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Abstract
PEGT/PBT-block-copolymer dermis substitutes were
inserted into dorsal skinfold chambers of balb/c mice
(n=36). Scaffolding matrices with 3 different pore di-
ameters (pore diameter: <75µm, 75-212µm and 250-
300µm) were analyzed on days 7, 14, and 21 post im-
plantation by scanning electron and light microscopy.
The quantification of matrix fragmentation was per-
formed using image-analytical software analySIS®.
The fragmentation rate in scaffolding matrices with a
pore size of < 75µm was observed to be higher than in
matrices of larger pore sizes. Image-analytical evalua-
tion over 21 days revealed a reduction of the copoly-
mer matrix by approximately 32% for the <75µm ma-
trices, 23% for the 75-212µm matrices and 18% for
the matrices, where pore size ranged between 250µm
and 300µm. Twenty-one days after implantation, the
matrix pores of 75-212µm and 250-300µm scaffolds
were totally filled by vascularized fibrous tissue. Con-
trarily, an increased formation of foreign-body giant
cells was observed in matrices with pore size <75µm.

The pore size of the scaffolding PEGT/PBT der-
mis substitutes affects their degradative behaviour in
vivo. 

Key words: PEGT/PBT, biopolymer, three-dimension-
al scaffold, biodegradation, dermis substitute, skinfold
chamber, microcirculation

INTRODUCTION

The loss of tissue due to trauma and wound infection
is one of the frequent and expensive problems in hu-
man health care today. It is expected that the tech-
niques to regenerate human tissue by tissue engineer-
ing will have an important influence on the wound
treatment and clinical outcome of patients with exten-
sive tissue defects [1, 2]. Reconstructive surgery would
benefit in particular from tissue engineering by the ap-
plication of artificially engineered tissue. 

Synthetic three-dimensional biopolymer matrices
are used as scaffolds for tissue regeneration. Develop-
ment of biocompatible and biodegradable scaffolds
for neodermal tissue regeneration is presently the sub-
ject of several research projects on artificial dermis
substitutes. A successful application of bioengineered

tissue constructs is dependent on the many character-
istics of their supporting synthetic matrix. An appro-
priate pore geometry (porosity, pore size and intercon-
nectivity of pores) was shown to determine the rate of
tissue ingrowth, amount of extracellular matrix deposi-
tion and cell survival in the porous biomaterials [3-7].

One of the prerequisites for using biopolymer ma-
trices as dermis substitutes is the ability to allow opti-
mal infiltration of fibrovascular tissue into biomaterial.
Furthermore, a controlled reduction or loss of the bio-
material at approximately the same rate as required for
replacement by the newly produced dermal matrix is
advantageous for the biofunctionality of the artificial
substitute. 

To quantify the biodegradation of a potential scaf-
folding dermis substitute in vivo, we implanted the
porous PEGT/PBT-block-copolymer matrices of
three different pore diameters into the dorsal skinfold
chamber of balb/c mice. The matrix degradation was
evaluated in relation to the intensity of the host tissue
response and the amount of tissue deposition in the
pores of the matrix. 

The biocompatible PEGT/PBT copolymer belongs
to the class of elastomeric segmented polyether/poly-
ester amphiphilic multiblock copolymers [8]. Its hydro-
philic polyethylene glycol (PEG) segment is non-toxic
and non-immunogenic. PEG is soluble in both organic
solvents and water [9]. The hydrophobic blocks of
polybutylene terephthalate (PBT) have been used to
obtain physically cross-linked biodegradable polymers. 

The PEGT/PBT copolymer is expected to break
down into its monomers due to chemical hydrolysis of
ester bonds when placed in a biological system. Pure
aromatic polyesters such as PBT are considered to be
highly insensitive to hydrolytic degradation. However,
a significant degradation of these polyesters by enzy-
matic processes could be demonstrated [10]. It was
also demonstrated that the loss of copolymer mass
and the degradation rate are reduced by increasing the
fraction of aromatic components (terephtalic acid) [11,
12].  

Several in vitro and in vivo studies showed that
PEG/PBT copolymers are biocompatible, well-toler-
ated and do not cause adverse tissue or systemic reac-
tions [13-17]. This biopolymer has been shown to sup-
port adhesion and growth of fibroblasts and ker-
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atinocytes and in vivo ingrowth of vascular and con-
nective tissue [18-21].

MATERIALS AND METHODS

ANIMALS

Female balb/c mice (n=36), weighing 18-22 g were ob-
tained from Charles River, Sulzfeld, Germany. The ani-
mals were kept at 21ºC in a 12h light/dark cycle, fed
on standard pellets (Spezialdiaeten Soest, Germany)
and water ad libitum. The experimental protocol was
reviewed and approved by Animal Ethics Committee.

COPOLYMER MATRICES

PEGT/PBT-block-copolymer matrices were obtained
from IsoTis NV, Bilthoven, the Netherlands. The bio-
material is a segmented polyether-polyester block-
copolymer composed of alternating soft hydrophilic
polyethylene glycol terephtalate, and hard hydrophobic
polybutylene terephtalate segments. The copolymer
composition is indicated as aPEGTbPBTc, where a is
the PEG molecular weight, b weight % of PEGT and
c the weight % of PBT. Scaffolding matrices with a
PEGT/PBT weight ratio of 55/45 and PEGT MW of
300 Da (300PEGT55PBT45) and porosity of 70-80%
were used in this study.

PEGT/PBT block copolymers were synthesized by
two-step melt polycondensation. Trans-esterification
of dimethyl terephthalate with PEG and 1,4-butanedi-
ol at approximately 200°C was performed in presence
of titaniumbutoxide as a catalyst and α-tocopherol as
antioxidant.

Porous structures of matrices were prepared by
compression molding of polymer/salt mixtures fol-
lowed by salt leaching. Matrices were dried under re-
duced pressure in a vaccum oven, vacuum sealed and
sterilized with γ-irradiation [22, 23].

THE TECHNIQUE OF THE DORSAL SKINFOLD CHAMBER

The animals were anesthetized by s.c. injections of 20-
25µl of saline solution containing ketamine (Ketavet
100mg/ml, Pharmacija & Upjohn, Erlangen, Ger-
many) and xylazine (Rompun 2%, Bayer Vital, Lev-
erkusen, Germany). The implantation field on the
mouse’s back was shaved, chemically depilated (Pilca
Med, Olivia, Hamburg, Germany) and cleaned with
70% alcohol. Using an operation stereo-microscope
(Leica Microsystems, Bensheim, Germany) and micro-
surgical instruments (FST, Heidelberg, Germany), tita-
nium chamber frames were implanted to sandwich the
extended double skin layer of the animal’s back. One
layer of skin was completely excised in a circular area
of approximately 15 mm. The remaining skin layer,
consisting of epidermis, subcutaneous tissue, and a
striated skin muscle layer (panniculus carnosus), was
covered with the second titanium frame (frame-to-
frame distance: ca. 300µm) incorporating a coverslip
(Fig. 1 A, B). Aseptic procedures were used for all sur-
gical techniques.  Following chamber implantation, the
mice were kept in separate cages with free access to
laboratory chow and water. 

The microsurgical technique used for implantation
of chambers was similar to that described previously.
The dorsal skinfold chamber is feasible for long term
investigations on various implants and allows direct vi-
sualization of the microcirculation and vascularization
of implants [24, 25] (Fig. 2 A, B). 

IMPLANTATION PROCEDURE

Porous scaffolding matrices with three different pore
diameters (1: <75 µm, 2: 75-212 µm, and 3: 250-300
µm) were under investigation. Discoid specimens (di-
ameter ≈5 mm, thickness ≈300 µm) were punched
from the copolymer film before implantation and used
as dermis substitutes (Fig. 3 A, B).

To reduce the effects of immediate surgical trauma
on the chamber skin tissue a recovery period of 48
hours between the implantation of skinfold chamber
and copolymer scaffolding matrices was chosen. For
implantation the mice were positioned into a special
device and the coverslip was removed. The sterilized
copolymer matrix implant was transferred onto the
panniculus carnosus in the center of the chamber. The
chamber was then filled with approx. 60µl of physio-
logical sodium solution and closed using a new sterile
coverslip. After that, the animals were placed in their
cages.

HISTOLOGICAL PREPARATION

After 7 (n = 9), 14 (n = 9), and 21 (n = 18) days the
animals were sacrificed for histological examination by
an intravenous overdose of pentobarbital (Narcoren
Merial, Hallbermoos, Germany). The copolymer scaf-
folding matrices and adjacent skin tissue were re-
moved en bloc, pinned onto a cork sheet and fixed in
a 5.0% formaldehyde solution. The specimens were
then divided, oriented and placed in a processing cas-
sette, taken through a graded ethanol series, and em-
bedded in paraffin for a complete edge-to-edge cross-
sectional view of the implant disc. Semi-thin (≈5µm)
tissue sections along with the copolymer matrix were
obtained using a microtome. Sections were deparaf-
finized and standard stained with hematoxylin and
eosin.  

LIGHT MICROSCOPY

Copolymer scaffolding matrix was discriminated from
surrounding tissue using polarized light and analyzed
on days 7, 14, and 21 postimplantation. For quantita-
tive assessment of multinucleated foreign body giant
cells, two sections (thickness of the optical slide: 5
µm) from each of the 36 implants were evaluated by
the same person, who at the time of analysis did not
know which group and time point a specimen be-
longed to. Digital photographs of 2 AOF and 2 BOF
(≈ 0.047 mm2) within each copolymer matrix section
were captured at 400x magnification using a confocal
light microscope (Axioskop, Zeiss) and a digital mi-
croscope camera (HV-C20M, Hitachi). The observa-
tion fields were randomly selected along the entire
length of the sagittal implant section. Two basal fields
near the skin-tissue/copolymer-matrix interface and
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two apical fields from the areas bordering on the cov-
erslip of the chamber were examined. Multinucleated
foreign-body giant cells were identified and counted
using computer-assistance (analySIS®, Soft Imaging
System, Muenster, Germany). 

SCANNING ELECTRON MICROSCOPY (SEM)

For the examination by scanning electron microscope
the formalin fixed specimens were dehydrated using
an ethanol/water gradient. Dehydrated samples were
dried at the critical point of CO2 using a Balzers CPD
030. Samples were then mounted, gold coated in an
Edwards S 150B sputter coater and examined with a
Siemens SEM at 20 kV. 

IMAGE-ANALYTICAL SYSTEM ANALYSIS®

A qualitative analysis of changes to the copolymer
matrix integrity and quantification of matrix fragmen-
tation were performed on digital scanning micro-
graphs (400fold magnification) of each section within
two basal and two apical observation fields.  Evalua-
tion via PC followed using analySIS® 3.0- image-
analytical software (Soft Imaging System, Muenster,
Germany). Digital microscope images were automati-
cally calibrated by analySIS®: The software recog-
nized the microscope magnification selected and au-
tomatically calibrated the images accordingly. Image-
acquisition artifacts were corrected via filters and
shading correction. Copolymer scaffolding matrix was
differentiated from the surrounding fibrovascular tis-
sue as well as from optically empty pore areas. Solid
copolymer texture and copolymer matrix fragments
were separated from the remaining image information
via thresholds and morphological filters. Operations
such as changing of the grey value, splitting of the
brightness area or determination of threshold values
for the creation of the binary image were determined
for each image individually. The element distribution
was emphasized by coloring (Fig. 4). Subsequently the
color distribution pattern was analyzed and the entire
area of biopolymer calculated automatically. The 
surface area of the solid copolymeric texture was 
expressed in percentage of the total area of the micro-
graph (≈0.047mm2). Evaluated data was saved, along
with the acquired images, in the integrated, image-
analytical database. All measurement data was auto-
matically entered into a spreadsheet and statistically
evaluated. 

STATISTICAL ANALYSIS

Comparisons between the different groups and obser-
vation fields (basal vs. apical) were performed using
Kruskal-Wallis analysis of variance on ranks. When
significant differences were found, this nonparametric
test was followed by the pair-wise multiple compari-
son procedure (Dunn’s Method). Differences were
considered significant when p< 0.05. All statistical
calculations were performed with a commercially
available software package (Sigma Stat, SPSS Inc.,
Version 2.03)

RESULTS

On day 7 little stroma was present with few fibrob-
lasts, leucocytes and macrophages located within the
pores, but scattered throughout the entire scaffolding
matrix (mostly concentrated in BOF). On day 14, the
macrophages fused, amplified into multinucleated gi-
ant cells and migrated into the biomaterial. It was
found that the phagocytes spread on the matrix sur-
face and adhered themselves to the biomaterial. The
majority of multinucleated phagocytes were found to
be aligned along the skin-tissue/copolymer-matrix in-
terface within the BOF. On day 21, giant cells, initially
present only at the base of matrices, encompassed all
areas of the matrices. A high number of giant cells was
still counted especially in <75µm matrices within BOF
(Fig. 5 A-D).The copolymer matrix of <75µm matri-
ces was almost completely surrounded and engulfed
by giant cells. The microscopical observation revealed
that all matrices induced the development of cellular-
fibrous tissue around the edges of the implant. This
tissue was comprised primarily of fibroblasts, extracel-
lular matrix, and leucocytes, and also contained some
blood vessels. At day 14, superior vascularization of
the granulation tissue surrounding the copolymer ma-
trices at their edges, was observed. Also, a thin layer of
tissue of similar composition covered the implants on
their apical surface. Twenty-one days after implanta-
tion, 75-212µm and 250-300µm matrices were found
to be embedded in well-vascularized connective tissue
(Fig. 6).

The earliest signs of significant erosion and delami-
nation of copolymer matrix surface were shown by the
scanning electron microscopy on day 7 predominantly
within the basal observation fields. On days 14 and 21
the loss of matrix structural integrity continued as a
result of increased matrix fragmentation. Copolymer
matrices with a pore size of < 75µm in particular were
found to be excessively fragmented (Fig. 7). The frag-
mentation was accompanied by an increased accumu-
lation of macrophages and foreign-body giant cells in
the copolymer matrices, mainly visible in <75µm ma-
trices. On day 21 implant fragments were also found
intracellularly, incorporated by multinucleated phago-
cytic cells. Significant decreases of copolymer matrix
area percentages within the basal and apical observa-
tion fields were already seen in implants of all types on
day 14 postimplantation compared to the values calcu-
lated on day 7 (Fig. 8 A-C). The rate of matrix loss for
75-212µm and 250-300µm matrices was found to be
lower than in <75µm matrices. Twenty-one days
postimplantation, the <75µm implants had an average
residual area percentage at the BOF of approximately
15%, which represents 68% of the original copolymer
area on day 7. Image-analytical evaluation over the pe-
riod of 21 days revealed a reduction of the copolymer
matrix area by approximately 32% for the <75µm ma-
trices, 23% for the 75-212µm matrices and 18% for
the 250-300µm matrices. Identical changes within the
percentage of implant area were determined for the
AOF, where no significant differences were recognized
compared to the values of BOF (data not shown). The
analysis of matrix area changes suggested that on aver-
age 75% of the total lost matrix area (assuming that
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Fig. 1. A  Balb/c mouse
bearing a dorsal skinfold
chamber. The mouse
does not show signs of
discomfort after surgery.
B  Copolymer matrix im-
planted in the center of
observation window of
the chamber. The implant
directly contacts the stri-
ated skin muscle layer.
The window is sealed by
means of a sterile cover
glass.

Fig. 2. The chamber
model allows direct in
vivo visualization of the
microcirculation and an-
giogenesis. The intravital
fluorescence images show
(A) characteristic capillar-
ies (arrows) of the skin
muscle and (B) perfused
blood vessel sprouts (tri-
angles) in the border zone
of scaffolding copolymer
matrix two weeks after
implantation. 

Fig. 3. Surface texture of
the PEGT/PBT copoly-
mer matrix (pore diame-
ter: 75-212µm). 
A Dermal substitute as a
discoid implant (magnifi-
cation: 20fold) B Porous
microstructure of the
scaffolding matrix (mag-
nification: 400fold).

Fig. 4. A Scanning elec-
tron image of the basal
observation field of 75-
212µm copolymer matrix
(magnification: 400fold).
B The binary image of
the observation field is
emphasized by coloring.
The copolymer matrix is
separated from the re-
maining image informa-
tion by analySIS®. 

A

BA

B

BA

A B



there was no significant copolymer loss during the
first week after grafting) was degraded between days 7
and 14, and an additional 25% during the following
week.

DISCUSSION

The knowledge about the mechanisms of inflammato-
ry response to an implanted synthetic biomaterial 
is still limited.  Numerous factors are suspected to in-
fluence the intensity and character of the foreign-

body reaction. The micromotion at the implant/host-
tissue interface, which could differ due to varying 
surface textures because of different pore sizes, may
have an influence on the inflammatory process. The
inflammatory cells are known to produce various 
mediators, such as chemotactic, angiogenic and anti-
angiogenic factors. The exposure of interfacial inflam-
matory cells, such as macrophages, to micro-shear
stress can activate the release of such products, 
leading to inflammation and foreign body reaction
[26, 27].
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Fig. 5. The figure shows the density of foreign-body giant cells depending on scaffold type, observation field within the copoly-
mer matrix (AOF vs. BOF) and timepoint after implantation. Box plots graph data as a box representing statistical values. The
boundary of the box closest to zero indicates the 25th percentile, a line within the box marks the median, and the boundary of
the box farthest from zero indicates the 75th percentile. Whiskers above and below the box indicate the 90th and 10th per-
centiles. The mean (long dash) and outlying data points beyond 5th and 95th percentiles are also graphed.



In this work, the number of phagocytic cells in-
creased constantly during the implantation time of the
biomaterial matrix. Mononuclear macrophages and
multinucleated foreign-body giant cells, some with in-
tracellular matrix particles, were present at the im-
plant-tissue interface and within the implant matrix.
This suggests that the degradation of copolymer in-
volves an intracellular elimination. Starting from day

14 of histological evaluation, all copolymer implants
showed signs of foreign body inflammation, with a
stronger expression in the copolymer matrices with
the pore size of <75 µm (which were microscopically
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Fig. 6. Vascularized copolymer scaffolding matrix (Pore size:
75-212 µm) three weeks after implantation. Ingrown fibrovas-
cular tissue is marked by white star (magnification: 200fold). 

Fig. 7. Excessively fragmented matrix of copolymer scaffold
with the pore size of <75 µm three weeks after implantation
(magnification: 200fold). Only the basal observation field of
the cross-section shows a minimal fibrovascular ingrowth
(white star). 

Fig. 8. Vertical bar charts demonstrate the quantity of copoly-
mer matrix area detected by digital image analysis in percent
per observation field. Significant reduction of copolymer ma-
trix area within the basal observation fields (A-C) was found
for all scaffolding matrix types on day 21 post implantation as
compared to the values on day 7 post implantation.



found to be excessively fragmented). Simultaneously,
matrices of this pore size showed low degrees of vas-
cularization and connective tissue formation. As such,
it seemed that the higher extent of vascularized fibrous
tissue brings about protection from degradation.
Degradation and absorption of the copolymer matrix
occurred slowly in implants that underwent fibrous
connective tissue infiltration at a much faster rate. On
the other hand, it is possible that a potential accumula-
tion of low-molecular degradation products within the
degradable matrix may have disturbed a profound fi-
brovascular infiltration of the porous copolymer ma-
trix. Accumulation of low-molecular breakdown prod-
ucts may hinder cell proliferation when the concentra-
tion of these products is high enough. Reports from
in-vitro studies on absorbable polymers, intended to
investigate the effects of degradation products on cell
cultures, strengthen this assumption [28, 29]. It is pos-
sible that the biological conditions required for tissue
regeneration within the implanted porous matrix may
be altered by accumulation of copolymer decomposi-
tion products leading to inhibition of cell proliferation.

The attempt to quantify the degradation of bioma-
terial, was performed via the image-analytical software
analySIS® on digital images from histological sections.
Before calculating the changes of matrix area, it was
hypothesized that a relative increase of matrix area
would occur.  It was thought that this would be due to
the increased matrix fragmentation during the implan-
tation period as detected by scanning electron mi-
croscopy. However, no increase in matrix area was
demonstrated by analySIS®. On the contrary, the im-
age analysis showed a progressive decrease of the ma-
trix area during the 21 days following implantation. It
was supposed that this was more likely caused by re-
sorption of the biopolymer as well as being due to the
intracellular incorporation of the fragmented implant
particles by giant cells. Additionally, identification of
small matrix fragments and separation of the copoly-
mer matrix from the remaining image information, to
create a binary image became more difficult due to the
increased ingrowth of fibrovascular tissue during the
implantation. It is also possible that progressive tissue
infiltration of the porous copolymer matrix was able
to cause contraction as well as expansion of the scaf-
folding matrix. These possible processes may have had
a falsifying influence on the calculation of the real ma-
trix area and do not correctly reflect the specific
changes in degradation area. Another disadvantage of
the applied method in quantifying the post-implantive
matrix area changes results from ignoring the three-di-
mensional structure of the scaffolding matrices by an-
alyzing images of the histological sections. Due to the
irregular geometrical structure of the porous implants
with inconstant diameter, form, density and distribu-
tion of pores, the presence of the copolymer mass
within the observation fields was also inconstant. Be-
cause of this, we believe that the analySIS®-assisted
method for calculation of the matrix area changes
does not quantify the post-implantive biodegradative
behaviour of PEGT/PBT copolymer matrices exactly,
and therefore the results should be interpreted with
care. 

CONCLUSIONS

In this study, we quantified the biodegradation of
PEGT/PBT-block-copolymer matrices by digital
imaging analysis. The matrix degradation was evaluat-
ed in relation to the intensity of the host tissue re-
sponse and the amount of fibrovascular tissue infiltra-
tion in the pores of the matrix. We showed that the
structural differences of the porous scaffolds have had
a varying impact on the degradative behavior in vivo.
However, with the porous scaffolds we used, no con-
trolled reduction or loss of the biopolymer approxi-
mately the same rate as required for replacement by
the newly produced dermis-like tissue was demonstrat-
ed. It took three weeks before the complete dermis
substitute of approximately 300 µm thickness was
filled by a vascularized fibrous tissue. For a clinical ap-
plication it may be too long, especially with regard to
the risk of infection of the biomaterial due to poor
vascularization. 

Today, no synthetic biomaterial is available that ex-
actly fulfills all of the requirements for an optimal der-
mis substitute. The ability of the biodegradable porous
PEGT/PBT copolymer matrix to serve as dermis sub-
stitute is promising, but still remains to be evaluated in
detail . 
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