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ABSTRACT

Cryopreservation is a commonly used method of long-term storage of biological material that
guarantees the preservation of high genotypic stability of samples. It allows accumulating the
required number of cells for successful transplant treatment, solving the problem of a limited num-
ber of cells isolated from the donor organs. Currently applied cryopreservation procedures have
low efficiency and do not guarantee satisfactory cell viability after thawing. The study was aimed
to construct and evaluate the polyelectrolyte multilayer’s suitability in the cryopreservation of
encapsulated neuronal cells. The multilayered membrane systems based on polyethyleneimine and
polylysine or chitosan were constructed and analyzed. The designed systems were initially char-
acterized using Fourier-transform infrared spectroscopy. The encapsulated cells underwent cryo-
preservation for up to 6 months. Then after thawing, were cultured for comparison in two different
commercial culture media DMEM or Neurobasal® for 7 d. Cell function was examined using flow
cytometry as well as mitochondrial activity assay. Besides, the morphology of the system mem-
brane-cell after thawing was assessed using scanning electron microscopy. The proposed membrane
systems were shown to be useful for cryopreservation of neuronal cells. However, the implementa-
tion of the modified procedure for routine preservation of clinical samples requires further studies.

Keywords: Nanoencapsulation;
Neuronal cells

Polyelectrolyte

multi-layered membranes;

Cryopreservation;

1. Introduction

The limitation of the number of cells isolated from
the organs, necessary for effective transplantation ther-
apy may be solved by the accumulation of it is an appro-
priate number. Thus, cell banking using cryopreservation
is considered as a method allowing on-demand usage of
long-term stored cells, for example, hepatocytes, pancre-
atic islets, erythrocytes or DNA need for transplantation
therapies [1-5]. Cryopreservation enabling to store the cells
for a proper time period gives the possibility to obtain the
required amount of cells necessary for transplantation,
however, the susceptibility of the cells isolated from organs

* Corresponding author.

to freezing damage might be a limitation. Encapsulation
of cells within the protective membrane may be consid-
ered as a method allowing to protect cells during adverse
freezing conditions, and sustain cell functions holding the
promise for the continuous delivery of therapeutic agents
[6-9]. Several encapsulation methods may be applied.
However, the most popular is microencapsulation. This
method proposed by Lim and Sun [10], has been the most
studied and modified also for cryopreservation purposes
[11], for example, the cryopreservation strategies for neu-
ral cells using neurospheres have been developed by many
authors. Thus, microencapsulation in ultrahigh viscous
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alginate was proposed as the main strategy for avoiding the
commonly observed neurosphere fragmentation and loss
of cell-cell/matrix interactions post thawing. The method
assures the availability of viable and functional stocks of
neurospheres, thus reducing batch-to-batch variation [12].
Microencapsulation has a few limitations, one of them is the
volume of encapsulated biological material necessary for
effective transplantation.

The method of layer-by-layer deposition of polyelec-
trolytes (PE) for membrane forming can be chosen to ensure
the optimal surface for exogenous primary neuronal cell
growth 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 [13], hydrogen
bonding [14-17], covalent bonding [18], and hydrophobic
interactions [18,19]. The method allows for the multiple
PE layers construction on biological material [20-22].

Dissociated cells from the central nervous system region
contain neurons, astrocytes, oligodendrocytes, and other
glial cells [23,24]. In contrast to glial cells, which easily
adhere to many untreated surfaces, sensitive neurons require
specific surfaces for the interface.

The polyelectrolyte membranes as substrates for
neuronal cell growth have been under intense investiga-
tion [25-29]. The polyelectrolyte membranes used to form
the layers may contain not only ionizable electrolyte groups
but also additional functionality imparted by the poly-
mer structure [30-35]. For instance, hydroxylated fuller-
ene incorporated into PE multilayered membrane layers
may increase hydrophilicity and improve layer stability [14].

Different materials of proven biocompatibility and/or
biodegradability are typically used to form membrane layers.
Among them, the following ones can be enumerated: poly-
ethyleneimine, polylysine, and chitosan. These materials can
be applied for cryopreservation.

The cryopreservation systems built of natural and
synthetic polymer were applied in our investigations. Due
to the unique multilayer membrane structure, these cryo-
preservation systems have the advantages of cell function
sustaining.

In our study, the possibility of application of neural
cells nano-coating and its protective role in cryopreserva-
tion of these cells was evaluated. Understanding the basis
for the different approaches, it will be possible to select
the best options of nano-coating for cell biopreservation,
including neural cells, in different applications, and identify
ways to improve preservation protocols for the future.

2. Experimental
2.1. Materials
2.1.1. Reagents

Chitosan from crab shells, polyethyleneimine (MW
60 kD), poly-L-lysine hydrobromide (MW15-30kD), hydrated
polyhydroxy small gap fullerenes, bovine serum albumin,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
mitochondrial activity assay (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), Dulbecco’s
Modified Eagle Medium (PAA, EU).

2.2. Methods
2.2.1. Primary neuronal cell culture

Cortical neuron cultures were prepared from the wastes
of 19-day-old embryonic (E19) Wistar rat brains which
isolation was as previously described [26]. Neurons were
grown in Neurobasal® medium supplemented with 2%
B27, 0.5 mM glutamine (Invitrogen, Carlsbad, CA, USA),
12.5 uM glutamate (Invitrogen), and a penicillin (100 U/
mL)/streptomycin mixture (100 mg/mL) (Neurobasal) or
in culture medium consisting of low glucose Dulbecco’s
Modified Eagle Medium containing 15% heat-inactivated
fetal bovine serum and 1% penicillin/streptomycin (Sigma)
and HEPES buffer (1 mM) (PAA, EU) (DMEM).

The cells were cultured to over 90% confluence and
then washed with Dulbecco’s phosphate-buffered saline
(DPBS) without Ca*, Mg?. After that, the cells were har-
vested with 0.25% trypsin EDTA (PAA). Cells were counted
using a haemacytometer. After trypsinization, the cells
were encapsulated within polyelectrolyte shells.

2.2.2. Membrane preparing

The following polyelectrolytes (PE) were used to build
multilayer films: chitosan (CHIT), 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 a concentration
1 mg/mL in 2.5% (wt.) acetic acid. To obtain the polyeth-
yleneimine (PEI) with fullerenol complex (PEIIFUOL),
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 subse-
quently stirred for 4 h at room temperature, as previously
described [14]. The physicochemical properties of PEIIPLL,
PEIICHIT, PEI + FUOLICHIT among other PE mem-
branes using potential Zeta measurement, and AFM were
previously reported [36].

2.2.3. Assessment of the transport properties
of the membranes

The alginate cores prepared of 1.5% alginate solution
in 0.1 M NaCl coated with the designed membranes were
used to assess the membrane transport properties. The
alginate cores served as a control. Diffusive permeability
was evaluated using a thermodynamic description of dif-
fusive mass transport across a homogenous membrane
(Fick’s law) and a two-compartment model [11]. Dextrans
of molecular weight of 70 and 150 kDa were used as the
model particle in these studies. Alginate cores coated with
membranes were immersed in Dextran solution in physi-
ological saline for 30 min to absorb the marker within the
membrane. The cores were removed and Dextran concen-
tration was measured. The difference between the initial
concentration and the concentration after removing the
coated cores was starting concentration in the process of
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releasing a marker from the system. The coated alginate
cores were immersed in physiological saline and then the
concentration of Dextran was measured.

2.2.3.1. Fourier-transform infrared spectroscopy measurements

Evaluation of spectrum of absorption for red irra-
diation Fourier-transform infrared spectroscopy (FTIR)
was performed using an FTS 3000MX (Bio Rad Excalibur,
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 (4,000-666 cm™) before cul-
ture. Liquid samples were contained in a KBr pellet, and 30
scans were typically performed at a resolution of 4 cm™and
selectivity of 2 cm™.

2.2.4. Coating of cells with polyelectrolytes

5 x 10° of neural cells were incubated with PEI or
PEI + FUOL solution at pH 7.2. After 6 min deposition time
cells were washed 2-times with RPMI-1640 at 1,000 rpm
for 3 min to remove unadsorbed polyelectrolyte. Encap-
sulated in one layer cells were incubated with the solu-
tion of PLL or CHIT at pH 7.2. After 4 min deposition time
the coated cells were washed 2 times with RPMI-1640 at
1,000 rpm for 3 min to remove unadsorbed polyelectrolyte.
Finally, the polyethyleneimine — polylysine (PEI| PLL), poly-
ethyleneimine — chitosan (PEIICHIT), polyethyleneimine
with incorporated fullerenol-chitosan (PEI + FUOL | CHIT)
bilayer was obtained.

2.2.5. Culture of encapsulated cells

The encapsulated neuronal cells were cultured (5% CO,,
37°C) in Neurobasal or DMEM medium for 7 d, whereas
half of the medium was changed every 3 d. As a negative
control, neuronal cells were cultured (5% CO,, 37°C) for
7 d. After that, the cells undergo cryopreservation. After
cryopreservation, the cells were thawed. After thawing,
the functioning of cells was examined using flow cytom-
etry and MTT test after 24 h, 48 h and one week of cul-
ture in Neurobasal or DMEM medium. Scanning electron
microscopy (SEM) using a Hitachi TM-1000 was used to
evaluate the system morphology.

2.2.6. Cells banking in liquid nitrogen and thawing

The encapsulated or non-encapsulated (free) cells were
subjected to cryopreservation according to standard, semi-
controlled cooling, procedures. For the freezing procedure,
the cells were detached from the plates and pelleted by
centrifugation for 3 min at 1,300 rpm. Then, the pellet was
suspended in the cryogenic medium supplemented with
20% DMSO (dimethyl sulfoxide; Sigma, EU). The culture
was subjected to preliminary freezing at —-80°C for 24 h and
then placed into liquid nitrogen. The storage time in liquid
nitrogen was 6 months.

For thawing, frozen cells were placed into the water bath
at 37°C until ice dissolved. The thaw, free or encapsulated
cells, were gently pipetted, washed twice with the culture

medium and transferred to the culture plates. The non-
encapsulated, non-cryopreserved and/or non-encapsulated
thawed after cryopreservation cells served as a control.

2.2.7. Cell functioning analysis
2.2.7.1. Mitochondrial activity assay

The MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, Sigma-Aldrich, UE) assay is based
on the cleavage of yellow tetrazolium salt MTT to purple
formazan crystals by metabolically active cells [17]. Non-
encapsulated and encapsulated cells were seeded at a
density of 1 x 10*cells per well in a 96-well plate. The solu-
tion of MTT at a concentration of 5 mg/mL was added to
the culture at the ratio of 1:10 and incubated in a culture
medium (5% CO,, 37°C) for 2 h. Subsequently, the wells
were centrifuged (1,600 rpm, 10 min) poured into the pre-
cipitate. Then 200 pl of DMSO was added for the formazan
crystals dissolution. After 10 min of shaking the formazan
absorbance was measured in a spectrophotometer at the
wavelength 540 nm.

2.2.7.2. Flow cytometric analysis

The presence of cells was assessed using a Canto II
flow cytometer (Becton Dickinson Immunocytochemistry
Systems, USA). The results were processed by the FACS Diva
software system (Becton Dickinson). Evaluated objects were
separated from other events on light scatter characteristics.

2.2.8. SEM analysis

The cells, encapsulated within membranes, were visu-
alized after thawing in the SEM; (TM 1000, Hitachi, Japan).
The samples were dehydrated by the standard method,
then a thin layer of gold was deposited on the cell surface
by a sputtering system.

2.2.9. Statistical analysis

Mean values and standard deviations, as well as the
significance of difference, were calculated in the Statistica
7.1 software. The values of p < 0.05 were assumed as
significant.

3. Results and discussion
3.1. Assessment of the transport properties of the membranes

Analyzing the transport properties of evaluated mem-
branes it was observed that the control group retained Dextran
70, allowing for about 32% of its release. The PEIIPLL, and
PEIICHIT allowed for 27% and 30% release respectively
as related to the initial concentration value of 0.1 mg/mL.

On the other hand, PEI-FICHIT allowed for less than
10% as related to the initial concentration value (Fig. 1)
this is reflected in keeping permeability at a uniform level
(Fig. 2).

The differences between the PEI-F|CHIT or other mem-
branes may be caused due to the hydrogen interaction
between NH groups of PEI and OH groups of fullerenol.
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Fig. 1. Dextran 70 concentration as a function of time during permeation through the control or the membranes:
PEIIPLL - polyethyleneiminelpolylysine, PEIICHIT - polyethyleneiminelchitosan, PEI-FICHIT - polyethyleneimine with
incorporated fullerenol | chitosan. The values are presented as mean +SD.
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Fig. 2. Permeability for Dextran 70 as a function of time for the control or the membranes: PEIIPLL — polyethyleneimine | polylysine,
PEIICHIT - polyethyleneimine | chitosan, PEI-FICHIT - polyethyleneimine with incorporated fullerenoll chitosan. The values are

presented as mean +SD.

Some of the OH groups of chitosan remained uninvolved
in the interaction with PEL, which might allow for increased
attractive interaction with Dextran OH groups.

The control and all evaluated membranes retained
Dextran 150 allowing for lower than 10% release after 30 min
as related to the starting concentration value 0.1 mg/mL
(Fig. 3).

The obtained values indicated that the membrane
cut-off was on the 150 kDa level for PEIIPLL, PEIICHIT.
On the other hand, the membrane PEI-FICHIT cut-off was
at albumin level value (Fig. 4).

3.2. Fourier-transform infrared spectroscopy

Fourier transform infrared spectroscopy analysis allowed
to assess the presence of substrates forming the membrane

layers (Fig. 5). For PEIIPLL membrane the layer presence
was confirmed by characteristic peaks at the following fre-
quencies (cm™): 3,375 and 1,631 representing N-H stretching
vibrations in PEI and PLL; Also, for PEIICHIT membrane
the presence of the layer was detected by characteristic peaks
at the following frequencies (cm™): 3,375, representing O-H
stretching vibrations in CHIT, N-H stretching vibrations
in CHIT, PEI and PLL; 1,631, representing O-H stretching
vibrations in CHIT, N-H, stretching vibrations in CHIT,
PEI and PLL;

Finally, for PEI-FICHIT membrane the layer pres-
ence was confirmed by characteristic peaks at the follow-
ing frequencies (cm™): 3,375, representing O-H stretching
vibrations in CHIT, N-H stretching vibrations in CHIT,
PEI and PLL; 1,631, representing O-H stretching vibrations
in CHIT, N-H, stretching vibrations in CHIT, PEI and PLL.
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Fig. 3. Dextran 150 concentration as a function of time

during permeation through the control or the membranes:

PEIIPLL - polyethyleneiminelpolylysine, PEIICHIT - polyethyleneiminelchitosan, PEI-FICHIT - polyethyleneimine with
incorporated fullerenol | chitosan. The values are presented as mean +SD.
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Fig. 4. Permeability for Dextran 150 as a function of time for the control or the membranes: PEIIPLL — polyethylene-
iminelpolylysine, PEIICHIT - polyethyleneiminelchitosan, PEI-FICHIT - polyethyleneimine with incorporated fullere-

noll chitosan. The values are presented as mean +SD.

It can be noted that the C-C bands of fullerenol at about
1,600 and 1,147 are not developed. It can be caused by a
strong PEIICHIT interaction presence.

It can be mentioned that the picks at 3,375 and 1,631
overlapped for NH groups as well as OH groups in different
applied membranes.

3.3. Evaluation of the functioning of cells within
different membranes

3.3.1. Mitochondrial activity of neural cells

The impact of membranes constructed on the cells sur-
face and the influence of culture medium applied in the
culture on the functioning of the thawed neural cells was
assessed. It should be noted that the cells were cultured

before freezing and after thawing in two different media:
Neurobasal or DMEM.

The figures below present the results obtained for the
comparison between the membrane coatings.

The analysis of mitochondrial activity showed that there
was a statistical difference in the values obtained for the
cells encapsulated in PEI-FICHIT comparing with the cells
uncoated (control) or coated with other membranes after 7 d
of the culture in DMEM (Fig. 6).

There was a statistical difference in the values obtained
for the cells encapsulated in PEI-FICHIT comparing with
the cells uncoated (control) or coated with membranes
PEIIPLL, PEIICHIT during 7 d culture in Neurobasal
medium. The cells encapsulated within the PEI-FICHIT
membrane exhibited the highest mitochondrial activity
during the whole period of culture (Fig. 7).
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Analyzing the influence of the time of culture main-
tained in DMEM after cells thawing, a general upward
trend in mitochondrial activity on 4-, 7 d of culture was
noticed, comparing with 1st day of culture (Fig. 8). There
was no statistical difference between the cells coated
with PEIIPLL after 4- and 7 d culture. There was a statis-
tical difference in mitochondrial activity of cells coated
with PEIICHIT or PEI-FICHIT on the 4th day of cul-
ture compared with the 7th day of culture. However, a
decline on the 7th day was maximally up to 15%. Whereas
the control value diminished by about 30%.

Also, the analysis of the influence of the time of culture
in Neurobasal medium after cell thawing exhibited a gen-
eral upward trend in mitochondrial activity on 4-, 7 d of
culture compared with the 1st day of culture (Fig. 9).

There was no statistical difference on the 4th and 7th
day of culture in Neurobasal between the cells uncoated or
coated with PEIIPLL or PEIICHIT or PEI-FICHIT (Fig. 4).
It can be noted that the Neurobasal ensures more stable val-
ues of mitochondrial activity during the 4- or 7 d culture
comparing with the DMEM medium.

3.3.2. Viability of neural cells

Analyzing the viability of cells coated within individ-
ual membranes cultured in DMEM, the significant decline
on the 4th and 7th day of culture comparing with 1st day
was observed in the case of cells coated with PEIIPLL, and
PEIICHIT, whereas the significant increase was noticed for
PEI-FICHIT on the 7th day (Figs. 10 and 11). The viability
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of control cells was meanly 4.8 + 2.4 during the 7 d culture
(Fig. 10).

The analysis of the percentage of the viable cells in
the population of non-encapsulated or encapsulated cells
during the culture in Neurobasal medium after thaw-
ing showed no statistical differences between the values
obtained for the cells encapsulated in PEIIPLL, PEIICHIT
and PEI-FICHIT after 7 d (Fig. 12). Wherein, the noncoated
viable cells share during the 7 d culture was meanly 7.4 + 1.5
and was significantly lower compared with the values
obtained for cells coated with different membranes. There
was no statistical difference between the viable cells share
after the 4th day and 7th day of culture encapsulated with
PEIIPLL or PEI-F I CHIT or PEII CHIT.

Analyzing the viability of cells coated within individual
membranes cultured in Neurobasal, no significant changes

were observed after 7 d of culture compared with the 1st
day in the case of membrane coating built with PEIICHIT,
and PEI-FICHIT (Fig. 13). It can be noted that the steadi-
est values during 7 d culture were observed for the cells
encapsulated within PEIIPLL (Fig. 13). The mitochondrial
activity of encapsulated cells was the highest in the case
of PEI-F|ICHIT membrane for the 7th-day culture in both
types of culture media. Moreover, the viable cells share
was the highest in the case of PEI-FICHIT membrane after
7 d culture in DMEM. However, the viability values were
differential during the time of culture. Nevertheless, the
viability of encapsulated in different membranes cells was
comparable after 7 d culture in Neurobasal. The values
obtained for different culture media indicated the possi-
bility of using both media Neurobasal and DMEM before
cryopreservation and after thawing.
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Fig. 12. The viability of neural cells after thawing, nonencapsulated (control) or encapsulated within the membranes: polyethylene-
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Fig. 14. SEM visualization of neural cells encapsulated in designed membranes after thawing and 24 h of the culture.
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3.4. SEM analysis

To assess the morphology of the systems consisted of the
cells coated with the membrane shells, SEM analysis was
applied. The exemplary pictures of the thawed cells coated
with chosen membranes, after the 24 h of culture, are pre-
sented in Fig. 14.

All the systems of encapsulated cells showed spherical
shape however differed in morphology. The systems using
PEIICHIT and PEI-FICHIT presented a spongy structure,
whereas the PEIIPLL share revealed a more compact struc-
ture. Moreover, the system based on PEI-FICHIT tends
to open the structure allowing the encapsulated cells to
expand beyond the membrane.

4. Conclusion

We applied the polyelectrolyte membrane material for
the coating of neural cells for cryopreservation purposes.
Although the control activity is at a level comparable to
coated cells, the percentage of live cells is lower as compared
to the coated cells. Thus, the coating application is justified.
All evaluated membranes can be applied for cryopreserva-
tion purposes. They can be recommended for biomedical
applications as resistant material ensuring the maintenance
of the cell function after 6 months of cryopreservation.
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