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Abstract: Cell immobilization within nano-thin polymeric shells

can provide an optimal concentration of biological material in

a defined space and facilitate its directional growth. Herein,

polyelectrolyte membrane scaffolds were constructed using a

layer-by-layer approach to determine the possibility of promot-

ing improved growth of rat cortical neuronal cells. Membrane

presence was confirmed by Fourier transform infrared spec-

troscopy, Zeta potential, and atomic force and scanning elec-

tron microscopy. Scaffold performance toward neuronal cell

growth was assessed in vitro during a 14-day culture. Cell con-

ditions were analyzed immunocytochemically. Furthermore,

western blot and real-time PCR analyses were used to validate

the presence of neuronal and glial cells on the scaffolds. We

observed that alginate/chitosan, alginate/polylysine, and poly-

ethyleneimine/chitosan scaffolds promote neuronal growth

similarly to the control, poly-D-lysine/laminin. We conclude

that membranes maintaining cell viability, integrity and immo-

bilization in systems supporting neuronal regeneration can

be applied in neurological disease or wound healing treat-

ment. © 2018 The Authors. Journal of Biomedical Materials Research

Part A published by Wiley Periodicals, Inc. J Biomed Mater Res Part A:

107A: 839–850, 2019.
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INTRODUCTION

The application of nanotechnology to neuroscience has many
advantages, including understanding the functional structure
of cognition and information processing. Fundamental issues
to consider in neuronal engineering are neuron functionality,
neurite outgrowth, and synaptic function. Other pertinent
questions include cell viability on fabricated surfaces as well
as long-term stability and retention of biological function.
Dissociated cells from any central nervous system region con-
tained neurons, astrocytes, oligodendrocytes, and other glial
cells.1,2 In contrast to glial cells, which easily adhere to many
untreated surfaces, neurons are remarkably sensitive to the
nature of the substrate and require specific surfaces for adhe-
sion. The search for an optimum surface for exogenous pri-
mary neuronal cell growth is under intense investigation,
including evaluating polyelectrolyte (PE) membranes as sub-
strates for neuronal cell growth.3–5 One type of membrane is
made of graphene and its derivatives; its effect on the behav-
ior and differentiation of neuronal and stem cells was

previously described.6,7 The PEs used to form the layers may
contain not only ionizable electrolyte groups, but also addi-
tional functionality imparted by the polymer structure.8–13

For instance, hydroxylated fullerene incorporated into layers
may increase hydrophilicity and improve layer stability.14

A membrane scaffold can be constructed with PE multi-
layers by applying the layer-by-layer (LbL) technique, using
polymer self-assembly processes to form the PE multilayers. PE
multilayer formation can be driven by different processes,
including electrostatic interactions between oppositely charged
constituents,15 hydrogen bonding,14,16–18 covalent bonding,19

and hydrophobic interactions.19,20 Different materials of proven
biocompatibility and/or biodegradability are typically used to
form membrane layers of a scaffold. Among them the following
ones can be enumerated: polyethyleneimine, alginate, polyly-
sine, and chitosan, which are described further below.

Chitosan is a widely-used cationic linear co-polymer
of β(1-4)-linked D-glucosamine, generated via chitin N-
deacetylation.21 It is extracted from the skeletal materials of
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the crustacean cuticles of arthropods (shrimps, insects, and
crabs) and from the cell walls of miscellaneous fungi. This
biocompatible and biodegradable PE has a positive charge
and a high degree of chemical reactivity due to numerous
free amino groups in its chemical structure. Moreover, chito-
san exhibits excellent biological and physicochemical proper-
ties for use in neuronal regeneration.21

Alginate is a water soluble, natural copolymer of α-L-
guluronic acid and β-D-mannuronic acid units.22 Anionic
polysaccharide is obtained from many different species of
brown algae. Due to its simple gelation with divalent cations,
such as Ca2+, it is commonly employed for living cell encap-
sulation.23 In the presence of polycations like poly-L-lysine
or chitosan, alginate can form PE complexes.

Polylysine as poly-L-lysine is a positively charged immuno-
genic amino acid polymer. It is also reported to attract host
inflammatory cells.24 Poly-L-lysine may be a useful attachment
factor for cells by promoting cell adhesion to solid substrates
by enhancing electrostatic interactions between negatively
charged ions in the cell membrane and culture surface. More-
over, the synthetic PE-polyethyleneimine cationic, highly pro-
tonable synthetic polymer was employed in this study, which
is commonly used to culture weakly anchoring cells to
increase attachment. Polyethyleneimine is also established as
an efficient transfection reagent.25

Due to their nontoxicity, degradability and biological
compatibility, as a membrane constituents we employed two
natural PEs: chitosan and sodium alginate. In the present
study, we fabricated a system for neuronal cell growth using
an LbL technique that involves the sequential deposition of
oppositely charged PEs to build up nano-thin multilayers to
construct scaffolds for cell immobilization.

The performance of the PE scaffolds in different confor-
mations was analyzed in vitro to assess the usability of eval-
uated membranes in the directional cell growth of
immobilized neuronal cells. Furthermore, the morphology of
the system of neurons immobilized within the constructed
scaffolds was evaluated using scanning electron microscopy.

The presence of membrane layers was examined using
Fourier-transform infrared spectroscopy (FTIR) and atomic
force microscopy (AFM) techniques. The influence of scaffold
layer conformation on multilayer assembly was assessed by
evaluating intralayer adhesion of the membrane system
via AFM.

Moreover, the functional structure of neuronal cells
immobilized within the evaluated membranes was examined
with different dyes and antibodies using fluorescence light
microscopy. These results, together with western blot and
real-time PCR analyses of cultured rat cortical neurons,
showed that the cells growing on all membranes express
both neuronal and glial markers.

MATERIALS AND METHODS

Materials
Reagents. Chitosan from crab shells, sodium alginate, poly-
ethyleneimine (MW 60kD), poly-L-lysine hydrobromide
(MW15-30kD), hydrated polyhydroxy small gap fullerenes,
bovine serum albumin (BSA), 40,6-diamidino-2-phenylindole

(DAPI) nuclear stain and (3-4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Neurobasal medium, B27
supplement, glutamine, and glutamate were purchased from
Life Technologies (Carlsbad, CA, USA). Anti-microtubule-
associated protein 2 (MAP2) antibody was purchased from
Cell Signaling Technology (Danvers, MA, USA), and anti-glial
fibrillary acidic protein (GFAP) antibody was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Multilayer film assembly
The following PEs were used to build multilayer films: chito-
san (CHIT), sodium alginate (ALG), polyethyleneimine (PEI),
poly-L-lysine (PLL). Solutions of PEI or PLL were prepared at
a concentration 1 mg/mL in 0.1 M NaCl; alginate solution was
prepared at a concentration 0.5 mg/mL in 0.1 M NaCl, and
chitosan solution was prepared at concentration 1 mg/mL in
2.5% acetic acid. To obtain the polyethyleneimine (PEI) with
fullerenol complex (PEI/FUOL), fullerenol solution in 0.1 M
NaCl (pH 7.2) at a concentration of 0.5 mg/mL was added to
PEI at a 1:10 ratio and subsequently stirred for 4 h at room
temperature, as previously described.14 Multilayer films were
prepared on glass coverslips, which served as the solid sur-
face for membrane scaffold positioning. Prior to film deposi-
tion, glass coverslips were cleaned with 70% ethanol, rinsed
thoroughly with deionized, sterile water and air dried. Cover-
slips were next sterilized in an autoclave, immersed in sodium
alginate, PEI or PEI/FUOL solution for 30 min, and dried.
Next, coverslips were dipped in chitosan or PLL solution for
30 min, and dried. The physicochemical properties of six PE
membranes were evaluated using potential Zeta measure-
ment, FTIR and AFM: PEI/PLL, PEI + FUOL/PLL, PEI/CHIT,
PEI + FUOL/CHIT, ALG/CHIT, and ALG/PLL.

Primary neuronal cell isolation and culture
The following experimental procedures were approved by
the Local Commission for the Ethics of Animal Experimenta-
tion no. 1 in Warsaw. Cortical neuron cultures were pre-
pared from 19-day-old embryonic (E19) Wistar rat brains as
previously described.26 Brains were removed from rat
embryos and collected in cold Hank’s solution (Hank’s
Balanced Salt Solution (HBSS) supplemented with 15 mM
HEPES buffer and penicillin/streptomycin). The cortex was
isolated, rinsed three times in cold Hank’s solution, and trea-
ted with trypsin for 35 min. The E18 cortex was, upon dis-
section, immediately dissociated into individual neurons and
eventually non-neuronal cells. Primary cortical neurons were
plated at a density of 90 × 103/cm2. Neurons were grown in
Neurobasal medium (Life Technologies, Carlsbad, CA, USA)
supplemented with 2% B27 (Life Technologies, Carlsbad, CA,
USA), 0.5 mM glutamine (Invitrogen, Carlsbad, CA, USA),
12.5 μM glutamate (Invitrogen), and a penicillin (100 U/mL)/
streptomycin mixture (100 mg/mL). Cultures were main-
tained at 37�C in a humidified 5% CO2/95% atmosphere.

The immobilized cell culture
Neuronal cells immobilized within scaffolds were incubated
(5% CO2, 37�C) in Neurobasal medium for 6 days, and then
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half of the medium was changed every 3 days with Neuroba-
sal medium supplemented with B27, 0.5 mM glutamine and
a penicillin/streptomycin mixture. As a negative control,
neuronal cells positioned on a glass support were cultured
(5% CO2, 37�C) for 2 weeks. Immobilized cells were exam-
ined after 24 h, 48 h, and 2 weeks of culture via fluorescence
microscopy using a Nikon Eclipse 80i. Scanning electron
microscopy (SEM) using a Hitachi TM-1000 was used to
evaluate system morphology.

AFM evaluation
A Nanoscope V AFM microscope (Veeco Instruments, Inc.,
Plainview, NY, USA) was used to image sample surfaces. Sur-
face morphology in non-contact mode was imaged. PE layers
were visualized in 2D/3D form using dedicated software
(Nanoscope 7.30). Images were obtained at room temperature.

For surface forces acquisition a silicon cantilever with a
borosilicate glass colloidal particle sphere with a 10 μm diam-
eter (SQube) was applied. The spring constant value of the
cantilever was determined before each experiment using the
Thermal Tune method. Force–distant curves were acquired
with dedicated Nanoscope 7.30 software and analyzed with
Origin 8.50 (OriginLab, Northampton, MA, USA). Forces were
measured 5 s after interaction. The maximum load force was
set to 20 nN. The work of adhesion was calculated by inte-
grating force distance dependencies according to the formula

Wad ¼
ð
Faddz,

where Fad is adhesion force and z is the distance of the
sphere from a surface. All adhesion measurements were car-
ried out under in situ conditions (0.15 M NaCl). PE pH in
deposition solution was 7.0.

Zeta potential evaluation
Zeta potential evaluation was performed in a Zeta Potential
Analyzer Zetasizer Nano Z (Malvern Instruments, Malvern,
UK) using the following parameters: electrical field,
8–10 V/cm; measure time, 20–120 s; temperature measure,
20�C; and conductivity, 120–150 mS/cm.

FTIR measurements
Evaluation of spectrum of absorption for red irradiation
(FTIR) was performed using an FTS 3000MX (Bio Rad Excal-
ibur, Hercules, CA, USA) device. FTIR curves were analyzed
using Essential FTIR software. The presence of PE layers on
the substrate was assessed by evaluating the spectrum of
absorption for red irradiation (4000–666 cm−1) before cul-
ture. Liquid samples were contained in a KBr pellet, and
30 scans were typically performed at a resolution of 4 cm−1

and selectivity of 2 cm−1.

Immunocytochemistry and immunostaining
To visualize cells within the scaffolds, different dyes and
antibodies that can distinguish neurons and astrocytes
were applied. To identify neurons, cultures were stained
with anti-microtubule-associated protein 2 (MAP2), which

identifies proteins of the neuronal skeleton, and glial cells
were identified using anti-glial fibrillary acidic protein
(GFAP). Cells cultured for 14 days were fixed in ice-cold 4%
paraformaldehyde and 4% sucrose for 15 min, washed in
PBS, permeabilized in 0.1% Triton-X 100 for 10 min before
additional washing in PBS. Nonspecific antibody binding was
prevented by blocking all samples with 2% normal donkey
serum (NDS) for 30 min. After blocking, samples were incu-
bated with primary rabbit antibody against MAP2 (1:500)
and mouse antibody against GFAP (1:500) at room tempera-
ture for 2 h. Cells were then incubated for 1 h with anti-
rabbit Alexa Fluor 488- and anti-mouse Alexa Fluor
594-conjugated antibodies (1:500). To visualize cell nuclei,
we included Hoechst 33258 dye (Invitrogen, Carlsbad, CA,
USA) in the wash for 5 min after secondary antibody incuba-
tion. Coverslips were mounted on slides with ProLong® Gold
Antifade Mountant (Life Technologies, Carlsbad, CA, USA).
Cells were examined using a fluorescence microscope
(Nikon, Tokyo, Japan).

Western blot analysis
For western blot analysis, cells were lysed in RIPA lysis
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.5%
NaDOC, 0.1% SDS, 1 mM EDTA, protease inhibitors (Roche,
Basel, Switzerland) and phosphatase inhibitors (Sigma-
Aldrich, Carlsbad, CA, USA)), then cleared by centrifugation
at 12,000g for 10 min as previously described.27 Protein
extracts were separated on a 10% SDS-PAGE gel and trans-
ferred to a Protran nitrocellulose membrane (GE Healthcare,
Little Chalfont, UK). Unoccupied sites on the nitrocellulose
membrane were blocked with a 5% solution of non-fat milk
in TBS containing 0.1% Tween-20. The nitrocellulose mem-
brane was then incubated with primary antibody (rabbit
anti-MAP2, mouse anti-GFAP, or rabbit anti-GAPDH) over-
night at 4�C followed by incubation with the suitable second-
ary antibody conjugated to horseradish peroxidase (HRP).
Band intensity was measured using GS-800 Calibrated Densi-
tometer and Quantity One software (Bio Rad, Hercules,
CA, USA).

Gene expression analysis by qRT-PCR
Single analyses of gene expression levels in primary cultures
of rat cortical neurons cultured on PE scaffolds were per-
formed in individual qRT-PCR reactions using a LightCycler®

96 SW 1.1 system (Roche, Basil, Switzerland). For each reac-
tion, 4 ng of cDNA was used. The obtained data were ana-
lyzed using the relative quantification method and 2−ΔΔCT

formula (ΔΔCT = ΔCTtarget − ΔCTGapdh, in which CT is the
cycle threshold). Expression of the Rbfox3/NeuN, Map2,
Eno2, Calb2, Gfap, S100b genes was verified using FAM dye-
labeled TaqMan probes (Life Technologies, Carlsbad, CA,
USA) and TaqMan chemistry (Life Technologies, Carlsbad,
CA, USA) as previously described.28

Western blot and qRT-PCR experiments were repeated at
least three times. Statistical analysis was performed using
Prism version 5.02 software (Graph-Pad, San Diego, CA,
USA). Data are expressed as the mean � SD. One-way analy-
sis of variance (ANOVA) was used to analyze sets of western
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blot and gene expression data. Tukey’s post hoc test was
used to determine statistically significant differences among
groups. The degree of significance vs. the control is indicated
by asterisks: *p < 0.05, **p < 0.005, ***p < 0.0005 (ns, not
significant; p > 0.05).

RESULTS

Nano-thin shell presence was confirmed using AFM and
FTIR. AFM visualization of applied PE layers deposited on
gold-covered mica substrate is presented in Figure 1(A–E).

Fourier transform infrared spectroscopy spectrum evalu-
ation allowed us to assess PE layer presence on the sub-
strate. For the PE PEI/CHIT configuration, interactions
between PEI and CHIT layers can be confirmed by character-
istic peak presence at frequency [cm−1] 1277, which repre-
sents out-of-plane aromatic C–H vibrations for CHIT; we
observed this peak shifted to 1270 due to CHIT interactions
with PEI.

For the PEI + FUOL/CHIT configuration, the 1744 peak
representing stretching vibrations of the carbonyl group in
CHIT shifted to 1717 due to interactions between the
PEI + FUOL and CHIT layers.

For the ALG/PLL configuration, the NH stretching vibra-
tions of ALG are normally observed at 1362, but shifted to
1310 due to interactions between the PLL and ALG layers.
The spectrum of interactions between PLL/PEI and
PLL/PEI + FUOL have been presented elsewhere14. Example

FTIR spectrums for membrane ALG, CHIT, and ALG/CHIT
are presented in Figure 2.

Layer presence was confirmed by characteristic peaks at
the following frequencies [cm−1]: 3278, representing O–H
stretching vibrations in ALG, N–H, and O–H stretching vibra-
tions in both CHIT and ALG/CHIT; 1375 representing CH3
vibrations for CHIT led to 1366 vibrations due to interactions
between CHIT and ALG; 1277 representing planal aromatic
C–H vibrations in CHIT shifted to 1270 due to interactions
between CHIT and ALG; 1006 representing the aromatic struc-
ture of ALG, CHIT, and ALG/CHIT; 1217 representing vibra-
tions of partially deacetylated CHIT and ALG/CHIT (Fig. 2).

Three types of scaffolds were used for further study,
involving PE conformations leading to the following
properties:

• A construction with a positively charged potential Zeta
in the basal layer, with moderate adhesion between
layers (PEI/PLL; PEI + FUOL/PLL).

• A construction with a positively charged potential Zeta
in the basal layer, with high adhesion between layers
(PEI/CHIT; PEI + FUOL/CHIT).

• A construction with negatively charged potential Zeta
in the basal layer (with potential in the layer inter-
faces close to 0 or of opposite value to that of the
basal layer), with low or moderate adhesion between
layers (ALG/CHIT; ALG/PLL).

FIGURE 1. AFM visualization of PE layers deposited on gold-covered mica substrate. (A) Polyethyleneimine layer; (B) polyethyleneimine with fullere-

nol; (C) chitosan layer; (D) polylysine layer; (E) alginate layer.
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Evaluation of the membranes
To determine adhesion properties between PE layers com-
bining modified or unmodified PEI or ALG with PLL or
CHIT, layers were deposited onto a mica surface and a

spherical probe surface. The following systems were
applied: mica covered with PEI, PEI + FUOL or ALG and
sphere tip covered with PLL or CHIT. The calculated aver-
age adhesion work occurring between layers was as follows

FIGURE 2. Example FTIR spectrums for membrane ALG (blue), CHIT (red), and ALG/CHIT (black).

FIGURE 3. Scanning electron microscopy (SEM) pictures of cultured cells immobilized within a polyethyleneimine/polylysine (A, B) or polyethylenei-

mine with fullerenol/polylysine (C, D) scaffold after 2 weeks of culture. Magnification: (A) ×600; (B) ×1500; (C) ×400; (D) ×1800.
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(×10−17 J): PEI/PLL, 19.9 � 3.69; PEI + FUOL/PLL,
41.1 � 1.95; PEI/CHIT, 174 � 4.22; PEI + FUOL/CHIT,
225 � 4.80; ALG/CHIT, 0.58 � 0.41; and ALG/PLL, 16.5 �
8.25. It can be presumed that values less than or equal to
10 are low, from greater than 10 to 100 are moderate,
and greater than 100 are high. The potential ZETA [mV] of
PEI and ALG was 14.93 � 3.07 and −37.60 � 2.19,
respectively.

Design of a membrane with a positively charged
potential Zeta in the basal layer, with moderate
adhesion between layers
The PEI/PLL construction has been applied as a conformation
ensuring suitable conditions for the growth of different cell
populations.29 It is notable that the membrane material
PEI/PLL was demonstrated to possess properties blocking
bacterial cell transport.30 The build-up of PEI/PLL multilayers
involves mainly hydrogen interactions between layers, thereby
building the scaffold with a mildly positive potential in the
basal layer (+14.93 � 3.07 mV), whereas the external layer
does not have an altered potential value (+14.11 � 2.36 mV).

The build-up of multilayers involving incorporated fuller-
enol allowing for increased hydrogen bonding was applied

to strengthen the adhesion force between multilayers while
retaining mild basal layer potential Zeta changes (about a
17% decline),14 as compared to PEI/PLL.

In both membrane types [Fig. 3(A–D)], we observed cells
adhered to the membrane surface.

Design of a membrane with positively charged potential
Zeta in the basal layer, with high adhesion between
layers
The PEI/CHIT conformation involves mainly electrostatic
interactions between layers, and was used to build the scaf-
fold with a mild positive potential in the basal layer
(+14.93 � 3.07 mV) (Figure 4).

In the PEI/CHIT membrane scaffold, we observed a large
increase in biological material, creating a dense layer on the
membrane surface. The PEI + FUOL/CHIT conformation
involves electrostatic interactions with additional hydrogen
bonding between layers as compared to PEI/CHIT, leading
to a scaffold with a mildly positive potential in the basal
layer (+14.93 � 3.07 mV).

The morphology of the PEI + FUOL/CHIT scaffold allows
for unusual aggregates of cells adhering to the surface.

FIGURE 4. Scanning electron microscopy (SEM) pictures of cultured cells immobilized within a polyethyleneimine/chitosan (A, B), polyethylenei-

mine with fullerenol/chitosan (C, D), alginate/chitosan (E, F), alginate/poly-L-lysine (G, H) scaffold after 2 weeks of culture. Magnification: (A) ×800;
(B) ×2500; (C) ×600; (D) ×1800; (E) ×1000; (F) ×2500; (G) ×800; (H) ×2500.
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Design of a membrane with a negatively charged
potential Zeta in the basal layer, with low adhesion
between layers
The build-up of ALG/CHIT multilayers, which contain strong
polyanions and polycations, involves electrostatic interac-
tions between layers with a negative potential in the basal
scaffold layer (−37.60 � 2.19 mV), with an opposite poten-
tial at the layer interface as compared to the basal layer
(27.44 � 2.66 mV).

The morphology of the ALG/CHIT scaffold allows for
unusual aggregates of cells adhering to the surface.

Design of a membrane with a negatively-charged poten-
tial Zeta in the basal layer, with moderate adhesion between
layers.

The build-up of ALG/PLL multilayers, with strong polya-
nions and weak polycations, involves electrostatic interac-
tions between layers building with a negative potential in
the basal layer (−37.60 � 2.19 mV), and potential at the
layer interface close to 0.

Immunofluorescence techniques were used to distinguish
cultured cells (from three independent cultures) within the
scaffolds. PEI/PLL, PEI + FUOL/PLL, and PEI + FUOL/CHIT
layers supported mainly astrocyte growth (Fig. 5). We noted
light green fluorescence indicating the presence of cells con-
taining glial fibrillary protein in all samples of these

scaffolds. Damaged neurons were also observed in PEI/PLL
scaffolds [Fig. 5(C)].

Then we investigated cell growth on the PEI/CHIT, ALG/
CHIT, and ALG/PLL scaffolds. As a control we applied poly-
D-lysine/laminin (PDL/LAM) coating of the culture wells
[Fig. 6(D)]. Green fluorescence indicating the neuronal skele-
ton (MAP2) was observed in all examined samples. However,
some astrocytes, stained in red, were also found within the
evaluated scaffolds [Fig. 6(A,B)]. Astrocytes were observed
in a minority of ALG/PLL scaffolds [Fig. 6(C)] similarly as
observed for PDL/LAM [Fig. 6(D)]. Although it seems that
more growing neurons are observed on the ALG/CHIT
scaffold.

Western blot analysis
We next sought to determine whether our immunostaining
results indicating the presence of MAP2 and GFAP could be
confirmed by analyzing protein levels in cultured cells grown
on different membranes. To achieve this goal, we separated
total protein extracts of cultured cells by sodium-dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
performed immunoblotting (Fig. 7). Western blot analysis
revealed that the highest level of the neuronal marker MAP2
was detected in cells grown on ALG/CHIT membranes and
PDL/Laminin (PDL/LAM; control). Densitometric analysis

FIGURE 4. (Continued)
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FIGURE 5. Visualization of cultured cells immobilized within polyethyleneimine with fullerenol/chitosan (A), polyethyleneimine with fullerenol/poly-

L-lysine (B), polyethyleneimine/poly-L-lysine (C) membrane scaffolds after 2 weeks of culture. The light green fluorescence shows astrocytes. The

red fluorescence shows neurons. Nuclei of cells are stained in blue.

FIGURE 6. Visualization of cultured cells immobilized within polyethyleneimine/chitosan (A), alginate/chitosan (B), alginate/poly-L-lysine

(C) membrane scaffolds and on poly-D-lysine/laminin (D) covering after 2 weeks of culture. Light green fluorescence indicates neurons. Red fluores-

cence indicates the presence of astrocytes. Cell nuclei are shown in blue.
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revealed MAP2/GAPDH ratio values (Fig. 7) of 1.82 for
ALG/CHIT, 1.20 for PEI/CHIT, 0.93 for ALG/PLL and approx-
imately 1.88 for PDL/LAM membranes [Fig. 7(B)]. No signifi-
cant differences were detected between control and
other membranes (p > 0.05). Astrocyte marker (GFAP) levels
[Fig. 7(C)], expressed by the GFAP/GAPDH ratio, were
approximately two-fold lower than MAP2/GAPDH levels for
all evaluated membranes, with the lowest level of astrocytes
observed for ALG/PLL membranes (*p < 0.05). GFAP/GAPDH
values were 0.85 for ALG/CHIT, 0.66 for PEI/CHIT, 0.50 for
ALG/PLL, and 0.99 for PDL/LAM membranes. These data
point to higher levels of neurons and astrocytes in cells
growing on PDL/LAM and ALG/CHIT than on PEI/CHIT and
ALG/PLL. We report that there are more neurons than astro-
cytes in cultures grown on all studied membranes, thus con-
firming our immunofluorescence data [Fig. 6(A–D)].

Gene expression in rat primary cortical neurons
cultured on PE scaffolds
We next used gene expression analysis to validate protein
expression results. Cells were cultured on glass coverslips
covered by ALG/CHIT, PEI/CHIT and ALG/PLL PE scaffolds
up to day 15 in vitro (DIV15). As a control, rat primary corti-
cal neurons cultured on glass coverslips covered by PDL/La-
minin (DIV15) were used. The presence of neurons and
astrocytes in rat primary cortical neuron cultures growing
on PE scaffolds was confirmed by immunofluorescence data.

FAM dye-labeled TaqMan probes were used to estimate
the relative mRNA levels of genes that encode neuronal and
astrocyte markers in rat primary cortical neurons cultured on
PE scaffolds. Neuron markers included Rbfox3/NeuN (RNA
binding protein FOX-1 homolog 3/Neuronal nuclei), Map2
(Microtubule-associated protein 2), Eno2 (Enolase 2); the
GABAergic interneuron marker used was Calb2 (Calretinin);
and astrocyte markers included Gfap (Glial fibrillary acidic pro-
tein) and S100b (S100 calcium-binding protein B). All markers
were normalized to the endogenous control gene Gapdh.

Rbfox3/NeuN, Map2, and Calb2 neuronal marker expres-
sion levels in rat primary cortical neurons cultured on glass
coverslips covered by PE scaffolds consisting of ALG/CHIT,

PEI/CHIT, and ALG/PLL was approximately five-fold lower
than in neurons cultured on PDL/Laminin (p < ** or p < *).
The highest expression of neuronal markers among PE
scaffolds was observed in cultures growing on ALG/PLL
[Fig. 8(A,B,D)]. The expression of the neuronal marker Eno2
was reduced three-fold in cells grown on ALG/CHIT and
PEI/CHIT scaffolds (p < *) as compared to PDL/Laminin;
however, there was no statistical difference between
ALG/PLL and the control [Fig. 8(C)]. The expression level of
the astrocyte marker S100b in rat primary cortical neurons
cultured on glass coverslips covered by ALG/PLL was
approximately five-fold lower than in neurons cultured on
PDL/Laminin, while it was 20-fold lower on ALG/CHIT and
PEI/CHIT scaffolds [p < **; Fig. 8(E)]. The expression of the
astrocyte marker Gfap was reduced three-fold in cells grown
on ALG/CHIT and PEI/CHIT scaffolds (p < *), but it was simi-
lar to that of the control in cells grown on ALG/PLL [Fig. 8(F)].
These data show the highest levels of neuronal and astrocyte
markers in cells grown on ALG/PLL among all analyzed PE
scaffolds.

DISCUSSION

Some groups of scaffold designs, differing in the charge of
basic layer and the strength of applied PEs, were analyzed in
the present study. The scaffolds constructed of the bilayer
with negatively charged basic layer built of weak PE or weak
and strong PE as well as the scaffolds constructed of the
bilayer with positively charged basic layer built of strong PE
or weak and strong PE. The materials applied to scaffold
construction are all regarded as bioresorbable or biodegrad-
able. The applied membrane cut-off was 150 kDa, sufficient
for nutrient and metabolite transport as well as brain
delivery.

The applied membranes as ALG/CHIT, ALG/PLL, PEI/
CHIT offer surfaces allowing for reproducibly-good neurite
outgrowth as identified by immunostaining to MAP2. Cell
survival in culture on these scaffolds lasts for at least
2 weeks what is confirmed by immunocytochemistry, pro-
tein expression and RT-PCR data. However, there were some
discrepancies between microscopic (SEM) visualization and

FIGURE 7. (A) MAP2 and GFAP expression in whole-cell cortical lysates from neuronal cultures grown on poly-D-lysine/laminin covering, and on

alginate/chitosan, polyethyleneimine/chitosan and alginate/poly-L-lysine scaffolds. GAPDH was used as a loading control. The molecular masses of

the markers that were run on same gel are shown on the right. Bars indicate protein band quantitation, showing MAP2 (B) and GFAP (C) levels nor-

malized to that of GAPDH. Each assay was performed six times using six independent cultures. *p < 0.05 (one-way ANOVA).
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FIGURE 8. Gene expression analysis in rat primary cortical neurons cultured on polyelectrolyte scaffolds. mRNA levels of neuronal markers

(A – Rbfox3/NeuN; B – Map2; C – Eno2; D – Calb2) and astrocyte markers (E – S100b i F – Gfap) in rat primary cortical neurons cultured on alginate/-

chitosan, polyethyleneimine/chitosan and alginate/poly-L-lysine scaffolds was compared to control primary cortical neurons from rat primary corti-

cal neurons cultured on PDL/Laminin using qRT-PCR. Gene expression results were normalized to Gapdh. Data from primary cortical neurons

cultured on PDL/Laminin were normalized to a value of 1 (plots on the right part of the figure). Statistically significant gene expression changes are

shown (*p < 0.05, **p < 0.005, and ***p < 0.0005). Graphical results represent data from three independent mRNA preparations.
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protein expression results regarding ALG/CHIT membranes:
via SEM, we observed adherent aggregates of cells on the
membrane surface. We applied some configurations involv-
ing materials modified with hydroxylated fullerene to build
scaffolds. The water-soluble, hydroxylated fullerene has sev-
eral clinical applications, including use as a drug carrier to
bypass blood ocular barriers,31 also has been demonstrated
to prevent NO-induced cytoskeletal depolymerization and
nuclear damage, and to accelerate endothelial cell repair.32,33

Moreover, neuroprotective activity of water-soluble fullerene
derivatives has been reported;34 nevertheless, we found that
it was not able to enhance neuronal growth.

The membrane materials chosen to build a given scaffold
should exhibit multiple properties to support neuronal cell
growth. First, a scaffold must enable nutrient and metabolite
transport to the settled cells. Furthermore, the scaffold should
influence neuronal cell differentiation and growth, and act as
an anti-bacterial support. These properties are crucial for the
potential of membrane scaffold applications for surgical
wound healing. Such a material can act as a barrier to scar
growth in the spinal canal. Moreover, it could support nerve
cell growth in the context of neuronal deficiency diseases.

Concluding, among scaffold properties enhancing neuro-
nal cell growth, we found that neither the basic layer charge,
the type of PE (weak, strong), nor adhesion work between
layers influenced cell growth. Microscopic analysis of PEI/
CHIT, ALG/CHIT, ALG/PLL scaffolds demonstrated that they
support neuronal growth. In particular, we observed fewer
astrocytes, which are potentially inconvenient for neural

regeneration, in cells cultured on ALG/PLL scaffolds. On the
other hand, the neuron to astrocyte ratio was comparable
for ALG/CHIT, ALG/PLL, and PEI/CHIT scaffolds via western
blot results. PEI/CHIT, ALG/CHIT, ALG/PLL layers promote
growth of neurons, that express dendritic marker MAP2,
over astrocytes and other glia which in turn deliver growth
factors, hormones and amino acids to neurons.

The mRNA expression level of Map2 was higher for cells
grown on ALG/PLL, and we observed demonstrable differ-
ences compared to cells grown on ALG/CHIT and PEI/CHIT.
It is notable that ALG/PLL showed strong N–H interactions
between scaffold layers.

CONCLUSIONS

We conclude that the potential value in the interface
between layers most strongly influences cell growth; how-
ever, the influence of N–H interactions cannot be excluded.
Thus, we recommend ALG/PLL scaffolds for nerve growth
applications. Obtained results indicate the capability of cho-
sen scaffolds allowing survival of neurons in culture for over
2 weeks in controllable regeneration of neural networks in
nanomedicine.
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