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Abstract:

Polyelectrolyte complex (PEC) membrane of cationic chitosan and anionic sodium
alginate with fiber structure were prepared by freeze-drying method. Chitosan and sodium
alginate were blended in different concentration and frozen at different temperature.
Freeze-dried fiber membrane were extensively characterized for their inter-molecular
interaction, the solution property, morphology and biocompatibility by using FTIR, XRD, Zeta

(&) potentials, SEM and Cytotoxicity assay, respectively. The study of swelling property

showed that PEC membrane with the fiber structure cross-linked with glutaraldehyde exhibited
pH and ionic strength-dependent swelling in aqueous media, which might have a potential
application in tissue engineering or drug controlled release. Furthermore, chitosan-sodium
alginate samples showed better cell adhesion and proliferation than pure chitosan. The results
indicated that two natural polyelectrolyte complex nanofibers were prepared by freeze-drying
method and fitted for tissue engineering or drug carrier.
Keywords: freeze-drying; fiber membrane; chitosan; sodium alginate
1. Introduction

Being both polymers and electrolytes, polyelectrolyte complex (PEC) has both the
properties of macromolecules and the charge possibilities of electrolytes, which has been

studied broadly for its fundamental and application interests. The PEC has many applications,
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[1]

mostly related to dialysis and ultrafiltration membranes ", carriers and microcapsules for

241 biosorbent ' and biomimetic application ® The PEC formation based

controlled release
on the strong coulomb interaction between oppositely charged polyelectrolyte, which leads to
spontaneous aggregation after mixing of the component solutions ", PEC doesn't need to use
chemical cross linking agents for electrostatic interaction between oppositely charged
polyelectrolyte, which can reduce the possible toxicity and other undesirable effects of the
reagents and has potential to be used in tissue engineering or drug carrier. There are three types
of PEC, including soluble, colloidally stable, and coacervate complexes, respectively. The type
of complex formed is corresponding to charge density, salt, polyelectrolyte concentration, pH
and temperature, which were characterized by using turbidimetric or light scattering techniques

(8.9]

Chitosan and sodium alginate are widely studied in tissue engineering and drug delivery

[10] [11, 12]

applications for their nontoxicity, biodegradability , biocompatibility and easy
commercial accessibility [13-141 " Chitosan is a natural cationic polysaccharide obtained from the
N-deacetylation of chitin, and alginate is an anionic polysaccharide with the property of

[15]

degradation in vivo ' . Upon mixed, they form alginate-chitosan polyelectrolyte complex

through electrostatic interaction very quickly, which has the property of limiting the release of

encapsulated materials more effectively than either alginate or chitosan alone .

Currently, most available methods for nanofiber fabrication are electrospinning " '],
self-assembly "' and phase separation *°. Electrospinning is a common and efficient method to
produce nanofibers. Jamil A. Matthews et al. 21 demonstrated the preparation of collagen
nanofibers by electrospinning used for tissue-engineering scaffolds and the results suggested
that electrospun collagen might represent a nearly ideal tissue engineering scaffold.

Self-assembly, just as its name implies, is the autonomous organization of molecules into

different structures and occurred on hydrophobic surfaces from different solvents. Liu et al. (221
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reported the self-assembly of polyphenylene dendrimer into nanofibers on various substrates.
Phase separation is usually used to prepare 3-D tissue engineering scaffolds. Thermal-induced
phase separation and non-solvent-induced phase separation are two kinds of phase separation,
which are induced by changing temperature and by adding nonsolvent to the polymer solution,

respectively. Hua FJ et al. (23]

reported a biodegradable poly(L-lactic acid) (PLLA) macroporous
scaffold fabricated from a PLLA-dioxane-water ternary system by use of thermal induced phase
separation process. However, these three methods of producing nanofibers ether are limited in
producing fibers with toxic organic solvents, or require much more complicated procedures and
extremely elaborate techniques, or produce with low productivity. Freeze-drying, known as
lyophilisation, bases on the self-assembly of polymer in the interface of ice crystal, has been
explored widely as a route to prepare porous materials in tissue engineering (24261 Also
freeze-drying is a novel route to fabricate nanofibers under appropriate condition. Compared
with other three methods, freeze-drying has many advantages. For example, water is often used
as solvent to produce nanostructure, which is green and environment-friendly. Moreover, ice
crystal is sustainable and facile. Here we report synthesis and characterization of polyelectrolyte
complex nanofibers, which are synthesized from natural polyelectrolyte complex of chitosan
and sodium alginate by the method of freeze-drying. Using a simple method to prepare a more

complex nanostructure with high specific surface area, good thermostability, water-absorb

quality and biocompatibility, is an originality of this article.

2. Experimental Section
2.1 Materials.

Chitosan (Mw 100000, degree of deacetylation (DDA) 87%) and sodium alginate (SA,
1.28Pa s for a 2wt% aqueous solution at 30°C) were purchased from Zhejiang Golden-Shell
Biochemical Co., Ltd. (Zhejiang, China) and Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
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China), respectively. Glutaraldheyde solution was purchased from Sinopharm Chemical
Reagent Co.,Ltd(Beijing, China). Other reagents and solvents were of analytic grade and
purchased from Beijing Chemical Reagent Company. Ultrapure water with specific resistance
around 18MCQ cm was used to prepare the solution. All materials were used without further
purification.
2.2 Nanofibers preparation
2.2.1 Stock solution

At room temperature, stock solution of sodium alginate and chitosan at different
concentrations (0.025g/100mL, 0.05g/100mL, 0.075g/100mL, 0.1g/100mL) was prepared by
dissolving each material (25mg, S0mg, 75mg, 100mg) in 100mL of deionized water and 100mL
of 1% (V/V) acetic acid, respectively. All the stock solutions were stirred with magnet for about
30 minutes. The pH of sodium alginate and chitosan solution was 7.4 and 2.8, respectively.
2.2.2 Preparation of polyelectrolyte complex membrane

Chitosan and sodium alginate polyelectrolyte solutions were mixed together by adding
chitosan solution dropwisely to sodium alginate solution. Then the mixed solution was stirred
about 20 minutes and freeze dried. The freezing of solution was done by slowly immersing a
shallow glass beaker containing chitosan-sodium alginate solution into a bath with liquid
nitrogen for about 25 minutes. Then the frozen samples were freeze-dried in a freeze drier
(LGJ-10) for 48 h, the vacuum was 25 Pa and temperature of cold well was -56C.
Chitosan-sodium alginate PEC was fabricated by varying the freezing temperature (the different

temperature was obtained by using cryostat). initial concentration of chitosan and sodium

alginate solutions and the proportion of two polyelectrolyte solutions(5:1, 3:1, 1:1). To have a
good cell growth on the surface of chitosan-sodium alginate PEC, the membrane needed to be

crosslinked with 25% glutaraldheyde solution, using steam method.
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2.3 Cross-linking of the fibers Membranes

The process of cross-linking was carried out as follows. Briefly, in a sealed desiccator
containing 20 mL of aqueous 25% glutaraldehyde solution, the membrane were placed on a
holed ceramic shelf in the desiccator and were cross-linked in the glutaraldehyde vapor at room
temperature for 2 days. After cross-linking, the samples were immersed in deionized water for 1
day by changing the water every 2 h. Finally, the cross-linked fiber membrane was dried at
50°C in vacuum for 12 h.
2.4 Characterization of polyelectrolyte complex membrane

Zeta (0) potentials were determined by zeta potentiometric analyzer (MaiKeMo instrument
co., LTD), the concentrations of two polyelectrolyte solution were 0.075g/100mL. FT-IR

spectra of chitosan, sodium alginate and chitosan-sodium alginate (0.075g/100mL, 1:1) PEC

pelletized with KBr powder were recorded on Nicolet Spectra 5700 spectrometer (Nicolet
Instrument, Thermo Company, Madison, USA). The crystallinity of chitosan, sodium alginate
and chitosan-sodium alginate(0.075g/100mL, 1:1) PEC were identified by using a Rigaku
D/Max2500VB,"/Pc diffractometer (Rigaku Company, Tokyo, Japan) with 40 kV and 50mA
with Cu Ka radiation (A= 0.154nm). The scanning scope of 26 was 5-50° and the scanning rate
was 5°/min. The microstructure of PEC was observed by scanning electron microscopy using a
Hitachi S-4700 microscope, it fixed on stubs with sputter coated with gold before observation.
2.5 Swelling properties study

At room temperature, water uptake by the cross-linked reinforced chitosan sodium alginate

(0.075g/100mL, 1:1)membrane was determined by accurately controlling the weight and size

(2 X 2) of films immersed in 100mL aqueous medium, which had different pH values

including 1.3, 4.0, 7.7 and 9.6, respectively. The swollen PECs were processed with filter paper
to remove adsorbed water on the surface of membranes. The swelling percentage was calculated

from the following equation.

Page 6 of 30



Page 7 of 30

RSC Advances

Esw = [(W-Wo)/W,] X 100

Where w, is the weight of the sample at the time t, and w, is the initial weight of the sample. In
order to make the experiments more accurate, experiments had been repeated for three times,
and the average value was taken as the final swelling percentage value.
2.6 Cytotoxicity assay

To evaluate cytotoxicity of  chitosan-sodium alginate PEC, MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) assay was used 27,
All samples used in cytotoxicity assay were previously sterilized by high temperature in a

hermetically-sealed instrument. After sterilization, chitosan-sodium alginate PEC samples were

put into 200 1 L DMEM (Dulbecco's Modified Eagle Medium) medium with 10% FBS (fetal
bovine serum) for 48h at 37°C and different concentrations of their extract liquid were obtained

from the medium. Then the mouse fibroblast L.929 cells were cultured onto a 96-well plate in
the DMEM medium. After 24h incubation, fresh media (10%FBS) with different concentration
of PEC was used to remove the media and incubated for another 4h. After that, the medium in
each well has been removed with fresh medium and incubated for 24h.Then 20 u L
MTT(Smg/mL in PBS) stock solution was added to each well and incubated for 4h. The
medium was removed with 150 1 L DMSO to dissolve the precipitated fomazan crystals which
was produced by live cells. The absorbance was measured by using a microplate reader at a test
wavelength of 490nm. The cell viability was estimated in the form of percentage of the
absorbance with respect to the control experiment without using PEC.

3. Results and discussion

3.1 Zeta ({) potentials analysis

Fig. 1
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The alternating C-potentials are an excellent indicator of the different ratios between
chitosan and sodium alginate to form PEC. The (-potentials alternated from 38.18 mV to 57.69
mV and from -60.19mV to -38.81mV with the ratios variation, as shown in Fig.1 (a). The
C-potentials observed with each step suggested that the charge in the mixed solutions changed
and PEC formed with the main driving force of electrostatic adsorption 28. 291 'When neat
chitosan or sodium alginate solution was mixed with another solution, the {-potentials changed.
This was connected with the stability of the solution. Upon mixed, the solution appeared
amount floccules, leading to the decrease of absolute values of {-potentials. As shown in Fig.1
(b) and (c), the {-potentials affected nanofibers formation. The redundant positive charge in the
solutions was not beneficial to fiber formation while the solutions of electric neutrality or partial
electro negativity were helpful for fiber formation.

3.2 FT-IR analysis

Fig.2

The FT-IR spectra of materials including chitosan (a), sodium alginate (b) and
polyelectrolyte complex fiber membrane (c) are shown in Fig.2. The spectrum of chitosan
showed the characteristic absorption. 3438 cm™ is ascribed to the stretching vibration of the
N-H and O-H group. The peaks located around 1636 cm™ and 1596 cm™ are related to amide I
and amide IT bands from N-H group, respectively. The peak at 1422 cm™ is associated with the
C-H symmetrical deformation and the peak at 1384 cm’™ is corresponding to the stretching C-N
vibration, the peak at 1082 cm™ is attributed to C-O-C stretching vibration B9 For sodium
alginate, the characteristic peaks appeared at 3430 (-OH stretching), 1616 (-CO- stretching),
1417 (-COOH stretching), 1092 (C-O stretching) and 1030 cm’! (C-O-C stretching), which are

[31]

characterized by its saccharide structure . In the spectrum of polyelectrolyte complex
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membrane, the amide peak at 1636cm’™ disappeared, which was assigned to -NH;" deformation
321 Two small peaks at 1595 and 1383cm’™ appeared, which were responding to the NH;" and
—COQ/, respectively, revealing the strong electrostatic interaction between negatively charged
carboxylic acid salts (-COO") on sodium alginate and the positively charged amino groups
(-NH3") on chitosan.

3.3 XRD analysis

Fig.3

Fig.3 shows the wide-angel X-ray diffractograms of chitosan (a), sodium alginate (b) and
the polyelectrolyte complex fiber membrane (c). Chitosan exhibited four typical peaks at around
20 =12, 21, 23 and 26 . Sodium alginate showed four diffraction peaks at about 26 =13, 21, 23
and 26 while the polyelectrolyte complex membrane appeared more amorphous morphology
than sodium alginate. When the polyelectrolyte complex membrane formed between chitosan
and sodium alginate, a crystalline peak of chitosan at 20 =12"(110) disappeared. The reason was
that the hydrogen bonding between amino groups and hydroxyl groups in the chitosan was
[33]

broken by complexation

3.4 Morphology and fiber formation

Fig. 4.

The proposed mechanism for formation of fiber membrane under the condition of freezing
drying with liquid nitrogen is illustrated in Fig. 4. Freeze drying is one of methods for preparing
nanoparticles, porous materials or nanofibers, which had been reported that freezing drying
technique could fabricate and prepare polymeric nanoparticles or nanofibers under the designed

[34-36

conditions I 1t could overcame the disadvantages of the electrospinning such as requirement
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for toxic organic solvents or highly concentrated acetic acid as the solvent, When the technique
used to prepare the nanofibers with diameters in the range of 300-700 nm from chitosan

37-39

solutions, or poly(l-lactic acid) *"*"!. According to the different forming process that reported

before by utilizing other materials, their structure formation mechanisms had been established

1401 While the liquid nitrogen was poured into the chitosan-sodium alginate

in different way
solution, the chitosan-sodium alginate solution likely leaded to precipitate into many and tiny
ice nuclei during the initial freezing process immediately. During the next freezing step, ice
nuclei grew up and became longer, the solute molecules were fixed and included in the frozen
solvent. Next, the ice crystals were directly sublimated into water vapor, at the same time, the

solute molecules attempted to stick together slowly. Finally, until the sample was completely

freezing drying, the fiber could be formed by that molecules agglomeration.

Fig. 5

The complexation occurred once two polyelectrolytes mixed. The entropy was the driving
force for the complexation and such complexation process appeared spontaneously with the
release of counter ions. Fig.5 shows SEM images of uncross-linked and cross-linked PEC
membrane prepared from concentration of 0.075g/100mL of each polyelectrolyte solution

and freeze dried at -196°C. As seen, the uncross-linked PEC was interconnected and composed

of interconnected fiber. The fiber structure was attributed to ice crystals. When the solution was
frozen, ice crystals grew and the polyelectrolytes molecules were excluded by these crystals to
form fiber structure. The phenomenon of ice crystals growing was explained by
Mullins-Sekerka instability, according to which, the primary ice-template structure was
dependent on the destabilizing polyelectrolytes interfacial concentration gradient and the

surface energy that opposes cell formation 41431 While cross-linked PEC membrane had a

9
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rather smooth surface, which was related to cross-link between glutaraldehyde and hydroxyl of
chitosan or sodium alginate. The structure of the PEC was connected with relative molecular
weights of the polyelectrolytes and the strength of mutual electrostatic interaction. What is more,
other parameters such as pH, ionic strength, initial solution concentration and freeze
temperature could affect the structure of the PEC. Here how initial concentration and freeze

temperature affected the fibers formation was laid emphasis on in this article.

Fig. 6

To understand how initial concentration affected the fiber formation of PEC, we got PEC by
varying initial concentration of each polyelectrolyte and keeping freeze-drying temperature
constant. The SEM images of PEC membranes with concentration of 0.025, 0.05, 0.075 and

0.1g/100mL frozen at -196°C are shown in Fig.6. The PEC fiber membrane with concentration

of 0.025g/100mL was found to have sheet-like structures, and almost no structure of fiber.
When the solution increased to concentration of 0.05g/100mL, the PEC membrane had few
fiber and many holes connected with fibers or sheet-like structure. When the concentration of
the solution increased to 0.075g/100mL, the fiber structure appeared and they were continuous
and interwoven together. PEC membrane exhibited an intermediate morphology at a
concentration of 0.1g/100mL. The SEM results indicated that at even lower concentration
(0.05g/100mL), the PEC membrane have no obvious and special structure besides disorder
sheet-like. The reason was that the concentration of polyelectrolytes was too low to maintain its
three dimensional structure, and form the continuous nanoparticles. So if the concentration of
the solution was low, it could be got the fiber membrane.

Another parameter, freeze temperature had a significant effect on structure of PEC

formation. PEC with the same concentration of 0.075g/100mL frozen at different temperatures

10
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-6001, -5001, -400J, and -20[] were prepared by using freeze-drying method. It could be found
that the nanofibers structure increased with the decrease of temperature, as shown in Fig. 6.
When the freezing process was conducted with a cold source of higher temperature -2001,
materials with disorder of sheet-like or stratiform structure were produced. When the aqueous
solution was frozen at -60(1, the extremely low temperature resulted in rapid formation of ice
nuclei and the growth of small ice crystals. The process of freeze-drying took small solvent
crystal away and small pores formed in the space originally occupied by solvent, which led to
fibers structure. However, ice nucleation was slow and the nuclei tended to grow into larger ice
crystals at a higher freeze temperature (e.g -207), which led to the production of membranes
with sheet-like structure. Controlling the structure of PEC membrane became possible because
of the ability of varying the structure of membranes from sheet-like to fiber by adjusting
freeze-drying temperature and the concentrations of two natural polyelectrolytes.

3.5 Swelling properties study

Fig. 7

As seen from Fig.7, the pH values of solution and ratios between chitosan and sodium
alginate had protuberant effects on the swelling percentage. The cross-linked PECs showed a
higher swelling degree at pH 1.3 and slightly lower swelling degree at pH 4.0. At pH 1.3, the
amine group of chitosan was protonated by hydrogen ions from acid, resulting in the increase of
electrostatic repulsion and hydrophily, which facilitated the increase of swelling degree. The
lower swelling degree at pH 4.0 was attributed to the mixed solution being closed to isoelectric
point. At pH 7.7, swelling percentage had a relatively increase, while swelling degree decreased
at pH 9.6. The reason was that at pH 7.7, the electrostatic attraction between the -NH;" and

—COQ'" groups in the membrane had a significant effect. Deprotonation of the amino groups at

11
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pH 9.6 reduced the number of ionic bonds between the two functional groups, which
contributed to the improvement of swelling ability. The general trend of the swelling degree
decreased following the increase of the amount of sodium alginate in the PEC, which lied in the
ionic strength in the surrounding solution increased to make the osmotic pressure between the
floccules and the solution different. Swelling percentage depended on the pH of solutions and
ratios between chitosan and sodium alginate included. Ionic strength of the solution affected the
swelling degree, much stronger ionic strength was, much stronger binding force the charge
between ion and floccules had. This made the molecule chains of hydrogel crimp, leading to the
decrease of swelling degree. With the increase of ionic strength, the osmotic pressure between
the floccules and the solution decreased, resulted in the decrease of outer water molecules
getting into floccules and lowering the swelling percentage.

3.6 Biocompatibility studies

Fig. 8

The cytocompatibility of PEC membranes was characterized through in vitro studies. SEM
analysis and cell fluorescence images (Fig. 8) were used to characterize cell adhesion and
proliferation in the presence of the membranes. The cell fluorescence images showed that more
and more cells grew along the direction of fibers with extension of time. The cross-linked PEC
was stained with live/dead 1929 cells and the cells proliferated well. After 48h, cells exhibited a
fusiform morphology and had the tendency of keeping growing, which was indicative of the
membranes’ biocompatibility. With a great difference, uncross-linked membranes had only few
cells grown after 48h, which presented a good growing condition yet. The reason was that
uncross-linked membranes were so loose that the cells were washed away in the process of

cultivation or many cells were grown inside the membranes, resulting in only few cells on the

12
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surface. The cytotoxicity of the materials was further characterized through a MTT assay. The
results showed that the complex membranes had higher cell viability than the positive control
(red bar graph). A statistically significant difference between negative control and cells exposed
to the membranes was observed, including 24h, 48h and 72h of incubation, respectively. But
there were some differences between the results. When the content of chitosan increased, the
viable cells decreased, revealing more live cells on chitosan-sodium alginate than on pure
chitosan.
Conclusions

In this study, we explored some factors of chitosan-sodium alginate nanofibers formation
and managed to fabricate chitosan-sodium alginate nanofiber membranes at the interface of ice
crystals by varying concentration and temperature based on freeze-drying method. The
nanofibers formation appeared with the concentration of 0.075g/100mL of mixed solution and

the freezing temperature below -60°C, the diameter of PEC was about 200~600nm. The higher

or lower concentration and the higher temperature facilitated sheet-like and stratiform structure.
The study of swelling property showed that the general trend of the swelling degree decreased
following the increase of the amount of sodium alginate in the PEC. The results indicated that
the PEC membrane with the nanofibers structure cross-linked by glutaraldehyde exhibited pH
and ionic strength-dependent swelling in aqueous media, which may have a potential use in
tissue engineering or drug controlled release. Furthermore, MTT assay showed the PEC
membranes were nontoxic and chitosan-sodium alginate samples showed better adhesion and

proliferation than pure chitosan.
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Figure legends
Fig.1 Zeta (£) potentials of solutions with different ratios between two polyelectrolytes(a),
SEM images of polyelectrolyte complex membranes and their Zeta (£ ) potentials were £ =

-45.08mV(b), € =+43.2mV(c), respectively .

Fig. 2 FT-IR spectra of chitosan(a), sodium alginate(b), and polyelectrolyte complex
membranes (c).

Fig. 3 XRD pattern of chitosan (a), sodium alginate (b), and polyelectrolyte complex
membranes (c).

Fig. 4. The formation mechanism of polyelectrolyte complex nanofibers during the process of
freeze drying.

Fig. 5 SEM images of uncross-linked 0.075g/100mL chitosan-sodium alginate membrane (a,
a;), and cross-linked 0.075g/100mL chitosan-sodium alginate membrane (b, b,)

Fig. 6 SEM images of 1:1 chitosan-sodium alginate membrane synthesized from solution with
concentrations of 0.025g/100mL (a;), 0.05g/100mL (b;), 0.075g/100mL(c;), 0.025g/100mL (d,),

the freezing temperature of all solutions were -196°C. SEM images of 1:1 chitosan-sodium
alginate membranes synthesized from a solution with concentration of 0.075g/100mL at
freezing temperature of -20°C (a,), -40°C (b,), -50°C(cy), -60°C (dy).

Fig. 7 Swelling degree of different ratios of chitosan-sodium alginate membranes at different
pH

Fig. 8 Cell fluorescence images of membranes (a, 24h), (b, 72h), SEM images of cells adhered
on the surface of uncross-linked PEC (c, 24h), (d, 72h) and cross-linked PEC (e,f). Evaluation

of the cellular activity after 24h, 48h and 72h.

19



Page 21 of 30

RSC Advances

Fig. 1 Zeta ( € ) potentials of solutions with different ratios between two
polyelectrolytes(a), SEM images of polyelectrolyte complex membranes and their

Zeta ( £ ) potentials were € = -45.08mV(b), £ =+43.2mV(c), respectively .
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Fig.2 FT-IR spectra of chitosan(a), sodium alginate(b), and polyelectrolyte complex

membranes (c).
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Fig.3 XRD pattern of chitosan (a), sodium alginate (b), and polyelectrolyte complex

membranes (c).
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Fig. 4. The formation mechanismofpolyelectrolyte complex nanofibersduring the

process of freeze drying.
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Fig.5. SEM images of uncross-linked 0.075g/100mL chitosan-sodium alginate
membrane (aj,a;), and cross-linked 0.075g/100mL chitosan-sodium alginate

membrane (b, by)
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Fig. 6 SEM images of 1:1 chitosan-sodium alginate membranes synthesized from
solutions with concentrations of 0.025g/100mL (a;), 0.05g/100mL (b)),
0.075g/100mL(c;), 0.1g/100mL (d;), the freezing temperature of all solutions were
-196°C.SEM images of 1:1 chitosan-sodium alginate membranes synthesized from a
solution with concentration of 0.075g/100mL at freezing temperature of -20°C(ay),

-40°C (b), -50°C (cy), -60°C(dy).
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Fig. 7 Swelling degree of different ratios of chitosan-sodium alginate membranesat

different pH
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Fig. 8 Cell fluorescence images of membranes (a, 24h), (b, 72h), SEM images of cells
adhered on the surface of uncross-linked PEC (c, 24h), (d, 72h) and cross-linked PEC

(e,f). Evaluation of the cellular activity after 24h, 48h and 72h.
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