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MATERIALS AND METHODS FOR FILLING
BIOLOGICAL CAVITIES AND PREVENTING
LEAKAGE OF INJECTED THERAPEUTIC
AGENTS

[0001] This application claims the benefit of U.S. provi-
sional application Ser. No. 61/660,385, filed Jun. 15, 2012,
which is hereby incorporated by reference in its entirety.

1. FIELD

[0002] The present invention relates generally to materials
and methods for preventing cell suspensions, fluids, mixtures,
and gelatinous substances from leaking after injection into
soft tissue or intervertebral discs (IVD).

2. BACKGROUND

[0003] Injection of biomolecules, genes and cells is com-
monly used in biological therapies. For example, intra-discal
injection of biomolecules such as transforming growth factor-
beta 1 has been used in the treatment of degenerative inter-
vertebral discs (IVD) (Zhao et al.; 2007). In addition, direct
transfection of disc cells in vivo, as well as transfection of disc
cells in vitro followed by the return of the transfected cells
back to the disc, has been used in gene therapy (Freimark et
al., 2009).

[0004] Recently, mesenchymal stem cell (MSC)-based
therapy for treating degenerative discs has received much
attention (Freimark et al., 2009). Many animal models have
demonstrated the value of mesenchymal stem cell (MSC)-
based therapy for treating degenerative discs. Long term sur-
vival of MSCs has been demonstrated in a rabbit model
(Zhang et al., 2005). Effective arrest of disc degeneration has
alsobeen demonstrated in rabbit and canine models (Leung et
al., 2006; Vadala et al., 2008). Early phase clinical trials also
reported that mesenchymal stem cell (MSC)-based therapy
produces encouraging results in alleviating symptoms and
improving disc stability (Yoshikawa et al., 2010).

[0005] A critical problem common to all intra-discal injec-
tion is the leakage or backflow of the injected materials
through the injection portal caused by the large intra-discal
pressure. Matrix-assisted cell delivery has been proposed;
however, only fewer than the 3% of the injected cells were
found in the disc after injection (Bertram et al., 2005). Hydro-
gels made of natural biomaterials such as hyaluronan gel and
atellocollagen as well as hydrogels made of synthetic bioma-
terials such as 2-hydroxyethyl methacrylate have been used in
intra-discal injection (Sakai et al. 2003; Sakai et al., 2005;
Sykova et al, 2006). However, hydrogels usually have insuf-
ficient viscosity and stiffness; this results in an immediate loss
of a majority of injected cells (>96%) due to the backflow of
the injected materials via the injection path. The problem of
leakage or backflow of injected materials is reported in a
degenerative [VD model in rat, and is observed by the present
inventors using hydrogel or collagen microspheres as injec-
tion materials. The current cell-based therapy results in low
cell retention inside the disc, a significant cell leakage, the
formation of osteophytes, and the lack of adequate amount of
MSCs inside the disc (Sobajima et al., 2008; Roberts et al.,
2008; Vadala et al., 2011; Sobajima et al., 2004). Moreover,
the formation of osteophyte may attribute to cell leakage as
the presence of MSCs was demonstrated within the osteo-
phyte tissue (Vadala et al., 2011).

[0006] The leakage of injected cells and other biomaterials
negatively affects the safety and efficacy of cell-based therapy
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in disc degeneration. There is a need of developing improved
devices for preventing leakage of injected materials in bio-
logical therapy.

3. SUMMARY

[0007] Inoneembodiment, the present invention provides a
medical apparatus for filling an unwanted or artificially-cre-
ated space or cavity, or for closing an unwanted or artificially-
created opening inside the body of a subject, wherein the
apparatus comprises a filling device that can be delivered into
an unwanted or artificially-created space or cavity inside the
body of a subject, wherein the filling device is adapted to take
the shape that can substantially fill the unwanted or artifi-
cially-created space or cavity, or can substantially close the
unwanted or artificially-created opening, wherein the filling
device is preferably made of biocompatible material.

[0008] In one embodiment, the unwanted or artificially-
created space, cavity, or opening is created by the injection of
a therapeutic agent into a target site of the body of a subject.
Therapeutic agents in accordance with the present invention
include, but are not limited to, drugs, cells, and genes.
[0009] Inoneembodiment, the filling device is aplug (e.g.,
an annulus plug).

[0010] In one embodiment, the medical apparatus further
comprises a sealing material. In one embodiment, the sealing
material is bioglue.

[0011] In another embodiment, the present invention pro-
vides a method for filling an unwanted or artificially-created
space or cavity, or for closing an unwanted or artificially-
created opening inside the body of a subject, wherein the
method comprises: delivering a filling device to an unwanted
or artificially-created space or cavity inside the body of a
subject, wherein the filling device is adapted to take the shape
that can substantially fill the unwanted or artificially-created
space or cavity, or can substantially close the unwanted or
artificially-created opening, wherein the filling device is pref-
erably made of biocompatible material.

[0012] In another embodiment, the present invention pro-
vides a method for preventing leakage of an injected thera-
peutic agent from a target site of injection within the body of
a subject, wherein the method comprises:

[0013] injecting a composition comprising a therapeutic
agent, and optionally, a pharmaceutically-acceptable carriet,
into a target site of the body, wherein the injection creates an
unwanted or artificially-created space or cavity inside the
body; and

[0014] delivering a filling device to the unwanted or artifi-
cially-created space or cavity, wherein the filling device is
adapted to take the shape that can substantially fill the
unwanted or artificially-created space or cavity, or can sub-
stantially close the unwanted or artificially-created opening,
wherein the filling device is preferably made of biocompat-
ible material.

3.1 DEFINITIONS

[0015] The terms “a” and “an” and “the” and similar refer-
ents as used in the context of describing the invention are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by context.
[0016] Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring individu-
ally to each separate value falling within the range, unless
otherwise indicated herein, and each separate value is incor-
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porated into the specification as if it were individually recited
herein. Unless otherwise stated, all exact values provided
herein are representative of corresponding approximate val-
ues (e.g., all exact exemplary values provided with respect to
a particular factor or measurement can be considered to also
provide a corresponding approximate measurement, modi-
fied by “about,” where appropriate).

[0017] Theuse of any and all examples, or exemplary lan-
guage (e.g., “such as”) provided herein, is intended merely to
better illuminate the invention and does not pose a limitation
on the scope of the invention unless otherwise indicated. No
language in the specification should be construed as indicat-
ing any element is essential to the practice of the invention
unless as much is explicitly stated.

[0018] The description herein of any aspect or embodiment
of the invention using terms such as “comprising”, “having”,
“including” or “containing” with reference to an element or
elements is intended to provide support for a similar aspect or
embodiment of the invention that “consists of”, “consists
essentially of”, or “substantially comprises” that particular
element or elements, unless otherwise stated or clearly con-
tradicted by context (e.g., a composition described herein as
comprising a particular element should be understood as also
describing a composition consisting of that element, unless
otherwise stated or clearly contradicted by context).

4. BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIGS. 1(A-D) are schematic drawings showing an
embodiment of the medical apparatus of the present invention
as well as an embodiment of the method of delivering the
annulus plug after injection of cells in intervertebral discs
(IVD).

[0020] FIGS. 2(A-M) show FTIR spectra analysis of col-
lagen samples. A: Wide scan spectrum; B-E: Amide I spec-
trum analysis; F-I: Amide II spectrum analysis; J-M: Amide
I spectrum analysis; B, F & J: Rose Bengal dose dependent
changes in Amide I, [Tand III spectra; C, G & K: Laser fluence
dose dependent changes in Amide [, [T and 11 spectra; D, H &
L: Rose Bengal dose dependent changes in peak absorbance
for Amide I, peak frequency in Amide 1T and peak absorbance
ratio in Amide III, respectively; E, I & M: Laser fluence dose
dependent changes in peak absorbance in Amide I, peak
frequency in Amide I and peak absorbance ratio in Amide 111,
respectively. For rose Bengal dose dependence study, laser
fluence was fixed at 10 J/cm® while for laser fluence dose
dependence study, rose Bengal concentration was fixed at
0.001% (w/v). (n=5-6).

[0021] FIGS. 3(A-E) show physical characterization of
annulus plug. A: Gross appearance of annulus plug (scale bar:
200 um); B: SEM image showing the surface of annulus plug
(magnification: 10KX; scale bar: 200 pm); C: SEM images
showing the cross-sections of annulus plug (magnification:
8KX; scale bar: 200 um); D: Distribution of the diameter of
the annulus plug fabricated; E: Swelling index of annulus
plug fabricated with 0.001% (w/v) rose Bengal and 12.5
Jiem? laser fluence (n=8).

[0022] FIGS. 4(A-E) show annulus plug delivery and
placement. A: Gross appearance of the annulus plug and the
modified 21G Hamilton syringe needle used for delivery; B:
Schematic diagram illustrating the delivery of the annulus
plug into the disc (AF: annulus fibrosus; NP: nucleus pulpo-
sus); C-E: Dissected rabbit intervertebral disc showing suc-
cessful placements of annulus plugs. C: Desired positioning
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right into the AF; D: Bending of the plug; E: Extension of the
plug into the NP region. (Scale bars: 5 mm)

[0023] FIGS. 5(A-I) show ex vivo mechanical tests of
annulus plug. A: Annulus plug (pink) blocking the injection
portal at the annulus fibrosus; B: Sample mounted on loading
stage for compression; C: Sample after compression loading;
D: Compression or torsion loading in bioreactor; E: Sample
after torsion loading; F: Loading regime showing pressure
versus time; G: Loading regime showing torque versus time;
H: Compression loading parameters; I: Torsion loading
parameters. (n=4 for compression, n=3 for torsion)

[0024] FIGS. 6(A-F) show ex vivo leakage test. A: Rabbit
IVD injected with MSC-collagen microspheres with or with-
out the annulus plug was mounted onto the chamber of a
bioreactor; B: Samples were exposed to the same compres-
sion loading regime used in the ex vivo push-out test; C:
Confocal microscopy of Alexa 488- labeled MSC-collagen
microspheres before injection; D: Fluorescent MSC-collagen
microspheres retrieved from the NP cavity after 7 days of
compression loading; E: Representative standard curve con-
structed correlating the fluorescence signal with the number
of MSC-collagen microspheres (n=2); F: Bar chart showing
the mean percentage of fluorescence-labelled microspheres
trapped in the void volume of the syringe on day 0, leaked out
in the culture medium during 7 days of compression, and
retained in the NP cavity after 7 days of compression (n=3).
[0025] FIGS. 7(A-G) show radiographical evaluation of
degenerative discs repaired with MSCs in collagen micro-
sphere carriers with and without annulus plugs. A: Represen-
tative x-ray radiographs of different levels of involved discs;
B: Contingency table showing frequency of osteophyte for-
mation based on x-ray radiograph and gross morphology
assessment; C: MRI hydration index (n=9); D: x-ray disc
height index (n=9); E1-3: Representative gross appearance of
involved discs in groups with annulus plug (E1), of uninjured
control (E2) and without annulus plug (E3); F1-F3: Repre-
sentative images of microCT volumetric analysis of involved
discs in groups with annulus plug (F1), of uninjured control
(F2) and without annulus plug (F3) (white arrows: sites of
osteophyte formation); G: Contingency table showing fre-
quency of osteophyte formation based on microCT volumet-
ric analysis; H: Box plot showing the osteophyte volume
measured by microCT in different groups (n=9).

[0026] FIGS. 8(A-O) show histological and inununohis-
tochemical characterization of disc matrix and osteophyte
markers in different treatment groups. A-E: With annulus
plug; F-I: Uninjured control; K-O: Without annulus plug; A,
F, K: H&E staining for morphology; B, G, L: Alcian blue
staining for GAGs; C, H, M: von Kossa staining for calcium
deposits; D, I, N: Type I collagen immunohistochemistry; E,
1, O: Type I collagen immunohistochemistry. (Solid rectan-
gular frame: Injection portal; Dotted line: osteophyte)

5. DETAILED DESCRIPTION

[0027] Intra-discal injection of mesenchymal stem cells
(MSCs) in treating disc degeneration may lead to unfavorable
complication particularly osteophyte formation. Develop-
ment of an effective method to block the injection portal,
prevent the leakage of injected cells and materials and hence
prevent osteophyte formation is of utmost importance before
clinical translation of MSC-based therapy. Provided herein is
a solution to alleviate the cell leakage problem and the asso-
ciated complication osteophyte formation an injectable annu-
lus plug to block the injection portal during intra-discal deliv-
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ery. Specifically, a needle-shaped collagen plug is provided
herein by photochemical crosslinking and successfully deliv-
ered itintra-discally, in adjunct with MSCs in collagen micro-
sphere carriers, using a custom-made delivery device. The
mechanical performance of the plug and its effectiveness in
reducing cell leakage were evaluated ex vivo under compres-
sion and torsion push-out tests. Results demonstrated that the
plug survived physiologically relevant loading and signifi-
cantly reduced leakage and enhanced retention of the injected
materials. MicroCT imaging and histology revealed that the
plug significantly reduced osteophyte formation. Provided
herein is an annulus plug that is used as an adjunct or annulus
closure device upon intra-discal delivery of cells and materi-
als.

[0028] Inoneembodiment, the present invention provides a
medical apparatus for filling an unwanted or artificially-cre-
ated space or cavity, or for closing an unwanted or artificially-
created opening inside the body of a subject, wherein the
apparatus comprises a filling device that can be delivered into
an unwanted or artificially-created space or cavity inside the
body of a subject, wherein the filling device is adapted to take
the shape that can substantially fill the unwanted or artifi-
cially-created space or cavity, or can substantially close the
unwanted or artificially-created opening, wherein the filling
device is preferably made of biocompatible material.

[0029] In one embodiment, the unwanted or artificially-
created space, cavity, or opening is created by the injection of
a therapeutic agent into a target site of the body of a subject.
Therapeutic agents in accordance with the present invention
include, but are not limited to, drugs, cells, and genes.
[0030] Inoneembodiment, the filling device has a size that
is smaller than the size of the unwanted or artificially-created
internal space, cavity, or opening before the filling device is
delivered to the space, cavity, or opening; and once the filling
device 1s delivered to the unwanted or artificially-created
internal space, cavity, or opening, the filling device can
expand into a shape that is substantially the same as that of the
internal space, cavity, or opening to be filled.

[0031] Inoneembodiment, the filling device fills the cavity
created in the course of delivery of a therapeutic agent into a
target site of the body.

[0032] As used herein, substantially filling a space or cav-
ity, or substantially closing an opening means that greater
than 80% (including greater than 85%, 90%, 95%, 97%,
99%) of the internal space, cavity, or opening is filled or
closed.

[0033] The term “subject,” as used herein, describes an
organism, including mammals such as primates, to which
treatment with the compositions according to the present
invention can be provided. Mammalian species that can ben-
efit from the disclosed methods of treatment include, but are
not limited to, apes, chimpanzees, orangutans, humans, mon-
keys; and other animals such as dogs, cats, horses, cattle, pigs,
sheep, goats, chickens, mice, rats, guinea pigs, and hamsters.
[0034] Inoneembodiment, the medical apparatus is for use
in a cell-based or a biological therapy. In one embodiment, in
the course of delivering a therapeutic agent (e.g., cells, drugs,
genes) into a target site (e.g., tissue or organ) within a subject,
tissue(s) and/or organ(s) of the subject are punctured, thereby
creating an internal space, cavity, or portal that could result in
the leakage of the therapeutic agent from the target site. The
medical apparatus of the present invention reduces and/or
prevents leakage of the therapeutic agent from the target site
of delivery. In one embodiment, the filling device is capable

Dec. 19, 2013

of taking the shape of an internal cavity of an injection needle
or an internal space or cavity to be filled. In one embodiment,
the filling device possesses physicochemical properties so
that once the filling device occupies an internal space or
cavity, it can withstand physiological challenges.

[0035] Inoneembodiment, the filling device is a plug (e.g.,
an annulus plug).

[0036] In one embodiment, the medical apparatus further
comprises a sealing material. In one embodiment, the sealing
matetial is bioglue.

[0037] In one embodiment, the medical device does not
include a sealing material or glue.

[0038] In one embodiment, water tight sealing occurred
immediately after insertion.

[0039] Inone embodiment, the plug has a size that is larger
than the opening.

[0040] In one embodiment, the plug is made of rapidly
swelling material.

[0041] Inoneembodiment, the plug comptises one or more
hook-like features.

[0042] In another embodiment, the present invention pro-
vides a method for filling an unwanted or artificially-created
space or cavity, or for closing an unwanted or artificially-
created opening inside the body of a subject, wherein the
method comprises: delivering a filling device to an unwanted
or artificially-created space or cavity inside the body of a
subject, wherein the filling device is adapted to take the shape
that can substantially fill the unwanted or artificially-created
space or cavity, or can substantially close the unwanted or
artificially-created opening, wherein the filling device is pref-
erably made of biocompatible material. In one embodiment,
the method includes a pressurized delivery of a plug larger
than the opening.

[0043] 1In one embodiment, the unwanted or artificially-
created space, cavity, or opening is created by puncturing a
site within the body of a subject, such as during injection of
therapeutics into the body.

[0044] In another embodiment, the present invention pro-
vides a method for preventing leakage of an injected thera-
peutic agent from a target site of injection within the body of
a subject, wherein the method comprises:

[0045] injecting a composition comprising a therapeutic
agent, and optionally, a pharmaceutically-acceptable carrier,
into a target site of the body, wherein the injection creates an
unwanted or artificially-created space or cavity inside the
body; and

[0046] delivering a filling device to the unwanted or artifi-
cially-created space or cavity, wherein the filling device is
adapted to take the shape that can substantially fill the
unwanted or artificially-created space or cavity, or can sub-
stantially close the unwanted or artificially-created opening,
wherein the filling device is preferably made of biocompat-
ible material.

[0047] 1In one embodiment, the medical apparatus of the
present invention is used in the course of delivery (e.g., injec-
tion) of a therapeutic agent into a target site within the body of
a subject, wherein the filling device can be used to substan-
tially fill a space or cavity (or substantially close an opening)
created by the delivery of the therapeutic agent, thereby
reducing or preventing the leakage of substances (such as the
therapeutic agent, bodily fluid, or air/gas substance) into a
non-target site within the body of the subject. In one embodi-
ment, the medical apparatus of the present invention reduces
or prevents leakage of intra-discal injection of stem cells into
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nucleus pulposus of an intervertebral disc during cell therapy
by delivering the filling device (e.g., annulus plug) into the
internal space or cavity created by the intra-discal injection.
In another embodiment, the filling device of the present
invention is delivered during or after the injection of thera-
peutic agents including, but not limited to, cell suspension,
drugs, growth factors, into a target tissue or organ of interest
including, but not limited to, an intervertebral disc (IVD),
bone, heart, gut, bladder, and joint. In one embodiment, the
present invention can be used to prevent the leakage of air/gas
substances after puncturing an internal bodily space (such as
the lung or chest cavity) that contains air/gas substances. In
one embodiment, the present invention can also be used for
filling an unwanted or artificially-created space or cavity (or
closing an unwanted opening) within the body including, but
not limited to, abscesses, tumour cavities, tissue cavities after
surgical expansion.

[0048] FIG. 1(A-I) show an embodiment of the medical
apparatus of the present invention as well as an embodiment
of the method of delivering the annulus plug after injection of
cells in intervertebral discs (IVD).

[0049] In one embodiment, the invention comprises a fill-
ing device (e.g., a plug) that takes the shape of an internal
space or cavity, including an internal space or cavity created
by an injection needle or a delivery device, or an unwanted
space to be filled. In one embodiment, the filling device is an
annulus plug having a thin rod-shape. In one embodiment, the
filling device (such as an annulus plug) can be delivered viaa
thin needle (e.g., a syringe needle) and, upon delivery, fills up
the space of the injection portal of the syringe needle.
[0050] Inoneembodiment, the filling device (e.g.,an annu-
lus plug) comprises or is made of photochemically
crosslinked acellular type I collagen matrix. In one embodi-
ment, the filling device (e.g., an annulus plug) comprises or is
made of photochemically crosslinked acellular type I col-
lagen matrix with compact fibers meshwork with ~67% of
water, simulating that of the native annulus or similar soft
tissue, and with a mechanical property that can endure physi-
ological mechanical demand of IVD (such as mechanical
loadings applied during a chronic push-out test).

[0051] In another embodiment, the filling device (e.g., an
annulus plug) comprises or is made of acellular photochemi-
cally crosslinked material comprising, consisting essentially
of, or consisting of collagen and glycosaminoglycan (GAG)
composite. In one embodiment, the filling device (e.g., an
annulus plug) comprises or is made of acellular photochemi-
cally crosslinked material comprising, consisting essentially
of or consisting of collagen and glycosaminoglycan (GAG)
composite that has a high glycosaminoglycans (GAG) to
hydroxyproline (HYP) (a marker of collagen) ratio that simu-
lates the extracellular matrix composition of the annulus
fibrosus.

[0052] Inoneembodiment, the filling device comprises, or
is made of photochemically crosslinked material comprising
a component selected the group consisting of collagen (e.g.,
collagen type I, I1, 11T or mixtures thereof), gelatin, proteogly-
can, hyaluronic acid, elastin, and mixtures thereof.

[0053] Inanembodiment, the filling device comprises, oris
made of biocompatible material that does not elicit adverse
immunogenicity. Biocompatible materials useful for making
the filling device include, but are not limited to matrigel,
hydrogel, collagen, alginate, collagen-glycosaminoglycan
co-precipitates, poly(glycolide) (PGA), poly(L-lactide)
(PLA), poly(lactide-co-glycolide) (PLGA), and polyethylene
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glycol (PEG). In one embodiment, the filling device com-
prises or is made of naturally-occurring extracellular matrix
type [ collagen, which has excellent biocompatibility and
negligible immunogenicity.

[0054] The filling device of the invention can be fabricated
and processed in a way that it matches well with the physi-
cochemical properties of the native tissue surrounding the
space or cavity to be filled. In one embodiment, the filling
device (e.g., an annulus plug) can withstand mechanical and/
or physiological environment to which the tissue is subjected.
For example, the plug is fabricated, stabilized and strength-
ened by techniques including photochemical crosslinking
technology disclosed in U.S. Pat. Nos. 7,931,918 and 7,393,
437, which are hereby incorporated by reference in their
entireties. In one embodiment, the photochemically
crosslinked plug can withstand physiological loading of the
intervertebral disc.

[0055] In one embodiment, the medical apparatus com-
prises a delivery device capable of delivering a therapeutic
agent (including but not limited to, fluid-containing sub-
stances, cell suspensions, drugs, growth factors and small
molecules) and optionally, carrier materials and/or hydrogels,
followed by the delivery of the filling device of the present
invention to block a space or cavity (such as an injection
portal) created by the delivery of the therapeutic agent. In one
embodiment, mesenchymal stem cell suspension is injected
intra-discally through an injection needle, followed by
clamping of the injection needle and subsequent delivery of a
photochemically crosslinked annulus plug through the injec-
tion needle. In one embodiment, the delivery device of the
present invention can position the filling device (e.g., annulus
plug) in appropriate location in the internal space or cavity to
be filled (e.g., annulus).

[0056] In one embodiment, the positioning of the filling
device comprises measuring the dimension of the filling
device. In one embodiment, the medical apparatus comprises
a plunger for pushing the filling device (e.g., a plug) through
the delivery device (e.g., a needle) at an appropriate position.
Such marker serves as a stop-sign during the insertion or
delivery of the filling device (e.g., a plug). In one embodi-
ment, a sticker label is placed on an appropriate position of the
plunger before pushing the filling device (e.g., an annulus
plug) through the needle during intra-discal delivery of stem
cells and the filling device (e.g., an annulus plug).

[0057] In one embodiment, the medical apparatus com-
prises bioglue for scaling the injection site while removing
the delivery device after inserting the filling device (e.g., a
plug) into position. The sealing reduces or prevents immedi-
ate leakage before the filling device (e.g., the plug) is fully
swollen to take its shape. In one embodiment, fibrin glue or
histoacryl glue can be applied to the surface of the annulus at
the injection site, while removing the whole delivery device
after positioning the annulus plug. This allows immediate
blockage of the injection portal to prevent leakage and pro-
vides sufficient time for the plug to swell to enough volume
for better and long term blockage.

[0058] The filling device (e.g.. a plug) is delivered in dehy-
drated state. Upon contact with the remnant solution of the
injected cell suspension or hydrogel or moist host tissue, the
filling device (e.g., a plug) rapidly swells or is expanded to a
volume that substantially fills up the injection portal or cavity
to be filled and press-fits the injection portal or the cavity,
thereby reducing or blocking the leakage or passage of the
injected substances. In one embodiment, the filling device
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(e.g., an annulus plug) immediately swells and may swell up
to double or triple or more of its original volume to fill up the
space to be filled. In one embodiment, after delivery of the
filling device to the internal space or cavity to be filled, the
filling device expands its volume and swells to fill the internal
space or cavity within a time period of 3 seconds to 3 months,
or any period there between, including but not limited to, 5
seconds, 30 seconds,] minute, 2 minutes, 3 minutes, 5 min-
utes, 10 minutes, 1 hour, 1 day, or 1 month. The dimension of
the filling device (e.g., a plug) can be specifically designed for
injection needle of any Gauge, such as for example, 21G,
25G, and 27G.

[0059] In one embodiment, the filling device (e.g., a plug)
can withstand physiological and/or mechanical demand. In
one embodiment, the filling device (e.g., a plug) has sufficient
mechanical properties that make it survive physiologically
relevant loading or challenges such that leakage of the extrin-
sically introduced substances will not occur even the tissue is
subjected to normal physiological loading. In one embodi-
ment, the filling device is an annulus plug inserted to the
annulus fibrosus during intra-discal injection of mesenchy-
mal stem cells in degenerative discs, and the annulus plug can
survive normal physiological stress of a subject.

[0060] Thefilling device (e.g., anannulus plug) can prevent
leakage. In one embodiment, the annulus plug blocks the
injection portal created during delivery of stem cells to rabbit
nucleus pulposus and can prevent cell leakage in a cell leak-
age test. In one embodiment, no more than 0.01% of injected
MSC-collagen microspheres were leaked out throughout the
7 days of physiological loading in rabbit disc inserted with the
annulus plug, while at least 20% of cell-microspheres were
leaked out in the control group; this shows that the filling
device (e.g., an annulus plug) of the invention has a satisfac-
tory sealing effect.

[0061] In one embodiment, the filling device can integrate
with host tissue without creating any substantial or material
adverse effect. In one embodiment, cells or tissues can grow
onthe filling device (e.g., an annulus plug) such that the filling
device (e.g, a plug) is sealed at cellular and molecular level.

6. EXAMPLES

[0062] Following are examples that illustrate embodiments
for practicing the invention. These examples should not be
construed as limiting. All percentages are by weight and all
solvent mixture proportions are by volume unless otherwise
noted.

Example 1

Fabrication of Photochemically Crosslinked
Collagen Membranes

[0063] An aliquot of 250 W of rattail type I collagen solu-
tion (Becton Dickinson) at a final concentration of 4.0 mg/ml
was poured into a cylindrical shaped container with a diam-
eter of 17 mm. The container was placed inside an ammonia
vapor chamber for one hour for collagen gelation. The result-
ant gel was briefly rinsed with excessive distilled water. The
collagen gel was equilibrated with a rose Bengal solution at
concentrations ranging from 1.965 to 982.5 mmol (0.0002%-
0.1%) for overnight at room temperature and under regular
agitation to study the rose Bengal dosimetry. The dyed gels
were irradiated with an Argon laser (Coherent) at 514 nm with
a spot size of 16 mm in diameter at a power of 0.2 W for 100
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seconds such that the energy fluence was constantat 10 J/cn1>.
In a separate experiment, the crosslinked gels were equili-
brated with a rose Bengal solution at a constant concentration
01 9.825 mmol (0.001%) while the gels were irradiated with
the same laser spot for a period ranging from 63 seconds to
1000 seconds such that the energy fluence varied from 6.25 to
1000 J/em®. Control gels were unireated collagen gel without
rose Bengal exposure and laser irradiation. All gels were
dehydrated by air-drying for 2 days to obtain thin membranes
for FTIR analysis.

Example 2

Fourier Transform Infrared Spectroscopy

[0064] 1In order to investigate direct evidence of covalent
bonding of photochemical crosslinking in the annulus plugs,
Fourier transfer infrared (FTIR)) analysis revealing the protein
secondary structural modifications and intermolecular bond-
ing of crosslinked collagen, was conducted. In brief, the air-
dried collagen membranes were fixed directly onto the
sample plate of a FT-IR spectroscopy system (PerkinElmer)
and irradiated by infrared light at a range of frequency from
4000 to 500 cm-1 at a data acquisition rate of 2 cm™ per point
to obtain a FTIR spectrum. The background absorption was
subtracted automatically from the spectra using the default
software and the peak absorbance, the corresponding fre-
quency and other spectral features such as absorbance ratios
were analyzed.

[0065] This work provides direct evidences of dose-depen-
dent covalent bonding formation in photochemically
crosslinked collagen, contributing to enhanced physico-
chemical properties of collagen scaffolds previously demon-
strated (Chan & So, 2005; Chan et al., 2007). First, amide I
band refers to stretching vibrations of peptide carbonyl
groups of amide groups in proteins. In this frequency range,
each secondary structural component in collagen would give
rise to a unique C—0 stretching absorption frequency (Kong
&Yu, 2007). The secondary structural component absorption
peaks in photochemically crosslinked samples became more
resolvable from the main band peak as the dose of either rose
Bengal concentration of laser energy fluence increases, indi-
cating increased proportions of these secondary structures
after photochemical cross-linking, contributing to the
improved physicochemical properties of cross-linked col-
lagen. Second, amide II band refers to NH bending and is
strongly coupled to CN stretching vibration of collagen
amide groups. Our results showed minor absorption peaks
became more distinctive from the main band peak as the dose
of either rose Bengal concentration or laser energy fluence
increased, similar to the FTIR spectral changes observed in
glutaraldehyde cross-linked hydroxyapatite/collagen nano-
composite (Chang & Tanaka, 2002), suggesting that the
nature or even positions of photochemical crosslinking share
similarities with that of chemical cross-linking process.
Third, amide III band refers to CN stretching and NH bending
from the amide linkages, and is associated with triple helical
structure of collagen. Our results showed dose dependent
spectral changes similar to that chemically crosslinked
(Chang & Tanaka, 2002).

[0066] FIG. 2 showed the FTIR spectra of collagen
samples.
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Example 3

Fabrication of Annulus Plug

[0067] An aliquot of lml of acid soluble rattail type I col-
lagen (Becton Dickinson) at 4 mg/ml was poured into a cylin-
drical-shaped container and was placed in an alkaline vapor
chamber containing ammonium hydroxide to initiate the
gelation process for 1 hour. After a brief rinse in distilled
water, the cylindrical collagen gel was equilibrated with rose
Bengal solution at a concentration of 9.825 mmol (0.001%)
for overnight at room temperature and under constant agita-
tion. Photochemical cross-linking was carried out by irradi-
ating the gel with an Argon laser (Coherent) at 514 nm at 0.2
W for 100 seconds to achieve a laser energy fluence of 12.5
J/em?. After brief rinsing in distilled water, the crosslinked
collagen gel was then shaped into thin needles with length
around 5-7 mm and diameter less than 0.5 mm by controlled
dehydration until constant mass was achieved. In brief, the
crosslinked collagen cylinder was “hanging” on the ceiling of
a desiccator via piles of kimwipes. By gravity, the weight of
the cylinder would make it elongate along the vertical direc-
tion while dehydrate in the radical direction.

[0068] In one embodiment, 1 ml of collagen solution can
fabricate a long 30-35 mm plug after dehydration.

[0069] Inoneembodiment, 5 plugs can be made from 1 ml
of material.

Example 4

Physical Characterization of Annulus Plug

[0070] Dimension of a total of 34 annulus plugs were mea-
sured by a vernier caliper (Mitutoyo). Since the diameter of
the plugs is important for intra-needle delivery, its distribu-
tion was analyzed. Swelling properties of annulus plugs were
also important because the dimension of the fully swollen or
hydrated plugs should match well with that of the internal
diameter of the syringe needle during delivery. To character-
ize the swelling property of the plug, eight air-dried collage
plugs had their dry weight (W,) measured and recorded.
These samples were then rehydrated in 1x PBS in two four-
well plates (Nunclon) at room temperature with constant
agitation. The wet weight (W) of each sample after remov-
ing surface water was recorded at intervals (from 0.5 to 168
hours) to continuously track the swelling status of the plug.
Swelling ratio for each collagen plug was calculated by the
below equation and plotted against time:

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

[0071] FIGS. 3(A-E) show the physical and ultrastructural
characterization of the photochemically crosslinked annulus
plug. The photochemically cross-linked collagen plug after
fabrication was pink in color (FIG. 3A) due to the presence of
photosensitizer. SEM analysis of the plug was shown in
FIGS. 3B-C. The surface of the plug was largely smooth but
“wrinkles” with sub-micron roughness were observed under
SEM (FIG. 3B). Densely packed fibrous meshwork was
found at the cross-section views of the annulus plug (FIG.
3C). The size distribution of annulus plugs fabricated was
normally distributed with a mean diameter of 0.26 mm and a
SD 0f0.03 mm (FIG. 3D) while the length of the plug ranged
from 6 to 7 mm. The plug could be easily delivered through a
21G Hamilton syringe needle, which has an internal diameter
of 0.51 mm. The swelling ratio of collagen plug was plotted
againsttime in FIG. 3E. The swelling ratio rose rapidly within
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the initial 2-3 hours and level off in around 24 hours with a
value of ~2 that means the original plug swelled by a factor of
2 and reaches a weight of three times of its initial weight.

Example 5

Delivery and Placement of Annulus Plug

[0072] To facilitate delivery of cells and annulus plug in one
step. a custom-made syringe needle modified from a Hamil-
ton 21G needle used. In brief, the stainless steel part of the
needle was cut apart and then reconnected by a polyethylene
tubing. After injecting cell suspensions, the tubing was
clamped to isolate the pressure between the two ends of the
needle to allow pull-out of the needle from one end for inser-
tion of the plug without disturbing the cell suspension
injected. After inserting the plug into the 21G needle and then
inserting the needle into the plastic tubing, the tubing was
unclamped to allow pushing and placement of the plug into
the annulus. Immediately after slowly pulling out of the
needle, histoacryl glue (TissueSeal) was applied at the injec-
tion site to temporarily seal the wound. Successful placement
of the plug was assessed by the presence of distinct pink color
of the plug at the insertion site during in vivo study. While for
the ex vivo leakage and mechanical push-out tests, successful
placement of the plug was also confirmed by the presence of
the plugs inside the annulus after cross-sectional dissection of
the disc.

[0073] FIG. 4A showed the gross appearance of AF plug
and the modified Hamilton syringe needle for delivery of both
the cell-microspheres and the annulus plug. Successful place-
ment of the annulus plug into the disc after cell delivery was
crucial. FI1G. 4B showed the schematic diagram of delivering
the annulus plug into the disc via the custom-made needle
using the plunger of the syringe. Among seven trials of ex
vivo placement tests, five was successful. FIGS. 4C-E
showed successful placements of annulus plugs into rabbit
discs during ex vivo tests. The positioning of the plug inside
the disc varied among the successful trials. Some showed
appropriate positioning at the annulus touching a bit at the NP
region (FIG. 4C) while in some cases, the plugs were too long
and therefore bended (FIG. 4D) and extending into the NP
(FIG. 4E). Application of glue immediately after delivery of
the annulus plug was crucial to successful placement of plug
because it takes 2-3 hours for the plugs to swell to its full
volume to press-fit the injection portal.

[0074] The current delivery method solved most of the
problems encountered during delivery of both cells and plug,
including the major problem of pressure difference between
the disc cavity and the atmosphere as well as other technical,
operational and cost problems. This delivery method success-
fully held the intra-discal pressure in a simple way for sur-
geons to operate and introduce extrinsic therapeutic agents,
cells and materials. In addition, the transparent tubing used to
connect the truncated syringe needle allows the operator to
monitor success delivery of the plug. However, one limitation
is that the plug could possibly be stuck at the disconnected
part of the needle if the plug bends and the needle parts
misalign, making the injection procedure technically
demanding. With the current design and continuous improve-
ment of the technical skills of the operators, around 70%
success rate on plug placement in first attempt (100% in at
most 3 attempts) could be achieved. Further improvement of
the design and proper training are expected to further improve
the successful rate in single attempt, which is essential for
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surgical management. As demonstrated, the position of suc-
cessfully placed plugs in the disc cavity was not always ideal.
This 1s largely due to the mismatch between the length of the
plug and the depth to which the plug was inserted. This
mismatch could possibly be improved by a more accurate and
careful control of the extent to which the plug was pushed into
the injection portal. Length of the plug could also be custom-
ized according to the disc size to prevent the use of longer
plug in smaller disc. Ex vivo practice should be given to
operators or surgeons to maximize placement success rate.

Example 6

Isolation and Culture of Mesenchymal Stem Cells in
Rabbits

[0075] Mesenchymal stem cells were prepared as previous
described (Chan et al., 2007). All protocols involving animals
were approved by the institutional ethical committee. New
Zealand

[0076] White rabbits of 3 months old were used. Approxi-
mately 5 ml of bone marrow was aspirated from the tibia upon
anesthesia. After Ficolle-Hypaque gradient separation,
mononuclear cells at the interface were collected and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum (FBS) and antibiotics. The
medium was refreshed 10 days post-seeding and replenished
every 2 days thereafter. When approaching confluence, cells
were trypsinized for subcultures in full medium consisting of
Dulbecco’s modified FEagle’s medium-high glucose
(DMEM-HG), 10% FBS, 100 U/ml penicillin, 100 mg/ml
streptomycin, 1.875 mg/ml sodium hydrogen carbonate
(NaHCO,), 0.02 M HEPES, and 0.29 mg/ml L-glutamine.
Live cells were separated from dead cells by adherence selec-
tion for 24 h and maintained with medium replenishment
every 3 days. Passages 2 were used for subsequent microen-
capsulation.

Example 7

Ex Vivo Leakage Test

[0077] Inorderto quantify the amount of leaked materials,
the collagen materials used for microencapsulation of MSCs
were labeled by using Alexa Fluor® 488 (Becton Dickinson),
at a mass ratio of 1 to 5 (labeled collagen to unmodified
collagen), before microencapsulating autologous rabbit
MSCs as previously described (Chan et al., 2007). The fluo-
rescent labeled collagen was neutralized with IN NaOH solu-
tion before mixing with rabbit MSC suspension in culture
medium to obtain a mixture with a final collagen concentra-
tion of 2 mg/ml and a final cell density of 1.25E5 cells/ml.
Droplets of 2 ul were dispensed onto a Petri dish covered with
a piece of parafilm, which was disinfected previously by UV
irradiation. Around 1000 microspheres, each with 250 cells
were formed after incubation at 37° C. for around 45 minutes
for gelation. The microspheres were flushed into and cultured
in culture medium for three days before injection. All proce-
dures for animal experimentation were ethically approved by
the institution and followed strictly the regulations. Interver-
tebral discs harvested from the thoraco-lumbar segment of 9
New Zealand White rabbits were firstly aspirated by a 20 ml
syringe with a 21G needle (Terumo) to remove the NP. The
custom-made delivery device was fitted onto a Hamilton
syringe with a capacity of 25 pl, which was pre-filled with
~900 fluorescence labeled MSC-collagen microspheres,
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occupying a total of ~20 pl. The MSC-collagen microspheres
and a photochemically crosslinked collagen annulus plug
were delivered to each disc and sealed as previously described
in Section 2.5. The disc was then fitted onto a bioreactor for
chronic compression loading for 7 days as described in sub-
sequent section to simulate physiological relevant loading in
rabbits. Culture medium inside the bioreactor chamber was
collected at 1, 4 and 7 days during compression loading and
pooled before measurement of fluorescent signals. In the
mean time, at the end of 7 days compression, the disc was
dissected to retrieve the retained MSC-collagen microspheres
inside the nucleus pulposus for measurement of fluorescent
signals. In brief, the samples were centrifuged to pellet any
solid materials before enzymatically digested by collagenase
(C9891-25MG, Sigma) at a volume ratio of 1:1 at 37° C. for
4-8 hours to obtain the sample lysate. Fluorescent signals of
200 ul of the sample lyzates were measured at a peak emission
wavelength at 519nm using a microplate reader (Safire,
Tecan). A fluorescence internal standard curve was con-
structed to calibrate for the fluorescent signals detected in
samples of the leakage test. In brief, five groups of micro-
spheres ranging from 25 to 400 microspheres were prepared
in addition to those used for injection during the leakage test.
Samples were diluted to a concentration within the linear
range of the calibration curve.

[0078] FIGS. 6A-B showed [VDs injected with MSC-col-
lagen microspheres undergoing 7 days of the compression
loading regime used in the push-out test. FIG. 6C shows the
confocal microscopy images of the Alexa488-labelled col-
lagen microspheres encapsulating MSCs before injection.
FIG. 6D shows the labeled microspheres retrieved from the
IVD after 7 days of compression loading, although
“wrinkled”, these microspheres were still intact and the fluo-
rescent signals were retained. Fluorescence signal of the
lysate prepared from a series of known numbers of Alex488-
labelled collagen microspheres entrapping MSCs showed a
linear relationship with a high regression coefficient 0£ 0.992,
with a R? of 0.985 (FIG. 6E), suggesting that measuring the
fluorescent signal is a good prediction of the number of
labeled microspheres. FIG. 6F showed the mean percentage
of labeled microspheres trapped inside the void volume of the
syringe on day 0, leaked out from the discs into the culture
medium during 7 days of compression and retained inside the
discs in the NP cavity after 7 days of compression. Same
number of microspheres was injected in both with and with-
out plug groups. Upon delivery, there were on average 57% of
microspheres were entrapped in the void volume of the
syringe needle in the group with AF plug while there were
63% of microspheres entrapped in the void volume of the
group without AF plug. Two sample t-test showed that there
was significant difference between these two groups (p=0.
033). With the annulus plug, there were only ~4% of injected
microspheres leaked out from the disc specimens into the
culture medium during 7 days of compression while there was
14% found in the control group without the plug. Two sample
t-test showed that the difference between the annulus plug
group and the control group was statistically significant (p=0.
017). At the end of 7 days compression, ~40% of labeled
microspheres were able to be retrieved from the NP cavity, i.e.
retained inside the disc, in the group with AF plug insertion
while only ~23% of microspheres were retrieved in the con-
trol group without the plug. Two samplet-test showed that the
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difference between the annulus plug group and the control
group without the annulus plug was statistically significant
(p=0.01).

Example 8

Compression Loading Regime for Ex VivoLeakage
Test and Push-Out Mechnical Test

[0079] Diurnal dynamic loading at physiological frequency
(Wang et al., 2007; Ching et al., 2004; Masuoka et al., 2007)
is essential to maintain disc health and function (MacLean et
al., 2005; MacLean et al., 2004). A seven-day physiological
compression loading protocol taking reference from a previ-
ous study (Illien-Junger et al., 2010) was developed to evalu-
ate the mechanical durability of the annulus plug. In brief, the
disc was placed into a beaker filled with 20 ml of rabbit-MSC
culture medium and was placed into the compression loading
chamber of a bioreactor (5210 BioDynamic System, Bose)
for loading at 37° C., 5% CO,, and ambient O,. The diurnal
loading involving both cyclic and static loading consisted of
an active phase and a resting phase, both of which mimic the
physiological behavior of a rabbit. During the sixteen-hour
active phase, cyclic sinusoidal load varies between 0.4 to 0.8
MPa, 1.e. 0.2 MPa above and below a mean stress of 0.6 MPa
ata frequency of 0.2 Hz. During the eight-hour resting phase,
a 0.2 MPa static loading was applied. At the end of 7 days’
loading period, a total of 40320 cycles were carried out. The
disc specimens were physically examined to determine
whether the plug was pushed out or not, before dissecting at
the cross-sections to retrieve the microspheres retained in the
NP region for fluorescence measurement.

Example 9

Torsion Loading Regime for Ex Vivo Push-Out Test

[0080] Another seven-day torsion loading was developed
to evaluate the mechanical durability of the annulus plug. On
the day before testing, the disc was placed and adhered
between two custom-made platens using two component
epoxy paste adhesive (Araldite® AW2104/Hardener HW
2934, HUNTSMAN) and was placed into the loading cham-
ber of a bioreactor (5115 BioDynamic System, Bose) for
loading at 37° C., 5% CO,, and ambient O, the day after. The
protocol includes a cyclic torsion loading active phase and a
resting phase. During the sixteen-hour active phase, cyclic
sinusoidal angular displacement varies between 0 to 25° anti-
clockwise at a frequency of 0.2 Hz. During the eight-hour
resting phase, specimen was kept at 0° . At the end of 7 days’
loading period, a total of 40320 cycles were carried out. The
disc specimens were physically examined to determine
whether the plug was pushed out or not.

[0081] FIGS. 5(A-I) showed the results of compression and
torsion push-out tests of the annulus plugs. Annulus plugs
delivered into rabbit discs were intact before (FIG. 5A), dur-
ing (FIGS. 5B-C) and after (FIG. 5D) compression and tor-
sion (FIG. 5E) push-out tests. FIG. 5F showed the loading
pattern of compressive pull-out test while FIG. 5G showed
the loading pattern of torsion pull-out test. All samples sur-
vived the chronic compression loading regime, which con-
sists of an active cyclic compression loading phase of 16
hours with a mean stress of 0.6 MPa, roughly corresponding
to ~45N, the body weight of a rabbit, at a 0.2 Hz frequency,
and a passive static resting loading phase with a stress of 0.2
MPa for 8 hours. Meanwhile, upon torsion loading of 25°, all
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annulus plugs remained intact after 7 days of push-out test
(FIG. 5E). FIGS. 5H & I showed the parameters used for the
compressive and the torsion loading push-out tests, respec-
tively.

[0082] Inthe current study, inserted annulus plugs survived
more than 40,000 cycles of physiologically relevant compres-
sion or torsion loading in the ex vivo push-out tests. This
compares favorably with other cyclic loading fatigue tests
used to evaluate glues and suturing methods (Heuer et al.,
2008) for annulus sealing (Cauthen, 2003; Ferree, 2002;
Lambrechet et al., 2005) during insertion of nucleus prosthe-
ses ((Heuer et al., 2008; Di Martino et al., 2005) where resis-
tance to loading only sustained up to a range from 3400 to
16,900 cycles. Although direct comparison cannot made
between these studies because the animal model, the type of
closure devices, the loading conditions and the mechanical
testing devices are different, the number of loading cycles
survived by the annulus plug in the push-out tests does rep-
resent a long term fatigue test. Nevertheless, the annulus
plugs in most cases could not be retrieved one month post-
delivery, leaving the injection portal visible upon histology
examination. This suggests that the plug might be extruded
out upon prolonged or extreme loading. One possible reason
of this phenomenon is that the plug is completely degraded
but this is very unlikely because our previous study showed
that photochemically crosslinked membranes were intact
after 6 months of subcutaneous implantation (Chan et al.,
2007). A second possibility is that the plug was retained for a
certain period of time and then extruded outin long term. This
is possible because ex vivo study demonstrated that the plug
was well retained for at least 7 days with physiological load-
ing and that is sufficient to block the cell leakage and reduce
osteophyte formation as shown in the leakage test and the
animal study. This should be owing to the slow integration
between the plug and the surrounding host annulus tissue.
Further improvements such as coating the plug with growth
factors or chemo-attractants stimulating cellular penetration
and proliferating to enhance integration at cellular level are
necessary.

Example 10

Pilot In Vivo Efficacy Test for the Annulus Plug

[0083] Nine rabbits were used in the pilot in vivo study.
Two months after bone marrow aspiration, when the rabbits
become skeletally mature, disc degeneration was induced
using a needle aspiration technique modified from a previous
study (Ho et al., 2008). The NP was aspirated by a 20 ml
syringe with a 21G needle at one month before injection of
MSC-collagen microspheres. An aliquot of ~900 MSC-col-
lagen microspheres were injected by the 25 ul syringe with
the custom-made 21G needle before delivering the annulus
plug. In the control group, MSC-collagen microspheres were
injected without the placement of the annulus plug. His-
toacryl glue was applied to both groups to prevent immediate
leakage and to buy time for the plug to swell to press fit the
injection portal.

[0084] For the pilot in vivo study, annulus plugs were suc-
cessfully placed in the desired positions with at most three
attempts for all nine cases. FIGS. 7(A-G) show the radio-
graphic evaluation of disc height, hydration index and osteo-
phyte formation of degenerative discs repaired with MSCs in
collagen microspheres with and without the annulus plug.
FIG. 7A showed representative x-ray radiographs of the
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involved discs. FIG. 7B showed the contingency table of the
frequency of osteophyte fonnation based on x-ray radiograph
(FIG. 7A) and physical examination of the gross appearance
(FIG. 7E) of the involved discs. Using these assessment meth-
ods, only 2 discs with injection of MSC-microspheres with-
out annulus plugs were found with osteophytes while no other
osteophyte was found. FIG. 7C showed the box plots of mean
MRI hydration index of different groups. Injecting MSC-
microsphere followed by annulus plug did not result in
changes in hydration index as compared to those without
annulus plug (p=0.809) while both groups showed signifi-
cantly lower values than the uninjured control group (p<0.
001). FIG. 7D showed the box plots of the disc height index
assessed by x-ray radiographs. Again, injecting MSC-micro-
spheres with annulus plug did not result in significant changes
in disc height as compared with that without annulus plugs
(p=1.000) but both groups showed significant difference from
the uninjured controls (p<0.001). FIG. 7E showed the gross
appearance of involved disc levels while FIG. 7F showed the
representative images of microCT volumetric analysis in dif-
ferent groups. Determination of osteophyte formation using
microCT volumetric analysis was a lot more sensitive than
that by x-ray radiographs as shown by the difference in fre-
quency of osteophyte formation assessed by x-ray radiograph
(FIG. 7B) and by microCT volumetric analysis (FIG. 7G),
where signs of osteophyte formation were found inall but one
uninjured specimen, of the same sets of involved discs. More-
over, mictoCT analysis also gave quantitative information on
volume of osteophyte formed (FIG. 7G). One-way ANOVA
showed statistical significant difference in osteophyte volume
among different groups (p<0.001) while Tukey HSD post-
hoc analysis showed that statistically significant differences
were found between those with and without annulus plug
(p=0.002), and between the uninjured control and those with-
out annulus plug (p<0.001) but not between the uninjured
control and those with annulus plug (p=0.57).

Example 11

X-Ray and MRI Analyses

[0085] Functional outcomes of disc degeneration including
hydration index by MRI and disc height index by x-ray radi-
ography (Supplementary information 1) were monitored.
MRI monitoring at pre-injection (time 0) and 1 month post-
injection was conducted as previously reported (Ho et al.,
2008). Briefly, Sagittal T2-weighted images of lumbar spine
were taken using Siemens Magnetom Trio scanner (3T) in
Hong Kong Sanatorium & Hospital. Mixtures of different
ratio (10:0, 8:2, 6:4, 2:8, and 0:10) of derterium oxide/water
in cryotubes were scanned along with each rabbit as internal
standard of hydration index. A fish oil capsule (Alaska, Nu-
health products Co.) was also scanned together to confirm
that the fat suppression sequence was active. Images were
viewed using Syngo FastView tools (windowing at W:600
C:280) and serial images that contained signal from T2/T3,
T3/T4 and T4/TS levels were extracted. Three to five slices
were analyzed for each disc. Anterior-posterior radiographs
of rabbit spine were taken at pre-degeneration (-1), pre-
injection (0) and 1month post-injection using cabinet X-ray
system (model 43855a; Faxitron, 111.) with an exposure time
of 18 second and penetration power of 45 kv. DHI of rabbit
disc was calculated as previously described (Chujo et al.,
2006).
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Example 12

Microct Analysis

[0086] The change of DHI was expressed as % DHI (post-
injection DHI/pre-injection DHI). Osteophyte formation was
an important complication of cell-based therapy in disc
regeneration (Vadala et al., 2012). In this study, osteophyte
formation was assessed by firstly, x-ray radiograph and sec-
ondly x-ray computed tomography. At 1 month, rabbits were
sacrificed the whole spine was taken out and spinal motion
segment in [.2-3, [.3-4 and [.4-5 were isolated for microCT
and subsequent histological analyses. Segments were
immersed in normal saline solution and X-ray computed
tomography (CT) was performed to investigate the presence
of osteophyte and to measure the volume of osteophyte. Seg-
ments were put in micro CT machine (SkyScan, BRUKER-
MICROCT) and data collected were reconstructed and ana-
lyzed using DataViewer (BRUKER-MICROCT). In brief, all
signals in the interverbral disc region between the two flank-
ing vertebrae were regarded as bony osteophyte structure, A
window covering all signals between the two vertebrae was
assigned and the area covered by these signals was calculated
for each segment. The total bone volume was calculated by
addition of all segments by the default program.

[0087] Insertion of collagen plug into annulus upon intra-
discal injection of MSC-collagen microspheres resulted in
significantly reduced leakage and increased retention of
MSC-collagen microspheres upon 7 days of compression and
torsion loading inthe ex vivo test. This finding associates well
with the effective reduction of osteophyte formation upon
x-ray, microCT and histological analyses in vivo. This work
suggests that blocking the injection portal using an annulus
plug may alleviate the potential safety problem associates
with intra-discal delivery of cells and materials, greatly facili-
tating clinical translation of MSC-based therapy in disc
degeneration. Current study shows that microCT analysis
presents a more sensitive method than x-ray analysis in
detecting and quantifying osteophyte formation. MicroCT
analysis can be used to detect signs of osteophyte formation
as early as 1 month post-operation, comparing to a previous
study reporting osteophyte formation in all specimens using
x-ray analysis at 3 months post-operation (Vadala et al.,
2012). Micro CT has greatly increased the sensitivity of
osteophyte formation in discs because this approach has
eliminated superposition and foreshortening of anatomic
structures, which lead to poor sensitivity of x-ray radiography
in detecting osteophyte in early stage. Quantitative microCT
analysis of osteophyte should be included as a standard evalu-
ation of emerging disc regeneration therapies as osteophyte
formation is an indicator of leakage of injected cells and
materials and hence a common side-effect or complication of
ultra-discal delivery of therapeutic agents.

[0088] Photochemical crosslinking of collagen is covalent
in nature. Employing this technology, an injectable photo-
chemically crosslinked collagen plug with appropriate physi-
cal properties was fabricated to block the injection portal
upon intra-discal injection of MSC in collagen microcarriers.
Ex vivo push out tests demonstrated that the plug survived
mechanical loading of physiologically relevant range, and
significantly reduced leakage and enhanced intra-discal
retention of injected MSCs in collagen microspheres. These
results associate well with that of the in vivo study where
significant reduction in osteophyte formation upon insertion
of the collagen plug was demonstrated as shown from both
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the quantitative micro-CT volumetric analysis and the quali-
tative histological examination. Our results further suggest
that micro-CT is a more sensitive method than x-ray radiog-
raphy to evaluate osteophyte formation upon intra-discal
injection of therapeutics.

Example 13

Histological and Immunchistochemical Evaluation

[0089] Paraffin (10 pum) sections of the IVD in cross-sec-
tional plane were prepared to evaluate the histological and
immunohistochemical markers of IVD. Haematoxylin &
Eosin (H&E) staining reveals the cell morphology, Alcian
blue staining reveals the glycosaminiglycan (GAG)-rich
region, Von Kossa staining reveals the calcium deposition in
bony region, and immunchistochemistry against collagen
type I and type Il revealed the phenotypic properties of osteo-
phyte, if any, respectively. For collagen type I and type II,
sections were incubated with 0.1% pronase (Sigma) at room
temperature for 15 minutes and 0.5% pepsin (Sigma) in 5 mm
HCl at 37° C. for 30 min for antigen retrieval respectively.
After overnight incubation at 4° C. with mouse monoclonal
antibodies against anti-type I collagen (Sigma, Cat. No.
(C2465) (1:800 in PBS) and anti-type II collagen (Calbio-
chem, Cat. No. CP18) (1:2000 in PBS) respectively, sections
were incubated with anti-mouse immunoglobulin G (Dako,
Glostrup, Denmark) (1:200 in PBS) for 30 min at room tem-
perature. The Vectastain ABC kit (Vector Lab Inc., Burlin-
game, Calif,, Cat. No. BA2000) and the DAB substrate sys-
tem (Dako) were used for color development and
hematoxylin (Vector Laboratories) was used as the counter-
stain.

[0090] FIGS. 8(A-O) show the histological and immuno-
histochemical staining of important disc matrix markers
including GAGs, type II collagen and osteophyte markers
including von Kossa staining for calcium deposits and Alcian
blue staining for GAGs. FIGS. 8F-J showed the intact annulus
fibrosus, with strong GAG staining, negative calcium stain-
ing, slight positive type I and II collagen immunohistochem-
istry, respectively. No osteophyte was noted. FIGS. 8A-E
showed that the injection portal was still noticeable at 1
month post-operation in IVD with annulus plug insertion. No
osteophyte was found. Similar to the uninjured control, disc
matrix markers including GAGs (FIG. 8B) and type 1I col-
lagen (FIG. 8E) were positive. Type I collagen staining was
more intensive at the outer annulus (FIG. 8D) and no signs of
calcification was noticed (FIG. 8C). FIGS. 8K-O showed that
the injection portal still noticeable in disc without annulus
plug insertion. Large and calcified (FIG. 8M) osteophyte,
positive for GAGs (FIG. 8L) and immunopositive for type 1
(FIG. 8N) and type II (FIG. 80) collagen, suggesting its
endochondral ossified nature, extending outside the annulus
fibrosus around the injection portal was identified.

Example 14

Statistical and Data Analysis

[0091] Quantitative data such as FTIR peak values and
frequencies, annulus plug dimension and swelling ratio, pro-
portion of labeled MSC-collagen microspheres leaked out
and retained, MRI hydration index, x-ray disc height index
and microCT osteophyte volume were presented as means
with standard deviations unless otherwise stated. Assumption
on normality was verified before parametric tests were used.
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One-way ANOVA with appropriate post-hoc tests were used
to reveal the difference among different groups in FTIR peak
values, swelling ratio and osteophyte volume. Linear regres-
sion analyses were used to reveal the association of FTIR
frequency and ratio data with rose Bengal and laser fluence
dosimetry. Students’ t-tests were used to reveal the difference
in microsphere leakage and retention between groups with
and without annulus plug. One-way or two-way ANOVA with
appropriate post-hoc tests were used to reveal difference
among different groups for microCT, MRI and x-ray analy-
ses. SPSS 19.0 was implemented in data analysis and the
significance level was set to be 0.05.

[0092] FIG.2A showed typical wide scan (400-4000 cm™)
FTIR spectra of uncrosslinked and photochemically
crosslinked collagen samples. There were notable mis-
matches in both the peak intensity and the peak frequency
between the two spectrums at several frequency ranges. Typi-
cal amide bands included amide I band peaking at around
1658 cm™, amide 11 band peaking at 1555 em™, and amide
111 band peaking at 1240 cm™". Analysis for individual amide
I band spectrum at different rose Bengal concentration and
laser fluence were shown in FIGS. 2B-7E. Slight increase in
Amide | peak absorbance was observed as the concentration
of rose Bengal increased from 0.0002 to 0.005% (w/v) but the
values leveled off afterwards (FIGS. 2B&D) and such change
was not statistically significant although marginal as shown
by one-way ANOVA (p=0.07). There was a light increase in
Amide I peak absorbance as laser fluence increased from
3.125 Jiem® but it saturated at 12.5 J/em® (FIGS. 2C&E).
One-way ANOVA with Bonferroni’s post-hoc tests showed
no significant difference between the peak absorbances of
uncross-linked and photochemically cross-linked collagen at
various laser energy fluences (p=0.359). There was no
notable changes in peak frequency and shape in Amide I
region (data not shown). Analysis for individual amide 11
band spectrum at different rose Bengal concentrations and
laser fluences were shown in FIGS. 2F-71. There was no
notable change in peak absorbance in Amide II region (data
not shown). However, a significant peak shift towards a lower
frequency was observed in Amide II band as the concentra-
tion of rose Bengal increased from 0.0002 to 0.1% (w/v)
(FIG. 2F) and such change was significant using one-way
ANOVA (p<0.001) and linear with a R* of 0.714 (FIG. 2H)
using linear regression analysis (p<(0.001). Amide 11 peak
shift towards lower frequencies was also not noticed as the
laser fluence increased from 3.125 to 12.5 J/em?and then
leveled off (FIGS. 2G&I). One-way ANOVA among different
fluence groups showed significant difference (p<0.001) while
Dunnett T3 post-hoc tests showed that 12.5 J/cm?® group was
statistically different from 3.125 Jem? group (p=0.008) but
not other groups (FIG. 2I). Analysis for individual amide 111
band spectrum at different rose Bengal concentrations and
laser fluences were shown in FIGS. 2J-2M. There was no
notable change in peak absorbance in Amide I1I region (data
not shown). The spectral shape in this region, as shown by the
peak absorbance ratio at 1336 and 1343 cm™ showed
increase as the concentration of rose Bengal increased from
0.0002 to 0.1% (w/v) (F1G. 2J) and such changes was signifi-
cantusing one-way ANOVA (p<0.001) and linear witha R* of
0.565 (FIG. 2L) using linear regression analysis (p<0.001).
This peak absorbance ratio in Amide 11l band was not obvious
as the laser fluence increased from 3.125 to 100 J/em? (FIG.
2K). One-way ANOVA among different fluence groups
showed no significant difference (p=0.210) (FIG. 2M).
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CONCLUSION

[0093] Mesenchymal stem cells (MSCs) is useful in devel-
oping new treatments for intervertebral disc IVD) degenera-
tion (Sobajima et al., 2008; Zhao et al., 2007; Raj, 2008;
Risbud et al., 2004; Vadala et al., 2008). Encouraging results
including increased matrix deposition, better maintained disc
height and water hydration index and signs of differentiation
of MSCs have been demonstrated in mice (Yang et al., 2009),
rats (Crevensten et al., 2004 ), rabbits (Sakai et al., 2003 ; Sakai
etal., 2005; Sakai etal., 2006; Cheung et al., 2005; Miyamoto
etal., 2010) and pigs (Henriksson et al., 2009). However, the
safety of intra-discally injecting MSCs to treat disc degenera-
tion should be critically evaluated before well-designed clini-
cal trials can be conducted. One long-lasting problem, which
might lead to unfavorable results and sub-optimal efficacy of
MSC-based therapy, is cell leakage.

[0094] IVD contains a central soft gel-like core called
nucleus pulposus (NP), which is contained in a multi-lamel-
lae collagenous annulus fibrosus (AF). IVD is sandwiched
between two units with cartilaginous endplate connected to
adjacent vertebrae. NP is rich in proteoglycans and thus
highly water absorbing, generating a high swelling pressure
againstthe AF lamellae. This contributes to a high intra-discal
pressure, making injection of any material into healthy disc
difficult (Roberts et al., 2008). Puncturing through the annu-
lus into the cavity containing NP is necessary during injection
but the high intra-discal pressure would extrude the NP out.
Therefore, the puncturing procedure itself has been used to
induce disc degeneration (Sobajima et al., 2005) where MRI
signal reduction and disc height reduction, and complications
such as herniation and osteophyte formation are evident.
Most in vivo studies of MSC-based therapy in disc degenera-
tion inject cells in hydrogel carriers such as hyaluronic acid
(Crevensten et al., 2004), albumin/hyaluronan (Benz et al.,
2012), atelocollagen (Sakai et al., 2006) and fibrin (Acosta et
al., 2011). However, less than 1% of the labeled cells were
detected in NP immediately after injection and a significant
reduction of the injected cells was noted on day 7 even though
hydrogel carrier was used (Crevensten et al., 2004). One
primary reason is the disc pressure-induced extrusion of
injected materials including MSCs and HA hydrogel outside
the disc space (Crevensten et al., 2004). Moreover, a recent
study injecting allogenic MSC to degenerative disc in rabbit
reported formation of large osteophytes in all animals at 3
months post-injection (Vadala et al., 2012), corroborating
with a previous report on osteophyte formation after MSC
injection in healthy disc (Sobajima et al., 2008). Most impor-
tantly, labeled MSCs were not found in NP but within the
osteophytes with endochondral ossification signs, providing
evidences that the high intra-discal pressure may result in
significant cell leakage during injection and the misdirected
MSCs may contribute to the formation of osteophyte via
chondrogenic differentiation (Vadala et al., 2012). These data
suggest that cell leakage during intra-discal delivery of MSCs
leads to undesired bone formation that may further deterio-
rate disc degeneration. This raises the concern on the unde-
sirable side-effect or complication of MSC-based therapy in
disc degeneration and suggests the significance of solving the
cell leakage problem before clinical translation. Developing
an annulus repair material mimicking the native annulus
mechanical property, supportive to cell growth and that sur-
vives physiological strains has been suggested (Schek et al.,
2011).
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[0095] Disclosed herein is a method to alleviate the cell
leakage problem and the associated complication, osteophyte
formation by developing an injectable annulus plug to block
the injection portal of MSCs during intra-discal injection. Our
group has previously developed a patented photochemical
crosslinking technology (Chan & So, 2008) to improve the
physicochemical properties including mechanical strength,
chemical stability and swelling property of collagen-based
scaffolds (Chan & So, 2005; Chan et al., 2007; Chan, 2010).
We also demonstrated that photochemically crosslinked col-
lagen structures have excellent tissue compatibility and
superb stability upon subcutaneous implantation (Chan et al.,
2007). In addition, tangent modulus of photochemically
crosslinked collagen membrane is of the same order of mag-
nitude as compared with that of annulus lamellae (Sobajima
et al., 2008; Zhao et al., 2007; Raj, 2008). These findings
rationalized the development of a photochemically
crosslinked collagen annulus plug to block the injection por-
tal and reduce leakage. Specifically, we aim to (1) fabricate
and optimize a photochemically crosslinked collagen annulus
plug; (2) deliver the annulus plug intra-discally via injection;
(3) evaluate its mechanical performance and effectiveness in
reducing cell leakage ex vivo under compression and torsion
push-out tests; and (4) conduct a pilot in vivo study in rabbits
evaluating osteophyte formation complication and functional
regeneration outcormes.

[0096] All references, including publications, patent appli-
cations and patents, cited herein are hereby incorporated by
reference to the same extent as if each reference was indi-
vidually and specifically indicated to be incorporated by ref-
erence and was set forth in its entirety herein.

[0097] It should be understood that the examples and
embodiments described herein are for illustrative purposes
only and that various modifications or changes in light thereof
will be suggested to persons skilled in the art and are to be
included within the spirit and purview of this application.
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What is claimed is:

1. A medical apparatus for preventing leakage of an
injected therapeutic agent from a target site of injection inside
the body of a subject, wherein the medical apparatus com-
prises:

an injection device for injecting a therapeutic agent into a
target site of injection inside the body of a subject,
wherein the injection of the therapeutic agent creates an
unwanted or artificially-created space or cavity inside
the body of a subject;

a filling device that can be delivered to the unwanted or
artificially-created space or cavity, wherein the filling
device is adapted to take the shape that can substantially
fill the unwanted or artificially-created space or cavity,
wherein the filling device is made of biocompatible
material.

2. The medical apparatus according to claim 1, wherein the
filling device is made of biocompatible material comprising
photochemically crosslinked type I collagen matrix, collagen
and glycosaminoglycan (GAG) composite, or a combination
thereof.

3. The medical apparatus according to claim 1, further
comprising a device for sealing the unwanted or artificially-
created space or cavity.

4. The medical apparatus according to claim 3, wherein the
device for sealing the unwanted or artificially-created space
or cavity is bioglue.
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5. The medical apparatus according to claim 1, further
comprising a device for positioning the filling device.

6. The medical apparatus according to claim 5, wherein the
device for positioning the filling device is a plunger.

7. The medical apparatus according to claim 1, wherein the
filling device is an annulus plug.

8. The medical apparatus according to claim 1, wherein the
injection device comprises a needle.

9. A method for filling an unwanted or artificially-created
space or cavity inside the body of a subject, wherein the
method comprises: injecting a filling device to an unwanted
or artificially-created space or cavity inside the body of a
subject, wherein the filling device is adapted to take the shape
that can substantially fill the unwanted or artificially-created
space or cavity, wherein the filling device is made of biocom-
patible material.

10. The method according to claim 9, wherein the
unwanted or artificially-created space or cavity is created by
delivering a therapeutic agent into a target site inside the body
of a subject.

11. The method according to claim 10, wherein the thera-
peutic agent is selected from cell suspension, nucleic acid,
protein, or chemical compound.

12. The method according to claim 11, wherein the thera-
peutic agent is mesenchymal stem cell suspension.

13. The method according to claim 9, wherein the
unwanted or artificially-created space or cavity is an abscess,
a tumor cavity, or a tissue cavity created by surgical expan-
sion.

14. The method according to claim 9, wherein the nwanted
or artificially-created space or cavity is in an intervertebral
disc, bone, heart, gut, lung, bladder, or joint.

15. The method according to claim 9, wherein the filling
device is made of biocompatible material comprising photo-
chemically crosslinked type I collagen matrix, collagen and
glycosaminoglycan (GAG) composite, or a combination
thereof.

16. The method according to claim 9, further comprising
sealing the unwanted or artificially-created space or cavity.

17. The method according to claim 16, wherein the
unwanted or artificially-created space or cavity is sealed
using bioglue.

18. The method according to claim 9, further comprising
positioning the filling device inside the unwanted or artifi-
cially-created space or cavity.

19. The method according to claim 9, wherein the filling
device is in a dehydrated state before injection into the sub-
ject, and the filling device takes the shape that can substan-
tially fill the unwanted or artificially-created space or cavity
by hydration.

20. The method according to claim 9, wherein the filling
device is an annulus plug.
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