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ab s t r ac t
Three types of membrane structures with wide pores were compared in this study. One of the mem-
branes was obtained from polyethersulfone using cellulose fibers as the macropore precursors. Two 
of the fibers were obtained from poly(L-lactide). As the macropore precursors polyvinylpyrrolidone 
(1.2 MDa) and pork gelatin non-woven were used, the influence of non-woven fibers on the structure 
of membranes was shown. Necessity of specific membrane structure application was explained. The 
choice of polymers and co-polymers with a range of biodegradation times can determine the scaffold 
type suitable for the age of a patient.
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1. Introduction

Joint diseases are ones of the most troublesome ailments 
of the modern human being. They are often caused by the 
non-physiological way of life (lack of motion) or overbur-
dening of the joints (sports, work). However, nowadays the 
most severe causes of injuries are road accidents that result in 
severe injuries of joints, especially knee joints. 

The knee is one of the largest and most complex joints in 
our body. It plays an essential role in movement related to 
carrying the body weight in horizontal (running and walk-
ing) and vertical (jumping) directions [1]. The knee joint 
consists of two articulations, one between the femur and 
tibia, and one between the femur and patella [1]. The knee 
is a mobile angular ginglymus or troclear, which permits 
flexion and extension as well as a slight medial and lateral 

rotation [2]. The joint is bathed in the synovial fluid, which 
is contained inside the synovial membrane called the joint 
capsule. Ligaments join the knee bones and tendons connect 
the knee bones to the leg muscles providing stability to the 
knee. Because in humans the knee supports nearly the whole 
weight of the body, it is vulnerable to both acute injury and 
chronic development of osteoarthritis. Two C-shaped pieces 
of cartilage called the medial and lateral menisci lie between 
the articular surfaces of the femur and tibia [3–5]. The menisci 
are shock absorbers of the load and make the articular sur-
faces between the femoral condyles and the tibial plateau 
concordant [3–5]. During flexion, the menisci slide forward 
and during extension they slide back [2]. The menisci are 
divided into outer rim, inner rim and core [3–5]. The inner 
rim is the most delicate part as it is not vascularized. The lat-
eral meniscus has the form of an almost complete circle and 
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adheres to two cruciates [3–5]. The medial meniscus has the 
form of a half moon and is more extensive than lateral with 
its extremities adhering to anterior and posterior intercondy-
lar areas. Between the two menisci, the medial meniscus is 
more susceptible to trauma because it is less mobile than the 
lateral due to presence of the semimembranous tendon and 
also because of the tendency to have a slight valgus during 
gait [3–5].

Recently, a vast expansion in biomaterial technologies, 
scaffolds, cell sources, and molecular and genetic manipula-
tions took place to create functional tissue replacements to 
treat cartilage injuries or osteoarthritis [6–8]. Scaffolds that 
are most often studied in the cartilage tissue engineering area 
include hydrogels made from poly(ethylene glycol) diacrylate 
[9], collagen [10], fibrin [11], agarose, and synthetic peptides 
[12,13]; sponge-like scaffolds manufactured from materi-
als such as collagen, polyglycolic acid, polylactic acid [14], 
and polyurethane [15]; materials with a naturally-occurring 
porous structure, such as coral, devitalized articular cartilage 
[16], and hyaluronan based scaffolds [17]. The three-dimen-
sional scaffold provides the structural support for cell contact 
and matrix deposition prevents dedifferentiation of autolo-
gous chondrocytes even after long periods and promotes the 
expression of chondrocytes-specific markers [18].

So far, the polyethersulfone scaffold has been the only 
real three-dimensional (3D) type of scaffold for chondrocytes 
cultivation that was made from a synthetic non-polyester 
polymer and thoroughly tested in an animal model (rab-
bit) [19–21]. In contrast to other commercially available and 
researched scaffolds, it has the structure that ensures easy 
and non-limited permeation of cells in its interior. At the 
same time, the internal structure of the scaffold guarantees 
uncurbed growth of chondrocytes, their multiplication and 
in effect creation of cartilage. It is typical for this scaffold to 
have a long resorption time in a living organism. The resorp-
tion time can amount to over 6 months and is remarkably 
longer than in other types of scaffolds. It is undoubtedly an 
advantage in the regeneration of massive defects of carti-
lage in adults, especially with mature joints. However, it can 
prove to be a certain deficiency in the therapy of younger 
humans in formative years as the joint and the cartilage are 
still growing. In such cases, it is expected that scaffolds with 
a shorter degradation period are more beneficial. In order 
to test the correlation between the regeneration of defects of 
cartilage and the degradation period, an array of polyester 
scaffolds has been prepared at a laboratory scale with a real 
3D structure. The assembled scaffolds differed in respect of 
the ingredients of the membrane and the macropore precur-
sor [22]. All these scaffolds had a set of similar characteristics 
resulting from the manufacturing method used. The aim of 
this study was to show differences and similarities of scaf-
folds depending on which non-woven fabric used in mem-
branes preparation.

2. Materials and methods

All reagents and chemicals used were of the ana-
lytical grade. PSE 6020 was purchased from BASF PVP 
10 kDa, poly(L-lactide) were purchased from the Chemistry 
Department at Warsaw Technical University, Pluronic® 
F 127, N-methyplirolidone (NMP), tetrahydrofurane (THF) 

1,4-dioxane were purchased from Merck. Chloroform and 
methanol were purchased from POCh. The deionized 
water (18,2 MΩcm) was produced using Mili-Q apparatus 
(Milipore).

All the below-presented scaffolds have been obtained 
using the same method. The non-woven fabric was soaked 
in a solution or a membrane-forming mixture to allow both 
sides of the fabric to form a skin layer. Next, on the “over” 
side of the soaked fabric a subsequent layer of the same fab-
ric was overlaid and, instantly, the membrane was gelled 
through dipping in a non-solvent of the membrane-forming 
polymer. If the non-solvent of the membrane-forming poly-
mer is at the same time a solvent of the fabric we can obtain 
the ready-made membrane at once, which is a scaffold. 
However, if the fabric has not been subjected to dissolving, 
it is necessary to rely on careful dissolution of the fabric not 
to harm the structure of the already-created membrane and 
avoid dissolution of the membrane material. For obtaining 
scaffolds, we have used natural materials, including cellulose 
(filtration tissue paper, Fig. 2(a)), nano-micro fabrics made 
from polyvinylpyrrolidone with an average particle mass 
1.2 MDa (Fig. 2(b)) and pork gelatine (Fig. 2(c)). Those fabrics 
were obtained by an electro-spinning method which allows 
strict control of fabrics’ morphology. In consequence, pores 
in the membrane obtained using these fabrics have strictly 
defined structure, size and shape corresponding to the mor-
phology of the fabrics.

As a membrane-form mixture for soaking the cellu-
lose fabric polyethersulphone in N-metylpyrrolidone with 
an addition of the polyvinylpyrrolidone (MW 10 kDa) 
as supporting pores precursor was used. For soaking the 
swine-originated fabric a solution of poly(L-lactide) in chlo-
roform was used. For soaking the fabric with polyvinylpyrro-
lidone poly(L-lactide) in 1,4-dioxane was used. In both cases, 
we also used the polyvinylpyrrolidone of MW 10 kDa as a 
supporting precursor of the pores. The soaking process for 
both the gel fabric and the polyvinylpyrrolidone fabric has 
been performed in lowered temperatures.

The Hitachi TM1000 scanning electron microscopy 
(SEM) was used for imaging the membrane surface and 
cross-sectional morphologies. Membrane samples were first 
immersed in ethanol and then fractured in liquid nitrogen. 
The samples were coated with a 7–10 nm layer of gold using 
K550X Sputter Coater apparatus. Coated samples were exam-
ined at different magnifications at an acceleration voltage of 
15 kV.

3. Results and discussion

The method developed by us designed procedure allows 
for obtaining scaffolds with an authentic 3D structure that 
has some unique features. In all presented cases, the mem-
branes that form a scaffold are asymmetric membranes pos-
sessing a skin layer.

An essential feature of these membranes is the presence 
of two different types of skin layers (Fig. 1 A1 lower skin and 
A2 left-top). One of these skin layers has compact structure. 
In case of polyethersulphone scaffolds, it is a layer with the 
cut off ranking 20kD. Therefore, it constitutes a barrier not 
only for cells but also for the majority of protein particles, 
including proteolytic enzymes which can potentially threat 
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the cells. However, in the case of polyesters the layer is more 
porous while also being impermeable for cells. It means that 
in all cases, it protects from “falling out” of the cells from the 
scaffold (Fig. 2).

The second skin layer (“the over layer”) is perforated on 
the entire surface. The perforation has the size of the holes 
enabling free penetration of the cells into the scaffold’s inte-
rior (Fig. 3). 

Photomicrographs presented in Figs. 2 and 3 have shown 
dissimilarities between both types of skin layers. Overall, the 
highest mechanical resistance of the membrane is obtained 
in the presence of two skin layers. Perforation allows for 
introducing the cells into the interior of the scaffold. This 
can lower only to a certain degree the resistance of the mem-
brane as a whole. If the perforation is lacking, the permeation 
into the scaffold’s interior can proceed only on the verges of 
the scaffold, which in the case of defects exceeding 5 mm in 
diameter would be insofar insufficient. 

A scaffold with only one skin layer is relatively simple to 
obtain; yet, its mechanical resistance is decidedly too low in 
the intended applications. The resistance of the membrane 
with two skin layers enables its fixing in the joint with sur-
gical stitches or through studding. In other cases, fixation 
with tissue glue is used but this type of fixation is not always 
sufficient. Moreover, the implanted membrane that exhibit 
high resistance enables a “quicker putting into motion” of 
the operated joint, which is essential in therapy. So far, low 
resistance of the gel scaffolds was the greatest obstacle to 
overcome as the pressure on the joint was resulting in the 
gel scaffold to be misplaced out from the joint. Consequently, 
patient’s joint had to be immobilized over a longer period not 
to burden the joint in a static manner.

For biomedical applications membranes’ pore size and 
porosity are critical factors to consider. For cultivation of 
chondrocytes, the membrane should have pore size between 
20 and 80 µm in diameter. This size of pores enables free 
proliferation of chondrocytes and in consequence creation of 

reclaimed cartilage. The interior of the scaffold obtained by 
our method is built of macropores and the density of packing 
of the fibers removed from the membrane structure (Fig. 4). 
Therefore, through the choice of fabric, it is possible to con-
trol the size of the macropores and the thickness of the walls 
between macropores. The walls in between the macropores 
are also porous, which ensures access of nutritious sub-
stances and removal of metabolic products from the interior 
of the newly created articular cartilage (Fig. 5).

Macropores in precursors have a significant influence 
on the membrane structure. The size of membrane pores is 
mainly determinated by the size of pores in precursor fibers. 
The largest pores are obtained using cellulose, whereas the 
smallest pore diameters have pork gelatin fibers. Moreover, 
fibers’ material has the influence on the membrane structure. 
In the case of polyethersulfone membranes, the structure 
of macropores is identical to cellulose fibers. In the case of 
membranes from poly(L-lactide), where PVP and pork gel-
atine non-woven fibers were used, the structure of macrop-
ores is not exactly the same as the structure of used fibers. 
Despite similar non-woven structure (Fig. 4(b) and (c)) of 
PVP and pork gelatine, differences in membranes’ structures 
are significant. 

The use of PVP non-woven fibers results in more com-
posite macropores. On the contrary, pork gelatin non-woven 
fibers create more uniform pores shapes. It is clear that the 
selection of the non-woven material as a pore precursor 
determines the shape of pores in the final product.

PVP and pork gelatin non-woven fibers are obtained by 
the electrospinning method. This method enables obtaining 
fibers of different thickness and arrangement, which gives a 
possibility of the pore size control according to desired type 
of cells. In case of cellulose fibers, possibilities of size control 
are very limited. Only several cellulose fiber types with var-
ied diameters are available. On the other hand, viscose fibers 
with a wide range of diameters can be used. In this study, the 
electrospinning method was not available for viscose fibers. 

Fig. 1. Example of a 3D membrane scaffold. Photomicrographs of cross section 3D polyethersulfone scaffold for chondrocytes 
cultivation: Magnification x100 (left) and x120 (right).
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Fig. 2. Photomicrographs of dense skin layer. (a) polyethersulfone scaffold after removal of the cellulose; (b) poly(L-lactide) scaffold 
after removal of the PVP non-woven; (c) poly(L-lactide) scaffold after removal of the pork gelatine non-woven: Magnifications: left 
x300, right x1000.
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Fig. 3. Photomicrographs of upper perforated skin layer of 3D scaffolds: (a) polyethersulfone scaffold after removal of the cellulose; 
(b) poly(L-lactide) scaffold after removal of the PVP non-woven; (c) poly(L-lactide) scaffold after removal of the pork gelatine 
non-woven: Magnifications: left x300, right x1000.
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Fig. 4. Photomicrographs of non-woven fabrics: (a) cellulose; (b) PVP; (c) pork gelatin: Magnifications: left x300, right x1000.



A. Chwojnowski et al. / Desalination and Water Treatment 64 (2017) 324–331330

Fig. 5. Photomicrographs of the scaffolds’ interior: (a) polyethersulfone scaffold after removal of the cellulose; (b) poly(L-lactide) 
scaffold after removal of the PVP non-woven fabric; (c) poly(L-lactide) scaffold after removal of the pork gelatin non-woven fabric: 
Magnifications: left x300, right x1000.



331A. Chwojnowski et al. / Desalination and Water Treatment 64 (2017) 324–331

Viscose fibers cannot be used to obtain membranes from 
poly(L-lactide). Similarly, PVP and pork gelatin fibers cannot 
be used to obtain polysulfone and polyethersulfone mem-
branes. This often implicates impossibility of selection of sol-
vent and non-solvent for both materials of membranes and 
fibers. Therefore, for each material of membrane specified 
selection of non-woven is needed. The selection of non-woven 
fibers will be one of the key goals in obtaining widely porous 
membranes for 3D scaffolds for cells cultivation.

4. Final remarks

The structure of widely porous semipermeable mem-
branes for cells cultivation, in particular for chondrocytes 
cultivation, depends on both the material of membranes and 
macropore precursors. However, the material used is less 
likely to influence the final membrane structure. Macropore 
precursors play a key role in determining the membrane 
structure. Both fiber diameter and material of the non-woven 
fabric are significant factors. Application of the non-woven 
macropore precursor enables obtaining macropores of diam-
eters suitable for chondrocytes cultivation. Size of macropo-
res and the membrane structure depends on both thickness 
of the fibers and the density of non-woven spinning. By 
adjusting those parameters, the structure of a membrane can 
be controlled.

Macropore connection is a critical feature of the mem-
brane structure that enables penetration of the cells into the 
membrane interior and chondrocytes colonization of the 
entire membrane. This leads to creating conditions for carti-
lage regeneration.

The membrane preparation method tested in this study 
can be applied not only to poly(L-lactide) and polyethersul-
fone but also to other biocompatible polymers. For example, 
cellulose can be used for polysulfone or polyamides, PVP 
non-woven fabric or pork gelatin can be used for polycapro-
lactone, polyglicolide and its co- and terpolymers with lac-
tide. The choice of polymers and co-polymers with a range 
of biodegradation times can determine the scaffold type 
suitable for the age of a patient.
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