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ABSTRACT

The porous polylactic acid matrix has been particularly developed as a scaffold in tissue engineering,
drug loading, and wound dressing. However, the loading of active chemical compounds is challenging
due to its highly hydrophobic nature and lack of functional groups for chemical bonding. Plasma
treatment is a fast, heat and chemical-free solution to increase its hydrophilicity by oxidative functional
groups and physical etching. In this study, a highly porous PLA scaffold was obtained by polyethylene
glycol pore formation agent and treated by radiofrequency (RF) air plasma. Fucoidan from Fucus
vesiculosus, Macrocystis pyrifera, and Undaria pinnatifida were used to immobilize onto the activated
porous PLA surface for use as medicated wound dressings. The chemical composition and morphology
were investigated by FTIR, SEM-EDS analysis, and cytocom-patibility assay was studied mouse
embryonic fibroblast cells (NIH/3T3).
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1. Introduction

Polylactic acid (PLA) is an aliphatic polyester belonging to the «-hydroxyl acid family. It is obtained
from lactic acid by direct polycondensation or by ring-opening polymerization of the lactide dimer. The
biodegradable and biocompatible nature of the PLA offers various practical applications such as



medical implants, drug delivery, cosmetics, and food packaging!*. The porous PLA matrix has been
developed as a scaffold in tissue engineering, drug loading, and wound dressing[2.

There are several techniques to fabricate a porous PLA matrix for special applications such as solution
casting/poro-gen leaching, electro-spinning, emulsion freeze drying, gas foaming, and phase
inversion>®!, Each method possesses advantages and disadvantages and should meet the specified
demands. Among these techniques, the solution casting/ porogen leaching method is easy to control
the porosity. The ability to control the porosity and pore size plays a crucial role in the biomaterials
used as a scaffold for wound dressing applications. The introduction of pores can enhance cell
migration, cell proliferation, and regulate the tissue integration. The morphology of the porous
biomaterials (pore size/shape, pore interconnectivity) has been regulated by controlling the amount
and dimension of porogen par-ticles!®.. Chitrattha and Phaechamud!*® explained that the porous
architecture of wound dressing can reduce the contact area with the soft tissue to avoid adherence
when the wound is dried.

Toughness and elasticity are desired mechanical properties of biomaterials used for the soft tissues.
However, PLA is characterized by its high tensile strength, rigidity, and hydrophobicity. To eliminate
these drawbacks, different methods such as copolymerization with other monomers or blending with
hydrophilic polymers are employed. Diblock copolymers of PLA and poly(ethylene glycol)-monomethyl
ether were investigated as drug and cell carriers*'l. PLA-b-polyethylene glycol amphiphilic block
copolymer composite scaffold was studied as a hydrophilic drug carrier and found a better dispersion
property and stabilized the release of hydrophilic drugs'*?.. To improve the ductility and toughness of
PLA, it was blended with polyamide and poly(e-cap-rolactone) and thermoplastic starch!***4. These
methods are successful in enhancing the hydrophilicity and improving the toughness. However, the
main problem with these techniques is that the modification of the entire bulk material can result in
the loss of some desired properties of the pure PLA such as mechanical strength and degradation
stability. Hence, surface modification techniques have been used to change the polymer surfaces
properties without sacrificing mechanical and/or structural properties. Plasma treatment is a unique
technique to change various surface properties, especially wettability and surface roughness. The
hydrophilic surfaces can be obtained by incorporating hydrophilic oxidative functional groups, e.g.
carboxyl (-C-0O-0-H), carbonyl (-C=0) and hydroxyl (-OH) upon air plasma treatment. It has been known
that the hydrophilic surface of biomaterials has a significant influence on cell attachment or
proliferation and also serves as a hydrophilic drug carrier®>®!, The two-step plasma treatment to
provide the oxygen- and nitrogen-containing functional groups onto honeycomb pattern on PLA film
and the treatment had a major impact on cyto-compatibility determined by NIH/3T3 fibroblasts*’..
Plasma treatment of PLA film provided not only increased oxygen content and wettability but also
increased the initial cell attachment both quantitatively and qualitatively!*®. Surface chemistry of PLA-
type copolymers e.g., di- and tri-block copolymers of PLA-PEG were also altered by plasma
treatment!®®. The results of cell culture experiments showed that the cell affinity of the PLA surface
after a combination of plasma treatment and collagen anchorage was greatly improved. Stloukal et al.
[201investigated the effect of plasma treatment on the release kinetics of the drug Temozolomide (TMZ)
from PLA and PLA-polyester urethane polymer blend film. The rate of release over the initial 24 h
slowed down several times which means in a more controlled manner.

Fucoidan is one of the promising polysaccharides to immobilize materials surface to obtain active
biomaterials in soft tissue engineering. Fucoidans are a sulfated ester, fucose-rich (L-fucopyranose
units) biopolymers found in brown macroalgael?!. These algals derived marine carbohydrate polymers
were examined for potential bioactivities including antitumor, antivirus, antithrombotic, and
anticoagulant activities!??”]. The high degree of sulfation, structure, and molecular weight of fucoidans



determine these prominent biological activities?®!. Recently, researches have shown that the fucoidan
containing biomaterials serves as a carrier for hydrophilic drugs/biofactors especially in the fields of
cancer, regenerative medicine, and cardiovascular diseases?.

Our previous studies, coating the polyethylene terephthalate surface, to use in blood-contacting
applications, by fucoi-dan from Fucus vesiculosus via plasma treatment demonstrated high
anticoagulation properties®3!, In this study, three different types of fucoidan were loaded to highly
porous and plasma-treated PLA scaffold to create a biodegradable artificial extracellular matrix with
an enhanced cell adhesion/proliferation performance. PEG was used as a porogen with a 75% mass
ratio to obtain highly porous PLA scaffold to enhance its cell interactions in 3D and increased surface
area, proportional to pores, to load more amount of fucoidan particles. Furthermore, the thickness of
the PLA scaffold was set to 25 um to accelerate its degradation rate/time in the body after the release
of fucoi-dan and fibroblast cells create their natural extracellular matrix instead of the artificial PLA
scaffold. Such scaffolds can be produced with various biopolymers and methods for both soft and hard
tissue applications!3239,

2. Experimental
2.1. Materials

The pellet form of poly(lactic acid) (PLA) 4032D was purchased from Nature Works (Blair, NE).
Poly(ethylene glycol) (PEG) with a molecular weight of 4000 and dichlorome-thane (99.8%) were
purchased from Sigma-Aldrich. Polysaccharides of fucoidan from Fucus vesiculosus, fucoidan from
Macrocystis pyrifera, and fucoidan from Undaria pinnatifida were purchased from Sigma-Aldrich.

2.2. Preparation of the highly porous PLA scaffold

The highly porous PLA scaffold was prepared by solution casting/porogen leaching technique, using
PEG as a poro-gen. The weight ratio of PLA:PEG was 25:75. The PLA and PEG were dissolved in
dichloromethane and the solution concentration was 143 g/L. The viscous solution was poured onto
the clean glass plate and spread by the doctor-blade method to obtain PLA/PEG films with a thickness
of 25 um. Subsequently, the PLA/PEG films were placed into deionized water for 48 h (water refreshed
every 12 h) at room temperature (RT) to leach out PEG and obtain highly porous PLA scaffold with
interconnected pore structure. The final products of porous PLA scaffolds were dried in an oven for 12
h at 50 °C and referred to as PLA-REF thereafter.

2.3. Loading of the fucoidans to the scaffold

Aqueous solutions of 0.1% (w/v) of fucoidans were prepared and the pH of the solutions were set to 5
with the addition of H,SO4 and placed in solution vials. Dried PLA-REF scaffolds were subjected to radio
frequency (RF) air plasma at 50 W of reactor power and 13.56 MHz frequency, generated by a PICO
(Diener, Germany) plasma reactor for 60 s. This was to activate their surface by plasma treatment for
enhancing the chemical interactions with active groups of fucoidan. Air was used with a 20 sccm flow
rate as a discharge gas under the chamber pressure of 50 Pa. Immediately after the plasma treatment,
the scaffolds were placed into each vial containing aqueous solutions of fucoi-dan from Fucus
vesiculosus, fucoidan from Macrocystis pyrifera, and fucoidan from Undaria pinnatifida for 24 h at RT
on a shaker. Finally, the scaffolds were washed gently in distilled water and dried at RT overnight. The



plasma-activated sample referred to as PLA-RF and fucoidan loaded scaffolds referred to as PLA-RF-
FV, PLA-RF-MP, and PLA-RF-UP, thereafter.

2.4. The scaffold morphology and elemental analysis by scanning electron microscope

The morphology of the scaffold was monitored by a NANOSEM 450 (FEI, Hillsboro, USA) scanning
electron microscope (SEM) equipped with an energy dispersive X-ray spectroscopy (EDS) analyzer. SEM
operated at 5 kV under 90 Pa pressure in a water vapor environment to reveal pore size and its
distribution for the morphology investigation. Before analysis, samples were frozen by liquid nitrogen
to maintain the porous structure and then broken into two parts to reveal their lateral section. Images
were taken at the various magnifications of 5 k x and 20 k x with a spot size of 50 nm. Elemental analysis
was carried out by a high sensitivity Circular Backscatter Detector (CBS) operated at 15 kV with a spot
size of 4.5.

2.5. Ftir analysis

The changes in chemical compositions of the PLA scaffolds were examined by a Nicolet iS5 (Thermo
Scientific, Grand Island, NY) single beam Fourier transform infrared spectroscopy (FTIR) equipped with
iD5 attenuated total reflectance (ATR). The FTIR spectrum was recorded between 400 and 4000 cm™
with a resolution of 2 cm™ and 64 scans using a ZnSe crystal at an incident angle of 45°.

2.6. Water contact angle measurement

Surface wettability behavior of the PLA scaffolds was carried out by the Sessile drop method via the
SEE System (Advex Instruments, Brno, Czech Republic) equipped with a CCD camera, to determine
their surface hydrophilicity. Ten separate droplets of distilled water with a volume of 5 pL were placed
onto each sample surface at 23 °C and 63% relative humidity, to obtain mean water contact angle value
(Qw).

2.7. Cell proliferation assay

The cytocompatibility was determined in vitro using mouse embryonic fibroblast cells (NIH/3T3, ATCC"
CRL-1658™, USA). This cell line is one of the most used cell lines within the initial testing of materials
cytocompatibility. The samples for cytocompatibility testing were prepared with a dimension of 10 x
10 mm in the form of thin foil. Previous to testing, the specimens were disinfected with a UV radiation
with wavelength of 258 nm for 30 min on each side. The ATCC-formulated Dulbecco’s Modified Eagle’s
Medium (BioSera, France) containing 10% of calf serum (BioSera, France) and 100 U mL?
Penicillin/Streptomycin (BioSera, France) was used as a cultivation medium. The cells were seeded
onto the samples in concentrations of 2 x 10* cells per mm? and incubated for 72 h at 37 °C. After the
incubation period, cell proliferation was evaluated in two ways: (1) qualitative by observation of
morphology and (2) quantitative by MTT assay.

For the cell morphology, cells were fixed with 4% formaldehyde (Penta, Czech Republic) for 15 min,
then rinsed by phosphate-buffered saline (PBS, Invitrogen). Subsequently, the aqueous solution of
nonionic surfactant 0.5% Triton X-100 (Sigma-Aldrich) was applied for 5 min to permeabilized the cells.
After permeabilization, the cells were washed by PBS three times then a drop of ActinRed™ 555



(Thermo Fisher Scientific, USA) with 10 mg mL? Hoechst 33258 (Invitrogen, USA) were added in the
required amount of PBS and left to incubate for 30 min in the dark to stain the cell cytoskeleton and
nuclei. Finally, cell proliferation and morphology were observed by a fluorescent inverted Olympus
phase contrast microscope (IX 81, Japan). All the tests were performed three times.

For the quantification of viable cells, the MTT solution was added to each sample in concentration 0.5
mg mL™. The cells were incubated with the MTT solution for 4 h. Afterwards, resulting formazan was
dissolved in DMSO and the absorbance was measured at 570 nm on Infinite M200 PRO (Tecan,
Switzerland). All the tests were performed in quadruplicates. The cell viability is expressed as relative
percentage compared to the reference sample (PLA-REF), which was adjusted as 100%.

3. Results and discussion
3.1. The scaffold morphology analysis

The morphology of the porous PLA scaffold prepared with 75% of pores was investigated by SEM
(Figure 1). The total thickness of the scaffold is measured as 25 um with a pore size ranging from 500
nm to 10 mm. The highly porous structure provides the condition for 3D cell growth, instead of limited
2D surface area, by increased pore size during the time of degradation. Furthermore, due to the
increased surface area by pores, the amount of the loaded fucoidan and its effect expected to be
higher. Besides the effect on 3D cell growth, the PLA degradation is enhanced due to its thin and highly
porous structure, which resembles the natural extracellular matrix.

3.2. Sem energy dispersive spectroscopy results

The chemical compositions of the fucose containing polysaccharide fucoidans-loaded porous PLA
scaffolds were evaluated by using a scanning electron microscope equipped with energy dispersive
spectroscopy (EDS), and the results are listed in Table 1. The reference porous PLA sample (PLA-REF)
has a content of carbon and oxygen with the levels of 59.48 and 40.42%, respectively. After RF plasma
treatment, the oxygen level slightly increased to 41.92 and 2.14% of nitrogen was detected, due to
functional groups introduced by plasma particles and the carbon level decreased to 55.94%,
correspondingly. The success in the immobilization process is proven with the presence of sulfur
groups belonging to fucoidan.
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Figure 1. The morphology of the PLA-REF porous scaffold, investigated by SEM. (a) Surface with lateral section. (b) Lateral
section.

Table 1. Elemental analysis results by SEM-EDS.

Samples C 0 M 5
FLA-REF 59.48 40.42 - -
PLA-RF 55.04 41.92 214 -
PLA-RF-FV 5488 4344 121 048
PLA-RF-MP 55.56 4264 126 054

PLA-RF-UF 5499 4312 16 029




Asis seen in Table 1, each of the fucoidans-loaded samples displayed sulfur content. Among those, the
maximum sulfur content observed was PLA-RF-MP with a level of 0.58%, followed by PLA-RF-FV with
a level of 0.48%, and lowest was PLA-RF-UP with a level of 0.29%. Therefore, the highest cell
proliferation activity is expected for PLA-RF-FV and PLA-RF-MP samples due to their higher sulfur
content as an indicator of the level of immobilized fucoidan species.

3.3. ATR-FTIR analysis results

The ATR-FTIR spectra of the porous PLA scaffolds are presented in Figure 2. The characteristic peaks
of PLA were identified in a control scaffold and no obvious peaks for PEG were observed in the
spectrum. This means that PEG porogen was removed from PLA matrix completely. The FTIR spectrum
of PLA (control) sample revealed that the asymmetric and symmetric -CH stretching in -CHs group
appeared at 2996 cm™ and 2942 cm, respectively. The intense peak at 1749 cm™ is attributed to the
C=0 bond stretching. The peaks at 1456 cm™ and 1364 cm™ correspond to the asymmetric and

symmetric -CH bending in -CHs group, respectively.
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Figure 2. ATR-FTIR spectra of the porous PLA scaffold and three fucoidans-loaded PLA scaffolds.

The stretching peaks of C-O and C-O-C bonds were identified at 1187 cm™ and 1087 cm™, respectively.
The observed peaks of all samples correspond to PLA and agree well with data in the literaturel®®4,
The lack of -OH stretching peak at 3400 cm™, corresponds to PEG, indicates leaching PEG from the



structure. The spectra related to the fucoidan loaded scaffolds present the same absorption peaks as
REF-PLA. This indicates that the immobilization of fucoidan was achieved at an atomic level on the
surface of the porous PLA scaffold.

3.4. Water contact angle results

Surface hydrophilicity of the porous PLA scaffolds was performed by the water contact angle test and
results are given in Figure 3. The highly hydrophobic nature of PLA-REF sample was monitored with a
water contact angle value of 82.3° in spite of its highly porous structure. This highly hydrophobic
nature and lack of free functional groups inhibit chemical agent immobilization onto the PLA-REF
surface. After RF plasma treatment, the water contact angle value drastically decreased to 58.3° for
the sample PLA-RF. This increase in hydrophilicity is due to the increased surface area by plasma
etching and also hydrophilic oxidative functional groups introduced by plasma particles. Therefore, the
immobilization of anticoagulant agents is possible by chemical bonding with created functional groups,
moreover, it is possible to load more agents due to increased surface area.
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Figure 3. Water contact angle (h°) values of the samples.

As it can be seen in Figure 3, anticoagulant fucoidan immobilized samples of PLA-RF-FV, PLA-RF-MP,
and PLA-RF-UP demostrated similar water contact angle values within a range of 75.7°—78.5°. This
indicates successful immobilization of each anticoagulant fucoidan after plasma treatment by
increasing the water contact angle value due to their hydrophilic nature and the filling of the etched

surface area.

3.5. Cell proliferation on the scaffolds

Plasma techniques have made changes in surface chemical composition and topography that affect
cell behavior!®?. To control cell adhesion and proliferation, it is vital not only having specific functional



groups on the surface but also possessing optimum surface topography®®. An in vitro
cytocompatibility test was performed using mouse embryonic fibroblast (NIH/3T3) cells and results are
given in Figure 4. As can be seen in Figure 4, on the porous PLA scaffold, without any modification,
viable cells are observed. However, the quantity of cells is lower than that of fucoidan loaded
counterparts and the cell morphology is slightly different. On the PLA-REF sample, the typical fibroblast
branching is missing. This was likely caused due to the lack of active compounds to enhance cell
attachment and growth. Apart from the chemical composition of the scaffold, biological response is
influenced by surface roughness, homogeneity, and hydrophilicity.

Therefore, other than lack of sulfated polysaccharide species, cell behavior of PLA-REF sample is
influenced by hydrophilic surface behavior, which affects cell attachment, as surface homogeneity and
roughness are the same for each sample, which was confirmed by SEM micrographs. All fucoidan-
loaded samples reached better cell proliferation compared to the reference PLA-REF sample. This
behavior confirms the cytocompatibility of each fucoidan species. Moreover, lower surface
hydrophilicity of the fucoidan loaded samples also contributed to cell adhesion performance. However,
besides differences in the cell quantity also differences in cell morphology were observed on fucoidan-
loaded samples.

Figure 4. Morphology of NIH/3T3 fibroblast cells after 72 h: (a) PLA-REF. (b) PLA-RF-FV. (c) PLA-RF-MP. (d) PLA-RF-UP. The
maghnification is 100 x.
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Figure 5. Cell viability of NIH/3T3 cells after 72 h on individual samples.

On samples PLA-RF-FV and PLA-RF-UP, the cells did not spread in typical elongated shapes. On the
contrary, on sample PLA-RF-MP cell morphology is exactly fibroblast-like. Regarding the cell quantity,
PLA-RF-MP exhibited the highest viability, followed by the PLA-RF-FV sample and the lowest cell
viability is observed for the sample PLA-RF-UP, among the fucoidan-loaded samples. These results
correspond to the SEM-EDS results, in that the level of the sulfate was observed in the same order.

These results correspond also with the results from cell viability. As can be seen in Figure 5, the
fucoidan loading has a positive impact on cell viability. The viability was higher compared to the
reference sample of PLA-REF in all fucoidan-loaded samples. The highest viability was observed on the
sample PLA-RF-MP where it reached 144.5%, followed by 124.1% of PLA-RF-FV and 115.3% of PLA-RF-
UP.

4. Conclusion

The highly porous PLA scaffold was prepared by solution casting/porogen leaching technique with 25
pm of thickness and pore sizes between 500 nm and 10 um. Three different sources of fucoidan from
Fucus vesiculosus, Macrocystis pyri-fera, and Undaria pinnatifida were successfully immobilized onto
the highly porous PLA surface, after the activation of the surface by RF air plasma treatment, as it was
provided by SEM-EDS data. Plasma treatment significantly increased the surface wettability of the PLA
surface by decreasing the water contact angle values from 82.3° to 58.3°. The cyto-compatibility assay
was studied using mouse embryonic fibroblast cells (NIH/3T3) to compare cell proliferation on the
fucoidan immobilized surfaces. It is demonstrated that PLA scaffold modified by plasma treatment and
loaded with fucoidan can significantly increase fibroblast adhesion and proliferation. Among the
samples studied, PLA-RF-MP demonstrated the morphology of fibroblast-like cells and had the highest
cell viability.
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