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(A) TITLE OF THE INVENTION.

PHOTOCHEMICALLY CROSSLINKED COLLAGEN
SCAFFOLDS AND METHODS FOR THEIR PREPARATION

(B) CROSS-REFERENCES TO RELATED APPLICATION.
This non-provisional application claims the benefit of priority to U.S.
provisional application 60/609,600 filed September 14, 2004.

10 (C) STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT.
Not Applicable.

(D) REFERENCE TO SEQUENCE LISTING
15 Not Applicable.

(E) BACKGROUND OF THE INVENTION
(1) Field of the Invention.
The present invention relates generally to crosslinked collagen
20 scaffolds. More particularly, it relates to the method of crosslinking and
producing collagen-based scaffolds with improved properties using light and

photosensitizing reagent, and to the products produced by the method.

(2) Description of Related Art.

25 Collagen is the most abundant protein in the extracellular matrix of
human tissue and plays important roles in providing structural support as well as
performing other functions in tissue growth and regeneration. Apart from
collagen, other types of extracellular matrix components such as proteoglycans,
elastin, etc. also play important roles in maintaining tissue structure and function.

30 Producing scaffolds simulating natural tissue is an essential enabling technology

in the tissue engineering industry.
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Collagen is the best natural biomaterial for tissue engineering because
of its close resemblance to nature, and its negligible immunogenecity and
excellent biocompatibility. However, unprocessed collagen usually has
insufficient mechanical properties for it to be useful in engineering tissues in
particular the weight-bearing tissues such as tendons, ligaments, intervertebral
discs, etc. Unprocessed collagen is also difficult to manipulate and put sutures
through during the implantation process. Further, unprocessed collagen is highly

water swellable and is vulnerable to enzymatic digestion and thermal denaturation.

Crosslinking has been used to improve the properties of collagen and
therefore is crucial in the tissue engineering industry. Tissue engineering
companies have disclosed various methods for crosslinking collagen constructs
and scaffolds using chemical methods such as treatment with glutaraldehyde
(Cavallaro, U.S. Patent 5,718,012 for “Method of Strength Enhancement of
Collagen Constructs™) and physical methods such as lyophilization (Kemp et al.,
U.S. Patent 5,256,418 for “Collagen Constructs”) to enhance the strength and
stability of the structures. Other physical crosslinking methods such as ultraviolet
(UV) and gamma irradiation and dehydrothermal treatment have also been

reported.

However, both chemical and physical crosslinking methods have
encountered problems. Chemical crosslinking of collagen using a reagent such as
glutaraldehyde, although efficient, compromises the biocompatibility of scaffolds
because the toxic residual chemicals and degradation products induce cytotoxicity
and calcification (Simmons D.M. et al., “Evaluation of Collagen Cross-Linking
Techniques for the Stabilization of Tissue Matrices”, Biotechnol Appl Biochem.
17 (Pt 1):23-9 (1993)). Physical crosslinking methods are time-consuming
(Weadock K.S. et al., “Crosslinking of Collagen Fibers: Comparison of
Ultraviolet Irradiation and Dehydrothermal Treatment”, J Biomed Mater Res.
29(11):1373-9 (1995); and Billiar K. et al., “Effects of Carbodiimide Crosslinking
Conditions on the Physical Properties of Laminated Intestinal Submucosa”, J.
Biomed Mater Res. 56(1):101-8 (2001)), and compromise the stability of scaffolds

because UV and gamma irradiation, and the harsh processing conditions in the
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dehydrothermal treatment method denature the protein (Weadock et al., supra,
Billiar et al., supra). As a result, a long-felt need has existed for alternative
methods of enhancing the physico-chemical properties of collagen coupled with
features such as rapid and efficient processing, nil toxic substances, non-thermal

processing and absence of denaturation of collagen.

Previous studies involving light-activated processes to stabilize
xenografts (heterografts) such as pericardial tissues, and heart values for
transplantation have been reported (Adams A K. et al., “Crosslink Formation in
Procine Valves Stabilized by Dye-Oxidated Photooxidation”, J. Biomed Mater
Res, (57):582-587 (2001); Moore M.A. et al., “Stablization of pericardial tissue by
dye-mediated photooxidation”, J. Biomed Mater Res, 28(5):611-618 (1994)).
These studies were aimed at further stabilizing intact tissues having extracellular
matrix protein networks and the intrinsic mechanical properties thereof. The
xenograft repair approach differs greatly from that used in tissue engineering, in
which tissue-like scaffold structures are built from basic units such as extracellular

matrix components, cells and growth-stimulating bioactive factors.

Studies on the crosslinking of collagen proteins in solution using light-

activated processes have been reported (Pitts J.D. et al., “New Photoactivators for

" Multiphoton Excited Three-Dimensional Submicron Cross-Linking of Proteins:

Bovine Serum Albumin and Type I Collagen”, Photochem., Photobiol 76(2): 135-
144). The average laser power used to create submicron structures ranged up to
10"W/cm®. Although there was no evidence as to whether the collagen was
denatured and whether the processed collagen structures have improved strength
and stability, at such high power, collagen protein is very likely to coagulate and

become denatured. Therefore, the crosslinking is based on thermal mechanism.

Mechanic, U.S. Patent 5,147,514 for “Process for Crosslinking
Collagenous Material and Resulting Products” describes a photooxidative process
for crosslinking proteins using photocatalysts in the presence of oxygen. This
patent discloses the oxygen dependence of the crosslinking process in that

bubbling of air or oxygen, or stirring the reaction mixture vigorously was used to
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increase the concentration of oxygen. Further, a photocatalyst was used so that
the compound did not change before and after the process. This is not the case for
the photochemical crosslinking process of the present invention in that the
photosensitive reagent participates in the crosslinking process. Moreover, the
prior art crosslinking process does not strengthen or stiffen the crosslinked
products and therefore cannot solve the major problem, namely, the inadequate
mechanical properties of unprocessed collagen used as scaffolds for tissue
engineering. Further, the patent does not reveal any intention to produce larger
and thicker scaffolds. The thickness of collagen scaffolds to be crosslinked by

irradiation is limited because of the depth of penetration of the light source.

(F) SUMMARY OF THE INVENTION

The present invention provides a method for producing crosslinked
collagen and composites scaffolds with enhanced properties such as strength and
stability and maintains excellent biocompatibility. The method comprises (a)
reconstitution of three-dimensional collagen extracellular matrix from collagen
monomer solution using methods such as raising the pH of the solution for certain
period of time; (b) cross-linking at least a portion of the matrix contacting it with a
photosensitizing reagent at a particular concentration in darkness for certain
period of time before or after reconstitution; (c) removing excess photosensitizing
reagent; (d) irradiation of the scaffolds with a light source of sufficient energy for
a certain period of time so as to form crosslinked scaffolds; and (e) dehydration of
the crosslinked scaffolds. The method of the invention can further comprise
laminating the rehydrated and crosslinked scaffolds for multiple times to produce
large scaffolds. The method of the invention also enables incubation with other
extracellular matrix component for making composites scaffolds and
immobilization of bioactive factors or drugs that can be subsequently released

from the scaffolds.

The collagen monomers can be of different collagen phenotypes

including collagen type I, IL, III and preferably type I, II, IIT which are abundant in
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human tissues. The collagen monomers can be isolated or extracted from various
animal sources including but are not limited to rat tail, bovine Achilles tendon,
porcine skin, human placenta. The collagen monomers can be from different
fractions of collagen extraction from animal sources including but not limited to

the acid-soluble fraction, pepsin digested fraction, or the insoluble fraction.

The reconstitution of collagen monomer solution can be induced by
methods such as raising the pH of the solution, increasing the temperature of the
solution and immersion in solutions with high ionic strength. The collagen
reconstitution is induced preferably by raising the pH of the solution by exposing
the solution in a chamber filled with an alkaline vapor or solution, preferably
ammonia, for a period ranging from 3 minutes to 96 hours. The collagen
monomer solution can be exposed to an alkaline solution, preferably ammonia
water, through a semi-permeable membrane, including but are not limited to
dialysis tubing, cellulose membrane, filter paper, etc., with a cut-off size smaller

than collagen molecules.

If an alkaline solution-containing chamber is used to initiate
reconstitution, the collagen monomer solution is sealed in a semipermeable
membrane or its equivalent and immersed in alkaline solution such as ammonia

water.

The photosensitizing reagent includes but is not limited to fluorescein,
rose Bengal, methylene blue, eosin, and porphyrins. The concentration of the
photosensitizing reagent varies from 0.000001% to 10%. The matrix is brought
into contact with the photosensitizing reagent for a period ranging from 5 seconds
to 100 hours before or after reconstitution. The excess photosensitizing reagent

can be removed by multiple rinsing in water or isotonic solution.

The light source can be a UV or visible source, such as a laser, xenon
light, light-emitting diode (LED), etc. The light source can be used to irradiate the
scaffolds at an irradiance which varies from 0.0001W/cm?2 to 10W/cm2. The
mode of irradiation can be pulsed or continuous. The energy used for irradiation
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ranges from 0.0001J to 10000J. The period of irradiation ranges from 5 seconds
to 100 hours.

The scaffolds can be placed in a container provided with a cooling
means such as running cold water. The scaffolds are removed from the solution
containing the photosensitizing reagent and rinsed several times in distilled water
or isotonic solution prior to irradiation. The scaffolds are irradiated without

bubbling air or oxygen into the reaction mixture or vigorous stirring.

The dehydration can be via air-drying, freeze-drying, vacuum drying,
critical point drying, alcohol drying, acetone drying, centrifugation and

compression against water absorbents and the like.

The invention is able to strengthen the scaffolds by imparting to them
improved stress-strain relationship (Fig. 2) and thus enhanced mechanical and
structural properties such as the peak load, ultimate stress, rupture strain and
tangent moduli (Fig. 3&4) so that they can be used for tissue engineering purposes

where a better mechanical property is required.

The invention also enables the formation of collagen scaffolds with
fine microstructures with micron-sized pores and nano-sized fibers simulating that
of the chemically crosslinked ones while the uncrosslinked scaffolds only have
membrane-like macrostructures (Fig. 5). The size of the pores is dependent on
various factors including but are not limited to the concentration of the
photosensitizing dyes (Fig. 6) and the light dosimetry (Fig. 7). Therefre, collagen
scaffolds of fine microstructure can be fabricated for different tissue engineering
purposes. Since collagen is a good natural biomaterials with excellent
biocompatibility that enhances the cellular interaction and growth, crosslinked
collagen scaffolds of the present invention can also be used as a filler material of
other biomaterials with macrostructures such as PLGA so as to enhance the

biocompatibility of that biomaterials.
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The method is able to chemically stabilize the scaffolds with better
thermostability in terms of much higher denaturation or solubilization point than
the uncrosslinked form in that the crosslinked scaffolds still retained the well-
organized three-dimensional structure while the uncrosslinked ones are solubilized
or melt at the end of thermal challenge due to the breakdown of the inter- and

intra-molecular linkages. (Fig. 8&9)

The method is able to chemically stabilize the scaffolds with improved
resistance to in vitro biodegradability (e.g. collagenase digestion) (Fig. 10) and
therefore can prolong the life span of the scaffolds following implantation.
Crosslinked collagen scaffolds have been found intact and stable without foreign
body reactions and inflammation as long as 6 months post implantation in
subcutaneous pockets in rats (Fig. 11) indicating its excellent tissue compatibility.
Crosslinked collagen scaffolds also maintains excellent biocompatibility for cell
growth that fibroblasts were able to adhere and grow on the scaffolds in a similar

manner to the uncrosslinked controls (Fig. 15).

The method also reduced the intrinsic thrombogenecity of collagen
membranes in that the number of platelet adhesion was reduced significantly and
the thrombin activation was completely prevented as compared with the
uncrosslinked membranes (Fig. 16) indicating that the crosslinked collagen
scaffolds are suitable for vascular tissue engineering such as making small

diameter blood vessels.

The method of the invention reduces the swelling ratio of the scaffolds
while gradually increasing the swelling ratio in a time-dependent manner. The
effect can be controlled by varying factors such as the dosimetry of the light
source such as the fluence (Fig. 12) and the concentration of the photosensitizing
agent (Fig. 13). The swelling ratio is an indication for the extent of crosslinking
and the higher the swelling ratio the faster the release of any molecules

immobilized.
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The photochemical reagent to be used and its concentration are the

key controlling variables for the process.

The light source to be used and its fluence and irradiance are another

key controlling variables for the process.

The status of the biomaterials, either in solution form, or reconstituted
gel form, or rehydrated biomaterials, to be used for crosslinking, affect the
properties of the scaffolds. The presence of other small molecules able to be the
crosslinkers such as pyridinoline also affect the resultant properties of the

materials.

The concentration of the collagen monomer or other extracellular

matrix components also affects the resultant properties.

The method affords a way to laminate layers of scaffolds, in particular,
laminating the crosslinked products with the collagen monomer solution during

reconstitution and is followed by repeating the method.

The method is able to produce three-dimensional structures of
appropriate thickness, ranging from 50pum to theoretically unlimited thickness
with enhanced mechanical properties such as compression moduli (Fig. 14) for
different tissue engineering purposes. The products produced thereby can be in
any shape and form, including but not limited to membranes, sheets, blocks,
foams, tubules, discs, fibers, etc. The method is able to crosslink the collagen
scaffolds at selective sites by methods including but not limited to modifying the
light source so that the spot size and beam only reach the selective sites, thus

controlling the sites to where the photosensitizing reagent is delivered.

The photochemical crosslinking method described and claimed herein is able to
produce collagen scaffolds and composites of different shapes, forms and
dimensions, with enhanced strength, thermostability and resistance to proteolytic
digestion, as well as reduced swelling ratio. Swelling ratio is the ratio of the
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difference between the wet and the dry weight of the scaffold to its dry weight.
These scaffolds and composites are adapted to be delivered by methods such as
implantation and injection, to repair or replace defective tissues including but not
limited to tendons, ligaments, intervertebral discs, nerves, and blood vessels. The
reduced swelling ratio and increased stability of the scaffolds also enables
controlled release of molecules or drugs, which can be growth-stimulating, anti-

inflammatory, hemostatic, etc, when they are immobilized in the scaffolds.

(G) BRIEF DESCRIPTION OF THE DRAWINGS
Figs. 1A (magnification: 5KX) and 1B (magnification: 879X) are
magnified cross-sectional views of a non-porous and porous collagen scaffolds,

respectively prepared according to the present invention.

Fig. 2 depicts the representative stress-strain curves of collagen
membranes of different treatment groups prepared according to the present

invention.

Figs. 3 depicts the peak load (left panel) and ultimate stress (right
panel) of collagen membranes of different groups prepared according to the

present invention.

Figs. 4 depicts the rupture strain (left panel) and tangent modulus at
90% of rupture strain (right panel) of collagen membranes of different groups

prepared according to the present invention.

Fig. 5 are magnified cross-sectional views of porous collagen
scaffolds of different treatment groups prepared in accordance with the present
invention. PC_1: photochemically crosslinked; GTA_1: glutaraldehyde
(chemically) crosslinked; Dye: dye control group; Laser: laser control group;
Control: untreated control group (Magnification: 200X); PC_2: Photochemically
crosslinked at high magnifications; GTA 2: chemically crosslinked at high
magnifications (8KX).
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Fig. 6 are magnified cross-sectional views of porous collagen
scaffolds treated with different photosensitizing concentrations as prepared
according to the present invention. (Magnification: left panel: 2KX; right panel:
8KX.)

Fig. 7 are magnified cross-sectional views of porous collagen
scaffolds crosslinked at different fluence as prepared according to the present

invention. (Magnification: 1KX)

Fig. 8 shows the thermograms of collagen scaffolds of different

treatment groups as prepared according to the present invention.

Fig. 9 are magnified (magnification: 1KX) cross-sectional views of the
collagen membranes in different treatment groups before (A,C,E,G,I) and after
(B,D,F,H,J) thermal stability analysis wherein the three-dimensional structure of
the membrane prepared by the method disclosed in the present invention is
retained (H) after the thermoscan, similar to the chemically crosslinked (J),
whereas the three-dimensional structure of the unprocessed membranes (B,D,F)
were not. (A&B: Photochemically crosslinked; C&D: Dye; E&F: Laser (No solid
remnant was found and thus no image is available in F); G&H: Control; 1&1J:
Glutaraldehyde.)

Fig. 10 shows the resistance of the in vitro biodegradability of

collagen membranes prepared according to the present invention.

Fig. 11 shows the magnified cross-sectional view of collagen
membranes prepared according to the present invention implanted in
subcutaneous pockets at the back of rats 6 months after implantation.
(Magnification: 400X)

10
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Fig. 12 shows the temporal change in the swelling ratio of collagen
membranes prepared in accordance with the present invention and unprocessed

membranes and the dose-dependency of the energy of the light source.

Fig. 13 shows the temporal change in the swelling ratio of collagen
membranes prepared in accordance with the present invention and unprocessed
membranes and the dose-dependency of the concentration of the photosensitizing

reagent.

Fig. 14 shows the compression modulus of multi-layered collagen

scaffolds prepared in accordance with the present invention.

Fig. 15 are magnified view of the surface of crosslinked (2KX) and
uncrosslinked (1.7KX) collagen scaffolds to which 3T3 fibroblasts were cultured.

Fig. 16 are magnified views (2KX) of crosslinked and uncrosslinked

collagen membranes to which human platelets were attached.

(H) DETAILED DESCRIPTION OF THE INVENTION

The present invention enables the production of collagen scaffolds, in
different shapes, forms and sizes, with improved properties such as enhanced
strength, thermostability, resistance to proteolytic digestion, reduced swelling
ratio, improved haematocompatibility and excellent biocompatibility. Collagen
scaffolds with enhanced strength are useful in providing structural and functional
supports in engineered tissues, particularly weight-bearing tissues such as tendons,
ligaments, intervertebral discs and the like. Collagen scaffolds with enhanced
chemical and thermal stability are less vulnerable to denaturation or
destabilization during other processing such as sterilization. Collagen scaffolds
with increased resistance to proteolytic digestion and chemical stability are less
vulnerable to disintegration in physiological and proteolytic environments upon
implantation at the repair site and therefore have longer life span to allow better
tissue growth and regeneration. Crosslinked collagen scaffolds with good cell and
tissue compatibility prevents unfavorable inflammatory events and enhances cell

11
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adhesion and growth and thus allows better tissue regeneration after implantation.
Collagen scaffolds with improved haematocompatibility or reduced
thromogenicity can be used in vascular tissue engineering that uncrosslinked
collagen is inherently not suitable for making artificial blood vessels because it is
known to be the most thrombogenic component of the extracellular matrix

inducing platelet adhesion and thrombin activation upon contact with blood.

Collagen scaffolds have solid three-dimensional structures and are
obtained from collagen monomers in solution form, isolated or extracted or
prepared from any animal sources, such as rat tail, porcine skin, bovine Achilles
tendon, and human placenta. The collagen monomers can be from different
fractions during collagen extraction, acid-soluble, pepsin-soluble or insoluble.
The collagen monomer solution is made into appropriate concentrations ranging
from 0.1 to 100mg/ml depending on the type of tissue to be built. Collagen
monomer solution, preferably at a concentration of 1-10mg/ml, degassed by
methods such as centrifugation, is placed into a container, preferably an inert and
non-adherent container made for a material including but not limited to glass,
polystyrene, and silicone rubber. Any air bubbles generated during the process
are removed by puncturing the air bubble with a sharp object such as a fine
syringe needle. The collagen monomer solution is induced to reconstitute itself
into collagen gel consisting of fibrils by methods including but not limited to pH
change, preferably an increase from acidic pH to alkaline pH, temperature change,
preferably an increase from 4°C to 37°C, a change in ionic strength, by contact
with a solution of high ionic strength. A preferred method is to use an alkaline
chamber filled with ammonia vapor. The container with the collagen monomer
solution is then placed into the chamber sealed for a period, of preferably 30 mins.
The duration of exposure to the alkaline vapor is a factor affecting the mechanical
properties of the collagen scaffolds. If a pH change is to be used to induce
reconstitution of the membrane in a solution, a semi-permeable membrane or
material is place at the interface between the alkaline solution and the collagen
monomer solution or at the interface between an inner and an outer chamber as
described in U.S. Patent 5,256,418, supra. The colorless collagen monomer
solution becomes opaque upon successful reconstitution.

12
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The reconstituted collagen gel or scaffold is rinsed in distilled water or
isotonic (physiological saline) solution to remove excess alkalinity. The collagen
scaffold can form composite scaffolds with other extracellular matrix components
including but not limited to other collagen subtypes and proteoglycans. If
composite scaffolds are to be produced, extracellular matrix component other than
collagen can be suspended in the collagen solution during reconstitution or the
collagen gel is equilibrated with a solution containing the second extracellular
matrix component at appropriate concentration for a certain period before

photochemical crosslinking.

Collagen is also a good candidate for a drug delivery system,
particularly of protein drugs because of its excellent biocompatibility, its
interaction with the protein drug that protects the drug from disintegration, and the
fact that it sometimes potentiates the bioactivities of drugs such as growth factors.
However, collagen gel becomes highly swollen in water and uncrosslinked
collagen is vulnerable to proteolytic digestion and disintegration upon
implantation. Both swelling and disintegration are the mechanisms for drug
release in the polymer network. As a result, drug molecules when immobilized
within the collagen network, release rapidly without controlled release. This
limits the applicability of collagen gel as a device to control the delivery of drugs,
including but not limited to proteins, growth factors, antibiotics, and anti-
inflammatory drugs. Controlling the matrix variables such as the concentration
and density of collagen gel carriers, extent of crosslinking of the collagen gel, etc.
enables one to exert control over the release pattern and the kinetics of drugs
immobilized within the collagen network. The photochemical crosslinking
method of the present invention has reduced the swelling ratio and increased the
resistance of the collagen carrier to proteolytic disintegration and therefore has the

potential to control the release of drugs.

Dehydration is an important mechanism for increasing the density of
collagen scaffolds and is itself an efficient means for stabilizing and strengthening
collagen scaffolds. The dehydration means employed greatly affect material and

13
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mechanical properties. Air-drying produces scaffolds with minimal levels of
porosity (Fig. 1) and therefore maximal density and stability, wherein freeze-
drying or lyohilization results in porous scaffolds (Fig. 1) with lower density and
therefore lower strength and stability. Since many properties of the collagen
scaffolds such as porosity, density, strength and stability, are dependent on the
type of tissue to be built, the method for dehydration varies and building tissues
with heterogenous structure and properties is feasible. An example is to produce a
nerve conduit using the method disclosed in the present invention, with a
nonporous dense collagen membrane as the epineurium through methods such as
air-drying and vacuum drying and a highly porous collagen and proteoglycan-
based semi-solid matrix as the endoneurium through methods such as

lyophilization.

Photosensitizing reagents are chromophores able to be activated by
photons at particular wavelengths, including but not limited to fluorescein, eosin,
rose Bengal, and methylene blue. Photosensitizing reagents for use in the present
invention include rose Bengal, which has a spectrum of ab sorption up to
approximately 600nm. Apart from the UV region, there are two absorption peaks
at approximately 320nm and 550nm. Rose Bengal has high absorption efficiency
and therefore is a very efficient photosensitizing reagent. Rose Bengal is a vital
dye that has been used in clinical diagnostic for ophthalmologic diseases for
decades (Lansche R K., “Vital Staining in Normal Eyes and in
Keratoconjunctivitis Sicca”, Am. J. Ophthalmol. 60(3):520-5 (1965)). It is a safe
reagent to use. Rose Bengal is a fluorescent photosensitizing reagent that is water
soluble. However, aggregates may form at high concentration such as >1% (w/v)
and therefore rose Bengal, preferably ranged from 0.00001% to 0.01% was used
in the present invention. Rose Bengal solution was prepared in darkness using a
solution such as distilled water, PBS and ethanol. Since photochemical
crosslinking only occurs at sites where the substrates for crosslinking, the
photosensitizing reagent and the light all present, by controlling the site where the
photosensitizing reagent is present and where the light irradiates, the site for
crosslinking can be selected. The rate of diffusion of rose Bengal solution in

different biomaterials including collagen scaffolds is different and is proportional
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to the density of the materials and the concentration of the photosensitizing
reagent. As a result, controlling the time of exposure of the collagen scaffolds to
rose Bengal solution controls the site where photochemical crosslinking occurs. If
the surface of the collagen scaffolds instead of the bulk materials is to be
crosslinked, rose Bengal solution can be delivered through brushing or painting,
or placing the surface for crosslinking of the collagen scaffold on top of a thin
layer of absorbent, including but are not limited to kimwipe, tissue paper,
cellulose membrane, filter paper, for a certain period of time. Or, it can be done
by forming collagen layer by layer where the layers have different concentrations
of photosensitizing reagent immobilized. Since the extent of crosslinking is
dependent on the dose of the photosensitizing reagent, a gradient of crosslinking
within the collagen scaffolds is also possible. Other methods of delivery of the
photosensitizing reagent to the collagen scaffolds such as injection are possible.
Excess photosensitizing reagent can be removed by blotting the collagen scaffolds
on a dry absorbent material such as tissue paper or thorough rinsing in a diluent
such as distilled water. The photosensitizing reagent can be brought into contact
with collagen before and after reconstitution, or before and after dehydration of

reconstituted scaffolds.

The materials are preferably maintained in darkness during the process.
When excess reagent is removed by rinsing, the hydrated material will be brought
to a light source, be it a UV source, a laser, LED or other source of visible light.
The amount and power intensity of the light affect the extent of crosslinking as it
is proportional to the number of photons. Suitable light sources for use in the
present invention include an argon laser, at a wavelength of 514nm, or multiline
green laser. Other lasers which the rose Bengal absorbs can also be used. The
spot size of the irradiation needs to be large enough to cover the material, or a
scanning light source that is able to scan the material at controllable speed, or
multiple light delivery devices such as optic fibers can be used to deliver light for
crosslinking scaffolds with irregular shape. The argon laser useful in the present
invention can be continuous or pulsed. The Ultima 2000 argon laser (Coherent

Medical) generates laser pulses at 0.2W with duration of 1 second. The total
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energy of light delivered to crosslink collagen scaffolds in the present presentation

ranged from 12.5J to 200J and therefore 62.5 to 1000 pulses were delivered.

Light penetration has a limit of depth in all materials including
collagen. An example is the degree of light penetration at a wavelength of around
500nm in human fair skin, which is around 350 micrometer. See, Douven L.F.,
“Retrieval of Optical Properties of Skin From Measurement and Modeling the
Diffuse Reflectance, Proc. SPIE 3914:312 (2000). Previous studies on the total
transmittance of light at around 500nm have shown that light can penetrate
porcine skin dermis and bovine Achilles tendon to a depth of approximately 700
micrometers. Although light penetration should be better in reconstituted collagen
gel compared to skin and tendon tissue, which have closely packed connective
tissue networks and intrinsic chromophores such as melanin and haemoglobin, the
limit of light penetration depth still restricts the thickness of scaffolds to be
crosslinked and produced. The method disclosed in the present invention is able
to solve this problem. Production of thick collagen scaffolds is enabled by (1)
laminating the first crosslinked scaffold with the second layer during the
reconstitution step where the monomer solution is gelated to form solid gel; (2)
photochemically crosslinking the reconstituted collagen gel and laminating the
two scaffold layers; (3) dehydrating the two scaffold layers together and (4)
repeating the process multiple times until scaffolds of appropriate size are
produced. Other methods such as modifying the optical properties of tissue or
materials to be photochemically crosslinked such as immersing in glycerine
solution as described in Pendl et al. U.S. Patent 5,817,153 for “Method of Photo-

Oxidative Treatment of Tissues Containing Collagen” can be used.

The whole process can be performed under sterile conditions in that
the collagen monomer solution is sterile, the photosensitizing reagent is filtered by
0.22micron filter or autoclaved, the ammonia chamber is prepared in a safety
cabinet, and the light source is irradiated through a container with good
transparency that is made of materials such as glass and polystyrene, etc. Or, the

collagen scaffolds are preferably sterilized by alcohol treatment or other methods
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such as ethylene oxide gas treatment after production of the scaffolds but prior to

implantation.

Example 1: Fabrication of collagen scaffolds

An acid-soluble rattail collagen type I solution at a concentration of
4mg/ml is degassed and 1.5ml of it is carefully laid down onto a plastic container
1.5cm in diameter, and any air bubbles generated are removed. The pH of the
solution is raised by placing the solution in a chamber containing ammonia vapor
for 30 minutes. Opague solid collagen gel is formed from colorless solution. A
collagen matrix of approximately 7.5mm thick and 15mm diameter is obtained
and then thoroughly rinsed with water. The gel is immersed in rose Bengal at a
concentration ranging from 0.000078125% to 0.01% for 2 hours. Control
collagen gel is immersed in water. Excess photosensitizing reagent is removed by
thorough rinsing with water. Fully swollen collagen gel is then photochemically
crosslinked by exposing it to an argon laser (Coherent Medical, Ultima 2000).
Laser pulses of 1s duration and a power of 0.2W were used. The total energy
input was from 12.5J to 200J. The control collagen scaffolds are kept in darkness
during the crosslinking process. Fully swollen collagen scaffolds are dehydrated
by air-drying on a non-adherent surface for more than 24 hours. Dry collagen
membranes are rehydrated in phosphate buffered saline at neutral pH for more
than 24 hours and fully swollen collagen membranes of thickness around 100-200
micrometers are obtained for use in subsequent tests. Alternatively, crosslinked
collagen scaffolds were freeze-dried to produce porous structures. Fig. 1 shows
the magnified view of the cross-section of the collagen scaffolds prepared by this
method. Well-organized, laminar-like structures and micr-porous structures are

produced.

Example 2: Fabrication of collagen scaffolds by lamination of multiple layers.

Crosslinked dry collagen scaffold prepared by the method of Example
1 is rehydrated in PBS (pH7.4) or water for 30 minutes. The rehydrated collagen
membrane prepared as in Example 1 is rinsed in water or other isotonic solution

and the water on the surface of the rehydrated scaffolds is removed by blotting dry
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using kimwipes or other absorbants. The scaffold is carefully laid down at the
bottom of a container for reconstitution of collagen gel as described in Example 1.
The container has a dimension of 15mm diameter and approximately 7.5mm thick.
1.5ml of degassed acid-soluble rattail collagen solution type I at 4mg/ml is
carefully casted onto the collagen membrane. Any air bubbles generated during
this process are removed. The membrane-containing collagen solution is then
placed in the ammonia chamber for 30minutes. Procedures described in Example
1 were repeated to obtain bi-layered crosslinked collagen membranes. The
scaffold was dehydrated by air-drying for more than 24 hours. By repeating
procedures in Example 1 and 2, collagen scaffolds appropriate thickness can be
obtained. For instance, 6- or 10-layer collagen scaffold of approximately 1-2mm
thickness produced by the method disclosed in the present invention can be used

for intervertebral disc tissue engineering.

Example 3: Mechanical properties of collagen membranes.

Rehydrated collagen membranes as prepared in Example 1 are carved
into a dumbbell shape with a gauge length of 0.5cm, marked with a dye and the
width approximately 0.3cm. The dimension (thickness and width) is measured by
a Mitutoyo QUICKVISION PRO system with a precision up to 0.00001lmm. Both
ends of the samples are attached with PBS soaked tissue paper and are carefully
mounted onto the custom-made fixtures with care. A Lloyd machine attached to a
10N load cell is used to perform the uniaxial tensile test at a strain rate of
S5mm/min. The data acquisition rate is 50 data points per second and the force
displacement data are obtained from the machine. A CCTV camera is used to
record the tensile process at the samples with a video capture card at a rate of
25fps. The images were analyzed for strain till rupture (Fig. 4) while the ultimate
stress is obtained from the peak force (Fig. 3) and the dimension of the collagen
membranes. Stress-strain curve is obtained (Fig. 2) and the tangent modulus at

90% rupture strain is obtained (Fig. 4).

Example 4: Thermal Stability of collagen membranes.
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Dry collagen membranes are weighed and approximately 1.0 — 2.5mg
of dry collagen sample is used for differential scanning calorimetry analysis. In
brief, the collagen sample is rehydrated in phosphate buffered saline at neutral pH

for more than 24 hours at room temperature. Rehydrated samples are cut into

“small pieces and sealed in an aluminum pan. A thermoscan is performed using a

Perkin Elmer DSC7 from 25°C to 140°C at a scan rate of 5°C.min, against a
reference pan. Thermograms of collagen samples are obtained as shown in Fig. 8
and analyzed using a software Pyris Manager. The shrinkage peak identified as
the first endothermic peak from the thermogram is analyzed and the peak
temperature is obtained as the shrinkage temperature of the collagen samples in
that the intermolecular bonds in particular non-covalent bonding are broken
significantly and therefore the samples shrink in volume significantly. At this
stage, the collagen membranes are still insoluble or non-denatured. This is
confirmed by examining the samples in the aluminum pan after the 1* shrinkage
peak. However, collagen membranes in all control groups are “melted” or
“denatured” as the thermoscan continued and the denaturation completed within a
range from 100 to 120°C. On the contrary, photochemically crosslinked collagen
membranes prepared by the method disclosed in the present invention and the
chemically crosslinked membranes are not “melt” or “denatured” until the end of
the thermoscan at 140°C. This is further confirmed by examining the samples
inside the aluminum pans post-test. It is found that the control membranes are
solubilized while the crosslinked ones were still insoluble. Scanning EM pictures
in Fig. 9 showed that the three-dimensional insoluble structures of the rehydrated
photochemically crosslinked membrane after the thermoscan while the control
membranes were either non-retrievable due to its complete solubility or soft gel

like structure without any three-dimensional structure.

Example 5: Resistance to collagenase digestion of collagen membranes.
Dehydrated collagen membranes are weighed as W, and rehydrated in
0.1M Tris-HCI buffer with 5mM CaCl, (pH?7.4) for more than 24 hrs at room
temperature. Collagenase (C-6885, Sigma, 425U/mg) is prepared to 10U/ml in
the same buffer solution. Collagen membranes are soaked into the collagenase

solution at 2U/mg dry weight and incubated in darkness with regular shaking at
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37°C for 2hrs. At the end of incubation, an equal volume of 20mM EDTA (final
conc 10mM) is supplied into the reaction mixture to stop collagenase activity.
The supernatant is collected for total protein determination while the remaining
membranes are dehydrated using a speed-vac overnight until a constant dry
weight W, is obtained. The weight loss of collagen membranes is calculated as

follows and regarded as the resistance to collagenase digestion:

Weight loss (%) = (W, -W,) x 100%

As shown in Fig. 10, the weight loss of the photochemically
crosslinked collagen membranes is approximately 60% while the control

membranes were all digested by collagenase.

Example 6: Temporal change of the swelling ratio of collagen membranes and the
dose dependence of the energy of light.

Collagen membranes with a dry weight (W,) ranging from 2.5mg to
4mg are immersed in distilled water in darkness for 0.5, 1, 2, 4, 8, 24, 48, 72 and
96 hours. The wet weights of the membranes are recorded at each time point (W,)
after removing the surface water by blotting on kimwipe for several times. The
swelling ratio or the water binding capacity of the collagen membranes is

calculated as follows:

Swelling ratio = [(W,-W,) / W, ]

The swelling ratio of the collagen membranes in different fluence
dosage groups against time is plotted in Fig. 12. The control membranes showed
the highest swelling ratio ranging approximately from 5.5 to 6.5 initially after
swelling and increasing to a constant value ranging from 6 to 7 at the end of the
swelling period. Chemically crosslinked collagen membranes using
glutaraldehyde have the lowest swelling ratio around 0.5 and were almost non-
swelling throughout the swelling period. Photochemically crosslinked collagen
membranes at various doses of laser energy (12.5J to 200J) and 0.01%

photosensitizing reagent show a range of swelling ratio from approximately 2.5 to
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4 and increased to values ranged approximately from 3 to 5 at the end of the
swelling period. The swelling ratio of the photochemically crosslinked collagen
membranes was found to be energy dose-dependent. Dose-dependence on the

concentration of photosensitizing dye is shown in Fig. 13.

Swelling is one of the mechanisms for controlled drug release from
polymer networks. By controlling the swelling ratio of collagen membranes using
the photochemical crosslinking method of the present invention, the release of
drugs immobilized in the collagen matrix can be controlled so that a sustained
release of the drugs can be attained after implantation of the scaffolds. On the
other hand, both the uncrosslinked and chemically crosslinked collagen scaffolds
are not suitable for controlled release of drugs because the former release rapidly

while the latter permanently bound drugs immobilized in the scaffolds.

Example 7: Crosslinked multi-lamellae collagen structures have greater dynamic
compression modulus

The multi-lamellae collagen structures made in example 2 have been
fully swollen in phosphate buffered saline at pH 7.4 for 2 weeks. Uncrosslinked
structures swell extensively to form a soft gel-like structure with a thickness of
around 2mm. The structures were so weak that they can not be manipulated with
forceps and sutures can not be put through. On the other hand, structures
processed by the methods disclosed here swell moderately to a thickness of
around 1mm and were tough. The structures were then mounted on the sample
stage of a MTS Bionix microforce testing machine fitted with a 100N load cell.
After preloading with a force of around 0.1N, the strain was set to zero and
dynamic compression cycles at a frequency of 0.1Hz and a maximal strain of 0.5
were conducted. The load and unload-diaplacement curves were evaluated while
the curve at the 20th cycle was used for data analysis. The compression moduli
normalized by the dimension of the samples were obtained. The stress-strain
curves of the uncrosslinked and crosslinked structures were shown in Fig. 14. The

modulus for the uncrosslinked ones was minimal while the mean value for the

crosslinked was 4.65 Mpa. The values are comparable with that of rat caudal and
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lumbar discs, with a mean value of 4.03 and 2.16 Mpa, respectively (Elliot &
Sarver 2004). Elliott DM, Sarver JJ. (2004) Young investigator award winner:
validation of the mouse and rat disc as mechanical models of the human lumbar
disc. Spine 29(7):713-22. This indicates that the crosslinked scaffolds can be used

in engineering weight-bearing tissues.

Example 8: Microstructure of photochemical crosslinked scaffolds

Reconstituted collagen gel was photochemically crosslinked by
varying the photosensitizing reagent and fluence dosage. Glutaraldyhyde was
used as a positive control for chemical crosslinking. The treated structures were
freeze-dried. Cross-sections of the collagen scaffolds were sputtered with gold for
SEM analysis of the porous structures. Fig. 5 showed that both glutaraldehyde
and photochemically collagen scaffolds have fine microstructures with
interconnected fibers with nanosized fibers and micro-sized pores. Inthe control
groups, only macrostructures with membrane like structures were found. Fig.

6&7 showed the dose dependent change of microstructures on photosensitizing

reagent concentration and fluence, respectively.

Example 9: In vivo biocompatibility by implantation of crosslinked collagen
scaffolds

Multilayered collagen scaffolds prepared by method in the present
invention as illustrated in Example 2 were sterilized by soaking in 70% ethanol
for 3 days. Adult SD rats (250g) were anesthetized and shaved at the back.
Subcutaneous pockets were created aﬁd the scaffolds were implanted for up to 6
months. The collagen scaffolds were harvested for histological analysis.
Collagen scaffolds were completely retrieved and remain intact and covered by a
thin (~40pm) connective tissue capsule. Fig. 11 showed the H&E staining of the
scaffolds. Some connective tissue cells wrapped around the edges of the
scaffolds and there was no foreign body reaction and inflammation. This showed
that the crosslinked structures have excellent biocompatibility and good stability

in vivo.
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Example 10: Reduced thrombogenicity in crosslinked collagen scaffolds

Rattail collagen gel (3mg/ml) was reconstituted and photochemically
crosslinked according to the present invention. Platelet adhesion test using human
platelet rich plasma obtained from local blood bank was conducted by incubating
the rehydrated membranes with the plasma for 1 hour before thorough rinsing.
The samples were fixed in 0.25% glutaraldehyde before processed for SEM
analysis. Ten fields were randomly selected from each sample for platelet counts
and morphology analysis. Uncrosslinked collagen membranes have intrinsic
thrombogenicity that more platelets adhered to the surface (57428 per unit area)
(Fig. 16A) and extensive fibrin mesh activation was found (Fig. 16B). On the
contrary, photochemical crosslinked collagen membranes significantly reduced
the extent of platelet adhesion (Fig. 16C) for as much as 6 fold (9.543 per unit
area) and completely aborted thrombin activation. This study suggested that
photochemical crosslinking can be used as a processing technique to reduce
thrombogenecity of biomaterials such as collagen in engineering artificial blood

vessels.

Industrial Applicability

1. Manufacturers of biomaterials e.g. collagen, can incorporate the processing
technology of the present invention into their own manufacturing processes so that
their products will have better mechanical and material properties, swelling
capacity and resistance to enzymatic digestion. The products so produced are

useful in both tissue engineering research and in clinical applications.

2. Companies that manufacture products for engineered tissues can
incorporate the present method into their manufacturing process to obtain better

products.

3. Drug delivery companies can incorporate the present process into their
manufacturing processes so as to develop new carriers for drugs with improved
stability and controlled release properties due to an increased resistance to

collagenase digestion and decreased swelling ratio.
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4. Light source companies such as laser companies can develop suitable light

sources for the processing technology
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(I) CLAIMS

1. A method for producing a crosslinked collagen and collagen composite
scaffold of improved characteristics such as enhanced strength, stability and
resistance to enzymatic degradation, reduced swelling ratio, with fine
microstructures, and of excellent biocompatibility and improved
haematocompatibility comprising (a) providing a solution of extracellular collagen
monomer; (b) raising the pH of the solution to form a reconstituted three-
dimensional extracellular collagen matrix; (c) contacting at least a portion of the
matrix with a photosensitizing reagent; (d) removing excess photosensitizing
reagent; (e) irradiating the matrix using a source of light of sufficient energy to

form a crosslinked scaffolds; (f) dehydrating the crosslinked scaffold.

2. The method of claim 1 further comprising rehydrating and
laminating the crosslinked scaffold and repeating steps (a) through (f) to produce

an enlarged scaffold.

3. The method of claim 1 wherein the collagen monomers are selected

from the group consisting of collagen phenotypes type L, I, III.

4, The method of claim 3 wherein the collagen phenotypes are from
human tissue.
5. The method of claim 1 wherein the collagen monomers are

obtained from rat tail, bovine Achilles tendon, porcine skin, or human placenta.

6. The method of claim 1 wherein the collagen monomers are from
fractions of collagen extracted from animal sources, said fraction being selected
from the group consisting of acid-soluble fraction, pepsin digested fraction, and

insoluble fraction.

7. The method of claim 1 wherein the reconstitution of the collagen is
induced by raising the pH of the collagen monomer solution, increasing the

temperature of the solution, or increasing the ionic strength of the solution.
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8. The method of claim 1 wherein the reconstitution of the collagen is
induced by raising the pH of the collagen monomer solution by exposing the
solution in a chamber filled with an alkaline vapor or alkaline solution for a period

ranging from 3 minutes to 96 hours.

9. The method of claim 1 wherein the reconstitution of the collagen is
induced by exposing the collagen monomer solution to an aqueous solution of
ammonia water with a semi-permeable membrane comprising dialysis tubing,
cellulose membrane, or filter paper with a cut-off size smaller than the collagen

molecules.

10.  The method of claim 9 wherein the collagen monomer solution is
sealed in a semipermeable membrane or its equivalent and immersed in an

alkaline solution.

11 The method of claim 1 wherein the alkaline solution is aqueous

ammonia.

12. The method of claim 1 wherein the photosensitizing reagent is

fluorescein, rose Bengal, methylene blue, eosin, or a porphyrin.

13. The method of claim 1 where in the concentration of the

photosensitizing reagent ranges from 0.00001% to 1%.

14, The method of claim 1 where in the matrix is brought into contact
with the photosensitizing reagent before or after reconstitution for a period

ranging from 5 seconds to 100 hours.

15. The method of claim 1 where in the excess photosensitizing reagent

removed by multiple rinsing in water or isotonic solution.

16.  The method of claim 1 wherein the light source is a UV or visible

light source.

17. The method of claim 1 wherein the light source used to irradiate the

scaffolds is operated at an irradiance variation of from 0.0001W/cm2 to 10W/cm2.
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18.  The method in claim 1 wherein the mode of irradiation is pulsed or

continuous.

19.  The method of claim 1 wherein the irradiation energy is for ranges

from 0.0001J to 100001J.

20.  The method of claim 1 wherein the period of irradiation ranges

from 3 seconds to 100 hours.

21.  The method of claim 1 wherein the scaffolds are placed in a

container equipped with cooling means.

22.  The method of claim 1 wherein the cooling means is cold water or

air.

23,  The method of claim 1 wherein the scaffolds are removed from the
solution containing the photosensitizing reagent and rinsed in distilled water or

isotonic solution prior to irradiation.

24. The method of claim 1 wherein the scaffolds are irradiated in
hydrated state without bubbling air or oxygen into the reaction mixture or

vigorous stirring.

25.  The method of claim 1 wherein the dehydration is carried out by
air-drying, freeze-drying, vacuum drying, critical point drying, alcohol drying, or

acetone drying.

26.  The method in claim 1 wherein collagen scaffolds are crosslinked
at selective sites by methods including but are not limited to modifying the light
source so that the spot size and beam only reach the selective sites, and controlling

the sites to where the photosensitizing reagent is delivered.

[THIS SPACE INTENTIONALLY LEFT BLANK]
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