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ABSTRACT

Different pyrrole and allylamine polymeric materials, were synthesized by plasma polymerization
with different powers and doped with iodine. The polymers were characterized physicochemically.
A cell line of neuronal origin (N1E-115) was cultured on them to evaluate the effects of the materials
on neuronal differentiation. Following a differentiation stimulus, immunofluorescence was performed,
and the lengths of neurites, as well as the complexity of the network formed and the number of
nuclei, were measured and analyzed to provide a differentiation index. The results showed that the

ARTICLE HISTORY
Received 15 July 2023
Accepted 29 January 2024

KEYWORDS

Biopolymers; plasma
polymerization; polypyrrole;
polyallylamine

polymeric materials exhibited different physicochemical characteristics depending on the synthesis

conditions and enhanced neuronal differentiation.

1. Introduction

Plasma-synthesized polymeric amino materials have been
used as coatings, sensors, microfiltration membranes and
enzyme electrodes and for protein immobilization and cell
growth due to the chemical diversity of these molecules,
and their hydrophilicities promote biocompatibility and
adhesion in biological systems!'3l. These polymers have
been used for these purposes because the primary and sec-
ondary amines are very polar due to the dipole moments
of the electron lone pairs and the C-N and H-N bonds,
and they can also form hydrogen (N-H) bridges. Protonated
amines have localized positive charges in aqueous solutions
at physiological pH (7.3), which can be used to interact
with the negative charges of the cell and promote cell
adhesion; this is why it is preferred to use polymers made
from monomers containing amines, such as polyallylamine
(PAI-I), which has a primary amine in the monomer, and
polypyrrole (PPy-I), which has a secondary amine in the
monomer.

Plasma-synthesized polymeric amine biomaterials change
their physicochemical properties depending on the synthetic
conditions used; these changes have been shown to influence
cell adhesion and proliferation, but they may extend to other
cellular processes (Table 1). These materials are commonly
doped with a biocompatible electronegative element, usually
iodine, to increase their electrical properties and generate
semiconductors, which improves cell adhesion and
proliferation*-8],

These plasma-synthesized amino polymers, specifically
iodine-doped polypyrrole, have been used as implants in rat
and monkey models with spinal cord injuries and show
motor recovery in acute models of contusion injury and
complete section injury®!%, and have also been shown to
spare neural tissues and decrease cysts in these models!!!-14],
However, these characteristics do not explain the mecha-
nisms for motor recovery in rats and monkeys, which is
why it is necessary to study the effects of biomaterials in a
more controlled model to evaluate the mechanisms for neu-
ronal regeneration such as dendritic prolongation and cell
differentiation.

It has been demonstrated that there are neurogenic niches
in the spinal cord, such as in the ependymal canal and
meninges, that have undifferentiated cells that can migrate
to the affected site in case of a spinal cord injury, where the
differentiate into the cell lineage required for repair of the
injury!5-18],

In this work, we present in vitro neuronal differentiation
by plasma-synthesized amino polymers with the NI1E-115
cell line.

2. Materials and methods

2.1. Syntheses of polymeric materials

The polymers were synthesized in a glass tubular reactor
with a capacity of 1500cm3; at each end, it has stainless
steel flanges with two accesses each. Pyrrole (Sigma
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Aldrich, 298%) and allylamine (Sigma Aldrich, 98%)
monomers, as well as the iodine dopant (Sigma Aldrich,
98%), were connected to one of the flanges with the help
of a “Y” wrench. A Pirani 945 MKS Instruments HPSTPM
Products pressure gauge and a vacuum system consisting
of a vacuum pump and a nitrogen trap that functioned as
a condenser were connected to the other end. Two circu-
lar electrodes with diameters of 8cm and at 10cm from
each other were placed inside the tube. The plasma
polymerization reaction was initiated by connecting the
electrodes to a Dressler CESAR-1500 radio frequency (RF)
terminal, which generated an electromagnetic field of
13.56 MHz.

Cutout slides measuring 1x1lcm (Lauka, 26x76mm)
were placed inside the reactor, and the polymer films were
deposited on them (Figure 1). Six syntheses were performed
using the pyrrole and allylamine monomers, and synthetic
powers of 20W and 40 W were used to produce polypyrrole
at 20W (PPy-I 20W), polypyrrole at 40W (PPy-I 40W),
polyallylamine at 20W (PAI-I 20 W), polyallylamine at 40 W
(PAI-I 40W), a copolymer at 20W (PPy/PAI-I 20W) and a
copolymer at 40W (PPy/PAI-I 40W) (Table 1). After the
polymerization was finished, the system was left to cool for

Table 1. Polymer synthetic conditions.

Polymerization time

Polymer (minutes) Power (W) Pressure (Torr)
PPy-I 15 20, 40 55%x107" + 1.1
PAI-I 25 20, 40 65x107" + 1.4
PPy/PAI-I 15 20, 40 85x107"' + 14

Figure 1. Plasma polymer syntheses.

lhour, and the reactor was opened to remove the coated
coverslips for subsequent physicochemical characterization
and cellular evaluation.

The hydrophilicities/hydrophobicities of the polymers
were determined by performing contact angle measure-
ments with distilled water and a Ramé-Hart Goniometer.
The functional groups present in the polymeric materials
were studied by attenuated total reflectance infrared spec-
troscopy (IR-ATR). The amine percentages of the polymers
were determined by chemical derivatization with
4-trifluoromethyl benzaldehyde (TFBA) (Sigma Aldrich)
for the primary amines and trifluoroacetic anhydride
(TFAA) (Sigma Aldrich) for the secondary amines and
-OH groups; the methodology of Ruiz et al. was used!”],
and the elemental atomic percentages before and after deri-
vatization were determined by X-ray photoelectron spec-
troscopy (XPS).

2.2. Cell culture

For the differentiation assay, the mouse neuroblastoma-derived
cell Line N1E-115 (ATCC) was cultured; it was proliferated
for 10days in 75 cm2 culture boxes (Corning) in Dulbecco's
Modified Eagle Medium (DMEM) without pyruvate (Gibco),
which was supplemented with 10% Fetal Bovine Serum
(FBS) (Gibco), 1% Glutamax (Gibco) and 1% antibiotic
(penicillin/streptomycin, Gibco). The culture medium was
changed every 48hours for 4days and every 24 hours for the
remaining days.
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2.3. Differentiation assays

The polymer films deposited on the slides were sterilized by
ultraviolet light in a Stratagene Stratalinker 1800 UV
Crosslinker for 30 minutes, and one material was placed in
each well of a 24-well box. In each box, 3 slides without
polymeric coatings were used as controls, and 3 slides were
coated with each polymeric film (PPy-I, PAI-I and PPy/
PAI-I) made with each synthetic power. Subsequently, 15,000
cells were seeded in each well. After 24hours of seeding, the
supplemented culture medium was removed and replaced
with the differentiating medium, which consisted of DMEM,
1.25% Invitrogen brand dimethyl sulfoxide (DMSO), 2% SFB
and 1% antibiotic, and this medium was used for 72hours
and changed at 48hours. At the end of 72hours in the dif-
ferentiation medium, the cells were fixed with 4% parafor-
maldehyde (Sigma Aldrich) and washed with 1X PBS for
30minutes for immunofluorescence determinations. Three
independent experiments with this assay were performed for
statistical purposes.

2.4. Immunofluorescence

For immunofluorescence labeling of the fixed cells, the 1X
PBS in which they were immersed was removed, and they
were permeabilized with 0.1% Triton (Sigma Aldrich) for
30minutes. Then, in a humidity chamber, blocking of the
nonspecific sites was carried out with 5% normal goat serum
(Vector) for 30minutes. Next, the primary antibody
BIII-Tubulin made in mouse (Abcam) was applied at a

concentration of 1:1000 for 12hours at room temperature,
and then the secondary antibody Alexa 488 anti-mouse
(Molecular Probes) was applied at a concentration of 1:3000
and with an incubation time of 2hours. The nuclei were
counterstained with Molecular Probes Hoechst stain at a
concentration of 1:1000. Between each step, washing was
performed for 30minutes with 1X PBS. Finally, the cells
were embedded in Vectashield (Vector) and fixed on slides
(Lauka, 26 x 76 mm).

2.5. Measurement of neurite length and neuronal
differentiation index

The dendritic extensions of the N1E-115line seeded on the
polymeric materials were observed with a Nikon confocal
microscope, and the micrographs obtained using
NIS-Elements software (Nikon) were analyzed with the
Neuron] plugin of the FIJI program, which allowed mea-
surement of the lengths of the neuronal cell dendrites. The
neurites of 25 cells were measured for each image.

To consider the number of dendrites and not only the
lengths, a neuronal differentiation index was calculated by
considering the complexity of the network and the number
of nuclei for each network formed. For this, the micrographs
were separated by channels using the Cell Profiler program
to the green channel, and the area for the neuronal body of
each micrograph was extracted from the blue channel (nuclei
marked with DAPI) of the green channel (leaving only the
neurites marked with -III Tubulin/Alexa 488) using the Cell

Figure 2. Image processing, Sholl analysis and nuclei count used to calculate the differentiation index. a) Micrograph of immunofluorescence of the neural network
of N1E-115 trained on PPy/PAI-1 20W, green: B-lll-Tubulin, blue: DAPI, b) Sholl analysis mask of the neural network of N1E-115 trained on PPy/PAI-l 20W, c) Nuclei
count analysis mask of the neural network of N1E-115 trained on PPy/PAI-I 20W, d) Micrograph of immunofluorescence of the neural network of N1E-115 trained
on coverslips, green: B-lll-Tubulin, blue: DAPI, e) Sholl analysis mask of the neural network of N1E-115 trained on coverslips, f) Nuclei count analysis mask of the

neural network of NT1E-115 trained on coverslips.
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Profiler program (Figure 2a and d). Subsequently, the com-
plexities of the neural networks formed on the materials
(green channel) were analyzed using the FIJI program with
the Sholl analysis tool, with which the sum of the crossings
for each neurite with the concentric circles for each arc in
the whole area of the neurites of each image was obtained
(Figure 2b and e). Next, the number of nuclei in the blue
channel of each image was counted with the ITCN plugin of
the same FIJI program (Figure 2c and f). Finally, with the
data obtained from each image, a differentiation index was
determined as follows:

No. Intersections (Sholl, green chanel )
No. Nucleus (Blue chanel)

=Neural differentiation index

A total of 15 micrographs were analyzed for each mate-
rial and the control, and the statistics were performed using
one-way ANOVA and Tukey's method for significant
differences.

3. Results and discussion
3.1. Contact angles of the polymer films

The contact angles of the PPy-I polymers were 82.2°-87.6°
for the polymer made at 20 W and 84.9°-84.1° for the poly-
mer made at 40 W, while the contact angles of the PAI-I
films were 77°-80.9° for the polymer made 20 W and 81.8°-
83.8° for synthesis run at 40 W. For the copolymer films,
the contact angles were 79°-82.4° for the polymer made
20W and 87.7°-88.6° for the film synthesized at 40W
(Figure 3).

Figure 3. Polymer contact angles.

When the contact angle of the fluid on the surface of the
material is close to 0° it is classified as a superhydrophilic
material; when it is less than 90° it is a hydrophilic mate-
rial; between 90° and 130°, it is considered hydrophobic; and
at angles greater than 130° it is considered superhydropho-
bic?%l. According to this classification, all the synthesized
materials were classified as hydrophilic materials. It is
important to note that there was a trend indicating that the
higher the synthetic power was, the greater the contact
angles of the polymer films*!l. Based on their ability to
form hydrogen bridges with water (or their polarity), pri-
mary amines (NH,) have contact angles of 43+3°, and those
of hydroxyl groups (OH) are 25+ 3°2, Therefore, it is sug-
gested that films with lower contact angles, such as PAI-I
20W, PPy/PAI-I 20 W, PPy-I 20 W and PAI-I 40 W, contained
more hydrophilic functional groups, such as NH2 and OH.

Several measurements were made with different volumes
of water to confirm that coaxial or gravity forces did not
influence the contact angles, which is why the angles varied
at the beginning of the measurements and stabilized as the
drop volumes increased. The variability and subsequent sta-
bilization of the contact angle as the water droplet volume
increased (PPy-I 20W, PAI-I 20W and PPy/PAI-I 20W)
indicated that the measurement results were not the prod-
ucts of coaxial forces or gravity.

3.2. Functional groups of the polymer films

ATR infrared spectroscopy over the range 4000cm™ to
1250cm™ was applied to PPy-I, PAI-I and PPy/PAl-I
made at different synthetic powers (Figure 4). The bands
at 3355cm™! indicated the presence of N-H bonds
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Figure 4. Polymer infrared spectra determined by ATR.

corresponding to the primary and secondary amines,
imines and imides?*?% and were observed for all materi-
als. The OH groups showed broad peaks in the IR spec-
tra, which were observed to a greater extent in the PAI-I
20W and 40W coatings, as well as in the PPy/PAIl-I
20W coating; this coincided with the lower contact
angles (Figure 3), suggesting there were more OH groups
in these films. A peak at 3110cm™ indicated the=C-H
(conjugated) bonds of aliphatic structures, which were
more defined in the PPy-1 spectra due to the double
bonds of the pyrrole monomer. Peaks at 2925cm™ indi-
cated aliphatic C-H bonds, which were present in greater
proportions for the films synthesized at 40 W, suggesting
rupture of the pyrrole rings and, in the case of PAI-I
40'W, greater substitution of the double bonds of the
allylamine monomers. Bands were observed at 2185cm™,
which corresponded to unconjugated C=C and N=C tri-
ple bonded moieties?); these were present in higher pro-
portions in the PPy/PAI-I polymers and were found in
higher proportions in the polymers synthesized at 40 W;
in the spectra of the PAI-I polymers, this signal was
weaker, suggesting that less dehydrogenation occurred
during syntheses of the PAI-I films and more extensive
dehydrogenation of the PPy-I and PPy/PAI-I polymers
occurred at high powers. The bands at 1610 cm™ corre-
sponded to C=C, C=N and C=0 double bonds®’); these
were the most intense signals for all of the materials, and
they were stronger for both the PAI-I and PPy/PAl-I

20 W films, suggesting greater proportions of these groups
in these films. The signals at 1440 cm™ and 1300cm™
corresponded to the C-H and=C-H bonds of the pyrrole
rings and were therefore not present in the spectra of the
PAI-I films.

3.3. Percentages of amines and -OH groups in the
polymeric films

It has been shown that the fluorine present in TFBA reacts
selectively with primary amines via a specific reaction of the
nitrogen with the carbonyl carbon of TFBA, and thus, ele-
mental analyses with XPS made it possible to identify the
fluorines reacting with the nitrogens of the primary amines
and calculate the percentage of primary amines with respect
to the carbon present in the molecule by using the following
formula: 126-27]

[Ck AN J[Ch

where u represents the elements before derivatization and d
represents the elements after derivatization. Chemical deri-
vatization by TFAA has been used to estimate the percent-
ages of primary and secondary amines present in materials;
however, it has also been shown to react with -OQH[!92829]
and the combined percentages of these functional groups
can be calculated with the formula:!!>-?*
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Figure 5. Percentages of NH,, NH and OH functional groups determined by chemical derivatization with TFBA and TFAA.

Table 2. Polymer average elemental percentages before and after chemical derivatizations with TFBA and TFAA.

Elemental compositions of polymers after and before derivatization [NH,+
Polymers TFBA-Derivatized TFAA-Derivatized %Q}'?% N'E'a&';”/
Polymers [C1% [N]% [0]% [Cl% [N1% [0]% [F1% [C1% [N]% [01% [F1% (TFBA) (TFAA)
PPy-1 20W 834 11.8 4.8 76.0 11.0 8.0 13 83.2 9.2 35 4.1 0.57+0.09 1.68+0.07
PPy-1 40W 84.3 1.8 3.9 78.78 11.6 59 15 757 9.4 8.5 3.6 0.59+0.12 1.64+0.13
PAI-l 20W 83.2 12.2 43 72.2 1.5 9.3 2.0 759 10.8 7.3 4.6 0.85+0.12 2.12+0.20
PAI-l 40W 81.7 12.3 48 74.8 109 7.5 2.8 79.3 6.5 53 8.3 1.30+0.25 2.10£0.22
PPy/PAI-I 85.0 1.1 35 79.3 1.5 54 13 76.8 9.3 6.6 52 0.49+0.04 1.62£0.11
20W
PPy/PAI-I 83.7 1.7 4.1 77.2 1.4 6.0 15 81.7 9.4 38 44 0.63+0.06 1.85+£0.21
40W
[NHZ +NH + OH]u 1 /3[F]d -OH groups. The PAI-I films are among the 3 p<')lyrr.1ers that
= %100 showed a large difference between the two derivatives and

[Clu [cl-2/3[Fl

Figure 5 shows that the materials with the highest per-
centages of primary amines indicated by derivatization with
TFBA were the PAI-I samples prepared at 20 and 40W,
which arose because the allylamine monomer has a primary
amine in its structure; however, there were also primary
amines in the PPy-I polymers in which the pyrrole mono-
mer contained only a secondary amine. This was due to the
nature of plasma polymerization, in which cross-linked
polymers were generated by cleavage of the pyrrole rings
and subsequent polymerization at different sites of mono-
mers that were hydrogenated to form primary amines. The
percentages of the -NH,, -NH and -OH functional groups
determined by TFAA were also higher for the PAI-I poly-
mers, in which secondary amines were also formed by sub-
stitution during polymerization!?].

Assuming accuracy of the derivatization experiments, the
difference between the two derivatization processes
(TFAA-TFBA) indicated the proportions of the -NH and

therefore between the -NH and -OH groups (Table 2). The
broad peak at 3355cm™ and the high hydrophilicities of
these 2 polymers suggested that the difference was mainly
due to the presence of -OH groups.

3.4. Evaluation of neuronal differentiation of the
N1E-115line seeded on polymeric films

The NI1E-115 cells adhered, proliferated, and differentiated
on all materials, as shown in Figure 7. The average lengths
of the dendritic extensions (Figure 6a) were 127 um for the
control, 241um for the PPy-I synthesized at 20W and
203um for that synthesized at 40W, 149pum for the PAI-I
synthesized at 20W and 157 um for that synthesized at 40 W
and 137um for the PPy/PAI-I copolymer synthesized at
20W and 126um for that synthesized at 40W. In several
studies using the neurite measurement technique, it was
determined that the neuronal cell line was differentiated
when the neurite lengths measured at least one diameter of
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Figure 6. Analysis of N1E-115 neuronal networks formed on polymers. a)
Neurite length plot, b) Neuronal differentiation index plot.

the cell body®®3!. In this case, cells seeded on all of the
materials, including the control, were considered differenti-
ated at 72hours of treatment, as shown in Figure 7a-h,
because the diameters of the core cell bodies averaged 22 um;
however, only cells seeded on the PPy-I polymers showed

Figure 7. Immunofluorescence of the differentiated N1E-115 cell line on poly-
mers, green: Blll-Tubulin, blue: DAPI. a) PPy-1 20W, b) PPy-I 40W, c) PAI-I 20W,
d) PAI-l 40W, e) PPy/PAI-| 20W, f) PPy/PAl-l 40W, g) Control 1, h) Control 2.

significant differences in dendritic length with respect to the
control. The PPy-I polymers showed lower hydrophilicities
and a lower percentages of primary and secondary amines
based on both derivatizations; however, these were the poly-
mers that showed the highest areas under the curves for the
peaks at 3355cm™ and 2185cm™ in the IR-ATR spectra,
suggesting that the functional groups present were the ones
that affected the mechanism of dendritic prolongation in the
N1E-115 cells and their differentiation. Because of their abil-
ity to form hydrogen bridges, it is suggested that the large
contents of -NH,, -NH and -OH groups indicated by the
3355cm™! peak were mainly responsible for this effect.
Furthermore, it has been shown structurally that the
p-rings present in the polymers are capable of forming n-nt
interactions between the m-orbitals of the electron-rich aro-
matic rings, such as those in the aromatic amino acids Phe,
Tyr, Trp and Hys, and the electron-deficient PPy orbitals(*?!.
Cation-type interactions have important roles in biological
systems, and this type of bonding is important for
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protein-protein interactions such as those that take place in
enzymatic and ligand-receptor reactions!*.

The electronic deficiency of the PPy molecule also enables
the formation of interactions with anionic molecules such as
the phosphate groups present in nucleic acids and cell mem-
branes and the anionic amino acids Asp and Glu present in
proteins®¥. The ease with which PPy-/I forms these nonco-
valent PPy/I bonds within biological systems and its high
abundance at the end of synthesis suggested that it may have
facilitated activation of the receptors or ion channels involved
in dendritic elongation in the N1E-115 cell line.

The complexity of the network formed was analyzed with
the method established by Sholl to analyze the dendritic
branching patterns of neurons®®!. Since the polymers arrested
cell proliferation at earlier times than the control groups, there
was a substantial difference in the number of cells present at
the end of the study. For this reason, normalization of the
cross-links in the dendritic network was performed with the
concentric circles and the final numbers of cell nuclei. This
normalization provides the differentiation index. The differenti-
ation index based on the complexity of the neural network and
the number of nuclei of the cells seeded on the materials
(Figure 6b) was 0.10 for the control, 0.25 for the PPy-I made
at 20 and 40W, 0.26 and 0.22 for the PAI-I made at 20W and
40W; and 0.30 for the PPy/PAl-I copolymer made at 20W,
which was the material with the greatest significant difference
relative to the control; the index and was 0.19 for the copoly-
mer made at 40W, which was the only material showing no
significant difference with respect to the control. The differen-
tiation indexes for most of the materials were significantly dif-
ferent from that of the control, except for that of the PPy/PAI-I
40W copolymer; this also proved to be the least hydrophilic
material, and it hindered cell adhesion and subsequent prolifer-
ation and affected cell differentiation. The PPy/PAI-I copolymer
made at 20W and the PAI-I made at 20W showed the highest
dendrite network complexities, and this seems to be more cor-
related with the hydrophilicities, since these 2 polymers showed
the best wettabilities. On the other hand, these 2 polymers were
among the 3 polymers with the greatest differences between
derivatizations, as were PPy/PAl-I at 20W and PAI-I at 20W,
which suggested a possible correlation with the percentages of
secondary amines and -OH groups. Another association was
shown between the differentiation index and the syn-
thetic power.

The different effects exerted by the polymers suggested the
possibility of different mechanisms for action. On the one
hand, the polymers containing exclusively PPy/I (20 and 40 W
PPy/I) favored neurite length and may have promoted axon
reconnection across the lesion site. The polymers containing
PAI-I (PAI-I 20 and PPy/PAI-I 20W) showed the greatest sig-
nificant differences for the complexity of the neuronal net-
work, suggesting that they favored interconnections between
the neurons, ie., they may have favored synaptic plasticity, as
demonstrated with the PPy-1 polymer!*l.

4, Conclusions

The increases in synthetic power increased the contact
angles and the hydrophilicities, and the increased power

raised the proportions of C=EN and C=C groups and in turn
increased the percentage of primary amines. All of the mate-
rials exhibited cell adhesion and proliferation, which rein-
forced the nation that materials polymerized by the plasma
technique constitute good options for use as biomaterials in
biomedical applications.

The plasma-synthesized amino polymers PPy-I, PAI-I and
PPy/PAI-I contributed to enhanced neuronal differentiation
of the N1E-115 cell line in different proportions depending
on the synthetic powers and the monomers used, and a
20W synthetic power was preferable in this context.
Although there were certain trends in some variables that
increased the effects on cell differentiation, it is also import-
ant to determine the different structural configurations that
favor interactions with the molecules that effect
differentiation.

Due to the effects of the materials mentioned previously,
such as biocompatibility, adhesion and neuronal differentia-
tion, these polymers could be used to repair central nervous
system tissue, such as in spinal cord injuries for neuronal
reconnection and increased neuronal plasticity.

It is recommended to continue with biological experi-
mentation that reinforces the verification of the effect of
neuronal differentiation as well as techniques that allow to
establish specific metabolic pathways of differentiation that
are activated by the treatment of these materials.
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