significant di
when comparing the gro
overall immunoreactive ar
zero in all groups, indicati
activity is largely limite
implantation.
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nd caused by the injection needle.

Effect of nanowire length on the brain tissue response after 12
ks

e injected nanowires of three different lengths (2, 5 and
m) and assessed the brain tissue response and cell density 12
ks after the injections. Representative fluorescence microscopy
ges of the scar tissue area after injections of control solution and
owires of different lengths are shown in Fig. 3.

3.3.2. Astrocytic reactivity
In the inner ROI, we observ

positive area in the group r
compared to the control group (p
fluorescent area of 18.3%± 2.3% a
In the outer ROI, therewas a signi
for the group receiving 5 mm long
group (p ¼ 0.049), with a mea
5.75% ± 1.1% and 2.30% ± 0.38%,
trend towards an increase in GFA

. Analysis of SW and SW-control after 12 weeks. (aed) Quantification in the inner ROI (0e50 mm) of ED1-positive area (a), GFA
i density (d) at 12 weeks for stab wound (SW) and stab wound with injection of vehicle solution, HBSS (SW-control). The boxes co
5 and 75 percentiles, and the whiskers show the minimum and maximum values. Wilcoxon matched-pairs signed rank tes
tical differences (*p < 0.05, **p < 0.01, ***p < 0.001).
ponse
-positive area, in the inner ROI, was
0 mm long nanowires compared to
74) and to the group receiving 2 mm
h a mean percentage of fluorescent
mm nanowires), 1.01% ± 0.13% (for
r 2 mm nanowires) (Fig. 4). In the
nce in ED1-positive area was found
(data not shown). Moreover, the
r ED1 in the outer ROI was close to
at the microglial and macrophage
the inner ROI 12 weeks after

175
ed a significant increase in GFAP-
eceiving 10 mm long nanowires
¼ 0.035),with ameanpercentage of
nd 9.34%± 1.3%, respectively (Fig. 4).
ficant increase inGFAP-positive area
nanowires compared to the control

n percentage of fluorescent area of
respectively (Fig. 4). Furthermore, a
P-positive area in the outer ROI was

P-positive area (b), NeuN density (c), and cell
rrespond to median values with indication of
t was used and the horizontal lines indicate
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com

3.3

nu
be
sug
at

3.3.4. Cellular density
in th
ing
.007
and
ond
cted
crea

Fig. 3. In vivo tissue response after 12 weeks. Representative fluorescent images of the tissue response to injections of control and 2, 5 and 10 mm long HfOx (hafnium oxide) -coated
nanowires at 12 weeks. ED1-positive cells (green), GFAP-positive cells (red), and cell nuclei (blue) and merge. Scale bars: 100 mm.
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pared to the control group (p ¼ 0.056) (Fig. 4).

.3. Neuronal density
There was no significant difference in the number of neuronal
clei (NeuN), in the inner (Fig. 4) or outer ROI (data not shown)
tween the different groups 12 weeks after the injections. This
gests that no nanowire-induced neurotoxic effect was present
this time point.

A significant increase
found in the group receiv
the control group (p ¼ 0
0.00265 ± 7.7e-005 mm�2

tively (Fig. 4). This corresp
the 10 mm nanowire-inje
may be explained by the in
this group.
e number of cell nuclei (DAPI) was
10 mm long nanowires compared to
1), with a mean nuclei density of
0.00227 ± 4.7e-005 mm�2, respec-

s to a 16.7% increase in cell nuclei in
group compared to control, which
se of ED1 and GFAP- positive cells in



3.4. Effect of nanowire length on the brain tissue response after one
year
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Fig. 4. Inflammatory response and neuronal density after 12 weeks. (aed) Quantification in the inner ROI (0e50 mm) of ED1-positive area (a), GFAP-positive area (b), NeuN density
(c), and cell nuclei density (d) at 12 weeks for nanowire- injected animals and control group. (e) Quantification in the outer ROI (50e150 mm) of GFAP-positive area at 12 weeks for
nanowire-injected animals and control group. Hf corresponds to hafnium oxide coated nanowires. The boxes correspond to median values with indication of the 25 and 75
percentiles, and the whiskers show the minimum and maximum values. Kruskal Wallis with Dunn's multiple comparison test was used and the horizontal lines indicate statistical
differences (*p < 0.05, **p < 0.01, ***p < 0.001).
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epresentative fluorescence microscopy images of the scar tis-
area after injections of control solution and nanowires of
rent lengths one year after surgery are shown in Fig. 5.

. Microglia/macrophage response
n the inner ROI a significant increase in ED1-positive area was
d in the group receiving 10 mm (mean area of 2.82% ± 0.59%,

p ¼ 0.029) compared
0.690% ± 0.081%) (Fig. 6). I
significantdifference inED1
not shown) and the overall
was close to zero in all group

3.4.2. Astrocytic reactivity
In the inner ROI, there

positive area between any
the control group (mean area
outer ROI, however, there was no

tiveareacomparing thegroups (data
unoreactive area for ED1 in this ROI
parable to thefindings at12weeks.

no significant difference in GFAP-
e groups (Fig. 6). In the outer ROI,
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Fig. 5. In vivo tissue response after one year. Representative fluorescent images of the tissue response to injections of control and 2, 5 and 10 mm long HfOx (hafnium oxide) -coated
nanowires at one year. ED1-positive cells (green), GFAP-positive cells (red), and cell nuclei (blue) and merge. Scale bars: 100 mm.
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group receiving 10 mm long nanowires (7.31% ± 1.1%) compared
the group receiving 5 mm long nanowires (3.61% ± 0.46%)
¼ 0.042) (Fig. 6).

.3. Neuronal density
In the inner ROI, a significant decrease in the neuronal nuclei
nsity was found in the group receiving 10 mm long nanowires

(88.0e-005 ± 5.2e-005 mm
to a 24.2% loss of neuron
compared to control. In th
ference in neuronal den
different groups (data no
reduction of neurons obse
p ¼ 0.032) (Fig. 6). This corresponds
uclei in the 10 mm nanowire group
ter ROI, however, no significant dif-
was found when comparing the
wn). This finding suggests that the
in the 10 mm group in the inner ROI,



was not due to a displacement of neurons from the inner ROI to the
outer ROI.

3.4.4
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(Fig

3.5. Confocal analysis of the nanowire distribution

conf
ed th
owir
uld b
elled

Fig. 6. Inflammatory response and neuronal density after one year. (aed) Quantification in the inner ROI (0e50 mm) of ED1-positive area (a), GFAP-positive area (b), NeuN density
(c), and cell nuclei density (d) at one year for nanowire-injected animals and control group. (eef) Quantification in the outer ROI (50e150 mm) of GFAP-positive area (e) and NeuN
density (f) at one year for nanowire-injected animals and control group. Hf corresponds to hafnium oxide coated nanowires. The boxes correspond to median values with indication
of the 25 and 75 percentiles, and the whiskers show the minimum and maximum values. Kruskal Wallis with Dunn's multiple comparison test was used and the horizontal lines
indicate statistical differences (*p < 0.05, **p < 0.01, ***p < 0.001).
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. Cellular density
here was no significant difference in the number of cell nuclei
n comparing the different groups one year after the injections
. 6).
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10 mm long nanowires co
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4. Discussion
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l walls at both time points, free or
ls (Figs. 7e8). Furthermore, in the
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served. These aggregates resembled
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ting that they were not viable cells.
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Impact of degradable nanowires 
on long‑term brain tissue responses
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Abstract 

Background:  A promising approach to improve the performance of neural implants consists of adding nanomaterials, 
such as nanowires, to the surface of the implant. Nanostructured interfaces could improve the integration and commu-
nication stability, partly through the reduction of the cell-to-electrode distance. However, the safety issues of implanted 
nanowires in the brain need to be evaluated and understood before nanowires can be used on the surface of implants 
for long periods of time. To this end we here investigate whether implanted degradable nanowires offer any advantage 
over non-degradable nanowires in a long-term in vivo study (1 year) with respect to brain tissue responses.

Results:  The tissue response after injection of degradable silicon oxide (SiOx)-coated gallium phosphide nanowires 
and biostable hafnium oxide-coated GaP nanowires into the rat striatum was compared. One year after nanowire 
injection, no significant difference in microglial or astrocytic response, as measured by staining for ED1 and glial 
fibrillary acidic protein, respectively, or in neuronal density, as measured by staining for NeuN, was found between 
degradable and biostable nanowires. Of the cells investigated, only microglia cells had engulfed the nanowires. The 
SiOx-coated nanowire residues were primarily seen in aggregated hypertrophic ED1-positive cells, possibly microglial 
cells that have fused to create multinucleated giant cells. Occasionally, degradable nanowires with an apparently 
intact shape were found inside single, small ED1-positive cells. The biostable nanowires were found intact in microglia 
cells of both phenotypes described.

Conclusion:  The present study shows that the degradable nanowires remain at least partly in the brain over long 
time periods, i.e. 1 year; however, no obvious bio-safety issues for this degradable nanomaterial could be detected.

Keywords:  Nanowires, Biocompatibility, Neural interfaces, Brain, Biomaterial, Foreign body reaction, Tissue responses, 
Immunohistochemistry, Nanomedicine

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Micro- and nanostructured electrode surfaces have been 
suggested to improve recording properties and reduce 
tissue responses [1–7]. Thus, combining a nanostruc-
tured topography on a small, low-density and flexible 
interface, known to reduce glial scarring [8–10], opens 
up for the development of a new type of biocompatible 
neural interface, with potential to achieve high quality 

recordings from single neurons. One way of creating 
neural interfaces with nanostructured topography is to 
coat the electrode surface with nanowires [5, 11–15].

Cells have been shown to be able to grow and interact 
strongly with arrays of nanowires or nanopillars in vitro 
[13, 14, 16–20]. In particular, gallium phosphide (GaP) 
nanowire arrays have been shown to promote neurite 
outgrowth and reduce glial cell spreading [21, 22]. Previ-
ously, we have achieved successful acute in vivo record-
ings using neural interfaces with GaP nanowire surface 
modifications [15]. In order to test the biocompatibility 
of nanowires per se, we have recently investigated the 
brain tissue response to the injection of nanowires in the 
brain. In a first, relatively short-term nanosafety study, 
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we used 2  µm long GaP nanowires coated with silicon 
oxide (SiOx) and assessed the tissue response 1, 6 and 
12  weeks after injection [23]. One important finding 
of this study was that many, but not all, of the injected 
SiOx-coated nanowires had lost their structural integrity, 
i.e. both the GaP core and the SiOx coating were found 
to be degraded into fragments in vivo, within 12 weeks. 
The degraded nanowire fragments were found engulfed 
by macrophages/microglia in the injection tract [23], 
indicating that the nanowire material used could be frag-
mented or dissolved in the brain tissue but not cleared 
from the brain after 12 weeks.

However, it is unknown whether degradable nanowires 
will be completely removed from the injection site and 
eventually cleared from the brain over time. Importantly, 
it is also not known if degradable nanowires offer any 
advantage over non-degradable nanowires with regard to 
long-term inflammatory brain tissue response and neu-
ronal survival.

The purpose of the present study was thus to evaluate 
how degradable nanowires affect the long-term inflam-
matory brain tissue response and neuronal density and 
to compare with the effects of implanted non-degradable 
(i.e. biostable [24]) nanowires, which are known to persist 
in the brain for long periods of time [25]. Further aims 
were to investigate the possible persistence of nanowires 
or nanowire residues in the brain tissue after 1 year and 
to clarify which of the different brain cells, such as glial 
and neuronal cells engulf the nanowires or their residues.

To this end, we evaluated the brain tissue response to 
2  µm long degradable nanowires 1  year after injection. 
We compared the tissue response and neuronal sur-
vival in rat striatum after injections of degradable SiOx-
coated GaP nanowires (2  µm) to biostable, hafnium 
oxide (HfOx)-coated GaP nanowires (2  µm), dispersed 
in Hank’s balanced salt solution (HBSS). One year post 
injection, the neuronal loss and the inflammatory tissue 
response were evaluated by quantification of microglia/
macrophages, astrocytes, neuronal cell density, and total 
cell nuclei density, surrounding the nanowire injection 
site. The presence of nanowires and/or nanowire residues 
in cells and tissue was examined by detecting the scat-
tered laser light in a confocal microscope.

Methods
Nanowire growth and coating
Metal organic vapor phase epitaxy (MOVPE) (Aix 200/4, 
Aixtron, Germany) was used to grow GaP nanowires 
from 40  nm gold aerosol particles on (111)B GaP sub-
strates (Girmet Ltd, Moscow, Russia), as previously 
described [26]. The gold aerosol particles were randomly 
distributed at an average density of 1/µm2. The temper-
ature for nanowire growth was 470  °C. The nanowire 

growth was initiated by supplying trimethylgallium 
(Ga(CH3)3) in addition to phosphine (PH3). The growth 
time was adjusted in order to obtain a nanowire length 
of 2  μm. Precursor molar fractions were 4.3 ×  10−6 for 
Ga(CH3)3 and 8.5 × 10−2 for PH3. The hydrogen carrier 
gas flow was 6 L/min and the nanowire growth was con-
ducted under low pressure (10 kPa).

The GaP nanowires were coated with a 20  nm layer 
of SiOx using Atomic layer deposition (Fiji, Cambridge 
NanoTech Inc., USA). The nanowires were subsequently 
broken off from the substrate using ultra sonication and 
suspended in HBSS as vehicle solution to a final concen-
tration of 70,000 nanowires/µL.

The HfOx-coated nanowires were produced as 
described above except for the 20 nm HfOx atomic layer 
deposition, which was done using a Savannah-100 ALD 
system (Cambridge NanoTech Inc., USA), as published 
elsewhere [25].

Animals
Approvals for the animal experiments were obtained in 
advance from the Lund/Malmö local ethical committee 
on animal experiments (ethical permit number: M300-
10). Female Sprague–Dawley (SD) rats (Taconic, Den-
mark) were used. The rats were kept in a 12-h day-night 
cycle and received food and water ad  libitum. At the 
beginning of the experiment the rats weighed approxi-
mately 225  g and they followed a normal weight curve 
post surgery.

At the experimental start-point, 10 animals received 
striatal bilateral injections of 2  µm long degradable 
SiOx-coated nanowires suspended in HBSS [rats = 10, n 
(injections) = 20], for details see below. Two of the rats 
were killed before the predetermined 1  year end point 
of the experiment, in accordance with the ethical exclu-
sion criterion, since they developed age-related sponta-
neous tumors [25]. Furthermore, one rat was excluded 
since it did not meet our histological inclusion criteria. 
The results from the remaining seven rats (n = 14) were 
compared to data from our previously published study 
[25] where rats subjected to the same injection protocol, 
but injected with a suspension of 2 µm biostable HfOx-
coated nanowires (n = 11), were investigated. The reason 
to compare the results from the present study with those 
from an already published study was ethical, and done in 
order to minimize the number of animals subjected to 
surgery and subsequently kept for a whole year after the 
nanowire injections.

Surgery
The animals were anaesthetized by intraperitoneal (i.p.) 
injections of Fentanyl (0.3  mg/kg body weight) and 
Domitor vet (metedetomidin hydrochloride, 0.3  mg/
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kg body weight). The surgical area was shaved and the 
animal was positioned in a stereotactic frame (KOPF 
instruments, USA) under a stereomicroscope (Leica 
Microsystems, Germany). The scalp was disinfected 
using 70  % ethanol solution and local anaesthetic was 
administered, 0.25 % Marcaine (Bupivacaine, 0.33 mg/kg 
body weight) in sterile water. A 2 cm midline incision was 
made, connective tissue attached to the skull was care-
fully removed and blood was cleansed away. Under ste-
reotactic control bilateral craniotomies (approximately ø 
1 mm2) at 1.0 mm anterior and 2.5 mm lateral to bregma 
were drilled. Fine forceps were used to incise and deflect 
the dura mater, and stereotactic injections were made 
bilaterally using a 2  µL Hamilton syringe with a glass 
microcapillary (tip ø ~130 µm) attached. The HBSS sus-
pension with nanowires was injected into the striatum 
at two depths; 5  mm (1  µL) and an additional injection 
at 4 mm (1 µL), i.e. 2 µL/hemisphere over a total time of 
2 × 2 min.

The skin was closed with surgical clips. Before and 
after each session of nanowire injections, a drop of the 
nanowire suspension was ejected from the syringe onto 
a microscope slide and the presence of individually sus-
pended nanowires was confirmed using a Nikon eclipse 
80i microscope (Nikon, Japan).

After surgery, the animals were awakened under super-
vision. Subcutaneous injections of Temgesic (buprenor-
phine, 50  µg/kg body weight) were administered to 
reduce postoperative pain, as well as an antidote to the 
anaesthesia (Antisedan, atipamezole hydrochloride, 
0.5 mg/kg body weight).

Histology
The animals were killed by an i.p. overdose of pentobar-
bital 1  year post nanowire injection. The animals were 
transcardially perfused with  ~200  mL of ice-cold saline 
solution (sodium chloride 0.9  % in distilled water) fol-
lowed by  ~125  mL of ice-cold 4  % paraformaldehyde 
(PFA) in 0.1 M phosphate buffered saline (PBS) (pH 7.4). 
The brains were gently removed and following post-fix-
ation in 4  % PFA overnight (4  °C) they were cryo-pro-
tected in 25 % sucrose solution until equilibrated (4 °C). 

Cervical lymph nodes were also dissected and prepared 
for histology. The brains were snap frozen using dry ice 
and fixed to sectioning blocks using Tissue Tek optimal 
cutting temperature (O.C.T.) compound (Sakura Finetek, 
USA). Consecutive coronal sections were cut serially (6 
series) at 10 µm thickness onto Super Frost® plus slides 
(Menzel-Gläser, Germany) using a cryostat (Microm, 
Germany). The primary antibodies used to visualize acti-
vated microglia and macrophages [CD68 (ED1)], astro-
cytes [glial fibrillary acidic protein (GFAP)], and neuronal 
nuclei (NeuN) are summarized in Table  1. All stained 
sections were also counterstained using 4′,6-diamidino-
2-phenylindole (DAPI), which labels all cell nuclei. The 
tissue sections were hydrated and rinsed three times 
using PBS and as blocking solution, 5  % normal goat 
serum in 0.25  % Triton X-100 (Fluka/Sigma-Aldrich, 
Switzerland) in PBS, was used. Following incubation 
with blocking solution (1  h), the first series of sections 
was stained with ED1 and GFAP. The second series was 
stained with NeuN and additionally co-stained with 
GFAP in order to visualize the scar. The sections were 
incubated with primary antibodies (in blocking solution) 
at room temperature (RT) overnight. The following day, 
sections were rinsed in PBS (three times) and incubated 
with DAPI, goat anti-mouse IgG Alexa 488 and goat 
anti-rabbit IgG Alexa 594 (in blocking solution), in light 
sealed chambers, for 2  h at RT (Table  1). Subsequently, 
sections were rinsed three times with PBS and cover-
slipped using PVA-DABCO (polyvinyl alcohol, Fluka/
Sigma-Aldrich, Switzerland). For sections stained with 
NeuN (second series), an antigen retrieval protocol with 
a 10 mM sodium citrate buffer (0.05 % Tween 20, pH6) 
was performed, as previously described in Gällentoft 
et al. [25].

The cervical lymph nodes were sectioned and labeled 
with ED1 and DAPI according to the same protocol.

Image acquisition and analysis
A DS-Ri1 digital camera (Nikon, Japan) mounted on a 
Nikon eclipse 80i microscope (Nikon, Japan) with a 10× 
objective was used for image acquisition. The sections 
were screened for the scar using ED1- and GFAP-positive 

Table 1  List of primary antibodies, secondary antibodies and nucleic acid stain used in study

Name Characteristics Host Working dilution Source

ED1 (CD68) Activated microglia/macrophages Mouse 1:250 Cat. Nr. MCA341R, AbD Serotec, UK

GFAP Glial fibrillary acidic protein Rabbit 1:5000 Cat. Nr. Z0334, Dako, Denmark

NeuN Neuronal nuclei, neuronal marker Mouse 1:100 Cat. Nr. MAB377, Millipore, USA

Alexa Fluor 594 Goat anti-rabbit Goat 1:500 Cat. Nr. A11005, Invitrogen, USA

Alexa Fluor 488 Goat anti-mouse Goat 1:500 Cat. Nr. A11001, Invitrogen, USA

DAPI Nucleic acid stain (4′,6-diamidino-2-phenylindole) – 1:1000 Cat. Nr. D3571, Invitrogen, USA
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area. Where the scar was seen at its maximum, a pho-
tograph was taken of the fluorescence of the ED1- and 
GFAP-positive cells and cell nuclei (DAPI). These images 
were used for quantification of ED1, GFAP and DAPI. The 
adjacent brain sections in the second series were stained 
with the primary antibodies against NeuN and GFAP. 
These images were used for quantification of NeuN. A 
photograph of the fluorescence of GFAP-positive cells, 
NeuN-positive cells and cell nuclei (DAPI), was captured 
in the second series. The NIS-Elements 3.1 software 
(Nikon, Japan) was used for image capture and analysis. 
The quantification analysis was performed according to 
a previously described method [23, 25]. In short, a rec-
tangular shaped region of interest (ROI; total ROI area 
300 × 800 µm) was centred on the injection tract to evalu-
ate the tissue response. This area was divided into an inner 
ROI (100 × 800 µm) and an outer ROI (200 × 800 µm). 
The inner ROI was chosen to quantify the area 0–50 µm 
from the injection tract and the outer ROI to quantify the 
area 50–150 µm from the injection tract. The rationale to 
differentiate between these two regions is that neuronal 
activity can be recorded up to about 50 µm from an elec-
trode [27]. The outer ROI measures the possible wide-
spread tissue response radiating from the injection scar. 
The quantifications were carried out by measuring the 
proportion of immunoreactive area (for ED1 and GFAP) 
or by counting the number of cells (for NeuN and DAPI) 
within the total screened area, i.e. inner or outer ROI [23, 
25]. For ED1 and GFAP, intensity thresholds were set for 
each individual image and for each marker at a fixed mul-
tiplier of the mean background intensity. This was done in 
order to ensure that no unspecific staining was included 
in the area assigned as ED1 or GFAP-positive. Only the 
fraction of the area in the ROI above this set threshold 
was quantified. Intensity thresholds were set at 5.5 times 
the background intensity for ED1 immunofluorescence 
and at 4.5 times for GFAP immunofluorescence. Neu-
ronal nuclei density was quantified manually by counting 
the number of NeuN-positive cells (with a DAPI-positive 
nucleus) and cell nuclei density were quantified by count-
ing DAPI-positive nuclei (above ø 3 µm) within the ROIs.

In order to examine the presence (or absence) of 
nanowires in the tissue, we used confocal imaging. Con-
focal images of the scar were captured using a laser scan-
ning confocal microscope (Zeiss LSM 510, Germany) 
with a 63× oil-immersion objective (N.A. 1.4) and Zen 
software (Zeiss, Germany). Laser-reflection mode was 
used to visualize the nanowires within the sections. 
Image J was used for processing of the confocal images.

The cervical lymph nodes were scanned for presence 
of nanowires or residues of nanowires using confocal 
microscopy (scattered laser light mode).

Statistical analyses
SiOx-coated GaP nanowire injections, n = 14, were com-
pared to HfOx-coated GaP nanowire injections, n =  11 
(from a previous study [25]).

Mann–Whitney test was used for comparison of the 
two groups, P values  <0.05 (*) were considered signifi-
cant. Values within graphs are presented as median val-
ues with indication of the 25 and 75 percentiles and 
minimum and maximum values (boxplot). GraphPad 
Prism 6.0d software (GraphPad Software Inc., USA) was 
used to perform all analyses in the study.

The dataset supporting the conclusions of this article is 
included within the articles additional file (see Additional 
file 1).

Results
To determine the impact of degradable vs. biostable 
nanowire exposure on the brain tissue response, we 
injected 2 µm long SiOx-coated GaP nanowires into rat 
striatum. This was compared to the tissue response after 
injection of HfOx-coated 2 µm GaP nanowires. The dif-
ferent immunohistochemical markers were quantified 
in an inner and an outer ROI surrounding the injection 
tract, 1 year post nanowire injection.

Brain tissue response towards degradable vs. 
biostable nanowires after 1 year (inner ROI)
One-year post injection no significant differences were 
found for any of the markers examined, when compar-
ing the inner ROI (0–50  µm), in the two experimental 
groups. Boxplot graphs of the quantification in the inner 
ROI (a–d) and representative immunofluorescent images 
(e–f) are shown in Fig. 1.

For ED1, the median percentage of fluorescent area 
around the injection track of the SiOx-coated nanowires 
was 0.77  % (25 and 75  percentiles were 0.46 and 1.2  %, 
respectively), and 1.1 % (25 and 75 percentiles were 0.26 
and 1.5  %, respectively) for the HfOx-coated nanowires 
(Fig. 1a).

The median percentage of GFAP-fluorescent brain area 
for animals injected with SiOx-coated nanowires was 
15  % (25 and 75 percentiles were 12 and 27  %, respec-
tively), and 12  % (25 and 75 percentiles were 7.7 and 
20 %, respectively) for animals injected with HfOx-coated 
nanowires (Fig. 1b).

The median neuronal nuclei density, i.e. the num-
ber of neuronal nuclei (NeuN) per unit area in the 
inner ROI, was 8.0 ×  10−4 µm−2 (25 and 75 percentiles 
were 6.4 × 10−4   and 8.9 × 10−4 µm−2, respectively) for 
SiOx-coated nanowires and 7.5  ×  10−4  µm−2 (25 and 
75  percentiles were 5.9  ×  10−4 and 8.3  ×  10−4  µm−2, 
respectively) for HfOx-coated nanowires (Fig. 1c).
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Fig. 1  Inflammatory tissue response, cell nuclei and neuronal density (inner ROI). Quantification in the inner ROI (0–50 μm) of ED1-positive area 
(a), GFAP-positive area (b), NeuN density (c), and cell nuclei density (d) at 1 year for HfOx-coated GaP nanowires (biostable) and SiOx-coated GaP 
nanowires (degradable). The boxes correspond to median values with indication of the 25 and 75 percentiles, and the whiskers show the minimum 
and maximum values. Mann–Whitney test was used. Representative fluorescent images of the tissue response 1 year post injection of e 2 μm long 
HfOx-coated nanowires (biostable) and f 2 µm long SiOx-coated GaP nanowires (degradable). ED1-positive cells (green), GFAP-positive cells (red) 
and cell nuclei (blue). Scale bar 100 μm
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The total cell nuclei density (DAPI), i.e. the num-
ber of cell nuclei per unit area in the inner ROI was 
2.9 × 10−3 µm−2 (25 and 75 percentiles were 2.7 × 10−3 
and 3.1  ×  10−3  µm−2, respectively) for SiOx-coated 
nanowires and 3.0 ×  10−3  µm−2 (25 and 75  percentiles 
were 2.6 × 10−3 and 3.4 × 10−3, respectively) for HfOx-
coated nanowires (Fig. 1d).

Tissue response towards degradable vs. biostable 
nanowires at 1 year (outer ROI)
One year after injection no significant differences were 
found, for any of the markers used, when comparing the 
outer ROIs (50–150 µm) of the two experimental groups. 
Boxplot graphs of the quantification in the outer ROI 
(a–d) and representative immunofluorescent images 
(e–f) are shown in Fig. 2.

For ED1 the median percentage of fluorescent area, 
in the outer ROI, was 0.069  % (25 and 75  percentiles 
were 0.022 and 0.11  %, respectively) for SiOx-coated 
nanowires and 0.098 (25 and 75  percentiles were 0.058 
and 0.12  %, respectively) for HfOx-coated nanowires 
(Fig. 2a).

The median percentage of GFAP-fluorescent area was 
3.4 % (25 and 75 percentiles were 2.4 and 4.9 %, respec-
tively) for SiOx-coated nanowires and 3.9  % (25 and 
75 percentiles were 1.2 and 5.9 %, respectively) for HfOx-
coated nanowires (Fig. 2b).

The median neuronal nuclei density (NeuN) in the 
outer ROI, i.e. the number of neuronal nuclei per unit 
area was 1.3 ×  10−3  µm−2 (25 and 75  percentiles were 
1.2  ×  10−3 and 1.4  ×  10−3  µm−2, respectively) for 
SiOx-coated nanowires and 1.3  ×  10−3  µm−2 (25 and 
75  percentiles were 1.1  ×  10−3 and 1.5  ×  10−3  µm−2, 
respectively) for HfOx-coated nanowires (Fig. 2c).

The median nuclei density (DAPI) in the outer 
ROI, i.e. the number of cell nuclei per unit area, was 
2.7 × 10−3 µm−2 (25 and 75 percentiles were 2.5 × 10−3 
and 2.8  ×  10−3  µm−2, respectively) for SiOx-coated 
nanowires, and 2.7 ×  10−3 µm−2 (25 and 75 percentiles 
were 2.2 ×  10−3 and 3.1 ×  10−3 µm−2, respectively) for 
HfOx-coated nanowires (Fig. 2d).

Confocal examination of the tissue response 
towards SiOx‑coated (degradable) vs. HfOx‑coated 
(biostable) nanowires at 1 year
Using confocal microscopy (scattered laser light), we 
found that residual nanowire material from the SiOx-
coated GaP nanowires (and occasionally apparently 
intact nanowires) as well as intact HfOx-coated GaP 
nanowires engulfed by ED1-positive cells persisted in 
the tissue (Fig.  3). We could not detect any nanowires 
or nanowire residues in any other cell types investigated 
(neuronal cells or astrocytes).

Intact HfOx-coated nanowires were found in ED1-
positive cells, both in larger cell aggregates as well as 
in smaller ED1-positive cells (ø 5–10  µm) (Fig.  3a–e). 
For the degradable SiOx-coated nanowires (Fig.  3f–j), 
residues from nanowires were also detected inside ED1-
positive cells. However, these residues were primarily 
seen in aggregated hypertrophic ED1-positive cells (ø 
approximately ≥15  µm), possibly macrophages/micro-
glial cells that have fused to form multinucleated giant 
cells. SiOx-coated nanowires with an apparently intact 
shape were also found in the tissue, although, to a lesser 
extent, and primarily in single, smaller ED1-positive cells 
(ø 5–10  µm). These images also suggest that less mate-
rial remains at or in the vicinity of the injection site for 
the group receiving degradable SiOx-coated GaP nanow-
ires compared to HfOx-coated nanowires (Fig.  3a–j). 
Figure  4 shows merged close up laser scanning confo-
cal microscopy images of ED1-positive cells containing 
intact HfOx-coated nanowires (Fig. 4a) or residues from 
degraded SiOx-coated nanowires (Fig.  4b). The nanow-
ires are visualized in white inside microglia/macrophages 
using scattered laser light mode.

No nanowires or residues of nanowires were found in 
any of the cervical lymph nodes investigated.

Discussion
In this nanosafety study, we evaluated for the first time 
the long-term (corresponding to half the life time of the 
animal) impact of degradable nanowires on rat brain tis-
sue and compared to that of non-degradable nanowires. 
That both the core and the coating of the SiOx-coated 
GaP nanowires are degraded into fragments were con-
firmed using confocal microscopy images (Figs.  3, 4). 
Despite the difference in biostability between SiOx and 
HfOx coated GaP nanowires, the tissue response and 
neuronal density were not significantly different. More-
over, both residues from degradable nanowires and intact 
biostable nanowires remain engulfed in the microglia/
macrophages in the brain tissue 1  year post injection, 
indicating that clearance of nanoparticles from the brain 
is a very slow process.

The core material of the nanowires used in this study is 
GaP. GaP is a semiconductor and like many semiconduc-
tors, GaP has been shown to be susceptible to corrosion 
and degradation, a process that leads to a release of Ga 
ions [28]. We have previously evaluated the in  vivo soft 
tissue inflammatory response after implantation of GaP 
discs into the abdominal wall of rats [29]. In that study 
an increase of ED1-positive cells after GaP disc implan-
tation was found both in the reactive capsule and at the 
disc/tissue interface, possibly reflecting an increased 
local concentration of toxic Ga ions. In the same study, 
we also found elevated levels of Ga accumulated in blood, 
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Fig. 2  Inflammatory tissue response, cell nuclei and neuronal density (outer ROI). Quantification in the outer ROI (50–150 μm) of ED1-positive area 
(a), GFAP-positive area (b), NeuN density (c), and cell nuclei density (d) at 1 year for HfOx-coated GaP nanowires (biostable) and SiOx-coated GaP 
nanowires in vehicle solution (biostable). The boxes correspond to median values with indication of the 25 and 75 percentiles, and the whiskers 
show the minimum and maximum values. Mann–Whitney test was used. Representative fluorescent images of the tissue response 1 year post 
injection of e 2 μm long HfOx-coated nanowires (biostable) and f 2 µm long SiOx-coated GaP nanowires (degradable). Neuronal nuclei (green), 
GFAP-positive cells (red) and cell nuclei (blue). Scale bar 100 μm
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the inflammatory in vivo milieu both inside and outside 
of activated monocytes/microglia) at 37  °C [29]. These 
results have been confirmed by Richards et al. [28] using 
GaP wafers. Taken together, these results demonstrate 
that the GaP core of the nanowires used in this study 
degrades both in vitro and in vivo.

In another study we could not detect any sub-acute or 
neurotoxic effect for the degradable GaP nanowires in 
the brain 12 weeks after nanowire injection [23]. Further-
more, no gallium was detected in other tissues investi-
gated (blood, kidney and liver) using inductively coupled 
plasma sector field mass spectrometry (ICP-SFMS). This 
raised the question whether a possible continuous release 
of gallium from the nanowires locally in the brain could 
result in neurotoxicity when the exposure spans over 
a longer time period. Notably, in the present long-term 
study, we found no difference in the inflammatory tissue 
response (i.e. in ED1- or GFAP-positive cell area), in total 
cell nuclei density or neuronal nuclei density between the 
degradable and the biostable nanowire group 1 year post 
injection. Furthermore, we have previously shown that 
the brain tissue response seen 1 year after an injection of 
short biostable GaP nanowires is comparable to the brain 
tissue response seen after vehicle (HBSS only) injection 
[25]. Taken together, the degradable material does not 
result in any detectable neurotoxicity 1  year post injec-
tion. Note, however, that the amount of Ga introduced in 
the brain, in our degradable nanowire safety studies, are 
too low for measuring the amount of released Ga in the 
brain tissue using spectrographic methods (ICP-SFMS), 
as in Linsmeier et al. [29].

Feliu and colleagues [30], discuss if a biological envi-
ronment may impose hostile conditions to nanoparticles, 
and addresses the question whether inorganic nanopar-
ticles can be designed to be degradable in a controlled 
manner followed by clearance from the body via renal 
excretion. We have previously shown that GaP nanowires 
coated with 20 nm of SiOx were partially degraded after 
6 and 12 weeks and that residues were found engulfed by 
microglia [23]. Furthermore, Hwang et  al. [31], demon-
strated that silicon-based electronics could be dissolved 

Fig. 3  Confocal images 1 year post nanowire injection. Representa-
tive laser scanning confocal microscopy images of the scar area 
after injection of 2 μm long HfOx-coated (a–e) and SiOx-coated GaP 
(f–j) nanowires 1 year post injection. The intact HfOx-coated and 
fragmented SiOx-coated GaP nanowires are visualized in white using 
scattered laser light mode. The images demonstrate the difference in 
nanowire cell load and degradability of the two types of nanowires 
studied. Note also the few rod-shaped SiOx-coated nanowires found 
in single, small ED1-positive cells (arrows). ED1-positive cells (green), 
GFAP-positive cells (red), cell nuclei (blue) and nanowires (white, scat-
tered laser light). Scale bar 20 μm

◂

brain, liver and kidneys 12 weeks post implantation, con-
firming loss of Ga from the implanted GaP discs [29]. 
GaP is also dissolving in pure physiological saline as well 
as in hydrogen peroxide (H2O2, 0.1, 1, 10  %) (to mimic 
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under physiological conditions. These material dissolving 
properties are further demonstrated by Peled et al. [32], 
who reported a dissolution rate of ca. 2.15  nm/day for 
bare SiOx nanowires (20 nm in diameter) when exposed 
to PBS (37  °C) leading to non-continuous, segmented, 
nanowire structures after approximately 7–10  days of 
exposure. Similar dissolution rates was presented by 
Zhou et  al. [33], who showed that the SiOx nanowires 
(30  nm in diameter) exhibited dissolution after about 
10 days when exposed to PBS or Neurobasal neuron cell 
culture media (ThermoFisher Scientific, USA) which is a 
closer analog (than PBS) to an in vivo milieu. These stud-
ies further confirm that the GaP nanowire core as well as 
the SiOx-coating degrades and fragmentizes over time, 
thus, it might be expected that the SiOx-coated GaP 
nanowires would be completely dissolved in  vivo after 
1 year. We therefore hypothesized that the nanowire resi-
dues would be fully dissolved and cleared from the brain 
tissue after 1 year. However, the present data shows that 
nanowire residues and occasionally intact nanowires per-
sist in the brain, even after 1 year, suggesting that nano-
particle clearance from the brain, if it is taking place, is 
a very slow process. Indeed, we were not able to detect 
any nanowires or nanowire residue in the cervical lymph 
nodes, which is a known destination for emigrating 
monocytes [34]. This suggests that there is a very small or 
non-existing migration of microglia/monocytes loaded 
with degraded or intact nanowires to these lymph nodes, 
supporting the idea that nanoparticles in the brain might 
be eliminated in an extremely slow manner.

Our results could be compared to previous reports 
showing that nanoparticles can accumulate in the 

brain. For instance, Lee et al. [35], found that small col-
loidal silver (10 and 25 nm) nanoparticles remain in the 
brain tissue 4 months after oral delivery. Furthermore, 
van der Zande et  al. [36], found that polyvinylpyrro-
lidone-coated silver nanoparticles were not cleared 
from the brain, 84  days post-oral delivery. Kreyling 
et  al. [37], injected radiolabeled polymer-coated gold 
nanoparticles in the tail vein of rats and were able to 
measure radioactivity from both the core and shell in 
the brain already after 1 h. This might suggest that cer-
tain nanoparticles can pass the blood brain barrier into 
the brain and accumulate in the brain since the elimi-
nation of the nanoparticles appears to be a more com-
plex process.

When using confocal microscopy to compare acti-
vated microglial cells in the injection tract, we found a 
clear difference in microglial cell load comparing the two 
nanowire groups (Fig. 3). This suggests that some of the 
degraded material from the SiOx-coated nanowires have 
indeed been cleared from the injection tract or that the 
residue from the nanowires are degraded into very fine 
fragments, which might not be visualized using confo-
cal microscopy, since smaller debris scatter the light to 
a lesser degree. While there is an apparent difference 
in microglia load, there is as mentioned above, no sig-
nificant difference in the proportion of ED1-positive 
cell area when comparing the degradable and biostable 
nanowire groups. It may be speculated that degraded 
fragments or particles, due to their larger surface area 
as compared to biostable nanowires, provided an about 
equal effective stimulus to the microglia cells as that of 
biostable nanowires.

Fig. 4  Close-up confocal images. Merged close-up of laser scanning confocal microscopy images showing ED1-positive cells in the scar area after 
injection of 2 μm long HfOx-coated (a) and SiOx-coated GaP (b) nanowires 1 year post injection. The images show internalization of intact HfOx-
coated and degraded SiOx-coated GaP nanowires in microglia/macrophages. ED1-positive cells (green), GFAP-positive cells (red), cell nuclei (blue) 
and nanowires (white, scattered laser light). Scale bar 5 µm
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The degradable nanowires or residues from the degra-
dable nanowires were found only engulfed by ED1-
positive cells and were not found inside neurons or 
astrocytes. Interestingly, we found two phenotypes of 
activated ED1-positive microglia cells. One phenotype 
was the hypertrophic ED1-positive cells (ø approximately 
≥15  µm) that contained a load of residues from the 
degradable nanowires or of intact biostable nanowires. 
These hypertrophic cells were most often found in cell 
aggregations, possibly multinucleated giant cells. Occa-
sionally, intact biodegradable nanowires were detected 
in activated single, smaller sized ED1-positive cells (ø 
5–10 µm). It is possible, that the presence of nanowires 
in the brain tissue can give rise to formation of multinu-
cleated giant cells. These are highly activated cells, which 
produce large amounts of reactive oxygen species [38]. It 
might then be hypothesized that some of the ED1-posi-
tive cells, which engulf nanowires, fuse to become giant 
cells, which then might accelerate the breakdown of the 
degradable nanowires into fragments/residues. Hence, 
the finding that the SiOx-coated nanowires in the single, 
smaller ED1-positive cells appear to contain more intact 
nanowires as compared to the large ED1-positive cells 
or the aggregates of ED1-positive cells is consistent with 
this hypothesis.

In conclusion, we found engulfed intact nanowires 
and nanowire residues inside ED1-positive cells only. No 
obvious bio-safety issues or neurotoxicity were observed 
after injection of degradable 2  µm long GaP nanowires 
into rat striatum. Degradable nanowires with appar-
ently intact shape were rarely found in the brain. When 
degraded, both the coating and the core of the degradable 
nanowires were fragmented and the remnants were not 
cleared from the brain even 1 year post nanowire injec-
tion. We observed no advantage or disadvantage of using 
degradable nanowires as compared to biostable nanow-
ires in this long-term nanosafety study. It is important 
to mention that we can not exclude that other types of 
degradable materials could offer an advantage over bio-
stable nanobiomaterials in other experimental setups. 
However, we found that dissolution and removal of inor-
ganic material from the brain are very slow processes; 
these are very interesting findings which prompt for fur-
ther studies.
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Chronically implanted neural implants are of clinical importance. However, currently used
electrodes have several drawbacks. Some weeks after implantation in the brain, a glial scar forms
around the electrode, causing decreased electrode functionality. Nanostructures, and in particular
nanowires, are good candidates to overcome these drawbacks and reduce glial scar formation. Using
a mechanically compliant substrate with protruding nanowires could further decrease the glial scar
formation by reducing the mechanical mismatch between the tissue and the electrode. However,
flexible substrates require strengthening upon brain implantation. One solution consists of
embedding the implant in a gelatin-based matrix, which is resorbable. In the case where
nanostructures are present at the surface of the implant, it is crucial that the embedding matrix also
preserves the nanostructures, which can be challenging considering the forces involved during the
drying phase of gelatin. Here, the authors show that freestanding gallium phosphide nanowires
coated with hafnium oxide �HfO2�, titanium �Ti�, and gold �Au� were preserved in a gelatin-glycerol
embedding matrix with subsequent implantation in 1% agar, which is a model for brain
implantation. © 2010 American Vacuum Society. �DOI: 10.1116/1.3498764�

I. INTRODUCTION

Chronically implanted neural electrodes are used as
therapy for various neurological and neuropsychiatric
disorders.1–3 However, some of the currently used electrodes
have several drawbacks, such as low spatial resolution, large
dimensions, high rigidity, and poor biocompatibility. The lat-
ter three contribute to a foreign body response, which results
in the activation and hypertrophy of microglia and astrocytes
and in decreased neuron viability, eventually creating a glial
scar around the electrodes. The glial scar “encapsulates” the
implant and may thereby increase the distance between the
electrode and the neurons, resulting in increased impedance,
which contributes to the decreased functionality that most
electrodes show over time.4,5 The use of nanoscaled elec-
trodes holds promise for overcoming most of these draw-
backs. Nanostructures improve the electrode properties by
increasing the surface/volume ratio. Their small size opens
up the possibility to stimulate or record from a specific site
of interest. Nanostructures are also believed to mimic the
extracellular matrix in a more efficient way than flat surfaces,
thereby reducing scar tissue formation.6 This results in im-
proved electrode electrical properties and spatial resolution
as well as decreased tissue response.5,7,8 Nanowires have
been successfully interfaced with biological cells and tissue

in recent years.9–14 In previous works, we showed that neu-
rons could thrive on gallium phosphide �GaP� nanowire sub-
strates, even when penetrated by the nanowires.10 We
showed that neurons formed focal adhesions at the nanowire
site.15 We also showed that nanowires in suspension, im-
planted in the brain, show no subacute or chronic toxicity.16

Our previous results show that nanowires are an excellent
candidate for designing electrodes for brain implantation.
The nanowire based electrodes under development in our
laboratory will consist of freestanding GaP nanowires coated
with HfO2, Ti, and Au and will be standing on a very thin
substrate ��30 �m�. While fabricating such thin electrode
shaft remains a challenge, we can already foresee that we
will not be able to directly implant the electrodes due to their
small buckling force. Indeed, upon implantation in the brain,
the electrodes need to be unbendable to enable precise posi-
tioning in the brain. Several solutions to insert flexible elec-
trodes have been reported; however, most are complicated
and require either some special equipment, an incision in the
brain prior to implantation, or some special electrodes.4,17,18

Recently, we found that needles made of pure gelatin can be
inserted into the brain and proposed that such gelatin needles
can be used as a conduit for implanting highly flexible struc-
tures into soft tissue.19–21 Gelatin is a mixture of proteins
derived from collagen by means of hydrolysis.22,23 It has a
widespread usage, from the food industry and pharmaceuti-
cal industry to vascular and nerve regeneration grafts.22,24–26

a�Author to whom correspondence should be addressed; electronic mail:
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Gelatin dissolves in aqueous solutions and forms a gel at
temperatures below 34 °C27 in a reversible process. More-
over, gelatin embedding has been shown to reduce tissue
reactions to the implant, possibly due to the hemostatic prop-
erties of gelatin and also due to the fact that the surface of
gelatin becomes very slippery when wetted, thus reducing
the injury of the tissue during the implantation procedure.19

Here, we propose a simple solution for embedding nanoelec-
trodes in a stiff, resorbable gelatin-based material to provide
mechanical support during implantation and compliance
once implanted. We show that using only gelatin destroyed
the nanowires, while adding glycerol to the gelatin solution
preserved most nanowires. The embedded nanowire sub-
strates could sustain implantation in agar.

II. MATERIALS AND METHODS

A. Epitaxial growth of nanowires

Nanowires were grown using metal organic vapor phase
epitaxy �AIX200/4, Aixtron AG� from gold nanoparticle
seeds on �111�B GaP substrates, as described earlier.10,28 The
nanowires were 4–5 �m long and had a diameter of 60–80
nm, which was determined by the size of the gold seeds. The
density of nanowire on the surface was 1 /�m2. After the
nanowire growth, the substrates were coated with a 50 nm
layer of HfO2 using atomic layer deposition �Savannah-100,
Cambridge NanoTech� and were subsequently coated with
15 nm Ti and 75 nm Au in a magnetron sputtering system
�Orion 5, AJA International�, which resulted in additional
3–5 nm Ti and 20–25 nm Au layers on the nanowire walls.
The final nanowire diameter was estimated to be between
200 and 240 nm.

B. Nanowire substrate embedment

Gelatin from porcine skin type A ��300 Bloom� �Sigma
Aldrich� was dissolved in de-ionized water at a concentration
of 50 mg/ml �5%� or 100 mg/ml �10%�, heated up to 70 °C,
and subsequently cooled down to 50 °C. When needed,
glycerol was added to the 100 mg/ml gelatin solution at a
concentration of 100/40 gelatin/glycerol �w/w� or 100/60
gelatin/glycerol �w/w� and left for 20 min at 50 °C. The
electrodes were dip-coated in the gelatin or gelatin/glycerol
solution and dried horizontally at room temperature over-
night. When needed, the embedding matrix was removed
from the nanowire substrates by soaking the substrates in
water at 50 °C for 90 min.

C. Brain model insertion

A 1% agar solution was made and heated up to 80–90 °C
for 15 min and was allowed to cool down at room tempera-
ture. The embedded nanowire substrates were inserted in the
agar gel and immediately retracted using a micromanipulator
�Kopf Instruments� at 25 �m /s. Agar gels are widely used
models for mimicking the mechanical properties of the brain.

D. Analysis

Analysis was done using scanning electron microscopy
�SEM� �microscope JSM 6400F, SEM Leo 1560, or FEI
Nova NanoLab 600� at 10 or 20 kV, with stage tilted at 20°
unless otherwise noted. Combined focused ion beam and
SEM �FIB-SEM� �FEI Nova Nanolab 600� was used to mill
and image cross-sections of the samples. Images were taken
using the electron beam. Milling through the samples was
performed, using the ion beam at a typical current of 7 nA on
the gelatin surface onto which tungsten was deposited using
the gas injection system.

The percentage of broken/bent nanowires was estimated
by counting the number of nanowires, which had a horizon-
tal projection of 1.5 �m or more on SEM images taken with
no stage tilt. On a non-tilted stage, the nanowires that are not
affected by the embedding/insertion process remain vertical
and are pointlike on the images, while a 1.5 �m length cor-
responds to a bending of 20°. For each sample, a total area of
6645 �m2 was imaged in the middle of the sample and the
broken/bent nanowires were quantified using a cell counter
plugin in the IMAGE J software.

III. RESULTS AND DISCUSSION

Figure 1 shows a nanowire substrate embedded in 5%
gelatin �A� before and �B� after washing the gelatin away.
The texture of the gelatin shows a spongy aspect. Figure
1�B� shows the nanowires after the gelatin removal. The
nanowires are either bent, broken, or agglomerated with the
same spongy pattern that was present in the gelatin layer.
This is due to the internal forces during the drying process,
caused by stress in the cross-links. A nanowire substrate was
washed according to the gelatin removal process and the
nanowires remained vertical, showing that the gelatin is re-
sponsible for the nanowire damage and not the washing step.
Therefore, the internal forces in the gelatin need to be re-
duced in order to preserve the nanowires after embedding.
There are various ways of altering the physical properties of
gelatin, though a reproducible way is to add a plasticizer.
Plasticizing the gelatin could reduce the internal forces, since
it affects the amount of water present in the gel upon drying.
One of the most used biocompatible plasticizers is
glycerol.29 Glycerol is thought to reduce interactions be-
tween the collagen chains, thereby increasing the gel flexibil-
ity and increasing the water content in the gel.30 It is there-

FIG. 1. SEM images of a nanowire substrate embedded in a 5% gelatin
solution �A� before and �B� after gelatin removal. The nanowires are bent,
broken, or agglomerated due to the forces generated during the gelatin dry-
ing step. Scale bars: 10 �m.
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fore a matter of finding the correct proportion of gelatin/
glycerol in order to have an embedding material soft enough
to preserve the nanowires and stiff enough to be implanted in
the brain. Figure 2 shows SEM images of nanowire sub-
strates after the embedding matrix removal: �A� control
�washed�, �B� nanowire substrate embedded in 100/40
gelatin/glycerol, �C� nanowire substrate embedded in 100/60
gelatin/glycerol, and �D� nanowire substrate embedded in
100/60 gelatin/glycerol and inserted in agar. After embed-

ding the nanowire electrodes in a 100/40 gelatin/glycerol
�w/w� solution, 18% of the nanowires were bent or broken.
Control surfaces showed 5% of broken/bent nanowires. Fur-
ther increasing the concentration of glycerol to 100/60
gelatin/glycerol led to only 8.5% of the nanowire being
broken/bent, which is acceptable. A 100/60 gelatin/glycerol
embedded nanowire substrate was dipped in agar and
showed 13% of broken/bent nanowires after gelatin/glycerol
removal. Therefore, a 100/60 gelatin/glycerol solution seems
to be appropriate for brain insertion, since the embedding
process preserved 96% of the nanowires and 95% of the
remaining nanowires were subsequently protected during the
implantation in agar. This shows that the plasticized gelatin
is flexible enough to preserve the nanowires and strong
enough to protect them upon implantation.

Figure 3 shows a cross-section view of the nanowires em-
bedded �A� in 10% gelatin and �B� in 100/60 gelatin/glycerol
�w/w�. Nanowires can be seen standing on the substrates.
The layer of gelatin on top of the nanowires in �A� is 8 �m
thick, while the layer of gelatin/glycerol in �B� is 20 �m
thick. In Fig. 3�A�, air bubbles can be seen trapped in the
10% gelatin layer, which is not the case for the gelatin/
glycerol coated sample. Trapped air bubbles in the high vis-
cosity 10% gelatin matrix could be an additional possible
explanation for the higher rate of bent nanowires in 10%
gelatin compared to 100/60 gelatin/glycerol.

IV. CONCLUSION

We showed that implanting mechanically compliant nano-
wire substrates embedded in a temporary protective and stiff-
ening layer of gelatin/glycerol is feasible and would leave
the nanowires intact. Ninety six percent of the nanowires
could withstand coating with 100/60 gelatin/glycerol and
95% of those 96% survived subsequent insertion in agar,
which models the mechanical properties of brain tissue. This
method proved to protect the nanowire structures and pro-
vided sufficient strength for brain implantation. The fact that
the matrix is resorbable will make it possible to have very
flexible electrodes once implanted in the brain, and, if com-
bined with the presence of nanowires on the implant, this
could lead to future electrodes with unprecedented biocom-
patibility and endurance. This method can also be imple-
mented in a wide range of applications, whenever a stiffen-

FIG. 2. SEM images of nanowires after gelatin/glycerol matrix removal: �A�
control: nanowire substrate rinsed in water at 50 °C and dried, �B� nano-
wires embedded in a 100/40 gelatin/glycerol �w/w� gel, �C� nanowires em-
bedded in 100/60 gelatin/glycerol, and �D� nanowires embedded in 100/60
gelatin/glycerol and inserted in 1% agar. Scale bars: 10 �m.

FIG. 3. SEM image of a cross-section of a nanowire substrate embedded in
�A� 10% gelatin and �B� 100/60 gelatin/glycerol �w/w�. The milling was
done using FIB. The stage was tilted at 52°.
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ing and protective matrix is required for inserting a
nanofabricated structure in a biological body.
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Abstract

Chronically implanted microelectrodes are an invaluable tool for neuroscientific research, allowing long term recordings in
awake and behaving animals. It is known that all such electrodes will evoke a tissue reaction affected by its’ size, shape,
surface structure, fixation mode and implantation method. However, the possible correlation between tissue reactions and
the number of implanted electrodes is not clear. We implanted multiple wire bundles into the brain of rats and studied the
correlation between the astrocytic and microglial reaction and the positioning of the electrode in relation to surrounding
electrodes. We found that an electrode implanted in the middle of a row of implants is surrounded by a significantly smaller
astrocytic scar than single ones. This possible interaction was only seen between implants within the same hemisphere, no
interaction with the contralateral hemisphere was found. More importantly, we found no aggravation of tissue reactions as
a result of a larger number of implants. These results highlight the possibility of implanting multiple electrodes without
aggravating the glial scar surrounding each implant.
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Introduction

Multielectrode arrays, such as chronically implanted electrodes

for stimulation or recording within the central nervous system

(CNS), show great promise as research tools and diagnostic and

therapeutic devices in years to come [1,2,3]. To achieve this,

multiple multielectrode arrays have to be functional inside the

CNS for years or decades without causing significant damage to

the surrounding tissue. However, all types of electrodes available

today show deteriorating recording capabilities over time [4,5,6].

This is suggested to be, at least partly, due to the tissue reactions

surrounding the electrodes that over time will increase the

impedance of the electrodes. This may ultimately insulate the

recording surfaces and thus prevent recording of electrical signals

or forcing stimulation parameters to be altered [7,8,9,10,11]. The

tissue reactions surrounding different types of neural implants have

been extensively studied with regards to size [12,13], shape

[10,14,15,16], surface structure and material [17,18,19,20],

fixation mode [13,21] and implantation method [14,22]. Howev-

er, to the best of our knowledge, interactions between the tissue

reactions to multiple electrodes implanted in the brain have not

been studied. This is a key question to be answered since the

potential additive effect of multiple glial scars could affect both the

quality of recordings from implanted electrodes and the validity of

the neural signals recorded.

The aim of this study was to evaluate the effect of the number of

implants on the glial scar, defined in this study as the accumulation

of reactive astrocytes and activated microglia, surrounding each

single implant. Two different aspects of this problem were

investigated. First, we examined whether the tissue reaction to

an electrode was affected by implantation of other electrodes in its

close vicinity, i.e. if glial scars interact within a hemisphere.

Second, we examined whether the tissue reactions to an electrode

is affected by the presence of contralateral implants, i.e. if glial

scars interact between hemispheres. We chose to focus on the

astrocytic and microglial reactions, which are main components of

the glial scar, and the most commonly investigated

[4,10,12,13,15,20,21,23,24,25]. The astrocytic reaction is moni-

tored by measuring immunoreactivity to GFAP, an intermediate

filament protein expressed in all astrocytes but highly up regulated

in reactive astrocytes in response to an injury. The astrocytes are

also the constituent of the glia limitans layer surrounding implanted

materials which delimit the normal neural tissue from the

damaged tissue and implanted materials. To monitor the

microglial reaction we measure immunoreactivity to ED1,

a cellular surface protein expressed exclusively on cells of

monocytic lineage, in the brain primarily microglial cells, when

activated by an injury. These cells are mainly responsible for

phagocytosis of damaged tissue and foreign material and are thus

a good measure of the damage caused by an implant. In addition,

activation of these glial components has been claimed to correlate

with alterations in impedance of implanted electrodes [9,11].

After six weeks, the astrocytic scar surrounding the middle out

of five implants was significantly smaller compared to the single

contralateral implant, suggesting that an intrahemispheric in-

teraction might be taking place, reducing the astrocytic response

around the central implant. However, we did not find any

evidence of interactions between hemispheres. Furthermore, we

did not find any difference between microglial reactions in the

different groups. Most importantly however, the large number of

implants did not seem to aggravate the reaction to any of the
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implants, indicating a possibility of implanting multiple electrodes

at diverse locations in the brain.

Methods

Animals, Anaesthesia and Ethics Statement
All procedures in this study were approved in advance by the

Malmö/Lund Animal Ethics Committee on Animal Experiments.

Implantations were made in female Sprague-Dawley rats (n = 23)

(Taconic, Denmark), weighing 200–250 g. Animal handling and

anaesthetic procedures are described elsewhere [26]. In brief,

animals were anaesthetized with intraperitoneal injections of

fentanyl (0.3 mg/kg body weight) and Domitor vet (medetomidin

hydrochloride, 0.3 mg/kg body weight). After surgery, the animals

received subcutaneous injections of an antidote to the anaesthesia

(Antisedan, atipamezole hydrochloride, 0.5 mg/kg body weight) as

well as Temgesic (buprenorphine, 50 mg/kg body weight) to

reduce postoperative pain.

Implants
The implants in this study were identical to the gelatine

embedded wire bundles used in a previous study in our laboratory

[25]. Implants consist of a wire bundle of 32 tungsten wires with

a diameter of 7.5 mm and an insulation layer of 3 mm
polyimide,moulded into a gelatine needle (gelatine type B, VWR

BDH, Sweden) resulting in a final diameter of 300 mm. The

gelatine is intended to give stability to the highly flexible wires

while penetrating the meninges. It dissolves during, or soon after,

implantation leaving only the wire bundle in place in the cortex.

The wire bundle have an approximate diameter of 180 mm.

Animals were kept for one or six weeks and were divided into the

following experimental groups; 1) killed after one week, implanted

with five wire bundles in the left hemisphere with 1 mm between

each bundle, and one wire bundle in the right hemisphere (n = 6);

2) killed after one week, implanted with one wire bundle in the left

hemisphere, and no implant in the right hemisphere (n = 6); 3)

killed after six weeks, implanted with five wire bundles in the left

hemisphere, with 1 mm between each bundle, and one wire

bundle in the right hemisphere (n = 6); 4) killed after six weeks,

implanted with one wire bundle in the left hemisphere, and no

implants in the right hemisphere (n = 5). A schematic overview of

the groups is presented in Figure 1.

Surgery and Implantation Procedure
The animal was attached to a stereotactic frame (KOPF

instruments, USA) under anaesthesia prior to surgical procedures.

Small craniotomies (1 mm2) were made at the single bundle

implantation site while one large craniotomy (661 mm) was made

at the five bundle implantation site. The dura mater was incised

and deflected. Implants were attached to a hydraulic microma-

nipulator (KOPF instruments, USA) using gelatine. Implantations

were made one bundle at a time at a speed of 10 mm/s, to a depth

of 2 mm. Once the target depth was reached, the gelatine

attaching the implant to the micromanipulator was flushed with

saline solution until dissolved, releasing the implant. This method

is designed to be able to release the implants without moving them

while inside the brain. The implants were left untethered without

any attachment to the skull or each other. This ensures that the

electrodes move along with the brain, and do not translate

movements between the brain and the skull which is thought to be

one of the major causes of chronic reactions to neural implants.

The skin was closed using surgical clips and the animals were

monitored during awakening.

Histology
The animals were killed by an i.p. overdose of pentobarbital and

were transcardially perfused with 200 ml of ice-cold 0.1 M

phosphate buffered saline (PBS) followed by 150 ml of ice-cold

4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The

brains were dissected and immersed in 4% paraformaldehyde

overnight. The brains were then cryoprotected in 25% sucrose

until they were no longer able to float and were cryosectioned

horizontally using a cryostat (Microm, Germany) in increments of

10 mm onto Super Frost H plus slides (Menzel-Gläser, Germany).

After blocking in goat serum to prevent unspecific binding, the

sections were incubated with primary antibodies; rabbit anti-glial

fibrillary acidic protein (GFAP, an astrocytic cytoskeleton protein;

1:5000, Cat. Nr. Z0334, Dako, Denmark) and mouse anti-CD68

(ED1, a marker for activated microglial cells, 1:250, Cat. Nr.

MCA341R, AbD Serotec, UK) at room temperature overnight.

The specificities of the antibodies have been tested elsewhere

(GFAP by the manufacturer and ED1 by Bao et al. [27]) by

Western Blot (two-dimensional quantitative immunoelectrophore-

sis or SDS-PAGE respectively). Both antibodies show a single

precipitate with roughly the appropriate molecular weight when

tested on brain or spinal cord extract, indicating good specificity

for the targeted antigen. Thereafter, sections were rinsed three

times in PBS followed by incubation in secondary antibodies; goat

anti-rabbit Alexa594 (1:500, Invitrogen, USA) and goat anti-

mouse Alexa488 (1:500, Invitrogen, USA) for 2 hours in the dark

at room temperature. Sections were rinsed three times in PBS and

coverslipped using PVA/DABCO (Fluka/Sigma-Aldrich, Switzer-

land).

Image Acquisition & Analysis
All histological images were obtained using a DS-2MV Digital

camera (Nikon, Japan) mounted on a Nikon eclipse 80i

microscope with a 10x objective. Image capture and analysis

were performed using the NIS-Elements 3.1 software (Nikon

Instruments). Images from the middle of the shaft of each bundle

track, at an approximate depth of 1 mm below brain surface, were

captured from the middle and outer bundles, their contralateral

counterpart, as well as the solitary bundles (see Figure 1 for

explanation). Regions of interest (ROIs) were set at 0–50 mm and

Figure 1. Schematic overview of implant locations in the
different study groups. Dorsal view of the cerebral cortex with
implant locations indicated by black dots. The implant in the left
hemisphere of Group 1 & 3 is referred to as the contralateral implant;
the implants in the right hemisphere in group 1 & 3 are referred to as
middle and outer implants respectively; the implant in the right
hemisphere of group 2 & 4 is referred to as the solitary implant and has
no contralateral counterpart. Distances between implants in the right
hemisphere of group 1 & 3 are 1 mm. Unnamed implants are not
analyzed.
doi:10.1371/journal.pone.0047509.g001
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50–200 mm distance from the rim of the artefact left by the wire

bundles. The histological quantification method has previously

been described in detail [13,25]. In brief, thresholds were set for

each individual image and for each marker at a fixed multiplier of

the mean background intensity. The fraction of the area in each

ROI above this threshold was calculated. Intensity thresholds were

set at six times the background intensity for GFAP immunoflu-

orescence and at five times for ED1 immunofluorescence.

Statistical Analyses
Non-parametric statistics, the Kruskal-Wallis and the Dunn’s

post hoc test for selected pairs were used in this study.

Comparisons were made between i) the middle implant and

a mean of the two outer implants; ii) the middle implant and the

contralateral implant; and iii) between the contralateral implant

and the solitary implant (see figure 1 for explanation), for each

ROI and time point. All values are presented as median values

with indication of the interquartile range and p-values of ,0.05

were considered significant. All analyses were performed using the

GraphPad Prism 5.03 software (GraphPad Software Inc., USA).

Results

Interactions within a Hemisphere
To evaluate whether any interactions within a hemisphere were

present we compared the tissue reactions towards the middle

implant to that towards the contralateral implant and the outer

implants (Figure 1). We found significantly less immunofluores-

cence for GFAP at the middle implant in the innermost ROI (0–

50 mm) after six weeks when compared to the contralateral

implant (Figure 2). This suggests that a large number of implants

in one hemisphere do not aggravate the tissue reactions to each

implant. Notably, the middle scar exhibited less GFAP staining

than both the contralateral scar and the outer scars in every

animal (in the inner ROI at the six week time point), even if the

difference between the middle and outer scars was not statistically

significant. Furthermore, there was a similar tendency after one

week, where the contralateral implant exhibited higher GFAP

levels than the middle implant in the inner ROI in all animals

except one, and the outer implant exhibited higher levels than the

middle implant in all animals (Figure 3). These differences were

not statistically significant. No differences or tendencies to

differences were seen between any of the groups when analysed

with regards to ED1-staining (Figures 2, 3).

Interactions between Hemispheres
Potential interactions between hemispheres were examined by

comparing tissue reactions to the contralateral implant to those of

the solitary implant (Figure 1). No statistically significant

differences were found between these groups, neither for astrocytic

nor microglial reactions, and the median values were similar in all

groups (Figures 2, 3). This indicates that the five implants in one

hemisphere do not affect the astrocytic reactions to the contra-

lateral implant.

Discussion

Concerns, regarding an adverse additive effect on tissue

reactions after implantation of multiple electrodes into the brain,

have been raised. This question is central to chronic electrophys-

iology since an escalating additive reaction could preclude the

possibility of recording valid physiological signals from diverse

brain areas. We wanted to address this issue and also investigate

possible contralateral effects in response to implantation. In-

terestingly, our results indicate that glial reactions to chronic

neural electrodes implanted in close vicinity of each other are not

more severe than those to single electrodes. The significant

difference seen between middle and contralateral implant in the

six week group might even suggest that a larger number of

implants slightly reduce the tissue reactions to each implant, but

further studies would be needed to provide a definite answer to

this. Most importantly, our findings indicate that it is possible to

implant multiple electrode bundles without aggravating the glial

scar surrounding each implant. This enables implantation of

functional neural interfaces consisting of a number of electrodes

implanted at different sites in the brain, which gives the

opportunity to study how different remote brain areas interact

with each other without the potential confounding factor of an

increased glial scar.

The mechanism behind the decreased astrocytic scar formation

around the central implant is not directly explored in this study,

and can thus only be speculated on. It seems, however, that we

have discovered an interesting feature of the development of

reactive astrocytosis. The most intuitive reason for a difference in

glial scar formation between two implants would be that there is

a difference in the damage caused by these implants. In this study,

the implants are identical, and the implantation procedures are

identical, the only difference is the positioning of the electrodes.

The only way we can envision that this would affect the damage

caused by the electrodes is if the movements of the outer electrodes

in relation to the brain are larger than of the middle ones, i.e. if

there were to be a stabilizing effect. However, the electrodes in this

study are free-floating, with no attachment to the skull or each

other. Thus, the movements between the electrodes and the tissue

should be minimal, and not likely to cause any significant

differences between the different implants. Furthermore, the fact

that no differences were seen between the groups after staining for

ED1 also indicates that there is no difference in the actual damage

caused by the different implants.

It should be pointed out that the implanted free-floating wire

bundles are not identical to any functioning electrodes available

today which require a solid connection to a connector on the skull.

Our wire bundles are not attached to anything except the brain,

which means that they are not affected by the movements of the

skull in relation to the brain. Hence, if we had used electrodes

tethered to the skull, the hemisphere implanted with a large

number of electrodes would have been more stabilized in relation

to the skull than the hemisphere with only one implant. Thus the

movements between the electrodes and the brain would differ, as

well as the resulting tissue damage caused by the relative

movements. By using free-floating electrodes we hope to eliminate

such movements, isolating the effect of the number of implant on

Figure 2. Glial reactions surrounding implants after six weeks. Example pictures of GFAP (magenta) & ED1 (green) staining from middle (A),
outer (B), contralateral (C) & solitary (D) implant locations after six weeks. Scale bar 100 mm. Quantifications of GFAP & ED1 staining after six weeks in
0–50 mm ROI (E) & 50–200 mm ROI (F). X-axes show different implant locations. Y-axes show the fraction of area in each ROI that is above the set
threshold. The astrocytic scar surrounding the middle implant was significantly smaller than surrounding the contralateral implant in the inner ROI
(p,0.01, K-W test with Dunn’s post hoc test). No difference was found for ED1 staining between any of the groups, n = 6 for all groups except
‘‘solitary’’ where n = 5.
doi:10.1371/journal.pone.0047509.g002
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the tissue reaction, which is the focal point of this study.

Furthermore, even if a solid lead to the skull is a requisite for

intracortical electrodes today, the development of implantable

light weight telemetry units can be foreseen to provide means for

using completely free-floating electrodes in electrophysiology in

the near future [28].

If the damage caused by each implant is virtually identical, the

difference in astrocytic scarring that we still see is most likely

explained by some innate property of the astrocytes being

recruited to the scar. Two main theories regarding how reactive

astrocytes are recruited to an injury have been described

[29,30,31]. Astrocytes may be recruited from local resident

quiescent astrocytes that differentiate into reactive astrocytes and

proliferate [30,32,33], or from distal precursor cells, for instance

from the subventricular zone [34,35].

If cells are being recruited from a distal source this might be

mediated via chemotaxis as astrocytes are known to express

chemokine receptors [36]. The presence of a larger chemotactical

gradient in the middle of a group of implants, where all the

implants may additively contribute to the gradient, than at the

edges, is likely. In this case the middle implant would be able to

recruit a larger proportion of astrocytes than the outer ones.

However, if the astrocytes are competitively recruited from a local

pool of quiescent astrocytes, the outer implants would have access

to a larger pool of astrocytes compared to the middle ones who will

have to compete with neighboring implants. In this scenario, the

middle implant would exhibit a smaller scar than the outer ones,

consistent with what we found in the present study. It should be

pointed out that the proliferation of astrocytes is likely to

contribute more to the amount of scarring than the initial number

of recruited cells. Still, a difference in the initial number of

astrocytes recruited could lead to a difference in the scar

formation.

The point should also be raised that even if research regarding

biocompatibility of multielectrode arrays today aim at reducing

the reaction to implantation, the fact remains that reactive gliosis

also has a very important defensive function. Indeed, numerous

studies have shown detrimental effects of deletion of genes central

to the process of reactive gliosis, such as absence of a normal glial

scar, increased edema surrounding the injury, more extensive

damage to the blood brain barrier and a significantly increased

area of inflammation after injury [37,38,39,40]. Thus, while

reactive gliosis has detrimental effects on neuronal regeneration in

the chronic phase, it is essential to limit the extent of a brain injury

in the acute phase [37,40,41,42]. The reduction of reactive gliosis

should perhaps only be seen as positive when correlated with

a reduced damage to the tissue, and therefore a reduced need for

defensive and repair mechanisms. In our study, the inflicted tissue

damage is the same at all implantation sites, and therefore also the

need for protective mechanisms. Thus, if the tissue response is not

able to keep up with the tissue damage, a reduced tissue reaction

should perhaps even be considered to be negative, actually

increasing the vulnerability of the neural tissue. Further long term

studies are needed to investigate a possible cut off when the

number of implants might be too large for the tissue response to

handle.

In conclusion, our results suggest that it is possible to implant

electrodes in multiple brain sites without aggravating the tissue

response, thus providing validity to large-scale electrophysiological

recordings from multiple chronically implanted electrodes. Our

finding that the middle implant exhibits the least amount of

reactive astrocytosis might suggest that the astrocytes are recruited

to the injury site in a competitive manner from a local pool rather

than an additive manner from distal migrating cells, but this

mechanism is not investigated in this study and further studies

would be required to shed light on the subject.
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