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Fig. 1.18 Performance of chondrocytes (after one subcultivation) on collagen fleeces
(top) and sponge-like collagen scaffolds (bottom). Left: morphology, Middle: synthesis
of chondroitin sulfate, Right: synthesis of collagen type VI (Syto 83-staining of cells,
FITC-labeled Anti-CS and Anti-Coll VI; CLSM; bars: 20 um); arrows indicate the main
results described in the text.
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Fig. 1.19 Synthesis of proteoglycans dependent on the scaffold
structure. Sponge-like collagen scaffolds promote the ECM-
synthesis by chondrocytes seeded on scaffolds without and
after two subcultivations in the cell expansion phase (n=6).

methods. The excitation of autofluorescence within a tissue construct is realiz-
able using the advantages of TPLSM. Chondrocytes as well as collagen fibres
can be detected (Fig. 1.20, left). SHG signals of collagen fibres (Fig. 1.20, right)
allow the separation of scaffold structures from cells by spectral unmixing
and enable a quantitative estimation of cell numbers. Furthermore, the ac-
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Fig. 1.20 Chondrocytes on collagen fleece: TPLSM, @ 800 nm;
Left: autofluorescence, Right: autofluorescence and SHG of
collagen fibres (blue, HQ 10/20; merged image).

tual number of vital chondrocytes in the tissue matrix often represents a key
parameter for the optimization of tissue engineering technologies. In order
to obtain primary information, a spectral discrimination of the chondrocytes
from the collagen matrix and the synovial fluid and the used culture media is
mandatory. Accordingly, we analyzed the spectral response of isolated chon-
drocytes, collagen matrix and culture medium by 2-photon excitation in the
accessible wavelength range from 450 nm to 700 nm. All investigated systems
exhibited spectra that were very similiar and therefore not helpful for proper
spectral discrimination. However, collagen fleece scaffolds generate distinct
SHG signals as displayed in the spectrum shown in figure 1.21. This property
provides possibly the background to develop an effective contrast mechanism
to detect the collagen scaffold and to discriminate the scaffold material from
the chondrocytes.

By using 2-photon-excitation at 820 nm with a single laser beam (power
<15 mW) and a set of filters, a three-color image was generated in which a sin-
gle chondrocytic cell (yellow) is clearly visible on a collagen matrix (blue) (Fig.
1.22a). In figure 1.22b, the same dataset has been digitally reconstructed in a
pseudo-3D representation displaying the chondrocyte in red color. The ad-
vanced separation of ECM specific autofluorescent signals provides the basis
for a qualitative evaluation of the status quo of cartilage specific differentiation
of cells in dependence of the cultivation conditions including the observation
of the effect of a biochemical and mechanical stimulation. Furthermore, the
subject of current research is the analysis of fluorescence decay times to pro-
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Fig. 1.21 SHG of collagen l/lll fleece.
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Fig. 1.22 a) Spectral discrimination of chondrocyte and collagen matrix (filter set:
blue: SHG with HQ 410/20, red: native fluorescence with HQ 525/50, green: native
fluorescence with HQ 575/50), b) Same dataset in digital pseudo-3D representation.

vide detailed data referring to the appearance and possible kinetic changes of
synthesized ECM components within cultured tissue constructs. In this con-
text FLIM is expected to be a powerful tool to detect and to analyse biological
tissues and molecular interactions quantitatively [79, 80].

1.7
Summary and outlook

Regenerative medicine and tissue engineering are exciting new fields taking
advantage from both engineering and biology. The process of creating liv-
ing, physiological, three-dimensional tissues utilizes specific biomaterials as
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scaffolds to guide tissue growth in vivo and in vitro. The most appropri-
ate scaffolds are the ones that provide the intricate hierarchical structure (e.g.
3D-architecture, chemical composition) that characterize the native tissue to
be replaced. In the framework of the present study two chemically equiva-
lent but structurally different collagen scaffolds were investigated and it was
found that the analysed sponge-like collagen membrane inhibits the cellular
dedifferentiation of the chondrocytes after being seeded on the membrane.
Obviously the sponge-like membrane offers favourable conditions for tissue
formation and tissue regeneration. It’s of value to point out that the whole
process of a three-dimensional tissue formation is a highly orchestrated set of
sub-cellular (molecular), cellular, and supra-cellular events that are far away
from being well understood. That’s the reason why non-invasive measuring
methods with an appropriate spatial and temporal resolution are necessary.

Beside the necessity to provide suitable scaffolds consisting of advanced
bioactive materials a second major challenge in tissue engineering was iden-
tified. The cultivation process itself needs a technology platform to guarantee
reproducible and controllable conditions for tissue growth and cell differen-
tiation according to the nature of the tissue engineered product. It is widely
accepted that bioreactors and flow chamber systems offer a tremendous po-
tential to ensure that all relevant aspects are fully considered. In this context
growth conditions (e.g. pH-value, pO,, temperature, nutrient supply), scale-
up, and sterility issues are important factors to launch safe, clinically effective,
and last but not least competitive tissue engineered products to the market.
Keeping in mind the concept of functional tissue engineering it is inevitable
especially in the field of cartilage repair to establish a biomechanical stimula-
tion during the cultivation process to be able to mimic the native mechanical
environment within the bioreactor.

The whole process of bioreactor design and bioreactor based tissue and cell
cultivation will be like a “mission impossible”without using proper measur-
ing methods with an appropriate spatial and temporal resolution to obtain a
reliable feedback from the cultivation process.

The present study has shown that non-invasive imaging methods like laser
scanning microscopy provide striking advantages over conventional fluores-
cence microscopy and appear to be a novel detection tool for three-dimensional
resolved fluorescence imaging. Of special importance is the possibility to
monitor and to control cell cultivation processes in the field of regenerative
medicine to ensure a high quality of tissue engineered constructs that can
be used successfully to treat the affected patients. The application of these
methods benefits from the fact of being non-invasive without disturbing the
cultivation process itself. A spatial resolved analysis of tissue engineering
constructs will be extended by kinetic data (4D analysis) to obtain the neces-
sary temporal resolution. In this way NIR multiphoton excitation laser scan-
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ning microscopy will become a powerful tool in the area of quality control in
biomedical applications. Due to the fact that the present study is focused on
tissue engineering approaches the basic feature of selective imaging of thick
biological samples allows in principal an equivalent application in therapeutic
and diagnostic fields as well as in biofilm monitoring.
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MACI®/ACT (Matrix-induced Autologous Chondrocyte Implantation Au-
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the regeneration of cartilage. Autologous chondrocytes are isolated, expanded
in vitro and subsequently re-implanted into the defect site with and without
supporting collagen scaffold materials, respectively.

TPLSM (Two Photon Laser Scanning Microscopy), In TPLSM a focused pulsed
laser beam is used to excite (native) fluorophores through the simultaneous
absorption of two near-infrared (NIR) photons. The 2-photon absorption pro-
cess requires a high power density and therefore only takes place in the focal
volume of the microscopes objective lens. This intrinsic sectioning property
allows for the generation of three dimensional fluorescence images deep in-
side living samples.

SHG/SHIM (Second Harmonic Generation / Second Harmonic Generation
Imaging Microscopy), Second harmonic generation is a nonlinear optical ef-
fect that generates one photon out of two, carrying the total energy of both in-
cident photons. This conversion requires high optical power densities and the
vicinity of polarised structures. Therefore SHG can be used to image certain
materials like collagen fibers resulting in a new microscopy technique called
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SHIM.

FLIM (Fluorescence Lifetime Imaging Microscopy), The average time a molecule
remains in the excited state is called fluorescence lifetime. Fluorescence life-
time measurements are extremely sensitive to the molecules environment and
provide information about complex photophysical processes. In FLIM typi-
cally a short pulsed light source and a detector that registers the time-dependent
fluorescence with respect to the exciatation pulse is used to generate the fluo-

rescence decay curves.
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Excitation, Fluorescence and Second Harmonic Generation

Fluorescence techniques are important tools to study a large variety of ap-
plications in biology and medicine. In particular this is due to recent ad-
vances in the development of more selective, specific, stable, efficient and
over all easy to use fluorescent probes (e.g. cyanine dyes, GFP, RFP, quan-
tum dots). The principal physical mechanism of excitation and fluorescence
is illustrated in the Jablonski diagram below.
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A) fluores-
cence emission after 1-photon excitation; B) fluorescence
emission after 2-photon excitation; C) second harmonic
generation.

A fluorophore (i.e. atom, molecule or fluorescent probe) in its energy ground
state Ey is excited by a photon to a higher energy state E;, (see Figure A). This
photon holds the energy difference E; = E, — Ey, which is connected to
its frequency or wavelength. The fluorophore first relaxes by non-radiative
transitions to a lower energy state via inter- or intra molecular collisions.
From this energy state the molecule returns into its ground state, emit-
ting a photon. As there are many unoccupied energy states in molecu-
lar fluorophores the absorption (range of wavelengths suitable for excita-
tion) as well as the emission spectrum of these molecules are rather broad
(~100 nm).

The average time after a molecule relaxes from the excited state E, to the
ground state Ey is called fluorescence lifetime (typically 1-5 ns). In addition
to its emission spectrum, the fluorescence lifetime of a molecule is an impor-
tant parameter since it does not only carry information about the molecule
itself but also about its local chemical environment and its bonding condi-
tions.

In case of 2-photon excitation the energy transfer is performed by two pho-
tons, each carrying half of the required energy E; and therefore twice the
required wavelength (Fig. B). According to Heisenberg’s uncertainty prin-
ciple this absorption takes place within approximately 1071 s. Therefore
2-photon excitation is an extremely improbable process. From the excited
state E;, the fluorophore then thermally relaxes and emits fluorescence light
in the visible spectrum just like in the 1-photon excited case. It has to be
mentioned that due to thermal relaxation the emission wavelength A, is al-
ways larger than the excitation wavelength Ay (Stokes shift) in the 1-photon
excitation case.
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The conversion of two photons with wavelength A, into a single one with
wavelength A,y /2 is called second harmonic generation (Fig. C). This effect
happens in the vicinity of highly organized, crystal like specimens that ex-
hibit a local polarisation. The strong electrical fields of intense light waves
(i.e. laser light) induce an oscillation of the electrons in the sample. As
these electrons are influenced by the non-harmonic potential of their nuclei,
their oscillation generates electromagnetic waves not only with the incom-
ing (light) wavelength but also with half (quarter, eighth,...) of this wave-
length (non-vanishing Fourier-Terms of higher order harmonics). From the
physical point of view the process of SHG is more comparable to the effect
of Raman scattering than to the effect of fluorescence, as it has neither a life-
time that underlies Heisenberg’s time uncertainty nor does SHG require free
energy states of a molecule.

Cartilage repair using autologous chondrocytes

Damages of the cartilage, like arthritis and traumatic injury, cause severe
pain and restrict the motivity of millions of patients worldwide. Unfortu-
nately the capability of the cartilage tissue to regenerate the damaged area
is limited. Modern therapies for cartilage reconstruction are focussed on
the support of the tissue to self repair by the transplantation of healthy au-
tologous chondrocytes. The Autologous Chondrocyte Implantation (ACI)
represents the basic technique for transplanting precultured chondrocytes
into the defect site. By covering with a periosteum membrane sutured to
the surrounding healthy tissue the transplanted cells are retained at the site.
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A variation of this technique is the Matrix-induced Autologous Chondro-
cyte Implantation (MACI®) promoted by Verigen AG (Leverkusen, Ger-
many). This technique includes two basic steps (see Figure): A biopsy
of healthy cartilage is arthroscopically obtained from the patient. Subse-
quently the chondrocytes are released by enzymatic digestion of the tissue,
expanded/grown in vitro and seeded into a collagen type I/IIl membrane
in a cleanroom facility. After debridement of the lesion the cell seeded mem-
brane is cut to the size and shape of the defect and glued in place with fibrin.
The main difference between the MACI® treatment and the original ACl is
the usage of a collagen type I/IIl membrane rather than an autologous pe-
riosteal flap. Since the MACI® membrane can be suture-free attached to
the base of a prepared chondral defect with fibrin glue, this novel procedure
imposes the following surgical advantages:

e access to the lesion can be gained through a mini-arthrotomy

e no requirement for periosteal harvesting and therefore a reduction of
the number of grafts and graft sites

e no risk of leakage of chondrocytes and uneven distribution because
there is no injection of a cell suspension below a membrane

e substantially reduced operating theatre time and, because it is per-
formed by minimally invasive surgery, shortened rehabilitation period

Current research findings have revealed that the success of a therapy em-
ploying tissue engineering products can be enhanced, when specific stimuli
are applied in the preimplantative cultivation phase. A chondrocytic differ-
entiation status can be achieved through three dimensional cultivation tech-

niques, as well as biochemical and mechanical stimulation. The MACI®
technique has promising prerequisites for this purpose. The necessity to
monitor the cell performance in response to the applied stimuli is not solved
to a satisfactory degree yet. Non invasive optical techniques like the multi-
photon microscopy are a promising approach for an online quality control
tool.
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Tab. 1.1 Market sizes correlated with cartilage defects/cartilage repair [16]

Region Market size (EUR) Year RemarkSource

Europe 2 billions 1999 Market Biomet Merck
value
for
joint
im-
plants
(pros-
the-
sis
costs
only)

World 1.5 billions 1999 Market Data-monitor
value
for
knee
im-
plants
(pros-
the-
sis
costs
only)

USA 5.2 billions 2001 annual [17]
spend-
ing
for
total
knee
re-
place-
ment

World 6.5 billions 2001 market [18]
po-
ten-
tial
of
sur-
gical
pro-
ce-
dures
for
car-
ti-
lage
re-
gen-
era-
tion

World 25 billions 2011 market [18]
po-
ten-
tial
of
sur-
gical
pro-
ce-
dures
for
car-
ti-
lage
re-
gen-
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