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A b s t r a c t

Traumatic/surgical brain injury can initiate a cascade of pathological changes that result, in the long run, in severe dam-
age of brain parenchyma and encephalopathy. Excessive scarring can also interfere with brain function and the glial 
scar formed may hamper the restoration of damaged brain neural pathways. In this preliminary study we aimed to 
investigate the effect of dressing with an L-lactide-caprolactone copolymer nanofiber net on brain wound healing and 
the fate of the formed glial scar. Our rat model of surgical brain injury (SBI) of the fronto-temporal region of the sen-
sorimotor cortex imitates well the respective human neurosurgery situation. Brains derived from SBI rats with net-un-
dressed wound showed massive neurodegeneration, entry of systemic inflammatory cells into the brain parenchyma 
and the astrogliosis due to massive glial scar formation. Dressing of the wound with the nanofiber net delayed and 
reduced the destructive phenomena. We observed also a reduction in the scar thickness. The observed modification of 
local inflammation and cicatrization suggest that nanofiber nets could be useful in human neurosurgery.
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Introduction

Traumatic brain injury (TBI) and its sequels con-
stitute a serious, critical public health and socioeco-
nomic problem throughout the world. It is the most 
important cause of mortality and disability mostly 
among young population in the world because of 
different causes of trauma, i.e. the rising number 
of motor vehicle accidents [4,5,14,18,21]. This is the 
problem not only in the highly developed countries, 
but in other countries, too. There are short- and long-

term aspects of clinically visible consequences of 
TBI. The instant or early posttraumatic consequences 
are monitored and treated after hospital admission; 
many of them are caused by neurosurgical interven-
tions. Long-term consequences of TBI, or so-called 
posttraumatic syndrome, was divided to three major 
categories, physical, cognitive and psychological [17]. 
The progress of posttraumatic long-term consequenc-
es of the above mentioned diseases is unpredictable. 
It is known that even very minor brain damages can 
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result in the most severe symptoms, conditions and 
consequences [13,23,31,33,34].

Another aspect to discuss is the potential trauma 
of post-surgical interventions due to the changes in 
the region of preparation, described as an oedema-
tous or vascular lesion. Obviously, the neurosurgi-
cal interventions to the brain should be minimally 
invasive, which means avoiding additional brain 
trauma, using safety entrance region to the lesions, 
avoiding inappropriate microsurgical manoeuvres. 
However, the posttraumatic brain injury and micro 
trauma after surgery can induce and initiate patho-
logical machinery into parenchyma and possible 
potential cascade of changes that result, in the long 
run, in progressive tissue damage [24]. After trauma, 
unfortunately there is no efficient neuroprotective 
treatment avoiding inflammatory response and this 
information is crucial for developing preventive and 
new treatment strategies. 

It is known that the scar tissue can be formed 
as a consequence of injuries or damages such as 
tumour or traumatic brain injury. Brain scar tissue 
can obstruct proper healing and brain function and 
may slow the nerve regeneration in the brain. It is 
known that disrupted nerve growth results in neu-
ral dysfunctions. This is the cause of symptoms in 
patients with brain damage involving the scar. Addi-
tionally, untreated scar can further worsen the brain 
function.

One of the possibilities to remove brain scar tis-
sue is to eliminate it by surgery. However, depending 
on where the scar tissue is located and how much it 
is, not all of it may be removed. New technologies, 
such as nanotechnology, provide a variety of differ-
ent treatment options of getting rid of the brain scar 
tissue as well as encouraging brain nerve regrowth. 

In our earlier studies we used a rat model of 
surgical brain injury (SBI) for investigating the con-
sequences of brain damage and scar formation [9]. 
In this animal model, the SBI is done by excising 
a moderate-sized piece of sensorimotor cerebral cor-
tex. This model imitates well the respective human 
neurosurgery situation in that it involves the most 
typical early consequences of TBI, such as brain 
oedema and neuronal death. The changes are very 
similar to those observed following brain ischemia 
[15,35]. 

The electrospinning has been known since the 
1930s. It is a comparably cheap and versatile method 
of production of micro- and nanofibers of a diameter 

ranging from a few micrometers to a few nanome-
tres. In the process, a fluid filament is stretched in 
a strong electric field and produces material that is 
collected as a nonwoven mat of micro- and nano-
fibers. Biomedical applications of nanofibers are 
concentrating on a unique property of micro- and 
nanofibers – they can mimic extracellular collagen 
matrix (fibrils size of 50-500 µm) [1]. The membranes 
are colonized by cells and nativized. If nanofibers 
are produced from biodegradable material they can 
serve as a temporary scaffold for externally pro-
duced implants seeded by cells. In such case, artifi-
cial nanofibrous scaffold is gradually digested by the 
cells and replaced by a native collagen matrix. 

Implantable devices made of micro-nanofibers are 
supporting guided cells growth for the use in re gen-
erative medicine to rebuild damaged, worn or aged 
tissue. For such types of applications, electrospun 
nanofibers have been tested for the urinary bladder 
wall regeneration, bone scaffold coatings, scaffolds  
for skin regeneration, post-surgery barrier material  
[e.g. 3]. Nanofibers are manufactured at a room tem-
perature that enables to produce membranes made 
of temperature-sensitive materials (e.g. polyhydro-
xyesters or proteins) [19]. Different types of drugs or 
even living cells can be incorporated into the material. 
Materials of biological significance are produced by 
the electrospinning process [11,25].

The aim of our present study was to examine  
the influence of the wound dressing material made 
of electrospun nanofiber membrane (nanofiber mat/
net) on injured brain parenchyma in an SBI rat model.

Material and methods

All applied routines involving animals were au tho-
rized by the 4th Local Animal Experimentation Eth-
ics Committee and were compatible with European 
Union regulations governing the care and use of lab-
oratory animals. Animals were kept in precisely spec-
ified and controlled conditions: in 60-70% relative 
humidity and temperature 20°C at 12 h/12 h light/
dark cycle (lights on at 7 a.m.), and were fed on stan-
dard food for laboratory rodents (Ssniff M-Z, ssniff 
Spezialdiäten GmbH, Soest, Germany) and pu rified 
tap water ad libitum. Experiments were carried out 
on adult Wistar male rats, weighing at the beginning 
of the experiment 200-250 g. Animals were divided 
into five experimental groups:
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1)  control, intact animals (sacrificed in the following 
time points: 4, 7, 14 and 30 day of the experiment; 
7 animals for each investigated time point), 

2)  animals with applied biodegradable nanofiber 
dressings on the surface of undamaged cerebral 
cortex (sacrificed in the following time points:  
4, 7, 14 and 30 day of the experiment; 7 animals for 
each investigated time point), 

3)  animals with the surgical injury of the cerebral cor-
tex made (sacrificed in the following time points: 
4, 7, 14 and 30 day of the experiment; 7 animals for 
each investigated time point), 

4)  sham-operated animals (full procedure of the scull 
trepanation was conducted) sacrificed in the fol-
lowing time points: 4, 7, 14 and 30 day of the exper-
iment; 7 animals for each investigated time point,

5)  animals with the surgical injury made with applied 
biodegradable nanofiber dressings on the surface 
of postoperative wound (sacrificed in the follow-
ing time points: 4, 7, 14 and 30 day of the experi-
ment; 7 animals for each investigated time point).
Nanomaterials used in our study were produced 

by electrospinning of poly (L-lactide-co-caprolac-
tone) (PLCL, containing 70% L-lactide and 30% 
caprolactone units) purchased from Purac Biochem 
BV, Gorinchem, the Netherlands, and dimethylfor-
mamide (DMF) purchased from POCH, Poland. All of  
the materials were used without any further purifi-
cation. The electrospinning process was performed 
according to the procedure described in detail earlier 
[19]. Briefly, the electrospinning solution was made  
of 9% of PLCL dissolved in 1:9 (wt/wt) mixture of  
DMF and CHCl3. The solution flow rate was fixed at 
500 µl/h, positive electric potential of the 0.75 kV/
cm was applied to the needle and spinning distance 
was 20 cm. The resulting polymer nanofibers were  
collected on a rotating drum (3000 rpm) covered with 
aluminium foil. The structure of the mat was exam-
ined by the Scanning Electron Microscopy (SEM, 
Jeol, JSM 6390 LV, Japan). Fibers were sputtered with 
a gold (mini sputter coater SC 7620, Polaron, Unit-
ed Kingdom) and the thickness of fibers and whole 
mats were analyzed. The thickness of fibers was 0.5- 
2.3 µm and the size of investigated mats was 80- 
120 µm. Porosity of the material was calculated by 
dividing the density of the nanofibrous mat (net) by 
PLCL density (1.17 g/cm3), according to the method 
presented by Lee, it was 69% [22]. 

Neurosurgical damage of some part of the so ma-
tosensory cerebral cortex was performed ac cording 

to the procedure described previously [7]. In short, 
the operation of surgical injury of the cerebral cortex 
was performed under deep anaesthesia (20 mg/kg 
ketamine hydrochloride). After the skin was incised, 
the frontal bone was trepanned 2 mm laterally from 
the bregma and 2 mm anteriorly to the coronal 
suture and the meninges was incised. The operated 
cortex (a 2 × 2 × 2 mm region of the somatosenso-
ry cortex) was hemisected with a small scalpel and 
the wound was closed. The skin wound was sutured. 
After the operation, the animals were placed in stan-
dard animal house conditions under the experiment-
er’s care. After the above specified survival times the 
animals were perfused and material collected from 
their brains was evaluated using techniques of light 
and electron microscopy (see below).

All animals were deeply anesthetized using Ne m-
butal (80 mg/kg b.w., i.p.) and perfused by the as- 
 cending aorta, initially applying 0.9% NaCl in 0.01 M 
sodium-potassium phosphate buffer pH 7.4 (PBS), 
and afterwards with ‘regular’ ice-cold fixative (with 
4% formaldehyde in 0.1 M phosphate buffer pH 7.4 
for light microscopy or with 2% paraformaldehyde 
and 2.5% glutaraldehyde in 0.1 M cacodylate buf-
fer, pH 7.4 for transmission electron microscopy), 
as described earlier [7]. Following the perfusion, 
the brains were taken away from the sculls to be 
immersed for 2 h in the same fixing agent. After-
wards, the brains were saturated with sucrose 
through immersing in 10, 20 and 30% (w/v) sucrose 
solutions in PBS and cut to 40 µm-thick free-floating 
coronal sections applying a cryostat (CM 1850 UV, 
Leica, Germany). In the next step, the sections were 
prepared for immunohistochemical (IHC) studies. 

Free-floating brain sections were preincubated 
with 3% normal goat serum solution in PBS sup-
plemented with 0.2% Triton X-100 (PBS+T). Sub-
sequently, the sections were incubated for 1 h at 
37°C with PBS+T containing 1% normal goat serum 
and following primary antibodies (Abs): 1) murine 
monoclonal Ab against NeuN (Chemicon, USA, dil. 
1 : 1000); 2) murine monoclonal Ab against GFAP 
(Chemicon, USA, dil. 1 : 1000); 3) murine monoclonal 
Ab against Vimentin (Santa Cruz, USA, dil. 1 : 400) 
and 4) murine monoclonal Ab against macrophages 
(Santa Cruz, USA, dil. 1 : 400). The reaction was ter-
minated by washing the sections with PBS+T. Next, 
the sections were incubated for 1 h at 37°C with  
the respective secondary Abs. The secondary Abs 
used were as follows: 1) goat anti-mouse antibody 
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conjugated with Alexa Fluor 594 (Invitrogen, USA, 
dil. 1 : 100) or 2) goat anti-mouse antibody conju-
gated with HRP (Bio Rad, USA, cat. no. 170-5047, dil.  
1 : 1000; and the reaction was visualized using DAB 
as a chromogen). Finally, the sections were rinsed 
with PBS+T, mounted on silanized glass slides (Sig-
ma) and covered with Vectashield mounting medi-
um for fluorescence microscopy (Vector Labs Inc., 
Burlingame, CA, USA). 

Immunostaining was detected with a model 
Op  tiphot-2 Nikon fluorescent microscope (Japan) 
equipped with the appropriate filters, and record ed 
with a model DS-L1 Nikon camera (Japan). Specificity 
of the immunostaining was verified by performing 
a control (“blank”) staining procedure with primary 
antibodies omitted in the incubation mixture. No 
staining was observed in these control sections.

Morphology of cell nuclei was examined on brain 
sections mounted on microscope slides. Sections 
were washed in PBS and incubated in a 1 µg/ml solu-
tion of Hoechst stain (bisbenzimide dye, No 33258, 
B-2883, Sigma; prepared in PBS) for 2 min at room 
temperature. The stain was then drained off and 
cover slipped with PBS for visualization.

Tissue specimens for electron microscopy analy-
ses were collected from rats anesthetized and per-
fused as above. The tissue specimens for electron 
microscopy analyses were collected from the cere-
bral cortex bordering the surgical cortical injury in 
the operated rats and from the related cortex part in 
the control rats. The specimens were handled with 
the typical ice-cold fixative (see above) post-fixed 
in 1% (w/v) OsO4 solution in deionized water, dehy-
drated in an ethanol gradient, and at last encased 

Fig. 1. Hoechst labelling of cell nuclei. The control cortex shows the presence of numerous nuclei with 
unchanged morphology (left panel). The lesioned cortex shows many cells with pyknotic nuclei revealed  
by intense fluorescence (middle panel). Application of the poly-caprolactone nanofiber mat at the time of 
the lesion (right panel) hampers the changes in the nuclear morphology.

Control

4 d

14 d

30 d

Lesion Lesion + nanofiber mat
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in epoxy resin (Epon 812). Ultrathin (60 nm) sections 
were prepared as described earlier [8]. Material  
was examined in a transmission electron microscope 
(JEM-1200EX, Jeol, Japan).

GFAP-positive structures (processes and soma-
ta) forming the glial scar on the wound were exam-
ined using the Scion Image software (Scion Corp.).  
The GFAP-positive structures are reduced to a single 
pixel in width.

Results

Brain sections of intact control animals (experi-
mental group 1) from all investigated time points 
revealed a proper morphological structure of all com-
posing elements of the neurovascular unit: neurons, 

astrocytes and capillary blood vessels (Figs. 1-5).  
Similar results were obtained in the respective sam-
ples from sham-operated animals – experimental 
group 4 (data not shown). 

Analysis of samples from the rats with nanofiber 
net dressing placed on the surface of intact neocor-
tex (experimental group 2) has demonstrated no 
major changes in the examined structures (data not 
shown). In particular, there were neither neurode-
generation nor inflammatory reaction in the brain 
cortex as evidenced by the absence of macrophages. 
We also did not detect any activated astro- and 
microglial cells, only a slight increase in the number 
of GFAP-positive astrocytes was found in the vicini-
ty of the dressing, but the cells showed no signs of 
hypertrophy (data not shown).

Fig. 2. NeuN immunostaining of rat cerebral cortex. Cortical sections derived from control animals (left 
panel) show the presence of numerous intensively stained neurons. Material from the damaged cortex 
(middle panel) shows a major decrease in staining intensity and in the number of labelling cells. Sections 
from brains dressed with nanofiber nets (right panel) show many neurons revealing intense immunosignal 
in all investigated time points.

Control

4 d

14 d

30 d

Lesion Lesion + nanofiber mat
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Brain sections from rats subjected to the surgical 
lesion of the cerebral cortex (experimental group 3) 
showed massive death of neuronal cells (Figs. 1 and 
2), which was most intense between 4 and 14 days 
post-surgery, and were associated with macrophage 
influx from the site of the trauma (Figs. 5C and 6). 
Electron microscopic data confirmed and extend-
ed that result. We found many macrophages local-
ized in the vicinity of the lesion. We also detected 
numerous neurons dying via apoptosis and only few 
apoptotic astrocytes (data not shown). 

Starting from the early post-surgery times (4 days 
post-lesion) a massive hypertrophy of astrocytes 
was seen in the perilesional cortical area (Fig. 7). 

The same phenomenon was observed in the area 
located at some distance to the injured tissue (Fig. 3). 
The scar-forming GFAP-immunoreactive (GFAP-IR) 
cells observed in the later post-operative time points 
were highly hypertrophied (Fig. 7), and some of the 
scar-forming astrocytes were vimentin-positive (Fig. 8). 
Some of the astrocytes located in the distance to 
the damaged cortical region were vimentin-positive 
too (Fig. 4). The activation of astroglial cells and glial 
scarring were associated with the formation of new 
capillary blood vessels in the perilesional area (Fig. 9). 
Thirty days post-lesion the scar formed at the site of 
the trauma showed signs of destabilization and sec-
ondary degeneration (Fig. 9B). 

Fig. 3. GFAP immunostaining within the cerebral cortex area located distant to the lesion. Sections from the 
control cortex show scanty GFAP immunoreactivity (left panel). In the lesioned cortex, a massive increase 
in GFAP signal and astrocyte activation is visible (middle panel). Following the application of the nanofiber 
mat, the number of astrocytes and the intensity of GFAP signal were smaller than those observed in the 
injured animals (right panel).

Control

4 d

14 d

30 d

Lesion Lesion + nanofiber mat



62 Folia Neuropathologica 2014; 52/1

Dorota Sulejczak, Jarosław Andrychowski, Tomasz Kowalczyk, Paweł Nakielski, Małgorzata Frontczak-Baniewicz, Tomasz Kowalewski

The analysis of brain sections from the rats 
subject to surgical neocortex lesion that has been 
dressed with the nanofiber net (experimental group 5)  
showed only weak inflammatory signs. In particu-
lar, no macrophage infiltration or only single mac-
rophages were found in the investigated brain area 
(Figs. 5D and 6). 

There was also no formation of new blood ves-
sels and no massive glial scarring (Fig. 5D). Several 
induction of astroglia (GFAP- or vimentin-positive 
cells) (Figs. 3, 4 and 7, 8) and formation of a sub-
tle, barely visible glial scar on the surface of the 
lesioned neocortex were observed. Additionally, the 
glial scar was much thinner than that observed in 
the lesioned brains without dressing with nanofiber 
mat. Its structure was also much more “orderly” (see 
Figs. 5D, 7 and 8). 

The GFAP immunoreactive structures (perikarya 
and cell processes) were analyzed with use of the 
Scion Image software, where these structures were 
reduced to a single pixel in thickness (Fig. 10). 

Discussion

Membranes manufactured using the electrospin-
ning method have bounded permeability, particu-
larly for cells, however, permanent drainage of their 
decomposition products is kept. Besides, nutrient, 
oxygen and metabolites diffuse with ease through 
the membrane. The above membranes were made of 
micro- and nanofibers, which – because of their sim-
ilarity to the Extracellular Collage Matrix – are treat-
ed as a natural environment by cells. The electro-
spun membranes are composed of polyester which 
gained medical approval: poly(L-lactide-co-caprolac-

Fig. 4. Vimentin immunostaining within the cerebral cortex area located distant to the lesion. In the control 
cortex, negligible vimentin immunoreactivity was observed (left panel). The injured cortex revealed increase 
in the staining intensity (middle panel). Application of the nanofiber mat (right panel) counteracts the change.

Control

4 d

14 d

30 d

Lesion Lesion + nanofiber mat
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tone) (PLCL). PLCL is a copolymer of lactic acid and 
6-hydroxyhexanoic acid. The electrospun mat was 
used to protect damage brain tissue from further 
progressing injury in the SBI rat model. Gradual 
biodegradation (12-24 months) of the mat was sup-
posed to promote the correct healing process.

There are two kinds of products of membrane 
degradation: natural metabolite (lactic acid) and 
its analogue (6-hydroxyhexanoic acid). By reason 
of chemical character, both of acids in high con-
centrations have an irritating action to tissue. Lac-
tic acid (pKa = 3.83) is eight times stronger than its 
non-toxic analogue – 6-hydroxyhexanoic acid (pKa = 
4.75). Although the fibrous mat maintained strength 
comparing to the solvent-cast membrane, it was 
created from far less material. Thanks to contact of 
the damaged tissue with far less irritating hydroxy 
acids (produced during hydrolysis), inflammation is 

presumed to be much lower. Solvent-cast polymeric 
membranes accumulate hydroxy acids which were 
formed during the in vivo hydrolytic degradation of 
polyhydroxy acid (PHA), monomeric hydroxy acids. 
These acids play an autocatalytic role, that is they 
accelerate the process of hydrolytic degradation 
what in consequence causes faster degradation of 
thicker materials. The fibrous structure is also a key 
issue for the stability of the membrane. The nanofi-
brous mat is easily emptied by biological fluids and 
do not accumulate hydroxy acids. A class of biopoly-
mers, aliphatic polycarbonates, which was widely 
studied by the authors before [26-29], creates a very 
weak carbonic acid during the hydrolytic degrada-
tion and therefore is free from the problem of auto-
catalytic hydrolysis. 

Nanomaterials have a huge potential for the new 
techniques in the tissue engineering. The aim of tis-

Fig. 5. Electronograms of the control (sham-operated, A) and lesioned cerebral cortex (B-D); 4 days post-lesion.
Electronogram B reveals massive glial scarring observed in the absence of the nanofiber net in the corti-
cal molecular layer. The zone above the lesion (C) shows the presence of macrophages (m) and probably 
lymphocytes (e). Nanofiber net application at the time of the lesion attenuates the scarring and prevents 
infiltration of morphotic blood elements (D). Electronogram D shows a part of the cortical molecular layer.

A

C

B

D
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sue engineering and regenerative medicine is to pro-
duce a biological substitute in order to restore, main-
tain or repair damaged tissue and organ functionality. 

Our preliminary research employs the electro-
spun nanofiber mat in order to prevent nervous 
tissue from cicatrization after surgical injury. Glial 
scar formed after brain injury is an effective barri-
er preventing regeneration of the damaged area of  
the brain. Moreover, delayed consequences of such 
injuries are reported [31]. Prevention of nervous tis-
sue from cicatrization leads to its better post-dam-
age condition.

Our model imitates well the respective human 
neurosurgery situation and involves the most typ-
ical consequences of SBI, such as brain oedema 
and neuronal death. The model makes it possible to 
study various processes accompanying the course 

of repairing and rebuilding the damaged area of the 
brain at different time intervals after the injury. 

The results obtained from intact animals (exper-
imental group 1) analyzed at all experimental time 
points show proper morphology of all neurovascular 
unit components. Similar data were obtained from 
the brains derived from animals of experimental 
group 2 (animals with the nanofibrous mat applied 
on the undamaged cerebral cortex). These data let 
us to suppose that the nanofiber nets did not evoke 
inflammation, e.g. they meet the first criterion to be 
used as a material for medical applications. 

Results of analysis of material harvested from 
animals of experimental group 4 (sham-operated 
rats) were similar to results of the control group.

Results of experimental group 3 (animals with 
performed surgery) revealed that surgical injury 

Fig. 6. Macrophages immunostaining. Macrophages in the cerebral cortex. In the control cortex we did not 
find any macrophages (left panel), but numerous macrophages were detected in the lesioned cortex (mid-
dle panel). Tissue dressed with the nanofiber mat (right panel) show only few macrophages at the early 
experimental time point.

Control

4 d

14 d

30 d

Lesion Lesion + nanofiber mat
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of the cerebral cortex leads to degeneration and 
death of cells close to the wound. Afterwards, it also 
affects areas distant to the lesion [32]. In the cor-
tex of animals of this group we detected numerous 
dying neurons with features indicating apoptosis 
(highly condensed nuclear chromatin, the presence 
of apoptotic cells) as well as necrosis (cells bloating, 
defecting of cell organelles). Our data confirmed the 
results of other investigators [6]. 

The trauma also disrupted the blood-brain bar-
rier (BBB), which enabled massive migration of 
blood cells and serum into the wound area. Disrup-
tion of the BBB was an early feature of lesion for-
mation leading to oedema, excitotoxicity and entry 
of serum proteins and inflammatory cells [11]. It is 
known that damage to the endothelium of blood 
vessels is a known pathway for initiation of inflam-

mation. Monocytes from the bloodstream enter 
peripheral tissue and transform into macrophages, 
which are the primary phagocytes of the immune 
system [12]. 

At four days after the surgery we registered 
a considerable number of macrophages on the ana-
lyzed area of the cerebral cortex. 

Astrocytes take part in all forms of CNS insults 
(e.g. trauma or ischemia) by a process common-
ly referred to as reactive astrogliosis. This process 
results in scar formation [30]. Reactive astrogliosis 
plays an essential role in orchestrating the (brain) 
injury response as well as in regulating inflamma-
tion and repair. In the analyzed model of brain dam-
age as early as 4 days after injury, a massive astro-
gliosis appears and at later post-lesion time points, 
glial scar formation starts at the place of damage [7]. 

Fig. 7. GFAP immunostaining of the cortical region adjacent to the lesion. The control cortex shows scanty 
GFAP immunoreactivity (left panel). The cortical lesion induces massive increases in the staining and astro-
cyte activation (middle panel). Application of the nanofiber mat (right panel) counteracts the changes.

Control

4 d

14 d

30 d

Lesion Lesion + nanofiber mat
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Electron-microscopic (TEM) observations confirmed 
the light microscopic findings.

Numerous active astrocytes were part of the glial 
scar (GFAP- positive and Vim-positive) and possess-
ed distinct attributes of hypertrophy. Astrocytes were 
ar ranged randomly and form a thick multilayer struc-
ture on the surface of the damaged cerebral cortex. 
Recent studies indicate the ambiguous role of reac-
tive astrocytes in the formation of glial scars after the 
injury. On the one hand, it forms an effective barrier 
precluding the regeneration of nerve fibers on the 
damaged area, but on the other hand, it also precludes 
penetration of blood elements, which could addition-
ally deepen the processes of degeneration through 
intensification of inflammatory processes in the tis-
sue [16]. The contribution of immature (Vim-positive) 
astrocytes, occurring in the scar, in the promotion of 

regeneration after damage is also postulated. Never-
theless, our experiments conducted for an extended 
time after injury demonstrated that the glial scar is 
not a stable structure at this scale of time. Just 30 days 
after the operation, the initiation of scar decomposi-
tion and delayed degeneration in the area adjacent to 
the scar was observed. Considering these results we 
believe that the inhibition of reactive astrogliosis may 
be a useful therapeutic target in some situations.

At early postoperative time (4 days), the forma-
tion of new blood vessels in the area adjacent to 
the damage was observed. Nascent blood vessels, 
however, were morphologically anomalous to a high 
degree, which indicates its dysfunctionality. Most of 
them showed no pericytes in the vessel wall.

The main target of current research was to exam-
ine if the electrospun nanofiber mat may be useful as 

Fig. 8. Vimentin immunostaining of the cortical region adjacent to the lesion. The left panel shows sections 
from the control cortex with only weak vimentin immunoreactivity, opposite to the heavy immunoreaction 
visible in the injured cortical area (middle panel). Application of the nanofiber membrane (right panel) 
counteracts the changes.

Control

4 d

14 d

30 d

Lesion Lesion + nanofiber mat
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a barrier material preventing from cicatrization of the 
brain parenchyma. A massive astrogliosis observed 
in the experimental group 3 was not detected in the 
brains derived from animals with the nanofiber mat 
applied on the injured cortex (experimental group 5). 
Observed astrocytes did not show any signs of hyper-
trophy. Interestingly, a glial scar was formed by astro-
cytes organized in a more “orderly” manner than that 
observed in experimental group 3. The scar was also 
much thinner and had an ordered character. No influx 
of macrophages was observed in the area of damaged 
tissue. It suggests that the nanofiber net may protect 
tissue against the cascade of uncontrolled damage 
resulting from excessive proliferation of astrocytes and 

inflammation initiated. We suppose that the structure 
of the nanofiber mat can also simulate the structure 
of extracellular collagen matrix for the damaged tissue 
and have an influence on the lesion to particular com-
ponents of the neurovascular unit. This would mean 
that the material simulating regular environment of 
extracellular matrix may modify the response of cells 
to the surgical injury. Furthermore, the main product 
of the nanofiber mat degradation, lactic acid, is postu-
lated as a neuroprotective factor [2]. 

Conclusions
The nanofiber net used in this study is biocom-

patible and favourably modifies local inflammation 

Fig. 9. Electronograms of the lesioned cerebral cortex. Electronogram A shows a new blood vessel formed 
in the peri-lesion zone, 14 days post-lesion; “vl” denotes vessel lumen. Electronogram B shows the glial scar 
region, 30 days post-lesion. Note signs of scar destabilization: astrocyte (As) and astrocytic processes (a) 
with signs of swelling, “c”s denote cavities formed due to glial scar decay. 

A B

Fig. 10. Skeletonization of GFAP immunoreactive processes and somata. Note the highest density of GFAP- 
positive structures in the lesioned cortex with no nanofiber net application. 

Control Lesion Lesion + nanofiber mat
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and cicatrization. Our results suggest that such 
nanofibers could be useful in neurosurgery.
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