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Impact of sterilization on the porous design and cell behavior
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Abstract

This study investigates the impact of different sterilization processes on structural integrity and stability of collagen sponges

designed for tissue engineering. Collagen sponges with uniform pore size (20 mm) were sterilized either with ethylene oxide (EO) or

gamma irradiation (2.5Mrad). Gamma-sterilized sponges showed a dramatic decrease of resistance against enzyme degradation and

severe shrinkage after cell seeding. Collapsed porosity inhibited fibroblasts and barred completely the human umbilical vein

endothelial cell ingrowth into the sponges. On the contrary, the porous structure and stability of EO-sterilized sponges remained

almost unaltered. Fibroblasts and endothelial cells exhibited favorable proliferation and migration within sponges with normal

morphology. Tubular formation by seeded endothelial cells occurred early in the first week. Therefore, we emphasize that the impact

of sterilization of biomaterials is substantial and any new procedure has to be evaluated by correlating the impact of the procedure

on the porous structure with cell proliferation behavior. r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Collagen or collagen-based matrix is the most
commonly used biomaterial in skin, connective tissue
and peripheral nerve tissue engineering [1–3]. Besides its
physiological properties as a natural extracellular matrix
component, the microstructure and stability also play a
crucial role in cell–cell and cell–matrix interaction.
Collagen is available in gels, films or sheets and sponges.
Collagen sponges differ in their porosity and stability. It
is now well recognized that only a definite microstruc-
ture is suitable for each tissue to be engineered [4]. The
appropriate porous structure maintains the shape and
geometry of seeded cells, warrants a proper cell density
and cell–cell contact, which are prerequisites for cells to
function [4,5]. Meanwhile, as an active scaffold,
biomaterials should be biodegradable to obviate long-
term interference, but at a controlled rate to allow a
prompt tissue regeneration [6].

Previously, a technical procedure was introduced to
develop collagen sponges with a homogenous pore
structure, which provided a tool to investigate the effect
of porosity on cell behavior in collagen sponges [7]. The
present study aims to identify an appropriate steriliza-
tion process for these special collagen sponges to achieve
optimal maintenance of the structural integrity and
stability.

Routinely used sterilization process for medical
products, e.g. high pressure steam (autoclaving) and
dry heat cannot be considered for heat- and water-
sensitive biomaterials like collagen sponges. Currently
the most widely utilized methods for collagen sponge
sterilization are ethylene oxide (EO) gas infiltration and
gamma irradiation. Earlier investigations focused on
physical or chemical alterations after these two methods
[3,8]. EO was claimed to alter the mechanical and
physical properties of collagen slightly, but with a high
risk of toxic residues [3,8]. Gamma irradiation, once
introduced as the simplest and most effective way of
sterilization without toxic substances, breaks chemical
bonds, decreases tensile strength and modulus,
thus affecting the exposed material fundamentally
[9,10]. However, few studies referred to the effect of
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sterilization on cell behavior and cell–matrix interaction,
which are key points related to tissue engineering.

In this study, the alteration of porosity and stability of
collagen sponges was evaluated by resistance against
enzyme degradation after different sterilization pro-
cesses. Furthermore, differences in cell migration,
proliferation and differentiation were also examined
histologically and immunohistologically using human
dermis fibroblasts and human umbilical vein endothelial
cells (HUVECs).

2. Materials and methods

2.1. Collagen sponges preparation

Collagen sponges were prepared according to a
directional freeze-drying procedure to achieve sponges
with a uniform porous microstructure [7,11]. The basic
material is a collagen suspension isolated from bovine
skin which contains 1.8wt% of type I collagen
(Dr. Suwelack Skin & Health Care AG, GmbH,
Billerbeck, Germany). In order to adjust the pore size
of the collagen sponge, 1.5wt% acetic acid was added to
the basic material resulting in pH=2.8. The suspension
was then directionally solidified under thermally con-
stant freezing conditions succeeded by a freeze-drying
process. Thus, collagen sponges with a uniform micro-
structure and a defined pore size of 20 mm were prepared
for this study.

2.2. Sterilization

2.2.1. Ethylene oxide

After preparation, the sponges were packed. The units
were sterilized by exposing to a 100% ethylene oxide
atmosphere at a relative humidity of 70% for 8 h at 551C
(Griffith Microscience, Zoetermeer, Netherland, now
part of IBA, Belgium). After sterilization, the samples
are aerated with warm air flow (401C) at atmospheric
pressure for 120 h to remove residual ethylene oxide,
and stored in indicator bags, sealed and shipped back.
By gas chromatography, a residual profile was evaluated
and a minimal load of 7.69 mg/g EO was determined
after 5 days.

2.2.2. Gamma sterilization

Randomized samples were chosen for gamma irradia-
tion and they were packed and sealed in indicator bags
and exposed to a nominal dose of 25 kGy (2.5Mrad)
(Beta-Gamma Service, Wiel, Germany).

2.2.3. Control

Non-sterilized sponges, manufactured by the same
technique served as a control in the enzyme degradation
evaluation.

2.3. Resistance against enzyme degradation

To study the in vitro degradation, five sponges of the
three experimental groups (EO, gamma sterilization and
control) were exposed to three enzymes separately
(n ¼ 15 per enzyme). Collagen sponges, 8mg weight,
1 cm� 1 cm� 0.25 cm) were treated, respectively, in 3ml
pepsin (5mg/ml in water, Boehringer Mannheim,
Mannheim, Germany), collagenase/dispase (0.1U col-
lagenase+0.8U dispase/ml, Boehringer Mannheim,
Mannheim, Germany), collagenase (210U/ml, Sigma,
Germany).

Specimens were incubated at 371C and observed
continuously during incubation. The incubation period
that resulted in complete disappearance of collagen
sponges was considered to be related to the resistance of
the materials to enzyme degradation.

2.4. Fibroblasts and endothelial cells seeding

Collagen sponges were cut into 1 cm� 1 cm� 0.25 cm
pieces in six-well plates (Becton Dickinson European
HQ, Erembodegem-Aalst, Belgium) for cell seeding.
Primary fibroblasts isolated from human dermis were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Life Technologies GmbH, Karlruhe, Ger-
many), the medium supplemented with 10% fetal calf
serum (FCS) and antibiotics (100 IU/ml penicillin and
100 mg/ml streptomycin). Endothelial cells isolated from
human umbilical vein were cultured in 1:1 mixed
Iscove’s modified DMEM and Ham’s F12 (PAA
Laboratories GmbH, C .olbe, Germany) supplemented
with 20% human serum and antibiotics (the same as in
fibroblast medium). Passaged fibroblasts and HUVECs
were seeded onto collagen sponges at a cell density of
7� 105 cells/sponge/well in 150 ml medium. 4 h after
seeding, 1.5ml medium was added to each well. The
small volume seeding medium and delayed addition of
culture media were to ensure complete seeding onto
sponges instead of the well plate. Cells were cultured in
an incubator at 371C under humid atmosphere in 5%
CO2. Culture medium was changed every 3 days.

2.5. Cell proliferation assay

At 0, 3, 7, 14 and 21 days, fibroblast proliferation in
sponges was tested with MTT cell proliferation assay kit
(Boehringer Mannheim, Mannheim, Germany). 150 ml
MTT (tetrazolium salts) solution (5mg/ml) was added
to each well and incubated for 4 h. MTT can be cleaved
into a formazan dye only by metabolic active cells. After
incubation, the sponge was moved to a new tube and the
converted formazan crystals were solubilized in 3ml
100% isopropyl alcohol in 0.1n HCl. Solubilized
formazan dye was quantified using an ELISA spectro-
photometer reader at the measurement wavelength of
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570nm and the reference wavelength of 690nm. The
absorbency directly correlates with the metabolic activity
and thus correlates with the number of living cells.

2.6. Histology and immunohistochemistry

At 7, 14 and 21 days after seeding, sponges were fixed
in 70% ethanol and prepared for paraffin section. 8 mm
thick slides of every specimen was stained with
hematoxylin and eosin. 6 mm thick deparaffined sections
of fibroblast-seeded sponges were rehydrated with PBS
and incubated with mouse anti-human vimentin anti-
body (1:10 dilution) in a moist chamber for 1 h. Then the
sections were rinsed with PBS three times and incubated
with a second antibody-peroxidase conjugated goat
anti-mouse IgG (1:400 dilution) for 45min. After
extensive washing, the sections were exposed to perox-
idase substrate DAB for 2min, then rinsed and counter-
stained with hematoxylin. In order to identify
endothelial cells, first antibody rabbit anti-human-
Factor VIII (1:200 dilution) and second antibody swine
anti-rabbit IgG (1:50 dilution) were used instead
(antibodies and peroxidase substrate: DAKO Diagnos-
tika GmbH, Hamburg, Germany).

2.7. Scanning electron microscopy

Sponges seeded with fibroblasts were cultured for 3
weeks and subsequently assigned for scanning electron
microscopic (SEM) examination. Specimens were fixed
for 2 h in a mixture of 4% glutaraldehyde and 2%
formaldehyde in phosphate buffer (pH=7.4) at room
temperature. After thorough rinsing with 0.175m
phosphate buffer, they were immersed in 2% osmium
tetroxide buffered with 0.2m phosphate for 2 h, then
dehydrated in acetone, subjected to critical point drying,
sputter-coated with gold palladium and studied at high
magnification.

2.8. Shrinkage and porosity measurements

The perimeters of each collagen sponge were traced
on a transparent film macroscopically every day after
cell seeding, and the porous microstructure of sponges
was observed on H&E stained sections. The surface area
and relative porosity were quantified by using a
computerized image analysis system (Quantimed 600S,
Leica, Cambridge, England). Under a microscope
connected to a video camera at a magnification of
100� , the percent surface occupied by pores in a
definite area was determined quantitatively on each
section. The pore size was determined by direct
measurement. Five measurements were made of each
specimen at each time point after cell seeding. Data of
porous surface percentage were statistically compared
using the student’s t-test.

3. Results

3.1. Resistance against enzyme degradation

In comparison with the EO-sterilized sponges and the
unsterilized sponges, the degradation time of the
gamma-sterilized sponges was significantly accelerated
by each of the three enzymes. Compared with the
unsterilized sponges, EO sterilization prolonged the
degradation. This finding was repeatable for all tested
enzymes (Table 1).

3.2. Shrinkage and porosity measurements after cell

seeding

The gamma-sterilized sponges showed severe shrink-
age of the surface area after cell seeding, whereas EO-
sterilized sponges remained of the same size after
seeding (Fig. 1). Measurements revealed an immediate
loss of surface area of 28% with the cell seeding of the
gamma-sterilized sponges. By day 21, sponges of this
group showed just 39 percent of their original surface
area.

Quantitative porosity analysis exhibited significant
differences between EO- and gamma-sterilized sponges
at all time periods observed (Table 2). The porous-
surface-area percentage in EO-sterilized sponges re-
mained almost unchanged until day 21. The pore size
became slightly variable but still in the range of 18–
28 mm. In contrast, the pore size in gamma-sterilized
sponges decreased to 7–16 mm.

This demonstrates that the dramatic shrinkage of the
surface area is evident due to the instability of the
porous structure of the sponges after gamma steriliza-
tion.

3.3. Cell proliferation

During the first 3 days after seeding, fibroblasts
showed inhibited proliferation in sponges sterilized with
both methods (Fig. 2). Further, fibroblasts recovered in
EO sterilized sponges and even exceeded the seeding

Table 1

Collagen resistance against enzyme degradationa

Collagen

sponges

Pepsin

(5mg/ml)

Collagenase/

dispase (0.1U

C+0.8U D/ml)

Collagenase

(210U/ml)

EO-sterilized 180713.7 730727.2 11479.3

Gamma-

sterilized

7378.1b 310722.8b 4576.4b

Unsterilized 157715.3 660752.9 80710

aData represent time in minutes for complete degradation of the

collagen sponges in enzymes.
bpo0:001 compared with EO-sterilized sponges.
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level at day 21. Fibroblasts seeded onto gamma-
sterilized sponges decreased continuously until day 7
and then maintained a low level.

At day 7, on HE and anti-vementin stained sections,
fibroblasts were found homogeneously in the upper half
of the EO-sterilized sponges (Fig. 3). At day 14,
fibroblasts were distributed throughout the entire
sponge. In SEM, fibroblasts revealed a long spindle
shape and were found spread over the pore surface. The
microstructure of the sponges remained unaltered in
comparison to unsterilized sponges (Fig. 5A).

In contrast, early at day 7, gamma-sterilized sponges
were densely compressed with decreased pore size and
twisted pore direction. The original microstructure was
almost destroyed and not any more discernable.
Fibroblasts were found densely populated on the surface
of the sponges. The morphology was altered, and cells
were shrunken and showed no extension (Fig. 4). Only a
few cells reached the middle of sponges until day 14. 3
weeks after seeding, scattered fibroblasts were found
under SEM twisted by thickened and compacted
collagen fibers (Fig. 5B).

HUVECs, positively stained with anti-factor VIII
antibody, were observed sparsely in the middle of EO-
sterilized sponges at day 7 (Fig. 6), increased at day 14

and aggregated at day 21 to form lumen or tubular-like
structures (Fig. 7). The tubular formation indicated the
well differentiation of endothelial cells in collagen

Table 2

Porosity of collagen sponges after cell seeding

Sponges Surface Percentage Pore size

(mm)

Day 7 Day 14 Day 21

EO-sterilized 77.7473.49 79.1774.01 70.9273.36 18–28

Gamma-

sterilized

55.9473.33* 54.7177.02a 39.1872.57a 7–16

apo0:001 compared with EO-sterilized sponges.

Fig. 2.

Fig. 3. 7 days after seeding, fibroblasts were found homogeneously in

EO-sterilized collagen sponges; the cells maintained normal morphol-

ogy; anti-vimentin staining, original magnification � 200.

Fig. 1. Collagen surface area as a function of time after cell seeding;

the data represent triplicated experiments.

Fig. 4. 7 days after seeding, fibroblasts were hampered to migrate and

densely populate the superficial layer of gamma sterilized sponges; the

sponge was seen compacted and cells were twisted; anti-vimentin

staining, original magnification � 200.
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matrix. In contrast, only a few cells were found on the
seeding surface of gamma-sterilized sponges and almost
no cell ingrowth occurred until day 21 after seeding
(Fig. 8). Tubular structures were not seen.

4. Discussion

The present study focused on the possible alteration
of porosity and stability of collagen sponges after EO or
gamma sterilization with special emphasis on the
influence on cell behavior in vitro.

Biomaterials designed for tissue engineering should be
non-toxic, non-immunogenic and biologically able to
facilitate cell proliferation and tissue regeneration. The
biodegradation rate of biomaterials should be controlled
to allow a continuous tissue reconstruction [6]. In
addition, optimal materials should be porous with
appropriate pore size suitable for cells to maintain their
shape and function. In two-dimensional culture systems,
a direct correlation of cell function and cell geometry
was observed [12,13]. In three-dimensional sponge-like
matrices with different pore sizes, seeded chondrocytes
were also reported with different morphology, DNA
synthesis and chondroitin sulphate production [4].

Collagen or collagen-based material is widely used for
connective tissue engineering, because it is one of the
major components of natural extracellular matrices.
Among collagen-based materials, sponge-like matrices
are most commonly exploited [14,15]. To study the

Fig. 5. At day 21 under SEM, fibroblasts (arrows) in EO-sterilized

sponges: (A) with normal spindle morphology and in gamma sponges

and (B) with twisted morphology; note the pore size and collagen fiber

diameter; bar=0.1mm.

Fig. 6. At day 7, HUVECs scattered in the EO-sterilized sponges; anti-

factor VIII staining, original magnification � 200.

Fig. 7. At day 21, many tubular (A) or lumen-like (B) structures

formed by HUVECs were found in EO-sterilized sponges; anti-factor

VIII staining, original magnification � 400.

Fig. 8. At day 7, HUVECs were barred on the surface of gamma-

sterilized sponges; no cell ingrowth occurred; anti-factor VIII staining,

original magnification � 200.
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relationship between porous structure and function, it is
necessary to develop collagen sponges with uniform
porosity. However, various processing procedures with
regard to solidification, cross-linking and sterilization,
resulted in a variety of different physical, chemical and
thus biological properties of the collagen. No objective
evaluation was possible so far to compare the influen-
cing factors [3].

A newly developed production process consisting of a
directional solidification and freeze-drying was intro-
duced previously [7,16,17]. Collagen suspension diluted
with different concentration of acetic acid was frozen
directionally at constant speed till �801C and then
freeze-dried into a sponge form. This kind of collagen
sponge has a highly uniform pore size and direction.

In order to use collagen sponges, clinically appro-
priate sterilization of the material is necessary; anyhow,
the mechanical properties of the material should not be
altered. A variety of studies have shown that an
unsuitable sterilization process can destroy the structure
of collagen sponges, break chemical bonds and alter
physical, chemical and biological properties substan-
tially [3,8,10]. The most common methods for steriliza-
tion of collagen sponges are EO gas infiltration and
gamma irradiation. EO was believed to alter the
mechanical and physical properties of collagen slightly,
but with a high risk of toxic residues [18,19]. A
subsequent 2–3 weeks of aeration is crucial to reduce
residual EO in order to comply with regulatory limit and
to avoid cytotoxic effects [3,18,19]. In our series, we
provided a residual evaluation of EO by gas chromato-
graphy in the sponges, which demonstrated a non-toxic
level of EO after 5 days of degassing at 401C warm air.

Gamma irradiation was once introduced as the
simplest and most effective way to sterilize biomaterials
without toxic substances. However, it was found that
this process breaks chemical bonds, and decreases
tensile strength of collagen sponges moderately or even
severely [9,10,20]. In addition to these known mechan-
ical alterations by gamma sterilization, we evaluated the
cell behavior in vitro.

In coincidence with other reports, collagen sponges
sterilized with gamma irradiation showed severe shrink-
age after cell seeding and became significantly unstable
as indicated by a rapid enzyme degradation. The
shrinkage reduced the surface area dramatically to
39% in three weeks. Planimetry revealed a reduction
of the pore size between 20% and 65% showing a direct
correlation of the surface reduction to the reduction of
the pore size. The mechanisms of shrinkage are
hypothesized to be the breakage of peptide bonds [9]
and collapse of cross linking [10].

Shrinkage is not considered to be related to the
biodegradation by seeded cells, as the MTT test revealed
a higher proliferation in EO-sterilized sponges for
seeded fibroblasts.

Further proliferation of the seeded cells was also
shown to be influenced by this shrinkage. In gamma-
sterilized sponges, only a few endothelial cells and
fibroblasts were found to proliferate into the matrix.
The reduced pore size to 7–16 mm seems to be unsuitable
for directed proliferation of these cells. This supports the
correlation of the structure of a matrix to endothelial
and fibroblast cell proliferation as reported for chon-
drocytes [4]. A slight decrease of proliferation was also
found in EO-sterilized sponges, which was assumed to
be a normal adjustment of cells in a new matrix.

On the other hand, fibroblasts entrapped in densely
compacted and twisted pores did not show the normal
spindle shape. Changes in cell shape as well as unusual
cell density can influence cell function. As seen in non-
shrunken EO-sterilized sponges, fibroblasts were spread
over the relatively flat surface of pore walls, distributed
uniformly with normal spindle morphology. Endothelial
cells were found at day 7 in the middle of the sponges,
aggregated and well differentiated into tubular-like
structures through day 7 to day 21, demonstrated by
anti-Factor VIII staining.

In summary, this study shows that the impact of
sterilization process on collagen sponges prepared for
tissue engineering has to be considered and is non-
negligible. EO can highly maintain collagen structural
integrity and stability, while gamma irradiation is not
recommended for collagen sterilization. Some new
methods like formic acid (FA) [21], and dye-mediated
photooxidation [22] were introduced recently, but still
need further investigation. As shown in the present
study, the investigation of these sterilization processes
should also focus on the structural alterations and their
impact on stability and cellular interaction.
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