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Abstract Biodegradable synthetic polymers such as

poly(lactic acid) are widely used to prepare scaffolds for cell

transplantation and tissue growth, using different techniques

set up for the purpose. However the poor hydrophilicity of

these polymers represents the main limitation to their use as

scaffolds because it causes a low affinity for the cells. An

effective way to solve this problem could be represented by

the addition of biopolymers that are in general highly hy-

drophilic. The present work concerns porous biodegradable

sponge-like systems based on poly(L-lactic acid) and gela-

tine. Morphology and porosity characteristics of the sponges

were studied by scanning electron microscopy and mercury

intrusion porosimetry respectively. Blood compatibility was

investigated by bovine plasma fibrinogen adsorption test and

platelet adhesion test. The cell culture method was used in or-

der to evaluate the ability of the matrices to work as scaffolds

for tissue regeneration. The obtained results indicate that the

sponges have interesting porous characteristics, good blood

compatibility and above all good ability to support cell ad-

hesion and growth. In fact viable and metabolically active

animal cells were found inside the sponges after 8 weeks in

culture. On this basis the systems produced seem to be good

candidates as scaffolds for tissue regeneration.
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Introduction

Tissue regeneration by cell transplantation requires the devel-

opment of substrate materials able to provide microenviron-

ments for cell-matrix interactions by mimicking biological

conditions.

Several basic properties [1] are required to a material to be

used as a scaffold for cell transplantation and tissue growth,

such as biocompatibility, mechanical stability to support and

transfer loads, sterilizability [2] and biodegradability. This

last feature is extremely important because a biodegradable

material allows the penetration and growth of cells into the

construct while eliminating the need for a second surgery to

remove the implant [3–5].

In addition, a scaffold must be highly porous to provide

adequate space for cell seeding, growth and extracellular ma-

trix production, and must have a uniformly distributed and

interconnected pore structure, so that the cells are easily dis-

tributed throughout the device and an organized network of

tissue constituents can be formed [6–8].

Synthetic biodegradable polymers such as poly(lactic

acid) (PLA) are widely used for the preparation of porous

scaffolds by different techniques set up for the purpose [9–

12]. The main limitation to the use of PLA-based systems

is represented by their low hydrophilicity that causes a low

affinity for the cells. Unlike synthetic polymers, biological

polymers are in general highly hydrophilic although their

mechanical properties are poor [1, 13]. Therefore scaffolds

based on pure biopolymers present a good affinity for the

cells but their mechanical stability results inadequate. In this

respect the addition of a biopolymer to a synthetic compo-

nent such as PLA represents an interesting way to produce a

“bioactive scaffold” that can be considered as a system show-

ing at the same time adequate mechanical stability and high

cell affinity.
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The aim of the present work was the preparation of porous

sponge-like systems based on PLA and gelatine and their

evaluation as scaffolds for tissue regeneration. The study was

mainly focused on the evaluation of cellular response of a rel-

atively short time (until 8 weeks) in which adhesion and early

proliferation processes occur. It is worthwhile to underline

that in the investigated time period biodegradation of these

matrices can be neglected. The technique selected for the

preparation of the matrices is based on a simple water-in-oil

(W/O) emulsion [14]. Gelatine [15] was selected as biologi-

cal component not only because of its well known ability to

stimulate cell adhesion, but also because its ability to foam by

stirring allows the preparation of a highly porous matrix elim-

inating the need for the addition of surfactants that could com-

promise the biocompatibility properties of the final material.

Morphology and porosity characteristics of the produced

matrices were studied by scanning electron microscopy and

mercury intrusion porosimetry respectively.

Blood compatibility was investigated by two different

in vitro tests: bovine plasma fibrinogen adsorption test and

platelet adhesion test.

The cell culture method was used in order to evaluate

the ability of the matrices to work as scaffolds for tissue

regeneration.

Materials and methods

Matrices production

Three gelatine (gelatine type B from bovine skin, 75 bloom,

Sigma-Aldrich, Milan, I) solutions with concentration of

0.25, 0.5, and 3% (w/v) were prepared in distilled water.

Each solution was added drop by drop to a 2.5% solution of

poly(L-lactic acid) (PLLA) (average molecular weight MW

380,000, Boehringer, Ingelheim, D) in chloroform under stir-

ring at 10,500 rev·min−1 for 5 min. A foam was obtained that

was immediately frozen in liquid nitrogen and then freeze-

dried producing a sponge-like matrix. Depending on the ini-

tial gelatine concentration (0.25, 0.5, and 3%) matrices with

the following Gelatine/PLLA composition ratios were ob-

tained: 9/91, 17/83, 55/45 (w/w).

Scanning electron microscopy

The internal structure of the produced sponges was examined

by a scanning electron microscope (SEM) Jeol JSM-5600

LV. The samples were freeze-dried and then mounted on

aluminum stubs and coated with gold prior to examination.

Mercury (Hg) intrusion porosimetry

Hg intrusion porosimetry was used to evaluate the porosity

characteristics of the sponges.

Pore size in the range 0.007–120 μm in diameter was

evaluated by Hg intrusion using a Carlo Erba Pascal 140

Porosimeter, equipped with an automatic recording of in-

truded Hg volume. The pore volume distribution was ob-

tained from the derivative curve of the cumulative intruded

pore volume as function of pore diameter. This latter pa-

rameter is related to the measured pressure according to the

Washburn model equation [16], developed for the intrusion

of a cylindrical shape pore:

d = (4γ cosθ/P) · 10

The cylindrical diameter d (μm) of the filled pores is in-

versely proportional to the intrusion pressure P(kg·cm−2),

when Hg surface tension γ (0.48 N·m−1) and the contact an-

gle θ between Hg and the material are constant. Values of the

contact angle around 140◦ were measured for the matrices

with different composition.

Blood compatibility tests

In order to evaluate the compatibility of the produced sponges

with blood, two different in vitro tests were performed: the

Bovine Plasma Fibrinogen (BPF) Adsorption Test [17] and

the Platelet Adhesion Test (PAT) [18]. The first measures the

absorption of fibrinogen on the surface of the sponges while

the second evaluates the ability of the sponges to support

platelet adhesion.

The BPF absorption test was performed in duplicate, using

a slight modification of the procedure described by Ishihara

et al. [17].

Briefly the BPF (MW 34,000, Sigma) was dissolved

in phosphate buffer saline (PBS) with concentration of

1 mg·ml−1. Sponge-like samples were immersed in the solu-

tion at 37◦C under mild shaking. To consider the adsorption

of BPF on the wall of the vials containing the samples, a

blank test was performed. After a series of immersion times

(10, 20, 40, 60 min), samples were removed, and the changes

of the concentration in the solution were investigated using

an UV-spectrophotometer at λ = 280 nm.

The platelet adhesion test was performed in quintuplicate,

in accordance with the procedure reported by Han et al. [18].

After samples were equilibrated with PBS overnight, they

were immersed in platelet rich human plasma and incubated

at 37◦C with mild shaking. After 19 h the samples were

taken out from the solution and rinsed five times with PBS

in order to remove the weakly adsorbed platelets. Then the

strongly adsorbed platelets were fixed on the sponge surfaces

by immersing the samples in 2%(v/v) glutaraldehyde aque-

ous solution at room temperature for 2 h. After that fixation

the sponges were dried in atmosphere for 48 h and under

vacuum for 5 h. The dried samples were coated with gold

and analysed by scanning electron microscopy.
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A slide treated with fibrinogen, protein that favours

platelet adhesion, was used as a positive control.

Biological characterization

Fibroblasts were isolated from ovine embryonic lung ex-

plants and cultured in 80 cm2 flasks in a complete medium

composed of culture media D-MEM with 10% foetal bovine

serum and 1% L-glutamine-penicilline-streptomicin (Sigma-

Aldrich, Milan Italy). After sterilization with ethanol, Gela-

tine/PLLA sponges with composition 9/91 were placed on

the bottom of 24-well TCPS culture dishes. Fibroblasts were

seeded onto the materials at a seeding density of 5.7·104

cells/sample.

The presence of viable cells into the matrices was quali-

tatively evaluated by the use of 3-(4,5-dimethylthiazol-2yl)-

2,5 diphenyl tetrazolium bromide (MTT) assay: 8 weeks af-

ter seeding, culture medium was removed and replaced with

MTT solution. After 4 h incubation the solution was removed

and the matrices were observed by optical microscope.

After 8 weeks in culture some samples were processed

for morphological, histochemical and immunocytochemical

analysis.

The constructs were washed in PBS and fixed in

4% phosphate-buffered paraformaldeyde overnight at 4◦C.

Sponges were then dehydrated through a graded series of

ethanol, cleared with xylene and embedded in paraffin ac-

cording to standard histological techniques. Sections (8 μm

thick) were stained with haematoxylin and eosin for morpho-

logical analysis. Histochemical analysis was carried out by

Alcian Blue staining to evaluate glycosaminoglycans produc-

tion or by Periodic Acid Shiff (PAS) reaction to detect glyco-

proteins expression and localization. Immunocytochemistry

was performed to evaluate elastin, collagen I and fibronectin

expression. Rabbit polyclonal antibodies (Sigma Chemical

Co, St. Louis, MO, USA) to elastin, collagen I and fibronectin

were used as the primary antibodies diluted in 0,1% BSA/1X

PBS and incubated overnigth at 4◦C. The detection of anti-

genic sites was carried out using LSAB+ kit (Dakopatts,

Milan, Italy) as previously reported [19]. The reaction was

developed by incubating samples in the substrate-chromogen

solution (1 mg·ml−13,3′-diaminobenzidine tetrahydrochlo-

ride (DAB) containing 0.02% H2O2) for 5 min in the dark.

Slides were then mounted with Universal Mount and ob-

served with a DMRB Leica microscope. Control experiments

were performed incubating the specimens with the omission

of primary antibody.

Results and discussion

Scanning electron microscopy was employed to evaluate the

morphological characteristics of the materials. The internal

structure of the sponges appears porous and no sign of sepa-

ration between the two components is visible at the magnifi-

cation used. However, it was observed that the morphological

characteristics of the sponges depend on the gelatine content.

Fig. 1 SEM images of different Gelatine/PLLA sponges with compo-

sitions (w/w): 9/91 (a), 17/83 (b) and 55/45 (c)
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Fig. 2 Pore size distribution

expressed as relative volume for

sponges with compositions

(w/w): 9/91(�), 17/83 (�) and

55/45 (•)

The structure of the samples containing 9 and 17% of gela-

tine is irregular with highly interconnected cavities (Figs. 1a

and b). The sample containing 55% of gelatine shows large

spheroidal cavities poorly interconnected through a number

of small holes in the walls (Fig. 1c).

The effect of gelatine content on the porosity of the

sponges was also confirmed by mercury intrusion porosime-

try, performed to investigate pore size distribution inside the

materials.

The results revealed a distribution of pore size in the 10–

110 μm range with two main maxima falling within the 10–

20 μm and 50–100 μm classes, respectively (Fig. 2).

Samples with 9 and 17% of gelatine show almost the same

pore distribution. They have a higher connectivity among

pores with respect to the sample containing 55% of gelatine,

as revealed by the higher value of the distribution curve in

the 10–20 μm class.

As expected, the sample containing 55% of gelatine has a

greater pore volume in the range 50–100 μm, related to the

large spherical pores, and a smaller fraction of pores in the

10–20 μm range, related to the holes in the walls.

The effect of gelatine on the morphology and pore size

distribution of the sponges is reasonably ascribable to the

porogen nature of gelatine: the shape of the pores is in fact

more well defined when the gelatine content is higher.

In the subsequent characterization only samples contain-

ing 9 and 17% of gelatine were considered because of their

porosity characteristics more suitable for cell colonisation.

A good compatibility of these sponges with blood was ob-

served. Blood compatibility was investigated by two differ-

ent in vitro tests based on fibrinogen adsorption and platelet

adhesion, respectively.

Fibrinogen is one of the most important globular proteins

circulating in the blood. It plays a central role in the regulation

Fig. 3 Results of bovine plasma

fibrinogen adsorption test. The

concentration of fibrinogen not

absorbed by the samples is

reported on the ordinate
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of haemostasis and thrombosis by participating in blood co-

agulation processes and facilitating adhesion and aggregation

of platelets.

In the fibrinogen absorption test, sponges containing 9

and 17% of gelatine and glass, as a negative control, were

used. Each sponge was immersed for different time peri-

ods into the fibrinogen solution. Measuring fibrinogen that

remained in the solution after the sample was removed al-

lowed the calculation of the amount of fibrinogen adsorbed

by the sample. Figure 3 shows the results of the test and re-

veals that no significant difference was observed between the

tested materials and the control. The negative control shows

a very low adsorption of fibrinogen as revealed by the protein

concentration decreasing from 1 mg·ml−1 to 0.97 mg·ml−1.

In addition, the adsorption of fibrinogen onto the control is

complete within the first ten minutes.

Both types of sponges tested also show a very slight ad-

sorption, but the adsorption was complete after about 60 min,

as better evidenced in the magnified part of Fig. 3. Further-

more, the sponges appear to behave better than the control in

the sense that a higher concentration of protein was found in

the remaining solution.

It must be outlined that the results of this test are qualita-

tive and somewhat unreliable. Several reasons can be cited

for this. One is related to the observation that in some cases

the concentration of fibrinogen in the solution appears higher

than the initial value. This is due to the fact that the sponges

can release gelatine which absorbs significantly at the same

wavelength as fibrinogen and perturbs its spectrophotomet-

ric determination. Another important limit is related to the

fact that no particular care was taken over keeping equal the

surface areas of samples and control. This, of course, makes

the absorption kinetics not comparable. Finally, since the test

was performed in duplicate only, no standard deviation was

reported and the average values of absorption have to be con-

sidered carefully.

The platelet adhesion test was used to evaluate the interac-

tion of human platelets with the surface of the sponges. The

test was performed by dipping the sponges and the control

into platelet rich human plasma. The results reported in Fig. 4

show the absence of platelets on the surface of the sponges,

as compared with the positive control, and confirm the high

degree of blood compatibility of the tested materials.

The ability of the sponges to work as scaffolds for tis-

sue regeneration was investigated by in vitro tests based on

the cell culture method. Fibroblasts isolated from explants

of ovine embryonic lung were characterized and seeded onto

Gelatine/PLLA = 9/91 sponges and cultured for 8 weeks.

Fibroblasts were chosen because it is well known their high

replication capacity in vitro and therefore they can be consid-

ered an effective tool for preliminary studies of cell adhesion

and growth onto a scaffold.

Fig. 4 Results of platelet adhesion test. No platelets are present on the

surfaces of 9/91 (a) and 17/83 (b) Gelatine/PLLA sponges in comparison

with the positive control (c)

The presence of viable cells into the matrices, at different

times after seeding, was demonstrated by the use of MTT test.

Samples were added with MTT solution and after 4 h incuba-

tion were observed by optical microscope. The presence into
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Fig. 5 Images of a Gelatine/PLLA (9/91) sponge before (white) and

after (dark) MTT test. The dark colour is due to the presence inside the

sponge of a very high number of viable cells (8 weeks after seeding)

the sponges of viable cells was revealed by the violet colour

taken on by the cells because of the formation and storing of

formazan into the cytoplasm (Fig. 5).

After 8 weeks in culture, sponges were processed for

histological analysis. Staining with haematoxylin and eosin

showed the presence of cells with a fibroblast-like morphol-

ogy and a good spreading of the cells into the scaffold and on

its surface. Furthermore the cultured fibroblasts were able to

produce glycosaminoglycans and glycoproteins as confirmed

by the histochemical staining with Alcian Blue and PAS re-

action respectively. Both glycosaminoglycans and glycopro-

teins were observed in intracellular and extracellular spaces

(data not shown).

Specific immunoreactions were observed in spreading

cells within scaffold pores compared to the immunonega-

tive control (Fig. 6a). A network of immunoreactive elastin

was detected in the matrix (Fig. 6b) whilst the cells displayed

an intracellular immunoreaction for collagen I antibodies but

no extracellular expression of collagen I molecules was re-

vealed (Fig. 6c). As the immunoreaction for fibronectin is

concerned, fibroblasts showed an intense immunoreaction

both in the cytoplasm and the extracellular spaces (Fig. 6d).

These results indicate that the produced sponges allow the

growth and the maintenance of the fibroblast-like morphol-

ogy of the cells spreading into the materials. Furthermore

fibroblasts resulted metabolically active in the production of

extracellular molecules such as glycosaminoglycans, glyco-

proteins, elastin and fibronectin as demonstrated by the cyto-

chemical and immunocytochemical analysis. With regard to

collagen I intracellular localization, it is possible to hypoth-

esize that the embryonic lung fibroblasts employed in this

study synthesize a lower amount of this kind of collagen with

Fig. 6 Immunocytochemical analysis of ovin embryonic fibroblasts

grown on a Gelatine/PLLA = 9/91 sponge. Arrowheads indicate cell

nuclei. In (a) negative control obtained by substituting the antibodies

with 0,1% BSA/1X PBS. Elastin was immunodetected mainly at the

extracellular level (arrow) (b). Collagen I was expressed within the cy-

toplasm of the fibroblasts (arrow) (c). Fibronectin was localized both at

intracellular and extracellular level (arrows) (d)
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respect to the consistent amount of elastin and fibronectin

molecules observed in the extracellular spaces. In addition,

it is likely that collagen I takes a longer time to be secreted

by pulmonary fibroblasts into the matrix in comparison with

the experimental time at which the morphological analysis

was carried out.

Conclusions

Porous biodegradable sponge-like systems based on PLLA

were prepared and tested as scaffolds for tissue regeneration.

It was observed that the addition of a biological component,

such as gelatine, to the formulation of these systems allowed

several advantages to be obtained besides the improvement

of the hidrophylicity properties of the materials.

A porous structure can be obtained because of the abil-

ity of gelatine to form a foam and therefore a sponge by

lyophilization. In addition gelatine is able to affect the poros-

ity characteristics of the produces systems depending on

its content. Furthermore it can be supposed that gelatine

creates a favourable microenvironment for cell adhesion

and growth. The results of in vitro tests based on the cell

culture method confirmed the high affinity of the sponges

for the cells. In fact viable and metabolically active ani-

mal cells were found inside the sponges after 8 weeks in

culture.

On the basis of the obtained results it can be concluded

that the produced systems seem to be good candidates

as tissue engineering scaffolds. Further investigations need

to be performed regarding the mechanical properties and

the evaluation of the sponges as substrates for human cell

culture.
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