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Autologous grafts are frequently needed for nasal septum reconstruction. Because they are only available in
limited amounts, there is a need for new cartilage replacement strategies. Tissue engineering based on the use of
autologous chondrocytes and resorbable matrices might be a suitable option. So far, an optimal material for
nasal septum reconstruction has not been identified. The aim of our study was to provide the first evaluation of
marine collagen for use in nasal cartilage repair. First, we studied the suitability of marine collagen as a cartilage
replacement matrix in the context of in vitro three dimensional cultures by analyzing cell migration, cytotoxic-
ity, and extracellular matrix formation using human and rat nasal septal chondrocytes. Second, we worked
toward developing a suitable orthotopic animal model for nasal septum repair, while simultaneously evaluat-
ing the biocompatibility of marine collagen. Seeded and unseeded scaffolds were transplanted into nasal sep-
tum defects in an orthotopic rat model for 1, 4, and 12 weeks. Explanted scaffolds were histologically and
immunohistochemically evaluated. Scaffolds did not induce any cytotoxic reactions in vitro. Chondrocytes were
able to adhere to marine collagen and produce cartilaginous matrix proteins, such as collagen type II. Treating
septal cartilage defects in vivo with seeded and unseeded scaffolds led to a significant reduction in the number of
nasal septum perforations compared to no replacement. In summary, we demonstrated that marine collagen
matrices provide excellent properties for cartilage tissue engineering. Marine collagen scaffolds are able to
prevent septal perforations in an autologous, orthotopic rat model. This newly described experimental surgical
procedure is a suitable way to evaluate new scaffold materials for their applicability in the context of nasal
cartilage repair.

Introduction

Damage or malformation of cartilaginous facial
structures, such as the nose or the auricle, may occur as

the result of trauma, tumor resection, or congenital defects.
Such defects may lead to functional problems, and severe
psychosocial strain for the afflicted patient.1,2

The limited self-repair capacity2,3 of cartilage necessitates
the use of either autologous transplants, such as rib or au-
ricular cartilage, or synthetic materials, such as Gore-Tex or
silicone.3 The current gold standard for reconstruction of
facial cartilage defects is autologous cartilage. In complex
defects, multistage surgical procedures are required.2–4

Donor-site morbidity is common when large pieces of au-
tologous cartilage are harvested.1,5 Nevertheless, nasal and

auricular reconstructions have significant psychosocial ben-
efits in the majority of treated patients.6

The use of nonresorbable implants frequently results in
infection and/or extrusion of the implant.7,8 Thus, there
continues to be demand for alternative materials.1,2 Tissue
engineering is seen as a promising method for reconstructing
auricular and nasal cartilage. Resorbable scaffold materials
could be used to accommodate cells. The total mechanical
stability of the cell-scaffold construct should not change over
time, and the mechanical properties initially exhibited by the
biomaterial should be transferred to the newly synthesized
matrix in vivo. A multitude of different natural and synthetic
materials have been tested so far.9–17 However, none has
proven to be optimal18–20 for the reconstruction of cartilage
in the head and neck region. This is mainly due to poor
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mechanical performance, which is of particular concern in
the head and neck area. Additionally, many of the materials
can cause local inflammatory reactions.

The particular demands of cartilage reconstruction in head
and neck surgery require a specific scaffold design. First, the
structural architecture of the scaffold should mimic the exact
shape of the native tissue and should support the attach-
ment, proliferation, and differentiation of the desired cell
type.21 Second, the scaffold must be rigid enough to stabilize
the reconstructed nasal cartilage until the newly synthesized
extracellular matrix (ECM) attains full mechanical stability
and function. The cartilaginous septum is responsible for the
shape and tension of its surrounding structures (alar carti-
lages, columella, and nasal dorsum), and these structures in
turn enable nasal breathing. Thus, rigidity and stability of the
scaffold are of utmost importance.

For many years, collagen has been used as a biomaterial in
a variety of connective tissue engineering applications,22 but
collagen has also played an important role in other fields of
bioengineering.23–29 Collagen has many desirable character-
istics for scaffold production and application. It provides
excellent biocompatibility, low antigenicity, and high bio-
degradability, and collagen’s cell binding and signaling
properties help to promote cellular processes leading to tis-
sue formation.22–24 For this reason, collagen, which may be
harvested from bovine skin and bone, is regarded as one of
the most favorable materials for artificial ECM replace-
ment.22 However, because it is harvested from vertebrate
animals, it has the disadvantage of potentially carrying
transmissible diseases.22,30

Most marine animals are invertebrates, so marine collagen
is free of substances that would be pathogenic to humans.30

Several studies have demonstrated that invertebrate fibrillar
collagens possess the same characteristics as their human
counterparts.31 Due to their biological properties, new ma-
trices based on marine collagen were recently tested in bio-
medical applications, such as tissue engineering vascular
grafts. Such matrices might represent an alternative source
for the production of scaffolds for tissue engineering appli-
cations.30,32–34 Marine collagen is harvested by lyophilization
of the invertebrate jellyfish species Rhopilema esculentum.
Advantages of this collagen source include its reproducible
production process, which relies on renewable natural re-
sources, and the absence of any risk for disease transmission
by viruses or bacteria.30

The other vital part of a tissue-engineered cartilage con-
struct is the cellular component. For clinical applications, ac-
cess to a suitable source of autologous cells is essential to
avoid disease transmission35 and to avoid a potential immu-
nological rejection caused by an allogenic donor cell source.36–38

In recent years, hyaline human nasal septum cartilage has
been shown to be useful as an alternative autologous cell source
because harvesting cartilage from the nasal septum requires
minimally invasive surgeries with minimal donor site mor-
bidity.39 Compared with articular and auricular chondrocytes,
nasal septum chondrocytes have been reported to display in-
creased cartilage formation and better mechanical stability in
the resulting neo-cartilage.16,36,38–40

Aside from biomaterial and donor cell considerations, the
nasal septum has specific immunological and mechanical
characteristics. The influence of these characteristics can only
be analyzed in detail in a suitable animal model.

The goal of this study was to evaluate the biocompatibility
of marine collagen in vitro and in vivo and to determine
whether it can be used as a new biomaterial for nasal septum
reconstruction. We examined the suitability of marine col-
lagen for growing human and rat nasal septal chondrocytes,
and we further aimed to develop a nasal septum-specific
immunocompetent animal model to study the effects of site-
specific local influences on tissue-engineered cartilage.

Materials and Methods

All experiments were performed with the approval of the
Regional Ethical Board in Tuebingen, Germany, adminis-
trative decision no. 949/2009.

Marine collagen scaffolds

Triple helical homotrimer marine collagen was harvested
from the jellyfish Rhopilema esculentum. All steps were carried
out at 4�C–6�C. Cured jellyfish was cut into small pieces,
rinsed several times with tap water, and washed for several
hours in Milli-Q water until the salinity was below 0.01.
After equilibration in 0.5 M acetic acid, the material was
homogenized in 0.5 M acetic acid. Enzymatic digestion was
performed for approximately 70 h using a pepsin solution
containing 10 mg g - 1 basic raw material (porcine gastric
mucosa; Biozym). After centrifugation at 17,000 g for 30 min,
the supernatant was neutralized (pH 7.0) and the collagen
was precipitated with 17.5% KCl and 0.2 M NaH2PO4. The
collagen was obtained by centrifugation for 20 min at 17,000 g
followed by dialysis against 0.05% acetic acid. Pepsin re-
mained in the supernatant.

For scaffold production, the harvested collagen was
freeze-dried (20 mg mL - 1), suspended in 0.05% acetic acid,
and injected into a preformed synthetic casting mold. Scaf-
fold material was frozen (at a rate of - 0.25�C min - 1) until it
reached - 20�C before being freeze-dried. Cross-linking was
carried out with 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC, 0.05/0.15 or 1% w/v EDC in 80% ethanol) for
1.5 h at room temperature. Subsequently, the scaffolds were
rinsed several times in Milli-Q water. The reaction was hal-
ted by treatment with 1% glycine (w/v in water) overnight,
and it was again washed several times before being equili-
brated in PBS for use in cell culture.

Scaffold matrices of two different shapes were used for
in vitro and in vivo testing: rectangular marine collagen
scaffolds for complete nasal septum replacement, with di-
mensions of 8 · 5 · 2 mm and disc-shaped scaffolds for
in vitro three dimensional (3D) culture, with a height of 3 mm
and a diameter of 6 mm.

Scanning electron microscopy

To visualize the porosity and structure of scaffolds, scan-
ning electron microscopy (SEM) was carried out using a
Philips XL 30/ESEM with a field emission gun operated in
SEM mode. Dehydrated, freeze-dried samples were fixed on
carbon pads and sputter-coated with gold.

Stress-relaxation test

To assess biomechanical properties, stress-relaxation tests
were performed according to Stok et al.41 Prior to biome-
chanical testing, samples were equilibrated for 15 min in PBS
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at RT. Measurement of the exact scaffold height and confined
compression testing were carried out in a standard materials-
testing machine (Zwick, Roell) using a 5 N load cell and an
indenter with a diameter of 1.38 mm. The preload was set to
0.1 N. Samples were placed in a cylindrical confining com-
pression chamber containing PBS. Measurements were car-
ried out with a stress-relaxation indentation in three strain
steps: 5%, 15%, and 25% of the specimen thickness. After
each strain step, the specimens were left to relax for several
minutes at that strain until equilibrium was reached.
Throughout the testing, force, displacement, and time data
were recorded. Subsequent analysis of the E-modulus was
performed by using testXpert� software (Zwick, Roell).

Assessment of pore size

For the estimation of pore size, scaffolds were embedded
in CryoMolds (Sakura) with the Tissue Tek automated em-
bedding system (Sakura), frozen at - 20�C, and cut into
40 mm slices (Leica CM 3050 S; Leica Biosystems). Horizontal
sections (each n = 3) of the middle of the scaffolds (n = 3) were
analyzed by light microscopy. The average pore size is given
as the mean – standard deviation.

Isolation of primary human (hCh) and rat (rCh)
nasal septum chondrocytes

Human nasal septum cartilage biopsies were obtained
during routine septoplasties and septorhinoplasties in the
Department of Otorhinolaryngology, University Medical
Center Ulm. Donor age ranged from 18 to 39 years, with an
average age of 22 – 8 (total n = 5, gender ratio female/male 1/
4). Cartilage harvesting was approved by the Ulm University
Ethical Committee (No.: 152/08).

Primary rat nasal septum chondrocytes (rCh) were iso-
lated from freshly harvested pieces of rat septum cartilage.
Rat and human cartilage samples were rinsed in culture
medium: DMEM/Ham’s-F12 (Biochrom), supplemented
with 10% FBS (Biochrom) and 0.5% gentamicin (PAA). Car-
tilage was minced and transferred to digestion medium:
culture medium containing collagenase type II (0.3%, Wor-
thington). The cartilage was then incubated for 18 h at 37�C
in a shaking water bath. Cells were pelleted by centrifuga-
tion, and total cell number and vitality were determined.
Chondrocytes were seeded at a density of 0.5 · 104 cells cm - 2.

When cultures reached 80%–90% confluence, cells were
detached by trypsinization, then counted, and cryopreserved
to ensure that chondrocytes were treated equally and that
only cells in passage 1 were used. To avoid growth factor
addition (with a view toward later in vivo clinical use), rCh
and hCh were amplified in culture medium only. All cell
culture experiments were performed at 37�C and 5% CO2

under humidified conditions.

In vitro evaluation of marine collagen scaffolds

Seeding and in vitro 3D culture of human and rat chon-
drocytes. Prior to seeding, marine collagen scaffolds were
incubated in culture medium for 24 h to adjust the pH and
rehydrate the scaffold matrix. rCh and hCh were thawed and
grown to 80%–90% confluence in monolayer culture. Cells
were detached and resuspended in culture medium to achieve
a final cell concentration of 5.0 · 106 cells mL - 1. Five scaffolds

were placed together and tightly packed in one well of a 24-
well plate, and the scaffolds were seeded by adding 1 mL of
cell suspension (equivalent to 1 · 106 cells/scaffold). To enable
cell adhesion, seeded scaffolds were incubated for 1 h.

In vitro 3D culturing of hCh and rCh was carried out by
using chondrocyte differentiation medium (NH Chondro
Diff Medium; Miltenyi) supplemented with 0.5% gentamicin.
The medium was supplemented with specific growth factors,
but the exact formulation of the medium is proprietary and
not disclosed by the provider. Scaffolds seeded with rCh and
hCh were analyzed on days 7, 14, and 21.

Cytotoxicity testing. To determine the cytotoxic effects of
marine collagen scaffolds, testing was performed using rCh,
hCh, and the murine fibrosarcoma cell line L929, as de-
scribed previously, according to international standard ISO
10993-5:2009.42

Quantitative assay for DNA. The number of hCh grow-
ing on the marine collagen scaffold surface, and the number
growing within the scaffold matrix, was estimated by per-
forming Hoechst assay,43 as described previously.44

Quantitative DMMB-assay for sulfated GAGs. Samples
were snap-frozen and freeze-dried (Christ alpha 1–4 freeze
dryer). Unseeded and seeded (7, 14, and 21 days, each n = 6)
marine collagen samples were digested overnight in a solution
of 50mg mL- 1 proteinase K in 100 mM K2HPO4 (pH 8.0) at
56�C. Subsequent measurement of sulfated GAGs was per-
formed, as recently published44 and described by Barbosa.45

Real-time PCR. The de novo synthesis of aggrecan
(ACAN), collagen type I (COL1A1) and II (COL2A1), and
versican (VCAN) by hCh was investigated in long-term 3D
culture by analyzing mRNA expression. After 0, 7, 14, and 21
days (each n = 6), the culture medium was removed, and the
RNA of the day 0 monolayer culture chondrocytes was im-
mediately isolated. Seeded scaffolds were snap-frozen and
homogenized in 500mL RLT-buffer (Qiagen) supplemented
with b-mercaptoethanol (Sigma) by using a tissue lyser
(Qiagen) for 5 min at 50 Hz. RNA was isolated and purified
using the RNeasy Mini kit according to the manufacturer’s
instructions. Harvested RNA was adjusted to a concentration
of 50 ng mL - 1 and kept on ice.

One-step real-time PCR was performed using the Real
Time Ready RNA Virus Master Kit (Roche) and Universal
Probe Library (UPL, Roche). The primers that were used are
shown in Table 1. Reverse transcription was carried out at
58�C for 8 min, and the initial denaturation occurred at 95�C
for 30 s. Amplification was performed in two steps for 45
cycles: 95�C for 1 s, followed by 60�C for 20 s. Duplicates of
each sample were performed. CP median values were de-
termined using a LightCycler 2.0 (Roche) and the Roche
Light Cycler Software version 4.1. Relative gene expression
was calculated by using the 2 -DDCT formula.46 GAPDH was
used as a reference gene.

In vivo evaluation of marine collagen
as a cartilage replacement material

Seeding and 3D culture of rCh on marine collagen
matrices prior to in vivo biocompatibility evaluation. Three
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dimensional culture of marine collagen scaffolds prior to
in vivo biocompatibility evaluation was carried out by
seeding scaffolds with rCh. Seeding and culture was per-
formed as described in the section Assessment of pore size,
except that all seeded scaffolds were transferred and cul-
tured in culture medium to avoid the use of growth factors.
Scaffolds were precultured for 1 week. Deposition of GAGs
after 7 days was compared to unseeded scaffolds and
quantified as described in section Quantitative assay for
DNA.

Animal model. An inbred strain of Lewis rats was used
to minimize the risk of graft rejection due to MHC incom-
patibility. This approximates the autologous situation. Male
Lewis rats (weight: 300–350 g) were anesthetized by the in-
traperitoneal injection of ketamine (0.5 mg kg - 1 bodyweight)
and xylazine (11.5 mg kg - 1 bodyweight).

Rats were intubated and fixed in a stereotactic alignment
system by using nontraumatic ear bars and an incisor clamp
(Small Animal Stereotaxic Instrument, David Kopf Instru-
ments).

After shaving and local skin disinfection, the skin was
incised under sterile conditions, and the nasofrontal and
nasomaxillary sutures (Fig. 1a) were exposed. After weak-
ening these sutures with a 2 mm diamond burr (PROXXON
MICROMOT 50/E Niersbach), a rhinotomy was performed
using a 4 mm chisel. The nose was temporarily opened by
moving the nasal bones anteriorly, using the fixed skin of the
snout as a hinge.

The cartilaginous septum was exposed using 2.3 · mag-
nification. The perichondrium was bluntly dissected, and the
complete cartilaginous septum was removed (Fig. 1b). Be-
tween the two mucoperichondrial flaps, the engineered
scaffolds were placed in the original position of the native
cartilage. Two drops of xylometazoline solution (0.025%
mL - 1, OTRIVEN� decongestant nose drops for infants,

Novartis) were administered in the wound, the nasal bones
were repositioned, and the skin was sutured using DE-
CLENE 5-0.

After 1, 4, and 12 weeks, rats were euthanized, and the
whole septal area was assessed by macroscopic, histological,
and immunohistochemical analyses.

Experimental groups. We established four experimental
groups of animals (Table 2). The first group was implanted
with unseeded collagen scaffolds, the second group was
implanted with seeded collagen scaffolds. The third group
was the so-called ‘‘sham-group’’, in which the nasal septal
cartilage was removed and replanted within the same sur-
gery. For the control group, the entire nasal septal cartilage
was removed without any replacement (Table 2). The initial
number of operated animals per experimental group was 24,
to explant eight specimens after each 1, 4, and 12 weeks.

Histological and immunohistochemical analyses

In vitro and in vivo samples were fixed in 3.5%–3.7%
neutral buffered formalin (Fischar), embedded in paraffin,
and sectioned at 3–5mm. Sections were heat fixated at 56�C
for 24 h. Prior to staining, the sections were deparaffinized
and rehydrated.

Histological staining. Alcian blue (AB) staining combined
with hematoxylin was used to visualize cell migration and
cell distribution in the 3D cultured scaffolds, and this stain-
ing also enabled detection of newly synthesized acidic
sulfated proteoglycans within the explanted matrices and
long-term cultured scaffolds.

Immunohistochemical detection of collagen type I, II, and
aggrecan. Immunohistochemical staining for collagen type
I (anti-rat: ab34710, Abcam, human: Serotec), collagen type II

Table 1. Summary of Investigated Genes, Specific Primers, Expected Fragment Size, and Used Probes

UPL probe Primer left Primer right Amplicon (nt)

Target gene
Aggrecan (ACAN) # 79 5¢-tgcagctgtcactgtagaaactt-3¢ 5¢-atagcaggggatggtgagg-3¢ 112
Collagen type I (COL1A1) # 15 5¢-atgttcagctttgtggacctc-3¢ 5¢-ctgtacgcaggtgattggtg-3¢ 126
Collagen type II (COL2A1) # 19 5¢-ccctggtcttggtggaaac-3¢ 5¢-tccttgcattactcccaactg-3¢ 88
Versican (VCAN) # 54 5¢-gcacctgtgtgccaggata-3¢ 5¢-cagggattagagtgacattcatca-3¢ 70

Housekeeping
GAPDH # 60 5¢-gctctctgctcctcctgttc-3¢ 5¢-acgaccaaatccgttgactc-3¢m 115

FIG. 1. For orthotopic nasal sep-
tum replacement, the nasofrontal (*)
and nasomaxillary ( > ) sutures were
exposed and opened, whereas the
internasal suture (�) was main-
tained (a). After detaching the mu-
cosa, the complete nasal septal
cartilage was removed (b). Color
images available online at
www.liebertpub.com/tea

2204 BERMUELLER ET AL.



(anti-rat and anti-human: II-II6B3; Developmental Studies
Hybridoma Bank), and aggrecan (anti-rat: Millipore, anti-
human: Serotec) was performed by using the LSAB + System-
HRP (Dako) and AEC chromogen (Dako).

In brief, for detection of collagen type I, sections were
digested with proteinase K for 5 min, and subsequently in-
cubated with the primary antibody for 30 min at RT. Sections
for detection of collagen type II were digested with 1% hy-
aluronidase (Sigma; H3506-100 MG; in PBS) and 0.2% pro-
nase (Calbiochem, in PBS), each for 15 min at 37�C. Primary
antibody was added for 1 h. For detection of aggrecan, sec-
tions were pretreated with 0.5 U mL - 1 chondroitinase ABC
(Sigma) in PBS for 30 min at RT and were then incubated
with primary antibody for 30 min at RT.

Histopathological evaluation of the biocompatibility in-
dex. For the determination of the in vivo biocompatibility
index (bi), septal tissue and surrounding tissue were har-
vested en bloc. H&E stainings were evaluated according to
DIN EN ISO 10993-6, appendix E. Histological character-
istics, such as inflammatory reactions, necrosis, fibrosis,
fibroplasia, fatty infiltration, and the presence of polymor-
phous nuclear (PMN) cells, monocytes/macrophages,
lymphocytes, plasma, and giant cells were determined in
the half-quantitative evaluation system. Based on the his-

tological results, a classification score was estimated for
each slide and explant. The integral (whole-number) clas-
sification score incorporates the presence and frequency of
the different cell types within the implanted scaffold matrix,
and in the surrounding tissue. Numbers from 0 to 5 were
used for description (0 = absent, 1 = slight, 2 = moderate,
3 = marked, and 4 = severe). The total median and its re-
spective median deviation were calculated for each group
and cell type or for the evaluated tissue reaction (fibrosis,
fibroplasia, and fatty infiltration). binorm was defined as the
difference between the total median of each time point and
the total median of the sham group. To exclude any ex-
amination bias, the microscopic analysis and the calculation
of bi were conducted by using CellMed AG in a double-
blind study.

Statistical analysis

The Wilcoxon–Mann–Whitney test was used to evaluate
the significance of the in vitro cytotoxicity and GAG depo-
sition prior to in vivo application (a = 0.05). Because the nor-
mality test failed, the Kruskal–Wallis one-way analysis of
variance on ranks was used for the evaluation of significance
(level of significance a = 0.05) for cell number, gene expres-
sion analysis, GAG deposition, and bi (a= 0.05). The relative
percentage of cell vitality (cytotoxicity testing), the cell
number, the relative percentage of GAG content, evaluation
of bi, and the gene expression are reported as median –
median deviation (MD).

Macroscopic results were statistically analyzed with a
multiple logistic regression. Group and time were deter-
mining factors, whereas the occurrence of a macroscopically
visible septal perforation (yes/no) was the dependent vari-
able. The results were adjusted for the effects of other de-
termining factors in the model to provide ‘‘odds ratios’’ (OR),
including p-values.

Results

Pore size and E-modulus of marine collagen

SEM analysis of unseeded scaffolds revealed a high po-
rosity and a homogenous pore distribution, with distinct
pore interconnectivity visible in the horizontal (Fig. 2a) and
vertical cross sections (Fig. 2b). All empty pores in the
marine collagen scaffolds had a diameter in the range of 40–
200 mm. In horizontal sections of the scaffold center, the
pore diameter was 74 – 18.1 mm. In superficial zones, the
pore diameter was 50 – 20 mm. The E-modulus was between
15 and 25 kPa.

Table 2. Groups and Number of Evaluated

Animals (Animalsevaluated)

Group

Weeks

1a 4 12a

Unseeded animalsevaluated 8 6 8
+ 8 4 3
- 0 2 5

Seeded animalsevaluated 8 7 8
+ 0 3 1
- 8 4 7

Shamb animalsevaluated 4 6 8
+ 0 0 0
- 4 6 8

Controlb animalsevaluated 8 8 7
+ 8 6 5
- 0 2 2

aOR 5% (confidence interval) 0.21 (0.05–0.96); p < 0.05.
bOR 5% (confidence interval) 0.03 (0.01–0.16); p < 0.01.
+ , number of animals with perforation, - , number of animals

without perforation after the respective implantation time of 1, 4,
and 12 weeks.

FIG. 2. SEM analysis of
marine collagen scaffolds re-
veals high porosity and ho-
mogenous pore distribution
on the scaffold surface (a) and
within the complete scaffold
matrix (b). Both views, the
superficial top view (a) and
the vertical cross section,
demonstrate the distinct in-
terconnectivity of the scaffold
matrix.
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Marine collagen is not cytotoxic

The cultivation of L929, rCh and hCh in marine collagen
extracts revealed no cytotoxic effects (Fig. 3). Viability for
these cell types was 99.65% – 1.18%, 103.75% – 1.82%, and
98.24% – 1.49%, respectively. Cell viabilities between 70%
and 100% showed that there were no cytotoxic components
in the matrix extracts. The viability of L929 (31.70% – 5.62%),
rCh (26.81% – 4.88%), and hCh significantly decreased when
incubated in DMSO (18.21% – 2.98%). Cell viabilities be-
tween 0% and 40% reflect strong cytotoxic effects. The
number of initially seeded cells per each well slightly varied
due to technical reasons. Therefore, slightly higher cell
numbers cause, as a byproduct, values higher than 100%.

Quantification of human chondrocyte number
and GAG production in marine collagen scaffolds

After seeding, the number of adherent hCh was 1.21 ·
105 – 2.56 · 104. After 7 (4.64 · 105 – 9.07 · 104), 14 (5.22 ·
105 – 3.77 · 104), and 21 days (7.23 · 105 – 2.09 · 105), the cell
counts had increased significantly, as determined by the
Hoechst assay (Fig. 4a).

Figure 4b shows the significant increase in GAG content
(DMMB-assay) during the first week of 3D culture. A GAG
content of 3.3 – 2.35 mg mg - 1 (per mg dry weight) was
measured in native marine collagen scaffolds. After 7 days
in culture, the GAG content significantly increased to
19.7 – 1.9 mg mg - 1. After 14 (20.6 – 2.03 mg mg - 1) and 21 days
(18.97 – 2.63 mg mg - 1), a slight but not significant increase in
GAG content was observed.

Human chondrocytes redifferentiate on marine
collagen scaffolds and produce cartilage-specific ECM

Following amplification in monolayer culture, gene ex-
pression of all examined ECM markers (ACAN, COL1A1,

COL2A1, and VCAN) was downregulated and detectable
only at very low levels. The values of ACAN, COL1A1,
COL2A1, and VCAN expression (0 day) were set to 1 (Fig. 5a,
b, dashed threshold line).

After 14 days, ACAN expression increased further (ACAN
38.25 – 12.99-fold; each p < 0.05) while COL2A1 expression
slightly decreased in comparison to day 7, although still
being higher than after monolayer culture (COL2A1
14.88 – 10.60-fold). Between 14 and 21 days, no significant
change in gene expression occurred for COL2A1 and ACAN,
and a stable expression pattern was detected (Col2A1
13.17 – 18.77-fold; ACAN 35.17 – 17.01-fold).

During the first 7 days of 3D culture, gene expression of
COL1A1 (418.30 – 180.70-fold) and VCAN (86.53 – 13.93-fold),
generally accepted as markers of chondrocyte dedifferentia-
tion,47 significantly increased compared to day 0 (Fig. 5b). After
14 days, COL1A1 and VCAN expression increased further

FIG. 3. In vitro cytotoxicity test of marine collagen. L929,
rCh, and hCh were used as indicator cells. All cells cultured
in negative control (dotted line, 100%), or in undiluted
sample extracts demonstrate a high viability and reflect the
noncytotoxic effect of the extracted marine collagen. No
significant differences between negative controls and extracts
were detectable. Compared to these results, the cytotoxic
effect of 10% DMSO, used as positive control, is significant
(each *p < 0.05).

FIG. 4. Changes in cell number (a) and content of sGAG (b)
on marine collagen scaffolds after 0, 7, 14, and 21 days of
three dimensional (3D) culture with hCh. Marine collagen
scaffolds were initially seeded with 1 · 106 hCh. During 3D
culture, the cell number increased significantly. GAG neo
synthesis per mg dry weight of unseeded compared to see-
ded and cultivated scaffolds. GAG synthesis significantly
increased during the cultivation period of 21 days, due to
enhanced GAG accumulation by human chondrocytes
(*p < 0.05). sGAG, sulfated glycosaminoglycan
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(COL1A1 574.13 – 134.14-fold; VCAN 122.34 – 14.59-fold; each
p < 0.05). However, after 21 days, gene expression of both of
these dedifferentiation markers significantly decreased (COL1A1
229.96 – 43.37-fold; VCAN 53.71 – 12.93-fold; each p < 0.05).

These results were confirmed by histological and immu-
nohistochemical staining (Fig. 6), and by GAG quantification
(Fig. 4b). AB staining (Fig. 6a–c) and specific immunohisto-
chemical staining for aggrecan (Fig. 6d–f) in marine collagen
scaffolds seeded with hCh and rCh (data not shown) cul-
tured for up to 21 days allowed the visualization of the en-

hanced GAG deposition in 3D culture. GAG and aggrecan
accumulation was detected by increased staining, starting
within the scaffold’s periphery where chondrocytes had ad-
hered after seeding. With progressing chondrocyte migration
and proliferation, GAG and aggrecan accumulation spread
within the scaffold matrix (Fig. 6a–c, d–f).

The capacity of hCh (Fig. 6) and rCh (data not shown) to
synthesize ECM products was additionally examined by
immunohistochemical staining for collagen type I (Fig. 6j–l)
and collagen type II (Fig. 6g–i). Production of collagen type I
by hCh was detectable on days 7 (Fig. 6j), 14 (Fig. 6k) and 21
(Fig. 6l). No collagen type II synthesis was detected after 7
days. After 14 and 21 days, collagen type II synthesis in-
creased and progressed to the center of the scaffold as cell
migration occurred (Fig. 6g–i). rCh displayed a similar pat-
tern of attachment and ECM neo synthesis (data not shown).
The distribution of cell nuclei showed that hCh and rCh
initially adhered to the scaffold surface and outer pores of
marine collagen. Subsequently, within the first week, both
types of chondrocytes migrated to form homogenous cell
distributions after 14 and 21 days.

Three dimensional culture of rCh on marine collagen
scaffolds prior to in vivo application enables synthesis
of cartilage-specific matrix proteins

RCh became attached to the scaffold surface. Within 7
days, they migrated throughout the entire scaffold. Aggrecan
synthesis increased with culture time from day 1 (Fig. 7a) to
day 7 (Fig. 7d). Synthesis of collagen type I (Fig. 7b, e) and
type II (Fig. 7c, f) both increased over the culture period.
GAG content significantly increased after 7 days (Fig. 8)
(23.54 – 2.14 mg mg - 1) compared with unseeded scaffolds
(2.81 – 1.82 mg mg - 1).

Orthotopic animal model for nasal septum
replacement, and the frequency of septal perforations

The number of septal perforations was significantly dif-
ferent between the experimental groups. Fewer perforations
were detectable within the replacement groups (seeded and
unseeded scaffolds) than in the animals of the control group.
Specifically, when seeded scaffolds were implanted, none of
eight animals had a septal perforation after 1 week. After 4
weeks, three out of seven animals had a perforation, and
after 12 weeks, one in eight of the animals had a detectable
perforation (Table 2). In animals transplanted with unseeded
marine collagen matrices, we found perforations in all 8 in-
dividuals after 1 week, in four of six animals after 4 weeks
and in three of eight animals after 12 weeks. In the control
group, removal of the septal cartilage without replacement
resulted in eight of eight animals having a septal perforation
after 1 week, six of eight animals having a perforation after 4
weeks and five of seven animals having a perforation after 12
weeks. To prove that the surgical procedure itself does not
affect the results, a sham group was established. Following
all three explantation time points, no septal perforations
were detectable. Furthermore, at all time points, the number
of septal perforations was significantly ( p < 0.05) higher in
the control group compared to seeded scaffolds. Residual
scaffold material was detected in only a few animals. After 1
week, marine collagen remnants were detected by HE
staining in the unseeded (5/8) and seeded group (5/10). AB

FIG. 5. Relative gene expression of chondrogenic, cartilage-
specific marker genes (ACAN and COL2A1) (a), and marker
for dedifferentiation (COL1A1 and VCAN) (b), in 3D culture
for 0, 7, 14, and 21 days using hCh. Relative gene expression
was calculated by means of the 2-DDCT formula. GAPDH was
used as reference gene and values for COL2A1, ACAN,
COL1A1, and VCAN expression on day 0 (monolayer culture)
were set to 1 (dashed threshold line). COL2A1 and ACAN (a)
were expressed at significantly higher levels compared with
day 0 (each *p < 0.05). With proceeding culture time a signif-
icant increase in gene expression of ACAN was detected
(1p < 0.05) while expression of COL2A1 remained on a stable
level. Compared to the bench mark of day 0, VCAN and
COL1A1 (b) expression increased significantly (each *p < 0.05)
during the first 14 days of cultivation. Subsequently, gene
expression of both dedifferentiation markers significantly de-
creased during 3D culture (�COL1A1 p < 0.05; #VCAN p < 0.05).
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staining revealed a low level of sGAG synthesis in some of
the unseeded scaffolds (Fig. 9). Collagen type I and II were
detected in small amounts (data not shown). Furthermore,
remnants of marine collagen were detected in two animals of
the unseeded group after 4 weeks and in one animal after 12
weeks. Due to the death of 10% of the operated animals, the
number of evaluated animals was sometimes lower than
eight animals.

Evaluation of the biocompatibility of marine collagen

Changes in total and differential leukocyte frequency
with progressing implantation time indicate the presence of

acute and chronic inflammatory reactions. PMNs show the
acute inflammatory response at shorter times (1 week),
whereas increased occurrence of macrophages and lym-
phocytes indicate persisting chronic inflammatory reactions
within the vicinity of implants. PMNs were rarely detected
(nearly absent) in all groups and time points. The highest
level of PMN infiltration occurred after 1 week in unseeded
and seeded scaffolds, and this level decreased until week
12. No significant differences in the median scores of
PMNs were found between any of the experimental groups
(Table 3).

In all groups, even in the sham group, slight infiltration of
lymphocytes and macrophages was detected. Macrophages

FIG. 6. Histological AB (a–c) and immunohistochemical staining for detection of ECM neo synthesis (Agg, collagen type I,
and II; d–l) in marine collagen scaffolds seeded with hCh starting from day 7 (a, d, g, j) until day 14 (b, e, h, k) and 21 (c, f, i,
l). The AB (a–c) staining reflects enhanced GAG deposition during 3D culture. 7 days after seeding (a) GAG accumulation
was detectable and increased until day 14 (b) and 21 (c). A visible increase of GAG and aggrecan accumulation from day 7 (d)
to day 14 (e) and 21 (f) was demonstrated. Neo synthesis of collagen type II (g–i) started after the first week and visibly
increased during further culture after 14 (h) and 21 days (i). Collagen type I was present within the whole scaffold starting
within one week after initial seeding (j) and increasing to day 14 (k). Distribution of collagen type I proceeded into the center
of the scaffolds after 21 days. However, the intensity of the staining remained at a comparable level (l). *periphery of scaffold;
�center of scaffold;/scaffold fibers; cell nuclei. Color images available online at www.liebertpub.com/tea

2208 BERMUELLER ET AL.



and lymphocytes were the dominant cell types in seeded and
unseeded scaffolds (Table 3). However, macrophages and
lymphocytes were rarely detectable in the sham group. After
1, 4, and 12 weeks, the slight accumulation of macrophages
and lymphocytes was significantly higher in unseeded and
seeded scaffolds compared to the native cartilage of the sham
group ( p < 0.5) (Table 3). We were not able to detect plasma
cells. Giant cells were also very rarely detected. Slight ne-
crosis was observed in seeded and unseeded scaffolds. In
unseeded scaffolds, the median necrosis score was
(1.50 – 0.75) after 1 week, and this score significantly de-
creased after 4 (0.5 – 0.5) and 12 (0.5 – 0.5) weeks (each
p < 0.5). Further, the median necrosis score in 1 (1.0 – 0.79)
and 12 (1.0 – 0.22) week seeded scaffolds was significantly
higher ( p < 0.05) compared with the 1 (0.0 – 0.00) and 12
week sham group (0.0 – 0.24, each p < 0.5).

In all experimental animals, low levels of fibroplasia and
fibrosis were detectable. One and 4 weeks after implantation,
fibrosis in seeded scaffolds (1 week: 2.0 – 0.35; 4 weeks:
2.00 – 0.44) was significantly higher than in the sham group
(1 week: 1.00 – 0; 4 weeks: 1.00 – 0.00; each p < 0.5). After 4
(1.00 – 0.44) and 12 (1.00 – 0.00) weeks, fibrosis in unseeded
scaffolds was significantly higher than in the sham groups (4
weeks: 0.00 – 0.41; 12 weeks: 0.00 – 0.41; each p > 0.5). Fatty
infiltrations were not found in any of the specimens. On the
basis of tissue and cellular responses, we determined the bi
values (Fig. 10a) of the unseeded and seeded scaffolds, and
we determined the impact of the surgery itself (sham group).
One week after implantation, the bi of the unseeded scaffolds
(12 – 1.72) was significantly higher than the bi of the sham
group (3 – 1.75, p < 0.5), indicating a moderately irritating
effect. Until week 12, the bi of the unseeded scaffolds sig-
nificantly decreased to a slightly irritating effect (7.5 – 0.83,
p < 0.5). Seeded scaffolds (9 – 3.16) had a lower (n.s.) bi and
only slightly irritating effects after 1 week when compared to
unseeded scaffolds (12 – 1.72). The effects of the surgical

procedure itself (bi of sham group) significantly decreased
during the first 4 weeks (1 week: 3 – 1.75; 4 weeks: 1 – 0.98,
p < 0.5). After 4 and 12 weeks, the bi of unseeded (4 weeks:
8.5 – 1.17; 12 weeks: 7.5 – 0.83, p < 0.5) and seeded (4 weeks:
7 – 1.56; 12 weeks: 8.5 – 1.00) scaffolds was significantly
higher than the bi of the sham group (4 weeks: 1 – 0.98; 12
weeks: 1 – 1.04, p < 0.5).

To separately assess the influence of the seeded and un-
seeded matrices, the bi values were normalized through
subtraction of the bi evoked by the surgical procedure (sham
group). Within 12 weeks, the binorm (Fig. 10b) decreased to 6.5
(unseeded) and 7.5 (seeded), reflecting the slightly irritating
effect of the implants. There were no differences between the
groups and time points.

FIG. 7. Marine collagen scaffolds seeded with rCh. While after one day (a) aggrecan was not detected, aggrecan deposition
(red) became visible after 7 days (d). Collagen type I synthesis visibly increased (red) from day 1 (b) to day 7 (e). Within the
tightly seeded marine collagen scaffold slight accumulation of collagen type II (brown) (c,f) was detectable after 7 days (f).
/scaffold fibers; *seeded surface. Color images available online at www.liebertpub.com/tea

FIG. 8. Presence of GAG in unseeded marine collagen and
in scaffolds seeded with rCh. GAG content significantly in-
creased during the cultivation period of 7 days (*p < 0.05).
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Discussion

Cartilage lacks an intrinsic regeneration capacity,48 which
makes cartilage reconstruction challenging. Cartilage recon-
struction has become a major focus of tissue engineering
research.19,49 For the first time, this study evaluated the
utility of marine collagen as a scaffold for cartilage replace-
ment. We demonstrated that in general, marine collagen
scaffolds seem to be suitable cell carriers for clinical cartilage
tissue engineering. Further, we established a new immuno-
competent rat model for the analysis of tissue-engineered
nasal cartilage.

We used triple helical, homotrimer collagen extracted by
lyophilization of the jellyfish species Rhopilema esculentum.30

To enhance the mechanical strength, epoxy carbodiimide
cross-linking was applied. Various cross-linking reagents,
such as formaldehyde, glutaraldehyde, epoxy compounds,
carbodiimide (EDC), proanthocyanidin and dimethylsuber-
imidate, have been used for the fixation and cross-linking of
collagen to increase its strength and resistance to enzymatic
digestion.22,50,51 However, all cross-linking agents exhibit
certain disadvantages, such as toxicity, instability, and poor
control over the rate of cross-linking.50 Cytotoxicity testing
results correlate with short-term implantation studies as

FIG. 9. AB staining of remaining scaffold
material (*) of unseeded marine collagen
scaffolds after one week in vivo. Unseeded
collagen scaffolds, demonstrate a slight ac-
cumulation of GAGs (#). Color images
available online at www.liebertpub.com/tea

Table 3. Summarized Classification Scores of Seeded and Unseeded Scaffolds 1, 4,
and 12 Weeks After Implantation Compared to Sham Group

Group Weeks
Polymorph-
nuclear cells Lymphocytes

Plasma
cells Macrophages

Giant
cells Necrosis Fibroplasia Fibrosis

Fatty
infiltrate

Unseeded 1 Median 0.00 1.00a 0.00 1.00a 0.00 1.50a,b 1.00 1.50a 0.00
– MD 0.22 0.47 0.00 0.22 0.22 0.75 0.00 0.50 0.00

4 Median 0.00 1.00a 0.00 1.00a 0.00 0.50 1.00a 1.50a 0.00
– MD 0.28 0.28 0.00 0.28 0.00 0.50 0.44 0.50 0.00

12 Median 0.00 1.00a 0.00 1.00a 0.00 0.50 1.00a 1.50a 0.00
– MD 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.50 0.00

Seeded 1 Median 0.00 1.00a 0.00 1.00a 0.00 1.00a,c 1.00 2.00a 0.00
– MD 0.59 0.44 0.00 0.20 0.20 0.79 0.20 0.35 0.00

4 Median 0.00 1.00a 0.00 1.00a 0.00 0.00 1.00 2.00a 0.00
– MD 0.28 0.00 0.00 0.28 0.28 0.44 0.00 0.44 0.00

12 Median 0.00 1.00a 0.00 1.00a 0.00 1.00a,c 1.00 1.00 0.00
– MD 0.22 0.38 0.00 0.22 0.00 0.22 0.22 0.47 0.00

Sham 1 Median 0.00 0.00 0.00 0.00 0.00 0.00 1.00 1.00 0.00
– MD 0.38 0.38 0.00 0.38 0.38 0.00 0.38 0.00 0.00

4 Median 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
– MD 0.00 0.00 0.00 0.24 0.00 0.41 0.41 0.00 0.00

12 Median 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
– MD 0.00 0.41 0.00 0.00 0.00 0.00 0.41 0.00 0.00

(Classification scores: 0 = absent, 1 = slight, 2 = moderate, 3 = marked, 4 = severe; a,b,cp < 0.05; acompared to respective sham group;
b,ccompared to nonmarked time points of the same group).
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Kotzar and coworkers have stated,52 and the toxicological
effects of the marine matrices were first examined in vitro. No
cytotoxic effects due to material components, EDC cross-
linking agents or the production process were detectable,
confirming the results presented previously by Song et al.22

Cross-sections of marine collagen scaffolds revealed high
porosity of the scaffold matrices, with distinct inter-
connectivity, as has been demonstrated previously for other
matrices based on jellyfish collagen.22 The pore size and ar-
chitecture of biomedical materials are known to influence the
diffusivity of nutrients, oxygen and serum in the matrix, and
consequently, to control the nutrition of cells.22,44,53 Fur-
thermore tissue formation54 and the rate and depth of cel-
lular in growth in vivo are also influenced.55 The pore size of
the examined marine collagen scaffolds cannot be rigorously
controlled during the freezing process, and thus, varied quite
significantly. As estimated by light microscopy, pore size
was between 40 and 200mm, with a main range of
74 – 18.1 mm in the scaffold center, and 50 – 20 mm in super-
ficial zones. The literature on optimal pore size for chon-
drogenesis is quite heterogenous. Some authors favor small

pore sizes between 15–50 mm56 and state that in smaller pore
sizes, chondrocytes are packed more closely, and the re-
sulting cell–cell interactions play a key role in phenotype
expression.57 It has been suggested that smaller pore sizes
enhance the formation of the ECM and neo cartilage.58 In
contrast, Oh and co-workers59 state that larger pore sizes
(between 380 and 405mm) are optimal for chondrocytes.
These differences are most likely caused by different study
designs with respect to cell number and the material used.
Other parameters of scaffold architecture design, such as
pore shape, porosity, and pore interconnectivity, addition-
ally influence cellular differentiation.60 In this study, rat and
human chondrocytes were detectable on the scaffold surfaces
and in the centers of the scaffolds after 7 days. This indicates
that despite considerable variability, pore size and pore in-
terconnectivity allowed rapid migration through the scaf-
fold. Therefore, marine collagen scaffolds provide suitable
microenvironmental conditions for the homogeneous pro-
duction of cartilaginous ECM. Rapid GAG synthesis and
increased mRNA expression of the cartilage-specific markers
collagen type II (gene Col2A1) and aggrecan (Agg) addi-
tionally underline this finding.

In addition to pore size, the type of collagen chosen as the
implant matrix influences the morphology and phenotype of
the chondrocytes. In collagen type I matrices, the expression
of phenotype and biosynthetic activity has been shown to be
dependent on pore diameter. Most chondrocytes cultured on
such matrices retain a fibroblast-like morphology and dis-
play an increased proliferation rate with a concomitantly low
GAG biosynthetic activity.57,61 It has been suggested that
type II collagen scaffolds provide a better environment for
hyaline chondrocytes than collagen type I scaffolds.61,62 Type
II collagen scaffolds facilitate the maintenance of a differen-
tiated chondrocytic phenotype. In collagen type II sponges,
bovine and canine chondrocytes have been demonstrated to
re-express their typical spherical shape accompanied by the
production of cartilage-specific GAG and collagen type
II.61,62 Comparable effects have been demonstrated for rat
and human nasal septal chondrocytes in marine collagen
matrices within the present study. Both chondrocyte types
synthesized GAG and collagen type II in the scaffold, which
consists of a homotrimer collagen type similar to collagen
type II. Marine collagen possesses only one type of alpha
chain and a similar degree of glycosylation compared to
vertebrate collagen type II (unpublished results). Although
significant production of collagen type I was visualized until
day 21 in vitro, gene expression analysis demonstrated a shift
from collagen type I to collagen type II expression after 21
days. This indicates that chondrogenic redifferentiation with
respect to collagen synthesis takes at least 21 days on marine
collagen scaffolds. In contrast, aggrecan expression and
synthesis is induced already after 7 days in 3D culture.

The in vitro results led us to the hypothesis that marine
collagen is a suitable material for cartilage tissue engineering.
We developed a new model of nasal cartilage repair to
evaluate the material for this specific application. To the best
of our knowledge, no rat model for nasal cartilage replace-
ment has previously been described. Additionally, no studies
are available that use tissue-engineered cartilage in the nasal
septum. Tissue replacement in the nose is complicated by the
specific immunological environment, which is potentially
able to modify material properties63 and degradation

FIG. 10. bi and binorm of seeded and unseeded scaffolds
after 1, 4, and 12 weeks as median value – median deviation
compared to sham group (bi, a) and after subtraction of the bi
of the sham group (binorm, b) (*p < 0.05). All detected bi values
are within the slightly irritating range (Classification of bi:
not irritating 0.0–2.9, slightly irritating 3.0–8.9, moderately
irritating 9.0–15.0, and highly irritating > 15.1).
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characteristics. Therefore, a subcutaneous animal model
would not meet the requirements of nasal cartilage recon-
struction.63–65 In our study, removal of nasal septal cartilage
and reconstruction of that cartilage were carried out in the
same procedure. No incisions or flaps of the mucosa were
necessary. Thus, the model is comparable to the clinical sit-
uation of septum reconstruction, in which septal correction
and reconstruction is performed in one step.

Tissue and cellular host responses to local injuries include
inflammation, wound healing, and foreign body responses.
The host response is initially elicited by the surgical proce-
dure itself.66,67 For biomedical applications, it is essential to
precisely quantify the morphological alterations of cells mi-
grating into the implant matrix68 and to evaluate the local
tissue responses, such as fibrosis or fibroplasia.52,69 Chron-
ological sequences and pathophysiological tissue responses
are used to measure host reactions to implant materials.67

During the initial implantation phase, PMNs, leucocytes,
and macrophages were detectable in all engineered constructs
at low levels. During the chronic inflammatory response, a
decreasing level of PMNs was detected. A slight infiltration of
macrophages and lymphocytes was detectable throughout the
entire experiment, indicating a slightly irritating effect on the
marine collagen scaffold. As with many other biocompatible
materials,66 the inflammatory response to our implants re-
vealed low levels of macrophages, which fused to form for-
eign body giant cells, after 1 (unseeded and seeded) and 4
weeks (seeded). Granulation tissue development, foreign
body reaction, and fibrosis (fibrous capsule) vary in duration,
depending on degradation rate.66 Due to the high in vivo
biodegradability of marine collagen,22 rapid phagocytosis of
marine collagen by macrophages and foreign body giant cells
took place within the first 4 weeks after implantation. The
cellular infiltration scores and bi classification of marine col-
lagen were low, indicating an overall minor irritating effect
and slight tissue and cellular inflammation responses.

The prevention of septal perforations is an important issue
in clinical septal reconstruction. After 1 week, septal perfora-
tion occurred in 100% of the animals when the nasal septum
was not replaced (control group), and it occurred in more than
70% of the animals of the control group after 12 weeks. These
data are comparable to the clinical situation, in which perfo-
rations occur frequently when septal cartilage is not replaced.

In contrast to the results of Kaiser et al.,70 no regenerative
areas were found in our model in samples of the control
group. In their study, the authors used a rabbit model and
studied cartilaginous regeneration after 7 months. Thus, the
different study design can explain the differences in results.
To exclude septal perforations that occurred due to surgical
technique, the sham group was established, and no perfo-
rations were detectable.

Although, there was no significant difference between the
groups implanted with seeded and unseeded scaffolds after
4 and 12 weeks, we detected significantly fewer perforations
when the nasal septum was replaced by seeded scaffolds in
comparison to the control group. This indicates the positive
effect of seeded scaffolds for the effective prevention of septal
perforations. This is emphasized by the significant difference
between seeded and unseeded scaffolds after 1 week. Our
results suggest that septal replacement by seeded marine
collagen matrices is more effective because less perforations
were detectable with seeded matrices. Therefore, seeding

with chondrocytes is an important factor in nasal cartilage
engineering, at least under the experimental conditions used
in this model. Overall, the in vivo results indicate that marine
collagen is a promising new scaffold for nasal cartilage tissue
engineering.

Time seems to be an additional factor influencing septal
perforations, as confirmed by the observation that after 12
weeks, fewer perforations were detectable than after 1 week
in the unseeded scaffold group. Spontaneous regeneration,
as demonstrated by Kaiser et al.70 in their rabbit model after 7
months, was not detected histologically but might have re-
duced the number of septal perforations. This is supported
by the tests of unseeded marine collagen scaffolds.

The rapid biodegradability of marine collagen has been
demonstrated earlier22 and was confirmed by our data. The
relatively low biomechanical stiffness of the material22 ne-
cessitated careful handling during surgery but did not dis-
turb the biological function of the implants. More complete
cross-linking of the marine collagen could be helpful from a
surgical point of view.

In summary, our findings indicate that marine collagen is
a safe, natural collagen matrix without cytotoxic effects. At
the same time, marine collagen offers excellent biocompati-
bility, with only slight evidence of local inflammatory reac-
tions. Scaffolds are suitable for effectively preventing nasal
septal perforations, especially when seeded with autologous
chondrocytes. Thus, marine collagen is a promising candi-
date for cartilage tissue engineering. The newly established
rat model can be used to compare the properties of various
biomaterials for orthotopic nasal cartilage repair.
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