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STABILIZATION OF COLLAGEN SCAFFOLDS

The present applbeation claims priority to US. Palent Provisional Application No.

6G2/693,192, filed July 2, 2018, which is herem frorporated by reference in #s entivety.

BACKGROUND OF THE INVENTION

{001}  Vision disorders caused by abnormal refractive conditions, e.g. ametropia, can be a
significant problem for patients of all ages and can often, but not always, be treated with
subtractive laser procedures. Recently, additive techniques have been developed which
mvolve the transplantation of a lenticule Into a patient’s cornea after a flap has been cut and
folded back to expose an intrastromal region of the cornea. The shape of the lenticule
nrodifies the optical power of the patient’s cornea by changing 15 curvature, The tlap can
then be replaced on top of the lenticule. In other situations, such as keratovonus, an
implanted lenticule can mechamically stabihze or regularize abnormal stroma and slow
disease progression. In keratoconus cases, a stromal pocket is more often formed rather than

a flap.

{602] However, several problems bimit wider acceptance of additive (lenticular)
techniques. First, the avatlability of donov human corneas to form lenticales s guite Hmited.
Additionally, when lenticules are obtained from non-human sources, the lemticules nrust be
decellularized 0 minimize nune reactions. Moveover, due to the natare of the lenticules
(structured layers of collagen), they are fragile and require special handling. Genervally,
decellularization further weakens the structure andior alters osmotic properties so that
decellnlarized lenttcules are prone to post-operative swelling, such that g proper refractive
correctton at the time of surgery may nol remain s0.  Accordingly, there exisis a need for

better ways to stabilize implantable lenticules and other collagen-based scaffolds.

[003]  Collagen is widely present in the homan body. For example, collagen is present in

mtestines, veins, joints, skin, internal membranes, ventricular valves as wall as comeas.
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{084]  However, the stromal collagen in the comnea is unigue in many ways. Apart from
water, collagen constitutes the major component of comeal stroma. Other components of
stroma include glyco-amine-glycans {GAGs) and proteoglveans. Living cells constitute only
about 1 to 4 percent of the comeal stroma.  Human siroma consists of some 100-150
lameliae, each containing parallel collagen fibrils. In order to be transparent, the layers of
collagen fibrils exhibit in-plane alignment with nearly ideal disizibution of spacing between

the layers or lamellae. No other organ contains collagen fibrils arranged in this manner,

[085]  Siromal collagen exhibits high tensile strength in the in-plane direction but is
sigmificantly weaker in the perpendicular-to-plane direction. Decellularized stroma exhibits
further weakness. 1f such decclivlarized stromal collagen is to be used as a scaffold, better

methods of augmenting iis mechanical strength are needed.

SUMMARY OF THE INVENTION

6] Methods of stabilizing collagen scaffolds are disclosed whereby water extraction
and/or compression, as well as crosshinking, can be emploved to shape the seaffold,

mechanically strengthen it, and inhibit its tendency swell in aqueous environments. The
methods can be particularly useful in preparing collagen scaffolds as lenticules for

mirastromal or intracorneal implantation as part of additive refractive swrgery.

[087] Scaffolds formed from collagenoss tissue can provide mechanical advantages to
the cornea.  However, because scaffolds are typically mechanically weakened by
decellularizing processes, they need to be strengthened and oriented before being placed in
the stroma. In one aspect of the invention, methods of fornung and strengthening a scaffold
from donor collagenous tissue are disclosed that include the steps of excising a portion of
tissue from a central region of a donor collagenous tissue source {e.g2., donor corneal stroma);
shaping the tissue portion to provide a scaffold of a first desired shape; decellularizing the
scatfold; compacting the scaffold (e.g., in direction generally perpendicular to the scaffold’s
tameliar structuze) fo remove excess fhud present in the scaffold and enhance collagen
density; and crosslinking at least a portion of the scaffold to mechanically strengthen and
inhibit subsequent swelling when the scaffold is exposed to an aqueous environment

Accordingly, the methods of the present mvention can enhance the scaffold’s mechanical
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strength and chemical stability. Crosshinking can also be employed to restore and/or preserve
the optical clarity {c.g., transparency} of the scaffold when # is intended for use as an

intracorneal implantable lenticule.

[008] In certain cmbodiments, the steps of excising and shaping can be performed
simultancously. The step of decellularizing the scaffold can further include lysing cells and
removing cellular debris from the lenticule with a detergent or @ surfactant; and optionatly
can further include enzyvmatically removing at least one immunogenic epitope from the
fenticule.  One solution vseful in deceflularizing the scaffold can comyprise water, ethyi
aleohol and glyeerol.  Orientation of the scaffold can also be manipulated. Method steps

recited herein, whenever feasible, can be performed in any order.

{009] Without being bound by anyv particular theory of operation, mechanical
strengthening of the collagen scaffolds is not only the result of crossiinking but also the result
of compaction of collagen fibrils into tighter bundles. Crosslinking of densified fibril bundles

can result in material strength beyond the huprovement achievable by crosslinking alone.

{0018} In the methods of the presemt invention, the step of crosslinking can further
include exposing at feast a portion of a compressad scaffold to a crosstinking agent or energy
mediating agent or exposing at least a portion of the compressed scaffold to radiation to
induce crosslinking by peptide bond formation between collagen fibrils with or without the
assistance of an energy mediating agent.  The combination of chemical and photo-
crossiinking is also disclosed, whereby the chemical agents may induce different chemical

bonds and physically form mechanieal bridges between the collagen fibrils.

{0011} The step of crosslinking can be conducted by exposing at least a portion of a
compressed {or de-watered) scaffold to radiation by direct exposure, or by exposure to such
radiation at a grazing angle or via an evanescent waveguide coupled to a surface of the
scatiold. The crosslinking can further include exposing a sarface portion of the compressed
scaffold to a radiation such that a surface portion exhibits greater crosslinking and higher

collagen density than a bulk region of the scaffold.
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{0612} Preferably, the steps of compressing and crosshinking result in at feast a portion of
the scaffold having a collagen density greater than the initial decellularized scaffold segment.
For example, at least a portion of the compressed and crosslinked scatfold can have a

composition of at least 20 percent collagen, preferably maore than 33 percent collagen.

{0013} The methods of the present invention can be practiced such that the scaffold is
configared for use as an tuplantable intracomeal lenticule baving a lenticule body. an
oriented anterior sarface and a postertor surface and the method further comprises treating at
least a portion of the posterior sarface of the lenticule with a crosshinking agent or by
selective application of patterning radiation 1o promote adherence of the lenticule to a stromal
bed. In certain embodiments. the methods can include the steps of: forming a lenticale from
donor stroma, removing a portion of tissue from a central region of a donor stroma by
fenticule extraction, shaping the removed tissue portion inte a lenticule of g first desired
shape, the lenticule having a lenticule body, an anterior surface and a posterior surface,
removing cellular material from the lenticule; remioving excess fluid presertt in the lenticule
(e.g., water originally present in the stroma and any other fluids that mav have been
infroduced into the lenticule during decellularization); and crosslinking at least a portion of
the lenticule to define a final desired shape and inhibit sabseguent swelling when the Tenticule
is exposed to an agqueons enviropment. Lenticule formation can be carried out by lenticule
exciston or extraction performed with a keratome or a femtosecond laser or excimer laser or a

water jet.

HEES Crosslinking of the lenticule can be conducted by exposing at least a portion of the
compressed seatfold to a crosslinking agent or enerpy mediating agent or by exposing at least
a portion of the compressed scaffold to radiation to nduce crosslinking by peptide bond
formation between collagen fibnls with or without the assistance of an energy mediating
agent. For example, crosslinking of a {enticule can include exposing at least a portion of the
compressed scaffeld to radiation by direct exposure, or by exposure at a grazing angle or via
an evanescent wavegnide coupled o a swrface of the scaffold.  In certain applications

ultraviolet radiation is the preferved energy source.

{0015} Chemical methods of crosslinking of coflagen have been reported. These methods

can include the use of chemical agents {g.g., genipin} or photochemical agenis. For examyple,
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VL8, Patent Application Pab. No. 2017/0119928 discloses methods of fonming heart valve
prostheses by decellularizing pericardial tissue to obtain a collagenous matrix material that
can be crosshinked with a ghutaraldehyde~containing solution and shaped into a desired

structure for implantation.

{0016} Radiation crosslinking can be advantageous over chemical crosshinking because
the resulting lenticule s frequently more transparent — resulting o better visual acuity

following tmplantation in a recipient cornea.

{0017} Radiation crossiinking of the compressed scaffolds can be achieved with
substantially less energy than that pecessary for nop-compressed {thud laden) scaffolds. For
example, for a typical lenticule following compression, crosslinking can be achieved by
ultraviolet radiation with a fluence of less than about 15 Joulesien® or in some instances less
than about 2500 Joules/om®. More generally, the desired fluence will range from about 15
Joules‘em® to about 600 Jowles‘om®.  One particular range of wavelengths useful for
crosslinkiog collagenous scaffolds generally corresponds to part of the “UV-CY wavelength
band, e.g., from about 185 nm to about 280 nm. Other UY wavelength bands {the UV-B
band ranging from aboat 280 wm to about 315 nm {or 320 nm) or the UV-A band from about
315 nm (or 320 am) to about 400 nm) can alse be employed as well as Xerays, gamma
radiation or clectron beams in some instances fo induce at least partial crosslinking andior

sterilization of the scaffolds.

{0018} Because a decellplarized collagen scaffold exhibits some amount of "shape
memory” or "compressional hysteresis™ it is possible to separately compress it and thereafier
to crosslink it while 1t is no longer constrained by the compression mold. This separation
(sequentially) is an alternative mamufacturing process, However, the preferred method in
most instances 1s to induce crosslinking while the scaffold remaing compressed m the mold.
In either case the crosslinking of compacted collagen bundies resulis in greater strength than

crossiinking of a dispersed collagen fibrils arrangement,

{0019} In another aspect of the inventive methods, the step of crosslinking can further
include the step of exposing a sarface portion of the compressed scaffold to a radiation sach

that a surface portion exhibits greater crosslinking and higher collagen density than a bulk
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region of the scaflold. Moreover, the step of crosslinking can also include applving sufficient
radiation to imactivate any microbial agents and sterilize the lenticule. In certain
embodiments, the step of decellularizing the scaffold can encompass removing celludar debris
from the lenticule with a detergent or a swfactant; and optionally further comprises

enzvmatically removing at least one immumogenic epitope from the lenticule.

{0028} Additionally, the steps of conmpressing and crosslinking can result in at least a
portion of the scaffold having a collagen density greater than the initial collagenous tissue
segment. The step of crosslinking can further include selectively applying radiation to the
anterior surface sach that an anterior swrface region exhibits a greater degree of crosstinking

or greater collagen density than a bulk region of the lenticule body.

{0021} In yet another aspect of the invention, decellularized collagen lenticules are
disclosed having a lenticalar body dertved from donor tissue kaving an anterior surface and a
posterior sarface that are formed to provide the lenticule with a desived shape and ortentation.
For example. the lenticules can have convex and concave sides that coincide frequently, but
not always, with the anterior and the posterior surfaces of the lenticules. The tenticuiar body
can melude layvers of collagen that have been decelhulanzed and compressed to achieve a
composition that is greater than 15 or 25 percent collagen and can further be at least partially
cross-tinked to inhibit axial swelling. For bulk cross-linked lenticules, the compesition can
be greater than 34 percent collagen. Moreover, if locally densified layvers are desirable {e.g.,
to approximate comneal structures such as Bowman's Membrase) the local collagen
conceniration can be even higher {e.g., greater than 38 percent or greater than 40 percent or

even greater than 60 percent collagen).

{0022} The lenticule can be characterized in certain embodiments by layers of collagen
that are crosshinked by appheation of radiation and the lenticule can also be further
characterized by induced peptide bonds between collagen fibrils. The lenticule can be from
G0 percent to 100 percent, or preferably from 95 percent to 99.99 percent, free of cellular
material and formed in a desired shape such that following decellularization, compression
and crosshinking, the lenticale can be implanted into a patient’s eve to change the refractive

power of the cornea or replace or reinforce damaged or diseased areas of the stroma.
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{0623} Lenticules according to the imvention typically have a curved, disc-like shape and
a diameter of about 0.5 nun 1o about 10mm. They also typically have a maxinum thickness
that can range from about 600 to about 56 micrometers, more preferably from abowt 400 to
about (M) micrometers. The lenticules are typically not of uniform thickness and the
mininren thickness can be less than about 50 micrometers, more preferably less than about

30 micrometers or less than about 15 micrometers.

{0024} The lenticules should exhibit low mmunoresctivity due to degradation of
tmnunogenic epitopes.  In certain embodiments at least one surface of the lenticule forther
includes a pattern of variable crosslinking to promote adherence of the lenticule to a stromal
bed when implanted intrastromally into & patient’s stromal bed. The lenticules can also have
an anterior surface with an antertor surface region having a greater collagen density than a
bulk region of the lenticule body. For example, the collagen density of the anterior surface

region can be at least aboot 35 percemnt or 40 percent or 60 percent collagen.

[0025] Thus, the present invention discloses methods of stabilizing the shape of collagen
tenticules and scaffolds. Collagenous tissue can be harvested from any collagenous source of
human or animal origin.  In certain preferred embodiments, the tissue can be harvested from
human or poreine stroma. The source tissue can be shaped during excision or in & separate
step after excision. The tissue can be shaped, decclinlarized and stabilized by varicus
technigques, several of which are described in more detail below. Following shaping and
decellularization, the exeised collagenous tissue segment is subject to compression fo reduce
fluid comtent and bradiated to induce crosslinking of collagen chains or fibrils. Crosslinking
can be induced with or without chemical intermediaries, e.g., crosslinking agents. In certain
preferred embodiments, crosslinking is achieved by formation of peptide bonds betweoen
collagen fibrils by exposure to sufficiently energetic radmtion.  This energetic radiation is
desirable as the creation of peptide bonds between the collagen chains is typically an
endothermic reaction. Various sources of energy to induce peptide bond crosslinking can be
emiployed.  In certwin preferred embodiments, the energy is debivered by ultraviolet (UV)

radiation.

{0026} The invention is particularly applicable for spatial stabilization of collagen

scafiolds harvested from layered collagenous tissugs, in general, and the corneal stroma, in
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particular, The lavered collagen arrangement of the sowrce tissue may have naturally evolved
for optical transparency but can result in mechanical weakness and/or osmotic tendency to
swell when exposed to aqueous environments, Thas, an object of the present invention is to
inhibit such swelling andfor provide greater axial mechanical strengih to the fnal scafiold.
The invention can also be applied to unlayered (or chaotic} excised collagencus tissue

segnents,

{0827} 1n another aspect of the Invention, methods are disclosed for altering the collagen
density or smoothness on at least one sorface of the scaftsld, e.g.. on the amterior surface, if
the scaffold is a lenticude intended for comeal implantation.  Such a surface alteration can
reake the scaffold casier to manipulate post implantation, e.g., if an overlying flap must be
reopened to access the implant. The surface alteration can be achieved by irradiation andfor

the application of chenucal agents.

{0028} Decellularized and shaped comeal tissue lenticoles from allograft and/or xenograft
sources and methods of obtaining such lenticules are disclosed. The lenticules are particularly
useful as intrastromal or miracoraeal lenticular implants in keratoplasty procedures, m which
a hinged flap 1s formed 1o a patient’s comea and folded back along its hinge to expose the
stromal bed of the cornea. The shaped lenticule 15 then applied to the stromal bed and the flap
returned to its original position imparting a new curvature to the cornea and resulting in a
desired refractive correction. Fine-timing of the new refractive power can be achieved by
laser ablation either at the same time as implantation or at later time in the event of regression

or tonus changes.

{0029} {n one aspect of the mvention, decellularized corneal lenticudes and methods of
decellularizing cornea tissue are disclosed to reduce potential immunogenic reactions on the
part of the patient to the buplanted fenticide. Only about 1-4 percent of the tvpical comea is
composed of cells. The other 9699 percent is largely extracellular matrix (ECM) - primarily
collagen, glyco-amino-glycans {((GAGs) and protecglycans, and water. In onc preferred
embodiment, the cellular component of the lenticale is removed by ireatimenmt with a
surfactant, such as for example, sodiwm tetradecyl solfate (STS), or by enzymatic
solubilization. Hf desired, additional steps can be taken to further reduce the immunogenicity

of the lenticule, especially if the source is a non-human (xenogeneic) donor. For example,
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two non-human epitopes that may be present in xenogeneic tissue are neudSGC and Alpha-
Gal. These undesirable epitopes may be present not only inside or on the surface of stromal
cells; a fraction of the epitopes may be ombedded inside the GAGs, also known as
mucopolysaccharides, that wrap arcand ECM collagen fibrils. In such cases, such epiopes

can he selectively removed, at least partially, by kinase treatments and additional washing,

{0038} The decellulanized lenticules of the present invention typically have 95%-100% of
cellular materials removed. Preferably, the lenticules are 93%-99.99% cell-free. Withowt
reciting every possible sub-range between 95% and 100%, it shosld be clear that all sach sub-
ranges are contemplated and considered part of the invention. For example, the lenticules can

be 95% to 97%, 97% to 99% or 98% 10 99.9% free of cellular materials.

{0031] In another aspect of the invention, disc-shaped lenticules according to the
mvention are obtained by cutling a disc-shaped tissue segment from a donor cornea. The
tissue segment can be sliced and/or forther shaped or cot in such a manner that the desired
shape ix obtained during the slicing procedure. Cutting can be performed mechanically, e.g.,
with a microkeratome or the like, by laser processing, e.g. or by photo-cleavage with a
femtosecond laser or by an excimer laser or by a water jet. To reduce the possibility of
asymmetry, the tissue segment is preferably taken from the central portion of the donor
cornea, ¢.g.. with the optical or geometrical axis of the donor cornea preserved at the center
of the fenticuie. The shape of the tssue segment will be dictated by the diopiric power change
needed to correct the patient’s vefractive error. For example, for correction of hyperopia
(hypermetropia) and/or preshyopia, the goal is typically 10 increase the curvature of the
cornea and the desired lenticole shape will be slightly convex on at least one side. Typically,
the maxiroum thickness of the lenticule will be less than 400 micrometers, or in many
instances less than 200 micrometers, or less than 100 micrometers, or less than 30
migrometers. Maxinnun thickness for almost all applications is less than 60 micrometers,
in some circumsiances a visual improvement in patients suffering from macular degeneration
can be achieved if the said disc-lenticule 1s formed as a prism redivecting Hight to a different

portion of the retina.

{0032} The treatment of keratoconus can include not only reduction of visual aberrations

but only mechanical reinforcement of the diseased stroma. A co-planar disk, with limited
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refractive influence, of thickness between 3¢ and 300 micrometers, with transitiona] slanted
{wedge like) zone on the disk’s perimeter, may be preferable for this purpose.  Alternatively,
fenticudes for treatment of keratoconus can take advantage of the natural corvature inherited
from the donor comea -~ or an additional degree of curvature can be introduced during
compression and/or crosshinking by use of a curved mold.  In some Instances, it may be
advantageous in treating keratoconus to enplant 2 kenticele “upside-down™ e.g., such that the

lenticule’s curvature is the oppostte of the recipient cornea.

{0033} While carved molds may be desirable in some instances, the steps of compression
and crosslinking can also be executed with flat molds. (Flat molding can be advantageous for
storage and fransportation or efficiency of manufacturing.} Tn another aspect of the invention

bermetically-sealable molds can be emploved for both compression and storage.

{0034} Pressure applied to one surface of the scaffold can also be used to change its
carvatare and/or to realign {or maintain the alignmaent of) collagen fibrils. For, example, a
scaffold can be secured 1o an opening in a chantber, which is then filled with a pressurized
flaid to assert pressure on one side of the scaffold, imparting horizomal/tangential forces to
the scaffold. The fluid pressure will cause the scaffold to expand {hke a balloon). A
compressive plate can optionally be applied 1o an opposite surface. For example, 8 curved
{quasi-concave} compression plate can be used to limit the extent to which the scaffold can
be stretched or reshaped. When the desired curvature is obiained, crosslinking can be
employed to maintain the desired shape andfor inhibit the tendency of so-manipulated

scaffolds 1o swell upon intrastromal or intracomes! implantation.

{0035} 1 some embodiments, it may be advantageous to preserve the top stromal surface,
i.¢., the so~called “Bowman’s membrane” such that the antertor surface of the lenticale will
exhibit a different texture than the other {posterior) sucface because this naturally anterior
segment of the comea is denser and smoother due to natural condensation of the outermost
fayers of stromal tissue. Alternatively, the excised segment can be taken from the central
region of the stroma and an anterior sucface can be densified following shaping and excision
by selective crosslinking as described in more detail below. The posterior sarface {opposite
to anterior surface or Bowman's membrane} will be rougher due to lesser stromal tissue

density and the fact that it is formed by mechanical or laser cutting of the tissue. This
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difference in roughness can be especially advantageous when the lenticule is used for
infrastromal or intracomeal implantation because it can be highly desirable that the lenticule
be strongly adherent to the stromal bed. If a less than optimal refractive result is observed
post procedure, the flap may need to be folded back again to permut fither keratoplasty (ve-
sculpting of the lenticule) by laser ablation or the hke. Any movement of the lenticude from
its original position in the siromal bed could compromuse the effectiveness of this
keratoplasty. Moreover, the smoothness of the anterior surface of the lenticule also makes it

tess bikely that reopening the flap will dislodge the lenticule.

[0836] In yet another aspect of the invention, the posterior swrface can be treated
following cxcision, shaping and decellularization to make the surface move adherent to the
stromat bed. For example, a crosslinking agent can be applied, prior to sterilization and
packaging. Alternatively, the adherence-cnhancing agent can be applied by the clinician
during the procedure before tmplantation. The anterior surface can be treated to make it less

adherent to the flap.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] FIG. 1A is a schematic, cross-sectional illustration of an excised stromal tissuc

segment;

[0838F FIG. 1B is a schematic, cross-sectional illustration of an excised stromal tissue
segment following decelhularization, showing swelling of the tssue and consequesnt

=

separation of collagen fibrils;

{0839}  FIG. 1C 1s a schematic, cross-sectional Hlustration of an excised stromal (issue
segment  following  decellularization, compression and crosslinking according o the

mvention;

[0040]  FIG. 2 is a schematic, cross-sectional Hlustration of an excised stromal tissue
segment following decellularization, compression and selective crosslinking of the anterior

surface region;
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{841 FIG. 3 s a schematic, cross-sectional illustration of an excised stromal tissue
segment following decellularization, compression and selective patterning of a posterior

surface region;

{0042}  FIG. 4A illustrated a lenticule according to the disclosure in tlattencd shape, which

is the typical shape during manufacturing andf/or transport;

{00431  FIG. 4B iHustrates a lenticule in a final curved state as prepared for intracorneal

unplantation;

{0044} FEG. 5A illustrates a lenticule designed for intracorneal implantation to correct a

hyperopic condition;

{0845} FIG. 5B illustrates a lenticule designed for intracomeal implantation to correct a

myvopic condition;

D06} FIG. 5C dlustrates a lenticule designed for intracomeal implantation 1o correct g

presbyopic condition;

{047 FIG. 3D illustrates a lenticule designed {or iniracorneal implantation to corvect a

condition known as keratoconus;

{0848}  FIG 6A illustrates another embodiment of & lenticule that 15 manufactured with

tocalized spots of strong crosshinking;

{00491  FIG. 6B illusirates yet another embodiment of a lenticule that includes a central
optically active zone with moderate cross-linking and an outer or peripheral zone with strong

crossiinking;

[0856] FIG. 7A illustrates the use of a lenticule for deep anterior lamellar keratoplasty

(DALK);

{0851 FKG 7B illustrates the ase of a lentcule configured for placement on top of the

patient’s intact Bowman’s membrane;
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{06521  FIG. 7C illustrates yet another embodiment of a lenticule for penetrating

keratoplasty (PK) procedures;

{0853 FIGS. §A and BB illustrate two alternate designs for the periphery of thick
fenticules;

{0054]  FIG. BA shows a lenticule with a simple, e.g., cylindrical or conical peripheral
edge;

{0035} FIG. 8B shows a lenticule with a zig-zag or step-shaped edge at its periphery;

{0036} FIG. 8C shows a lemticule with a “lock and key™ edge at #s periphery;

b

[0037F  FIG. 9 1s a schematic, perspective view of a press apparatus for use in compressing

arut crosstinking collagen scaffolds according to the invention;

[0058] FIGS. 10A and 10B illustrate a two-part hermetically sealable compression and

storage mold according to the invention;
{0859}  FIG. 10A shows the mold 1s shown before the compression of the scaffold;
{0860}  FIG. 1B iflustrates the mold after compression;

{0861} FIG. 11 illustrates a further apparatus according to the invention for stretching a

scaffold;

[0862] FHG 12 shows vet another alternative apparatos, similar o the apparatus of FIG.
11 but with the addition of a compression-exerting plate element for simaltancous siretehing
of the scaffold and compressing i, as well as for facilitating exposure to crosslinking

radiation; and

{00631  FIG. 13 illustrates an apparatas 130 for measuring the transparency of lenticules

produced in accordance with the disclosure;

{0064} FIG. 14 is a graph of a brightness distribution curve obtainable with the apparatus

of FIG. 13, or the like, in order to guantify optical clarity.
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DETAILED DESCRIPTION

{0065] This nvention is not limited fo the particular processes, compositions, or
methodologies described, as these may vary. The terminology used in the description is for
the purpose of describing the particular versions or embodiments only, and is not intended to
limit the scope of the present invention. Uinless defined otherwise, all technical and seientific
terms used herem have the same meanings as commonly anderstood by one of ordinary skl
in the art. All pubhications mentioned herein are incorporated by reference in their entirety.
Nothing herein 15 to be constroed as an adaussion that the frvention is not entitled to antedate

such disclosure by virtue of prior invention.

{H066] The term “cutting” encompasses any of knows methods of dissection, ablation or
removal of biological material, e.g.. by action of mechanical blades, ultraviolet (UV) lasers,

fertosecond lasers, or waler jets.

{(067] The term “compression” encompasses compaction by application of prassure oy

by other lechniques such as vacieam or centrifugal force-driven water extraction.

{0068} The term “radiation™ encompass infrared radistion, visible radiation and
ultravielet radiation {e.g., from about 400 nm down to approximately 193mm or below}, X-

TAYS, gamma rays, and electron beams.

{0069} The term “biological sample”™ refers to tissue, cells, cellular extract, homogenized
fissue exiract, or a mixture of one or more cellular products. The biological sample can be

used or presented in a suitable physiologically acceptable carrier.

LR

{0079] As used herein and in the appended claims, the singular forms “a,” “an,” and “the”
include plural reference unless the context clearly dictates otherwise. Thus, for example,
reference to a “cell” is a reference o one or more cells and equivalents thereof known to

those skilled in the art, and so forth.

{0071} As used herein, the term “about™ means phus or nunas 10% of the numerical value
of the number with which it is being nsed. Therefore, sbout 100 gm means in the range of 90

pm-1 1 .
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{724 The terms “amimal,”” “patient,” or “subject™ as vsed herein includes, but is pot

limited o, humans and non-human vertebrates such as wild, domestic and farm animals. The

b

terms “animal,” “patient,” or “subject” also refers to the recipient of a comeal lenticule
transplant.  The lerm “xenograft” refers to iissue collected from anmimals for donation,
including pigs {porcine), bovine, apes, monkeys, baboons, other primates, and any other non-
haman apimals, “Allograft™ refers to tissue taken trom 3 donor that is the same specics as the

recipient.

[0073} Generally speaking, the term “tissue™ refers to any aggregation of sinlarly
specialized cells which are united in the performance of a particalar fonction. The comeal
stroma is an example of “tissue”™ cven though it is largely acelhular {about 1 to 3 percent

cellular).

{0074] The term “lenticule™ refers to a decellularized, processed donor corneal tissue
ready for implantation into or onto a recipient’s cornea.  Unless otherwise indicated, the

-

terms “lenticule”™ and “scaffold” are used isterchangesbly hercine The terms “collagen
concentration” and “collagen percentage”™ are used interchangeably heremn and refer 1o
amount of collagen present in the lenticale or scaffold. This concentration or percentage can
be measured as the fractional weight of a completely desiccated lenticule, eg, @ vacuum
desiccated lenticule, relative to the weight of the lenticule before desiccation (in full

equiibrium with water). In some cases, ethanol can be used to improve desiceation.

khd

{75] The term “hutracorneal™ in the context of lenticule implantation refers to any
procedure in which a lenticule is placed in or on the comea. Oue type of intracornes]
implantation is “intrastromal™ implantation, a procedare in which a lenticude is placed within
the stroma of the eve, without excision of the anterior Bowman's membrane or epithelivm,
¢.¢., by the folded back of a flap of anterior tissue or by direct nsertion via a lateral approach.
Other types of intracorneal use of lenticules include deep anterior lamellar kevatoplasty
(ALK} and penetrating Keratoplasty (PK), i which a lenticule replaces an anterior segment
of the eve completely, a#s discussed in more detail below. Yet another applicable

“intracorneal”™ procedare is so-called “epikeratoplasty,™ also discussed in more detail below.
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{764 The term “axial” vefers a divection relative to the orientation of the lenticule o
scaffold. Typically, the shaped lenticule will be curved in spheroidal or ellipsoidal disc-like
shape and the axial direction or “axis™ will be generally perpendicalar to the center of the
dise. Unless otherwise indicated, “axial” is also generally almeost parallel to, or coaxial with,
the visual or optical axis of an eye from which the tissue segment is excised or the recipient
eye where the lenticnle is designed to be implanted.  (In a natural eve, the optical axis

typically goes almost, but not exactly, through the center of the cornea.)

{0077} Planetary physics (spherical geometry} can provide a convenient nomenclature 0
describe the spatial arrangement of collagen fibrils in stroma. Most of the collagen fibrils are
on high to middle latitude orbits and only & minor portion resides in polar orbits. For this
reason, the stroma is typically thinnest in the central (middle) regionfocation. The axial
direction of the compression can be called polar cap compression or radial compression. The
central region of donors stroma exhibiis a strong rotational symmetry in fibril aligmment. In
cases where the implant is designated 1o work not only in compression bat also under tensile
stresses, lenticules extracted from a central stromal location is preferable to 1mpart

rotationally symmetric tensile properties fo the implant.

{0078} This disclosure also relates to a decellulanzed corneal lenticule from allograft
and/or xenograft sources and methods of forming a lenticule from donor stroma. The
disclosed decellularized corpeal lenticules can be used fo correct abnommal refractive
conditions, such as myopia, hyperopia. presbyopia, and astigmatism, as well as other

ophthalmie pathologies.

{0079} The cornea can be generally considered to be comprised of 5 layers, from anterior
to posterior; the corneal epithelium, a thin but dense top stromal layer (typically referred to as
Bowman’s membrane 1n luwman eyes), the corneal stroma, Descemet’s membrane, and the
corneal endothelivnr.  The comneal epithelium ix composed of about 6 layers of non-
keratinized stratified squamous epithelium cells, which are fast growing and egasily
regenerated. The anterior stromal laver {e.g, Bowman’s membrane) is a tough layer
conposed mostly of randomly organized, tightly woven collagen type I fibrils. The comeal
stroma is a thick, transparent layer consisting of collagen type | fibers arranged in parallel

lavers. The Descemet’s membrane is a thin acellular layer that serves as the bascment
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menmbrane of the comeal endothelium and composed of less rigid collagen type IV fibrils,
Finally, the corneal endothelium is composed of simple squamous or low cuboidal monolayer

of mitochondria-tich cells.

{H080] As used here, the term “Bowman's membrane™ is used to describe the anterior
stromal region of any comea from either haman or a dovor animal cornea.  Although the
densified stratum of the human cornea can be more pronounced (and, hence, known as
Bowman's membrane in human comeas), all corneas exhibit some higher anterior
densification and smoothness (relative to stromal bed tissue) to some degree depending on
animal species and age. Hence, “Bowman's membrane™ is a term used throughout the

present application to describe this anterior segment.

{0081] As such, the harvesting and processing of donor comeas and the production of
tenticules Iz a crucial clement to correction of refractive errors in vision. The lenticules are
particularly useful as lenticular implants in keratoplasty procedures, m which a hinged flap is
formed in a patient’s cornea and folded back along ifs hinge to expose the stromal bed of the
cornea, The shaped lenticule is then applied to the stromal bed and the flap returned to its
original position yvielding a new curvatare to the cornea and resulting in a desired refractive
correction. Fine tuning of the pew refractive power can be achieved by laser ablation either at

the same time as implantation or at later time in the event of regression or tonus changes.

{0082}  In certain embodiments of the invention, a decellularized corneal lenticule can
include a lenticolar body derived from donor stroma having an anterior surface that mcludes
at least a portion of top layer from the donor stroma and a posterior surface that is formed to
provide the lenticule with a desired shape; and wherein the donor stroma 1s decellularized. In
other embodiments, the lenticule is shaped without regard to the preservation of Bowman's
membrane and any top portion of donor stroma. For example, the lenticule can be formed by
intrastromal excision of a stromal tissue segment, e.g., by excision with femtosecond laser

pulses.

{0083} In certain embodiments, the donor stroma is harvested and decellularized
producing lenticules with a reduction in any potential immunogenic reaction on the part of

the patient. Only about I o about 4 percent of the typical cornen is composed of cells. The
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other 96 1o 99 percent is largely extraceltular matrix (ECM), primarily collagen, and water,
glveo-amino-glycans and proteoglycans. As noted above, the decellularized lenticules of the
present invention fypically have 95%-100% of cellular materials removed. Preferably, the
fenticules are 93%-99.99% cell-free. Without rectiing every possible sub-range between 95%
and 100%, 1t should be clear that sll such sub-ranges are contemplated and considered part of
the invention. For example, the lenticoles can be 95% to 97%, 97% to 99% or 98% 10 99.9%
free of cellular materials. The amount of cellular material remaining n the lenticule can be
measured, for example, by residual DNA or RNA content. Preferably, the DNA or RNA
content is less than one percent, or less than 0.1 percent, or less than 0.01 percent by weight

of the original DNA or RNA content,

{0084} Decellularization, i.e. the removal of cellular material from the donor stroma, can
be accomplished using a variety of techniques. In one preferred embodiment, the cellular
material of the comea 1s removed by chemical treatiment. The chemicals used to lyze and
remove cells from the comea include sarfactants, such as, sodium tetradecyt salfate (STS),
acids, alkahine treatments, lonic detergents, such as sodium dodecy! sulfate (SDS), non-lonic
detergents, such as, Triton X-100. and zwitterionic detergemis. In some embodiments, the
cellular material of the comea s renioved using an enzvmaiic (reatment. Lipases,
thermolysin, galactosidases, nucleases, frypsin, endonucleases and exonucleases are used to
remove the cellular material from the corvea. In some embodiments, the celludar material of
the comen 18 removed using physical techniques. These physical techaigues include methods
used to lyse, kill, and remove cells from the matrix of a tissue through the use of temperature,
force and pressure, and elecirical disroption. Temperature methods are often used in a rapid
freeze-thaw mechanism. Temperature methods conserve the physical structare of the ECM
scaffold. Pressure decellularization invelves the controlied use of hvdrostatic pressure at high
temperatures to avoid unmonitored ice crvstal formation that could damage the scaffold.
Electrical disruption of the plasma membrane 18 another option to lyse the cellular materiad m

the cornea.

[0085} In embodiments described hercin, the lenticule can exhibit even lower
immunoreactivity due to the degradation of immunogenic epitopes. This can be an important

step when using xenogenele donations. For example, two non-human epitopes that may be
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present in xepogeneie fissue are N-Glycolylncuraminic acid (Neu3GC) and Galactose-alpha-
1,3-galactose {Alpha~Gal). These undesirable epitopes may be present not only inside or on
the surface of stromal cells; a small fraction of the epitopes may be embedded in the glyco-
amino-glyveans {GAGs), also known as mucopolysaccharides, that wrap around ECM
collagen fibrifs. In certain embodiments, the eopitopes can be selectively removed by
enzymatic treatments, such as by galactosidase treatments, and  additional washing,
Alternatively, corneal tissge may be harvested from knockout (ransgenic animals {e.g.
transgenic pigs), which lack any immunogenic epitopes, thus producing non-inynunogenic

lenticules without requiring a epitope degradation step.

{0086 In embodiments described herein, the decellularized lenticule can be further
stertlized i conjunction with packaging and sealing. Sterilization can be accomplished using
wet agents, radiation, or clectron beams. In one preferred embodiment, sterilization of the
decellularized lenticule is performed using UV radiation, as damage to the collagen scaffold
is less likely to oceur. The usage of UV radiation can be advantageons to improve the

fenticule’s optical transparency.

{0087} In another aspect of the invention, the shape and orientation of the lenticule are
designed tor optimal resslts. In some embodiments, the diameter of the lenticule is from
about 0.5 millimeters (mm) to about 10mm, or from about 3 mm to about 9 mm, or from
gbout 4 mm to about & mm, or from about 3 mns to abowt 7 mum.  Again, without reciting
every possible sub-range between .5 mum and 10 wmm, it should be clear that all such sub-

ranges are contemplated and considered part of the invention.

[0088] The donor corneal stroma can be shiced andfor further shaped to obtain the desired
shape. Cufting can be performed mechanically, e.g., with & microkeratome or the like, or by
faser processing, e.g., by photo-ablation with an excimer laser or photo-cleavage with a
femtosecond laser. To reduce the possibility of asyimmetry, the comeal tissue segment is
preferably taken from the central portion of the donor comea, e.g., with the optical or
geometric axis of the donor cornea preserved at the cenier of the lenticale. The shape of
corneal tissue segment will be dictated by the dioptric power change needed to correct the
patient’s refractive error. For example, for correction of hyperopia (hypermetropia) andfor

presbyopia, the goal is typically to increase the curvature of the cornea and the desired
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fenticnle shape will be shghtly convex on at least one side. In some embodimenis, the
maximuom thickness of the lenticule will be less than 600 micrometers, less than 400
micrometers, less than 200 micromsters, less than 100 micrometers, or less than 30
micrometers, The smaller the dimmeter and the thinner the lenticule, the faster it will be

mtegrated into the patient’s stromal bed.

{0089} Stromal collagen fibrils are long polymeric (polypeptide) strings. They are tniple-
winded proteins. The length of a single collagen fibni s nearly macroscopic, and so each of
the tibrils individually can be a strong scatterer of light. The fact that stroma 18 trangparent in
the axial direction is the result of negative sununation of all these strongly scattering
contribufions.  That is 1o say, the collagen fibrils contribute collectively, despite their
individual scattering, to collective near zero scaftering in total. This collective transparency
ts achieved if fibrils are arranged parallel in ose plane. In the comeal stroma, the
arrangement plane is vertical to the optical axis. This unigue arrangement is present in the
cornea but not observed in other organs.  In other organs ke fifestine or myocardivm
membrane, veniricular valves, the fibniis are not carefully aligned and so the hight is scattered.

The same can be said about the eye’s limbal collagen.

{0696} In addition to transparency, natural selection has optimized the struchre of comea
for strength as well. Collagen fibril's length and alignment contribute substantially to in-
plane (tangential) tensile (pull) strength of the stroma. The shape of the natwral eve is
maintained by hydrostatic intraocular pressure exerting tangential tensile (pull) stress on the
stroma. The in~plane orentation of collagen §brils lends to the comea transparency and
provides significant mechanical tensile (pull) strength. However, this strenpth is largely
linmited to in-plane exertions of force. The strength of the comeal stroma in divection of the
optical axis 1s substantially weaker. One mamiestation of this axial strength deficiency is the
scaffold’s swelling when bumersed in water, e.g., in buffered saline solution (88S). The
swelling is almost exclusively unidirectional, in direction of the optical axis. Swelling in the

m~plane direction is negligible.

{0091} This weakness of the scaffold is a source of concern, as the shape fidelity of the
optically active fenticule is critical to a successful additive refractive surgery. Swelling of the

scaffold in the axial direction can induce refractive errors.
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{192} The amount of swelling ofien is a function of the immersion fluid, The highest
degree of swelling, ie., by some 250-400% of its nominal thickness, is observed when
surfactants and/or detergents are added to the water. BSS typically indaces swelling by some
150-250% of nominal thickness. The swelling in alcohols (both light and heavy) is typically
less, {The nominal thickness can be defined as the axial thickness of the original excised
stromal seginent (lamella) before the decelhularization step, e.g., when the tissue specimen is
very fresh, for example, less than about 60 seconds or so post-excision - or longer when the

specimen retains epithehial andfor endothelial cells.}

[0093] In case of thick lenticules the swelling may canse the lenticule be so thick that it
becomes difficult to place back the flap on the stromal bed. The tlap eay also be too short to
cover the added material {raising danger of epithelial undergrowth) and may require an

additional procedure of mechanical stretehing and/or suturing of the flap to the stromal bed.

{0094} The unidirectional mechanical weakness of the collagen-scaffold together with
changes in osmotic properties andfor the scaffold’s water affinity {as compared to siroma
before decellularization) can cause significant wmidivectional swelling in direction of the

scaftold’s thickness (1.e., the axial direction).

{0895} Free water resides mside the collagenous tissue. o the intact patural comea, the
water content of the stroma is controlied by the cornea’s overall structure, e.g., the epithelial
and endothelial membranes that provide the comea boundaries. However, when exogenous
stromal tissue 1s implanted during additive refractive surgery, this balance is often perturbed,
and the water content of the implanted lenticule bas @ tendency to mmorease and couse post-

operative sweiling beyond the nominal thickness.

{0096} According to the vention, 1f a flat {evlindrical} collagenous tissue specimen s
placed between two plates exerting steady pressure, the fluid content can be reduced {or
equivalently the collagen concentration can be increased). The same is true for a shaped
fenticule that has undergone decellularization. The press should provide for the drainage
such that excessive free fluid will exit sideways from the tissue. (In the case of a shaped
lenticule, at least one of the plates of the press shoald be curved to accommodate the radial

variation in the lenticule’s thickness. Preferably, the pressure is applied geatly for a desired
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time. Depending on the desired degree of compression, pressure can he exerted on the

collagen scaffold for a predefined duration ranging from seconds to hours, e.g., from 30

sgeonds to an hour, or from 5 minates 10 a half hour in some instances.

{0097} The distance travelled by the plates of the press allows calculation of the
approximate collagen concentration. For example, it the nominal thickness of a flat excised
tissue segment is 100 nucrometers and it swells to become 200 micrometers after a
decellularization process, the collagen content of the composition can be about 15%. it
were then recompressed to a 100 micrometer thickness, the nominal collagen concentration
would be restored to an approxamately 30% level. If the scaffold is further compressed to o
50 micronwter thickness, then the collagen concentration will be approximately 60%. Ifthe
scaffold 18 further compressed to a thickness of 40 micrometers, then the collagen
concentration will be approximately 75%. (Collagen content percentage can measured as the
weight fraction of a vacuum desiccated lenticale relative to its weight prior to desiccation
when it 15 in full equitibrivm with water) This value is achieved only after prolonged
pressure and is close to the high end of reasonably achievable collagen concentrations.
Remaining water at this point is tightly bound to the proteins, e.g., by Van der Waals forces,

and further pressure may compromise the imtegrity of the collagen fibrils.

{0098} The process of compressing collagenous tissue is largely reversible if the scaffold
is removed from the press and immersed back into flud.  The scaffold re-swells to
approximate its pre-compression thickness.  However, in another aspect of the present
invention, wethods are disclosed for preventing re-swelling by strengthening of collagen
scaffolds, most notably in the axial strain direction via crosslinking of the coliagen scatfold
during the pressing process. Compression of the scaffold, andior removal of the excess fhaid,
can be also achieved by exposing the scaffold to acceleration, e.g., in a centrifuge. For
example, accelerations ranging from 10 G up to 100 G (981 mvs?) or more can be emploved.
The removal of the excess fluid can be also achieved or aided by exposure of the scatfold to

vacuam or reduced Pressare.

{0099} In certain embodiments, crosslinking can be achieved by a chemical agent. An
external chemical molecule can be added {mostly in water solution or some other floid) in

sufficient concentration, duration, and temperature. The molecule can be constructed to bond
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on one end with one collagen {ibril and on the other end with another collagen fibril. The
type of the bond may be specific to the agent or need not be a peptide-type bond. The
chemical molecule creates a physical bridge with chemical bonds {covalent bonds) as strong
aftachments. Sufficiently dense collections of such bridges fmparts new strength andior
stiffness to the collagen scaffold in the axial direction. The collagen molecules need not to
tonseh each other bt be at a distance of gpproximately the agent’s molecule size, This relaxed
actuation requirement makes the crosslinking process easy.  Examples of chemical

crossiinking agents are glutaraldehyde, genipin and simple sugars.

{08160 Collagen fibrils are strong light-scatterers themselves, but their orientation and
statistical arrangement collectively eliminate the scaftering. A potential disadvantage of
crosstinking agents and energy mediating molecules iy that they introduce exogenocus
materials into the collagen scaffold that can act as light-scatterers and adversely affect the
optical transparency of the scaffold when it is used as ap implantable lenticule in an refractive

correction procedure,

[00101}  In other embodiments, the collagen fibrils can also be strengthened by a stabie
chenical bond established directly between the fibnils. This happens when the fibrils touch
each other, but not spontansously. The so-called peptide bond is endothermic and requires
that external energy be delivered locally and timely to the location where the fibrils touch, In
some embodiments, a specialized mediation-molzcule can be employed, which receives
energy from light quanta. The mediating molecule can then provide the bonding energy, ot
become a catslyst of the crosslinking process, withowt participating itself in the structare of
the link, The light is thus an indirect energy source for building a stable bond. One example
of a mediating molecule is riboflavin when exposed to light, e.g., from a light-emitting diode

(L

S0 or the Hike.

001621 In ver another variant method, the scaffold’s collagen fibrils can he bonded
directly to cach other by radiation absorbed locally where fibrils touch each other. There 1s no
need for exogenous mediating molecules to capture the quanta of ensrgy {although
endogenous polecules such as glyco-amino-glycans (GAGs) present in the collagenous tissue
may provide a similar function). The quanta is absorbed directly and timely in the abutment

of the touch event. This method can utilize various forms of direct trradiation e.g., visible,
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blue, or UV radiation, gamma rays or even electron beams. One preferred energy sonrce is
UV light having an energy density of at least 100 Joules per square centimcter, or at feast 200
foules per square centimeter, or at least 300 loules per square centimeter., For example, a
desirable energy density for the actinie radiation can range from about 104G to about 3000, or
between about 200 and about 1000, or between about 300 and about 600 Joules per square

cenfimeter,

[08163]  The density (compression} of collagen scatfold can play a role in the speed of the
crosstinking, I the collagen concentration is higher (ie., the collagen scaffold is more

compressed), then the process of crosslinking can proceed faster.

{00164]  The cnitical {threshold) dosage required for pure radiation-induced crosslinking
{without any mediation agents like riboflavin} alone may be a function of the
decellularization process. The threshold dosage fir the non-decellularized strona can be as
mach as 3 to 300 times larger than that for decellularized collagen scaffold. (This ratio can
also be a function of the applied radiation’s wavelength.) In another aspeet of the present
invention, & has been discovered that the threshold for collagen crosslinking drops if
decellularization removes more of the extracellular aterial present i stroma (Jike the
GAGs). The differences m the threshold may vary by as much as one order of magnitude,
dependent on the applied decellularization protocol, and radiation’s wavelength.  This
crosstinking-threshold lowering appears to correlate with the intensiiy of the decellularization

protocol.

{00105  Crosslinking can be executed concurrently with compression or in a subsequent
step via a dedicated UV radiation source {or shternatively by envirommental UV radiation,

e.g., sunlight).

[00106] 1 light encrgy is uvsed to mduce crosshinking, the absorption of the light may be
governed by Beer's Law, that 1s to say more ight will be absorbed in the surface sirata of the
material where the light impinges and lesser amounts will be absorbed in the deeper strata of
the material.  The amount of light available to induce crosslinking essentially decays
exponentially. I there are differences m the amount of light scattering mwolecules in the

scaffold, this can also affect the distribution of energy since the scattering agents will reduce
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the amount of light that can pass throagh fo underlying regions of the irradiated material. In
the present invention these effects can be used advantageously to ercate a graded degree of
crosstinking andfor impart different properties to a surface region of the scaffold that is

exposed to the actinic rachation,

{00187}  Thus, the natural absorption profile of light energy alone, or together with the
ntroduction of light scattering agents (e.g., as a surface coating), offers an option of selective
surface crosslinking andfor a lesser degree of crosslinking below the surface of the collagen
scaffold. The selective crossiinking of a lenticule’s surface can be advantageous to impart a
different adhesiveness, permeability, or smoothness 1o the surface, or 1o facilitate greater or
fess penetration by a recipient’s cells post-implantation.  For example, if a scaffold is
compressed to about 60% collagen density, and selectively crosslinked on the surface to
depth of about 5-t0-10 micrometers , the surface will retain a high density while the rest of
the scaffold will remain unchanged from its expanded state following the decellularization

process. Such a densified surface can provide a pseudis-Bowman’s Membrane.

[00108]  Moreover, surface crosshinking can be emploved to impart a patterned effect to the
anterior surface, postenior surface, or both, by selectively trealing a portion of the sarface
with a hght scalierer or exposing the scaffold via a patterned mask. Surface patterning can

sclectively alter the friction or adhesiveness of portions of the surface,

{00109]  There are three methods to selectively crosslink the surface of the scaffold, Fust,
by using short wavelength UV radiation with strong absorption in the scaffold, the
penetration depth can be limited. In this approach, preferred wavelengths will range from
about 230 to about 150 nanometers and more preferably from about 213 to about 193
nanometers {e.g.. 193 nm). The impingement angle of radiation is typically normal {o the

surface but can vary from between 0§ and 60 degrees to the surface normal,

08110 Alternatively, longer wavelength UV radiation can be used, e.g.. extending to
about 400 nanometers, and entering the scaffold at a grazing-incidence angle greater than 60
degrees, preferably greater than 75 degrees or bigher, e.g., ranging from about 80 to about
86.9 degrees. One advantage of this method is the ready availability of reliable and intense

LV radiation sources at wavelengths about or above 280 nanometers due to their conumercial
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use. The usage of laser radiation as light source can also be preferred as the spatial coherence

of laser light allows for good incidence angle definition.

{06111} In yet another alternative, an evanescent wave slab waveguide can be used. This
allows for very shallow crosslinking depth {about the wavelength of the incident light). For
example, when using 380 panometer UV radiation, crosslinking can be confined 1o a

micrometer or less surface layer.

{00112} lmportantly, by densifying {or selectively crosslinking more vigorously) the
anterior surface of the fenticule, it will extubit a different texture than the posterior surface
because Bowman's membrane 1s denser and smoother due to the tightly woven collagen tvpe
1 fibuils. The postertor surface (opposite the anterior surface} will be rougher due to a less
dense composition of this poriion of the lenticule (and the fact that it is formed by mechanical
or laser cutting of the tissug). This difference in roughness can be especially advantageous
when the lenticule s used for intrastromal or intracorneal tuplantation because it is highly
desirable that the lenticule be strongly adherent to the stromal bed. If o less than optimal
refractive result is observed post procedure, the flap may need to be folded back again 1o
permit further keratoplasty (re-sculpting of the lesticale) by laser ablation or the like. Any
movement of the lenticule from is original position in the stromal bed could compromse the
effectiveness of this keratoplasty. Moreover, the smoothness of the anterior surface of the

fenticule also makes it less likely that reopening the flap will dislodge the lenticule.

{00113}  In vet another aspect of the invention, the posterior surface can be treated
following exciston, shaping and decelhulanzation 1o make the surface more adherent to the
stromal bed. For example, a crossiinking or adherence-enhancing agent can be applied, prior
to sterilization and packaging. Ablemnatively, the crosslinking or adherence-enhancing agent

can be apphied by the clinician during the procedure before implantation.

{08114} 1n some smbodiments, the harvested, shaped and decellularized lenticale will be
marked in such a way that the clinlcian can maintain the proper orientation of the lenticule
during the reopening of the flap and laser re-sculpting adjustments. The marking can be
accomplished in a variety of ways, but in all instances will be invisible to the patient once the

fenticule is in place in the stromal bed. In some embodiments, the marking can be a
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microscopic notch in the top anterior portion or the botiom anterior portion of the lenticule.
In some embodiments, the marking can be a line or dot made with a dyve placed at the top

anterior or bottom anterior of the lenticule.

{06115} Also disclosed herein are methods of forming a lenticule from donor stronsa, In
some embodiments, a method of forming a lenticale from donor stroma comprises removing
& portion of stroma from a central region of a donor comea and shaping a posterior surface of
said donor stroma {o provide a lenticule body of a desired shape. To reduce the possibility of
asynunelry, the Hssue segment is preferably taken from the central portion of the donor
corned, e.g., with the optical or geometric axis of the donor cornea preserved at the center of
the lenticule. The shape of tissuc segment will be dictated hy the diopiric power change
needed to correct the patient’s refractive error. For example, for correction of hyperopia
(hypermetropia) andfor presbyopia, the goal is tvpically to increase the curvature of the
comea and the desired lenticule shape will be shightly convex on at least one side. The
fenticule can also include one or more asvimmetrical markers (like the fetter “L7} on the

perimeter of the lenticule to wdentify the lenticale’s anterior and posterior surfaces.

{00116  The scaffolds of the present wmvention can further provide an advantage as
refractive (e.g., additive) lenticules in that they can be designed to have a higher refractive
index than native stromal tissne. At present, use of implanted lenticules fo alter the curvature
of the cornea is typically limited to a total dioptric power {e.g., the sum of the dioptric values
of the native comea and the additive lenticule) of less than about 50D {as measurable in the
vicinity of the apex), before epithelial instability or unacceptable epithelial erosion occurs.
Implantable scatfolds with higher indices of refraction afford the possibility of higher
hyperopic corrections.  The standard refractive index of stromal bissne is typically about
1.376. The compression technigues of the present yvention can provide scaffolds with
refractive indices greater than 1.377, greater than 1.37%, greater than 1.379, greater than 1.38
or higher. Gradients in the lentienle’s refractive index can also be achieved by controlled
crosstinking, (Such gradients can also be utilized for correction of higher order refractive
errors, the terms of which can be described by bigher order Zemike polynomials of buman

eyel.
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{08117 In embodiments described hercin, the methods produce a lenticule with a shape
and density designed for optimal results. The lenticules are obtained by first cutting a disc-
shaped tissae segment from donor stroma in a manner that preserves the Bowman's
membrane as the anterior surface. In some embodiments, the diameter of the lenticule 18 from
about 0.5 mum o about 10 mn, from about 3 mm to abount 8 mm, from about 4 mun to about §
mum and from about 5 mm to about 7 mm. The tissue segment can be sticed and/or farther
shaped or cut i sach a manner that the desired shape 15 obtained during the slicing
procedure. Cufting can be performed mechanically, e.g.. with a microkeratome or the like, by
laser processing, e.g., by photo~cleavage with a femtosecond laser.  Cutting may be
performed, for example, with fstruments such as those disclosed in ternational Patent
Application No. PCT/AB2016/054793, entitled “Swrgical Apparatus and Blade Elements for
slicing Lamellar Segments From Biological Tissue,” herein incorporated in s entirety by

reference.

{00118} Lenticules can also be obtained by femtosscond laser ablation, excimer laser
ablation, or by cuiting with the water jet. H preservation of the anterior segment is not
necessary, lenticules can also be obtained by Small Incision Lenticule Extraction (SMILE)
teclutigues, disclosed for example in US. Patent 6,110,166 entitle “Method For Corneal

{aser Surgery,” also herein incorporated in s entirety by reference.

-

{00119}  In embodiments described herein, the maximum thickness of the lenticule will be
fess than 600 micrometers, less than 400 micrometers, less than 200 micrometers, or less than
160 micrometers, or less than 530 micrometers. The smaller the diameter and the thinner the

tenticule, the faster it can be integrated into the patient’s stromal bed.

{00120] In certain embodiments, the donor stroma is degellularized to produce fenticules
with reduced potential for adverse reaction on the part of the patient to impumogens of
cellular origin.  The decellularized lenticules produced wsing the methods of the present
invention are between 90 percent to 100 percent, or preferably between 95 percent to 99,99
percent, or between 98 and 99.9 percent, free of cells andfor cellular remmanis. (Only aboul 2
percent of the typical comea is composed of cells. The other 98 percent s largely
extracellular muatrix (ECM), primarily collagen, water, GAGs and proteoglyvcans. The

preferred and mostly practiced method to characterize the amount of cellular remnants after
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the decellularization process 1s based on detection of DNA or aliernatively RNA residues.
These methods are very sensitive and of high specificity. These measurements are typically
normalized fo the amount of DNA/RNA present in lenticule before the decellulanzation step,
Without reciting every possible sub-range between 90% and 99.99%, it should be clear that
all such sub-ranges are contemplated and considered part of the invention. For example, the
ienticules produced can be 90%, 953%, 99% to 99.7%, 99.7% to 99.9%, or betler, free of
native cellular materials (as measured by DNA/RNA residual content). In other words, the
amount of cellular material remaining in the lenticule, as measured by residual DNA or RNA
content, can be less than one percent, or less than 0.1 percent, or less than Q.01 percent by
welght of the original DNA or RNA content. (A signilficant amount of decelluarization can
occcwr by virtue of the lenticule extraction itself. As much as 95 percent of the total corneal
cellular content resides in the opithehum and the endothelium, which can be mechanically

disearded leaving only corneal stroma for the further deceliularization.}

{00121} The removal of cellular material from the donor stroma {decelularization) can be
accomphished using a variely of technigues.  In one preferred embodiment, the cellular
material of the cornea is removed by chemical treatment, The chemicals used to lyse and
remove cells from the cornea can include acids, bases, surfactants {e.g sodium totradecyl
sulfate (ST, lonic detergents (e.g., sodivm dodeeyl sulfate (SDS)), non-ionie detergsunts

{e.g., Triton X~100), and switterionic detergents.

[00122] Alernatively or in addition, the cellular matersal of the comea can be removed
using an enwymatic freatment.  Lipases, thermolysin, galactosidases, sucleases, twrypsin,
endonucleases and exonuacleases can be used to remove the cetlular matertal from the comea,
In some emwbodiments, the cellular waterial of the cornes s removed using physical
techimques. These physical techmiques ineclade methods osed 1o Dyze, Kl and remove cells
from the matrix of a tissue through the use of temperature, prossure, and/or electrical
distuption.  Temperafurs-based decellularization methods can include rapid freeze-thaw
protocols. Such temperature-based methods conserve the physical stracture of the ECM
scaffold. Pressure decellularizanion tovolves the controlied use of hydrostatic pressure at high

temperatures o avoid anmonitored ice crystal fovmation that could damage the scaffold,
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Electrical disruption of the plasma membrane is another option to tyse the celhilar material in

the coraea,

{001231  In some embodiments, the lenticule can be further treated to exhibit even lower
immunoreactivity due to the degradation of immunogenic epitopes, This is an important step
when using xepogeneic donations. For example, two non-human epitopes that may be present
in xenograft tissue are N-Glycolyineuraminic acid (NeuSGC) and Galactose-alpba-1,3-
gatactose (Alpha-Gal). These undesirable epitopes are present not only inside or on the

glveo-

surface of stromal cells; a small fraction of the epitopes nay be embedded in the
amino-glycans {(GAGs), also known as mucopolysaccharides, that wrap around ECM
collagen fibrils. In certain smbodiments, such epitopes can be removed or conformationally
altered (to newtralize the immunogens) by enzymatic treatments, such as kinase or
palactostdase treatments, and additionsl washing., Altersatively, comeal tissue may be
barvested from knockosnt fransgemic pigs which lack epitopes, thus producing non-
tmnunogenic lenticales without requiring a degradation step.  In some instances, #t can also
be preferable to remove epithelial and/or endothelial cell layers or residues from the lenticule
prior to epitope neutralization. This can be accomplished by scraping, e.g., with a scalpel, or

by rubbing, e.g. with an abrasive maierial of suitable roughness.

{00124} In cmbodiments described herein, the methods of producing deccliularized
fenticudes can further include a stertlization step, which may be in conjunction with
packaging and sealing. Sterilization can be acconmiplished using wet agents, gamma radiation,
or clectron beams.  In one cmbodiment, sierilization of the decellularized lentcule is
performed uasing an electron beam, as damage to the collagen scaffold is less likely to occur.
Alternatively, the radiation atilized to induce crosslinking can also provide sufficient energy

for stertlization of the lenticule.

{01251 In some embodiments, the preparation of the harvested, shaped and decellularized
fenticule will imclude a step of marking the lenticule in such 8 way that the cliniclan can
mainiain the proper ovientation of the lenticule during the reopening of the flap and laser
adjustments. The marking can be done in a variety of ways, bul in all instances will be
invisible {0 the patient once the lenticule is in place. In some smbodiments, the marking can

be a microscopic notch in the top anterior portion or the bottom anterior portion of the
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lenticule. In some embodiments, the marking can be a line or dot made with a dye placed at
the top anterior or bottom anterior of the lenticule. These methods can also include engraving
one or more asynunetrical markers (ke the letter “L7) on the perimeter of the lenticule to

identify the lenticule’s anterior and posterior surfuces.

{00126} This invention and embodiments illustrating the method and materials used may
be further understood by reference to the following exeroplary protocol. Comeal fissue can
be harvested from a porcine donor. The lenticele can be taken from an area within the denor
stroma as to maintain the high density of collagen type 1 fibrils or Bowman’s niembrane at
the anterior surface of the lenticule and a less dense posterior swrface.  Alternatively, the

corneal tissue can be taken front a stromal region beneath the naturally densified surface.

{00127} As shown in FIG. 1A, a target region of the donor comnea can be cut into a disc-
shaped lenticule 10A, having an anterior sarface 12, a posterior surface 14 and organized
favers of collagen fbrils 16, At this stage, the lenticule will typically bave a diameter of

about 0.5 to 10 millimeters and a thickness of fess than 250 nderometers,

[00128] FIG. 1B shows a fenticule following decetlularization, e.g., by chemical treatment,
enzymatic freatment or physical technigues. to produce a lenticule which is 93-99.99%; free
of cellolar material,  If desired, the decellalarized, shaped lenticule can be further treated to
degrade immunogenic epitopes. The lenticule can frther be washed and sterilized and, if
desired, a crosslinking agent applied to the anterior andior posterior surface of the lenticule,
The decellularized lenticule (typically swollen doe to the application of detergents,
surfactants and/or washing solutions) exhibiis greater separation of the fibril layers 16, In
some embodiments, the top anterior surface of the lenticule can also be marked with a notch

toy assist m lenticular orientation in the patient’s stromal bed.

{08129} 1n FIG. 1T, the decellularized (and potentially swollen) lenticule is then subjected
to compression 1 order to drive excess fluids from the lenticule body and increase the
collagen density. The collagen fibril lavers are compressed together and then at least

partially crosslinked to inhibit subseguent swelling.



CA 03105274 2020-12-29

WO 2020/008258 PCT/IB2019/000779
32

{06130  In FIG. 2, a lenticale 20 is shown having an anterior surface region 22 in which
the collagen fibril layers have been compressed and crosslinked. The bulk region 24 of the
fenticule 20 can also be crosshinked to inhubit swelling but not to the same degree as the

anterior surface region 22,

{00131} In FIG. 3, a lenticude 30 is shown in which one surface (e.g., the posterior surface
14} has been formed with a pattern 32 to promote post-operative integration. The pattern 32
can be formed by selective application of agents, selective irradiation or a combination of
these techniques, (H should be clear that the pattern can be applied to the anterior surface 12,

the posterior surface 14, or both surfaces.)

[061321  FIG. 4A illustrated a lenticule 404 according to the disclosure in flattened shape,

which is often a typical shape during manutacturing and/or transport.

[00133] FlG. 4B illustrates a lenticule 40B in an exemplary final cwrved state for
infracorneal implantation. The lenticules can take varions shapes for correction of different
refractive errors or ocolar conditions {discussed further below). Although the lenticules are
generally illustrated as spherical or spheroidal in shape, it should be clear they can likewise
be cllipsoidal or any desired shape {e.g., partially toroidal). Such shapes can be useful in
correcting astigmatisms or fugher-order aberrations in a patient’s vision. Such asphenical

shapes can also be useful in matching the shape of the patient’s cornel or limbus.

[00134] FIG. 5A illustrates a lenticule S0A designed for intracorneal implamtation to
correct a hyvperopic condition. FIG, 5B illustrates a lenticule 30B designed for intracomeal
mmplantation fo correct a myopic condition. FIG. 3C iltustrates a lenticule 30C designed for
intracorneal implantation to correct & presbyopic condition.  FIG. 5D illastrates a lenticule
50D designed for intracornen] implantation to correct a condition known as keratoconus, in
which the natural collagenous stractare of cornea is weakened due to injury, heredity or other
eve conditions, e.g., an imbalance in enzymatic or signaling activities within the comea. The
fenticules S0A, 50B, 30C and 50D are typically designed for intrastromal (between layers of
natural stroma) tmplantation within the cornea. By placing the lenticule within the stromal

tissue 2, the epithelial region 4 and endothelial region & are preserved.
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{135]  FIG oA illastrates another embodiment of a lenticule in which the lenticule 60A is
manufactured with localized spots 61 of strong crosslinking to provide arcas of additional
mechamical strength, e.g., for attachment of sargical stitches duning penetrating keratoplasty

(PR or deep anterior lamellar keratoplasty {DALK), as discussed in more detail below.

{00136} FIG. 6B illustrates vet another embodiment of a fenticule. In this emsbodiment the
fenticule 60B mcludes & central optically active zone 65 (e.g., having a major diametric
dimension of about 3 to 6.5 mithmeters) with meoederate cross-linking and an outer or
perimeter zone 03 with sirong crosslinking, agaim to provide a region of additionat
mechanical strength, e.g., for attachment of surgical stitches or in support of kertoconically
weakened stroma outside of the visual zone. 1t should be noted that zones 63 and 63 need not
be concentric and in instances, £.2., treatment of keratoconus, it can be desirable to offset the

optically active zone from the center of the lenticule.

{00137 FIG. 7A illustrates the use of a lenticule 70A according to the disclosure for a
different type of intracorneal implantation, pamely deep anterior lamellar keratoplasty
(DALK). I this procedure, an anterior segment of the eye is first removed and the lenticule
T is placed into the eve to replace the native Bowman’s membrane 3 and a portion of the
stroma 2, The lenticude 70A can initially be fixed in place by stitches 7. Ophionally, the
fenticule 70A can formed from native donor tissue with an intact Bowman's membrane that is
preserved thorough the decellularization and compression steps  of lenticule formation.
Alternatively, the antevior surface of the lenticule can be selectively treated, ¢.g., by shallow
radiative cross-linking to form a Bowman’s membrane-bke struchuwre. o either case,
following intracorneal implantation, the patient’s peripheral epithelium can grow over the

anterior surface of the implanted lenticuls.

D138 FIG. 7B illustrates the use of a lenticule 70B, which is similar to the DALK
fenticule shown in FIG. 7A but is typically thinner {e.g., less than 200 micrometers) and
configured for placement on top of the patient’s intact Bowman’s membrane 3 but under the
epitheliam 4. In this procedure, sometimes referred to as “epikeratoplasty,” lenticule 70B can

again be fixed in place by stitches 7.
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{08139 FIG. 7C illustrates yet another embodiment of g lenticale 70C according to the
disclosure, in this case designed for penctrating keratoplasty (PK) procedures. Lenticule 70C
ts similar to the to the DALK lenticule shown in FIG. 7A but 1s configured to completely
replace the full depth of the central comeal tissue te., the endothelivm 6 at the posterior of
the cornea, the stroma 2 and Bowman's membrane 3. Lenticule 70C can again be fixed
place by stitches 7. Following intracorneal implantation of the lenticule 70C, the patient’s

peripheral epithelium can grow over the anterior suwface of the implanted lenticule.

{00140 FIGS. 8A, BB and 8C illustrate two alternate designs for the periphery of thick
lenticules, e.g., such as those wsefsl in DALK and PK procedures. In FIG. 8A, a lenticule
BOA is shown with a simple, ©.g., cylindrical or conical peripheral edge. In FIG. 8B. a
{fenticule 8UB is shown with a zig-zag or step-shaped edge at its periphery. The shaped edge
can be designed 1o mate with a complementary structure formed in the native cornea to
further assist in joinder of the lenticide 80B to the remaining native corneal tissae. Variations
it the step shape (e.g., reverse zig-zag) can also be emploved. As shown in FIG. 8C, even
more advanced shape of peripheral edge can be employed to allow for mechanical latch-in or
lock-in into the native cornea. The lock-in feature can reduce or eliminate need for surgical
stifches along the latch-in edge in some instances. The periphery of such lenticule can be

crossiinked stronger than the central part.

{00141}  In some instances, the thickness of these thick lenticules can vary from the center
to the edge. For example, the thickness of the lenticules can vary from about 400
micrometers at the center to 3530 micrometers at the peripheral edge. This is consistent with
the natural thickness variation foand in most comeas where a typical intact cornea can exhibit
a central comesn thickness of about 500 micrometers while the peripheral segments of the

cornea can exhibit a thickness on the order of 550- to about 6530 nucrometers.

{06142  FIG. 9 schematically ilustrates a press 90 for use in compressing collagen
scaffolds sccording to the invention. Press 90 can include a frame 92 and a movable stage
94. The frame holds a top press element 96 and the stage heolds a bottom press clement 98,
At least one of these element is non-planar and shaped to conform to the desired final shape
of the scaffold. Elements 96 and 98 can be brought into compression by application of a

motive force {iflustrated schematically by worm screw 91). In certain embodiments at least
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one of the press elements 96, 98 can be transparent such that a scaffold held in compression
therebetween can be imradiated e.g., by UV radiation source 93, at the same time as it is heing

molded,

[00143]  FIGS. 10A and 108 illustrate a two-part hermetically sealable compression and
storage container or mold 101 according to the invention. The containermold 01 can
comprise a mold base 102 and a mold top 104 defining a chamber 105 therehetween., The
purpose of the mold 161 is to compress a scaffold 100A, eg. a decellulanized stromal
collagenous {extra celluiar matrix) scaffold, and at the same time remove fhuid from the
scaffold. FIG.10A illustrates the mold 101 in its pre-compressed state. A seal 106, e.g., an
Q-ring or flat gasket scal, initially separates the mold top 104 and mold bottom 102, In some
instances, it can also be desirable to §ill the rest of the chamber 165 not occupied by the
scaffold 100A with a fluid 107 to avoid gas entrapment in the scaffold during compression.
The seal 106 is adapted to accommodaie fluid driven from scaffold as well as any fluid
tmitially surrcunding the scaffold in the chamber 101, In FIG, SA, the mold is shown betore
the compression, but in the first moment when the seal 106 creates isolation from the ambient

environment.

{00144}  The top porlion 104 of the mold can be at least partially transparent or translucent
to allow actinic radiation to pass through to the scaffold in order to cross-link the scaffold.
Alternatively, or in addition, the mold bottom 102 can be transparent to the actinic radiation.
The transparent portion of the mold can be made of plastic, glass, ceramic or metal or any
combination of such materials so long as i is sufficiently transparent or transiucent to permit

radiation transmission,

[00145] FIG. 10B illustrates the mold 101 after the compression of the scaffold 1008, The
seal, e.g., an O-ring, 106 can nugrate in the grove 103 such that the groove accommeodates the
expelled fluids. (Various other drainage mechanisms can also be employed) In this
condition, the mold 101 can be used for crosslinking and sterifization. Such sterilization can
ocour simuftapeously with croaslinking if the appropriate wavelength and fluence of radiation
is chosen. {In many instances, the dosage of radiation necessary for devitalization of viruses
will be mucl less than that necessary for crossiinking) The compressed, sterilized mold can

further be used for shipping or long term storage. For actinic crosslinking radiation, e.g., UV



CA 03105274 2020-12-29

WO 2020/008258 PCT/IB2019/000779
36

radiation, to also be effective for sterilization purposes, the radiation should reach all surfaces
of lenticule during this process. It can, therefore, be desirable to employ seals (e.g., O-rings
or flat gaskets that are transmussive to the chosen actinic radiation. For example, if UV light
is used {o both crosslink and sterilize the lenticule during molding, the seal can be made fom
2 UV transmissive  or  transigeent  matenial, such  as  a  fluovopolymer, eg.,

polvietrafluorocthylens  (PTFE), fluorinated cothylene propylene (FEP), cthylene

tetrafluoroethylene {(ETFE) or perfluoroalkoxy {PFA) compositions.

[00146] The shape of the scaffold or leniicule before the compression and the matching
shape of the mold will typically ensure that the denstiv of lenticale remains homogeneous
after the compression. For example, compression can reduce the vertical dimension by half

and homogeneously increase the density by a factor of two.

{06147} FIG. 11 illustrates a further apparatus 110 according to the invention for stretching
a scaflold 161, which can be a native decellularized stromal excision or scaffold that has been
decellularized and undergone an initial compressive treatmend.  To this embodiment, the
scaffold 161 has been attached to an open mouth of chamber 163, by sealing mechanism 167,
e.g.. by crimping the peripheral edge of the scaffold 161 between two flat flanges. (Various
other sealing mechanisms can be emploved in bieu of, or in addition to, crimping to provide a
fluid-tight connection between the scaffold and the chamber mouth.) A fluid 166 is then
infroduced into the chamber 163 via controlled pressure conduit 165 to fill the interior of the
chamber and exert pressure on the scaffold 161, For example, a honzontal and/or tangential
stretching can he obtained by roaintaining sufficient hydro static pressure in the chamber, for
example, a pressure from about 30 to about 300 mbar, preferably from about 30 to about 200

mbar {or from about 22.5 1o about 375 Torr, preferably from about 37.5 to abowt 150 Tor).

{00148]  The application of this [hadic pressure can also cause the scaffold to de-swell
(release free water), even if the fluid applying the mechanical stress to the scaffold is pure
water or a balanced salt solution (BSS). Fluid can flow out of the scaffold in any direction
(e.g., migratton into the pressurized fluid chamber or by exudation from the outer surface of
the scaffold or both). Hypertowic or hypotonic soluations can also be employved in the

chamber 163 to enhance or limit this effoct.
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{06149 By exposing the ECM-scaffold to this type of stretching, the collagen fibrils can
be aligned to build a curved shape. When a desired curvature is obtained, the shape can be

preserved {or fixed) by crosshinking, e.g., by actinic radiation 168, as shown.

{08156} In FIG. 12, yet another alternative apparatus 120 is shown, similar to the apparatus
of FIG. 6 but with the addition of a compresston-exerting plate element 171 for simultancous
stretching and compressing of the scaffold, as well as for facilitating exposure to crosstinking
radiation. The hornizontal and/or tangential streiching is again provided by maintaining
sufficient hydrostatic pressure in the chamber about 30 {0 about 300 mbar, preferably from
about 50 1o about 200 mbar. The vertical/radial compression can be applied simultaneousty
by top plate 171, Preferably, the top plate 171 is at least partially transparent ¢.g., clear or
transiucent, to allow actinic radiation to pass through it 1o the scaffold in order to cross-link

the seaftold.

{00158} Although top plate 171 s illusirated as a flat plate, the topography of ihis
compressive element can take any desivable shape andfor curvatire fo ensure that the
arrangements of the collagen fibrils are properly fixed to build a lenticule of a desired shape,

which can again be preserved or fixed by radiation-induced crosshinking.

{08152} FIG. 13 illasirates an apparatus 130 for measuring the transparency of lenticules
produced in accordance with the disclosure. The apparvatus 130 sacludes a light source 132, a
cuvette 134 (into which a lenticule 135 can be placed), lens 136 and detector 138, The light
sowrce, e.g., a hght-emitting diode (LED} with a waveguide/fiber and beam collimator (not
shown), preferably produces a beam of collimated light rays 133, The beam should be
spatially coherent with a flat {(non-Gaussian) itensity profile across its beam width D (e.g.,
about 5-7 mun}. For example, the light source 132 can produce green light with a center

wavelength of about S00 nanometers and a bandwidth of about 5-10 nanometers.

[08153] The hght from source 132 is directad to cuvette 134 in which lenticule 135 is
suspended in a refractive index matching fluid 137 (e.g., a8 silicone oil or other flaid having
an index of refraction, n, of about 1.376, that iz immiscible with water and chemically inert).
{The vahse of n=1.376 represents the nominal or average mdex of refraction for native

comneal tissue. In some instances, i can be advantageous to bave a lenticule with a different
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index of refraction. In sach cases, the floid in the cuvelte would be chosen o maich the
specific n value of the lenticule undergoing testing. The light that passes through the cuvette
134 {and lenticule 135) is then directed to lens 136 which is a high guality lens, free of
spherical aberrations at the chosen beam wavelength,  The Tens 136 has a focal lengih, £ and
serves to direct focused light onto detector 138 situated in the focal plane of the lens 136, 1
the transparency of the lenticule is perfect (and assaming ideal optical transparency for the
optical elements through which light from the source 132 passes to the detector 138), the size
of the bean impinging among the detector (situated at the focal plane) would be a diffraction-
hmit spot of uniform intensity. In actuality, the fenticule will not be perfectly transparent and
beam infensily image at the detector will axhibit some amount of bharing due to forward
scattering of light in the scaffold. (The focal length of the lens, together with the beam

diameter, should be chosen to impose the desired diffraction-himited angular resolution.)

{00154}  Transparency of the lenticule can thus be measured by measuring the intensity
profile of the detected beamm.  Saitable photodetectors for measuring the intensity or
brighiness profiles can include, for example, photographie plates, CCD arrays or scanning

pinhole detectors.

08155 FI1G. 14 s an lustration of such a method of quantifying transparency by
measuring the lenficule’s scattering angle (referred hergin as "0 or “thete™). FIG. 14
illustrates a brightness distribution curve as measured in the focal plane of the lens, This
Gaussian-like distribution represents the sum of all the contributions of seattered wave fronts.
The more scattering in the lenticule, the larger the width of the detected beam. One measure
of scattering (the degradation of optical clarity) 15 the full-width, half vertical maxianan
(FWHV) as shown in FIG. 14, (it should be understood that the Gaussian-like curve of
Fig. 14 15 an idealization and real brightness curves can be distorted by noise  or  other
spurious signals. Muliiple measurements and averaging (or other known noise reducing
signal processing techniques) can be used to abtain the best data representation of scattering
by the lenticale. The FWHV value divided by the focal length, {, provides a measurement of

the angular spread of the beam {in radians):

O = FWHV/{ [rad]
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{00156  Theta is dependent only on the amount of scattering and can also be expressed in
terms of arcminutes using the conversion formula: 1 arcmin = 291 microrad. Lenticules
mamstactured by the methods disclosed herein exhibit satisfactory transparency {e.g., for
intracomeal implantation) if the angle © is less than 4 arcminutes, preferably, less than 3 or 2

arcminutes, more preferably in some instances, less than 1 areminute.

{001587)  All patent literature or publications cited herein are incorporated in thedr entirety
by reference. While the applicant’s teachings are described in conjunction with various
embodiments, # is not imended that the applicant’s teachings be limuted to sach
embodiments. On the contrary, the applicant’s teachings encompass various alternatives,
muodifications, and equivalents, as will be appreciated by those of skill 1 the art. Any element
or feature shown In connection with one embodiment can be used interchangeably with, in
contbination with, or in addition fo, any element or featwre shown in any other embodiment
and all such permutations of elements and features should be understoed to be encompassed
by the disclosure. Accordingly, it will be understood that the invention is not to be limited to
the embodiments disclosed herein, but is to be understood from the following claims, which

are to be interpreted as broadly as allowed under the faw.
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Claims

1. A method of forming a scaffold from donor corneal stroma excised from a central

b

T

AP

6,

9.

region of a donor comeal source comprising:
decellularizing donor corneal stroma to obtain a scaffold;
removing fhud present in the scaffold; and

crossiinking at least a portion of the scaffold to inhibit subsequent swelling.

The method of claim 1 wherein the method further comprises performing a lenticale
extraction on & cornea with a keratome, laser, or water jet to obtain donor corneat

strom.

The method of claim 1 further comprising a step of shaping the scaffold, and wherein
the shaping is performed sinnitaneousty with the excision of the donor coreal stroma

or sequentially,

The method of claim § wherein the step of removing huid further comprises applying

pressure, acceleration {e.g., centrifugal foree} or a vacuum to the scaffold.

The method of claim 1 wherein the step of decellularizing further comprises treating
the scaffold with a chemical decellularizing agent and optionally wherein the step of

decelluiarizing occurs before or after removing water, or before or after crosslinking.

The method of claim 5 wherein the step of decellularizing further comprises removing

celtiular debris from the scaftold with a detergent or a surfactant;

The method of claim 1 wherein the method further comprises enzymatically removing

or conformationally altering at least one immunogenic epitope of the scaffold.

The method of claim | wherein the steps of removing fluid from the scaffold and
crosslinking the scaffold result t at least a portion of the scaffold having a collagen

density greater than the onginal excised stroma.

The method of claim | wherein the step of removing fluid from the scaffold further

comprises compressing the scaffold whereby at least a portion of the compressed and
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crogslinked scaffold has a composition of at least 15 percent collagen, or least 30

percent collagen, or at least 25 percent collagen. or at least 60 percent cotlagen.

The method of claim 1 wherein the step of crossiinking further comprises exposing at
least a portion of the compressed scaffold fo a crosslinking promoter or actinic

radiation.

The method of claim 10 wheren the step of crosslinking further comprises exposing
at least a portion of the compressed seaffold to radiation to induce crosslinking by
peptide bond formation between collagen fibrils with or without the assistance of a
crosslinking promoter or other energy mediating agent and optionally wherein the
step of crosslinking the scaffold further comprises ircadiating the scaffold with

altraviclet radiation, x-rays, ganuna radiation or an electron beam.

The method of claim 10 wherein the step of crosslinking further comprises exposing
at least a portion of the compressed scaffold to ulraviolet radiation by direet
exposure, or by exposuare at a grazing incidence angle or via an evanescent waveguide

coupled to a surface of the scaffold.

The method of claim 13 wheremn the step of crosslinking further comprises selectively
exposing a surface portion of the compressed scaffold to a radiation such that the
surface portion exhibits greater crosslinking and higher collagen density than a butk

region of the scaffold.

The method of claim 10 wherein the step of crosslinking further comprises applving

sufficient radiation {0 inactivate any microbial agents and/or steritize the scafiold.

The method of claim 1, wherein the scaffold is configured for use as an implantable
lenticale having a lenticele body, an anterior surface and a posterior surface that give

the lenticule a final desired shape.

The method of claim {, wherein the step of cross-linking further comprises treating at

least a portion of the posterior surface of the lenticule with a crosslinking agent or by
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setective application of patterning radiation to promote adherence of the lenticule 1o a

stromal bed when implanted into a patient’s stromal bed.

The method of claim | wherein the step of cross-linking further comprises enhancing

the optical clarity of the scaffold.

The method of claim 17 wherein the scaffold exhibits a svattering angle, theta, of less

than 4 areminutes.

The method of claim 17 wherein the lenticule exhibils a scattering angle, theta, of less

than 3 arcminutes or less than 2 arcminutes.

The method of claim 17 wherein the lenticule extubits a scattermg angle, theta, of less

than | arcminute.

A method of forming a crosslinked collagenous scaffold with reduced application of
radiation, the method comprising: removing fluid present in the scaffold; and
subjecting the compressed scaffold to radiation to crosslink at least a portion of the
scaffold to define a final desived shape and inhibit subsequent swelling when the

scatfold is exposed to an agueous envivonment,

The method of claim 21 wherein the methoed farther comprises a step of compressing

the scaffold by applving pressure to at least one surface of the seaffold.

The method of claim 22 wherein the step of compressing the scaffold further
comprises securing the scaffold across an opening in a fhuid chamber and applying
fluid pressure to one swrface of the scaftold to provide a scaffold of a first desived

shape,

The method of claim 22 wherein the method finther comprises decellularizing the

scaffold prior to compression, or vice-versa.

The method of claim 21 wherein the step of crosslinking the scatfold further
comprises irradiating the scaffold with ultraviolet radiation, x-rays, gamma radiation

or an electron beam,
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The method of claim 23 wherein the step of rradiating the scaffold further comprises
irradiating the scaffold with UV radiation having a fluence ranging from about 13
Joules‘em? to about 2500 Joulesicm® to induce crosslinking, optionally with UV-C
radiation (about 100 nm io abowt 280 nm) having a fuence ranging from about 15
Joules‘eny® to abont 600 Joules'om® and preferably in some instances with UV-C

radiation of about 240 nim o about 280 nm.

The meathod of clainm 21 wherein the step of cross-linking further comprises enhancing

the optical clarity of the scaffold.

The method of claim 27 wherein the scalfold exhibits a scaltering angle, theta, of less
than 4 areminutes, or less than 3 arcnunuotes, or less than 2 arcmunuies, or less than 1

arcminuies,

The method of claim 21 wherein the method further comprises compressing the
scaffold such that it exhibiis a collagen concentration greater than 13%, or grealer

than 30%, or greater than 45%, or greater than 60%.

The method of claim 21 wherein the scaffold exhibits a residual amourt of cellular
naterial, as measured by residual DNA or RNA content, is less than one percent, or
less than §.1 percent, or less than 0.01 percent by weight of the original DNA or RNA

content..

A collagenous lenticule comprising:
a lenticular body derived from a corneal donor source having an anterior sarface and
a posterior surface that provide the lenticule with a desired shape;
the lenticalar body further comprising collagen that has been at least partially

crosslinked fo inhibit axial swelling.

The lenticule of claim 31, wherein lavers of collagen are crosslinked by application of
radiation and the lenticule is further characterized by induced chemical bonds

between collagen fibrils,
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of cellular material remaining in the lenticule, as measured by residual DNA or RNA
content, is less than one percent, or less than 0.1 percent, or less than 0.0 percent by

weight of the original DNA or RNA content.

The lenticule of claim 31, wherein the lenticule is formed in a desired shape such that
it can be yoplanted into a stromal region of a patient’s eve to change the refractive

power of the comea.

The lenticule of clatm 31, wherein the lenticule has a dise-like shape and a diameter of
abort 0.5 millimeters (o about 1Y) millimeters, and optionally has curvature obtained

by applying pressure to at least one side of the lenticule.

The lenticule of claim 31, wherein the lenticule has g maxinwm thickness less than
about 600 micrometers, less than about 400 micrometers, or less than about 200

mucrometers or less than about 104 nucrometers, or less than 3 micrometers.

The lenticule of claim 31, wherein the lenticule exhibits low immunoreactivity due to

removal or degradation of iImmumogenic epitopes.

The lenticule of claim 31, wherein the posterior surface of the lenticule farther
comprises a crosslinking agent or a pattern of variable crosslinking o promote
adherence of the lenticule 1o a stromal bed when implanted into a patient’s stromal

bad.

The lenticule of claim 31, wherein the anterior surface further comprises an anterior
surface region having a greater collagen density than a bulk region of the lenticule

body.

The lenticule of claim 31, wherein the lenticule has a curvature, optionally formed by

applying pressure to one surface of the scaffold.

The lenticule of claim 31, wherein lenticule has sufficient optical clarity for use as an

intracorneal implant.
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less than 3 arcminuies, or less than 2 aremnutes, or less than 1 arcminutes.

The lenticule of claim 31 wherein the lenticule has been depleted of fluid, and
optionally compressed, such that it exhibits a collagen concentration greater than

15%, or greater than 30%, or greater than 45%, ov greater than 60%.

The lenticule of claim 41 wherein the lenticule has been stenlized by radiation, such

as UV radiation or an electron beam,.

The lenticule of claim 31, wherein the lenticule further comprises a container

surrounding the lenticule for storage and/or shipping.

The lenticule of claim 45, wherein the container also serves as a mold for shaping,

compressing or removing fuid from the scaffold.

The lenticule of claim 43 wherein the container further comprises at least one
radiation transmissive or translucent surface to facilitate crosslinking or sterilization

of the scaffold.

The lenticule of claim 31 wherein the lenticule exhibits a refractive index greater than

native corneal siromal tissue.

The lenticule of clatm 31 wherein the lepticule exhibits a refractive index greater than

1.377.

The lenticule of claim 31 wherein the lenticule exhibits a refractive index greater than

1.378.
The lenticule of claim 31 wherein the lenticule exhibits a gradient in refractive index.

A decellularized collagenous lenticale comprising a lenticular body derived from a
comeal donor source having an antertor surface and a posterior surface that provide
the lenticule with a desired shape and sufficient optical clarity for use as an

intracerpeat implant.
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less than 4 arcminutes.

The lenticule of claim 32 wherein the lenticule exhibits a scattering angle, theta, of

less than 2 arcminutes,

The lenticule of claim 52 wherein the lenticule exhibits a scatiering angle, theta, of

less than 1 arcminute.

The lenticule of claim 52, wherein the lenticular body further compnising collagen
that has been at lcast partially depleted of fluid, optionally compressed, and at least

partially crosslinked to inhibit axial swelling.

A storage container for a lenticele comprising an upper body and lower body defining
a sealed cavity therebetween, wherein at lzast a portion of the apper body or lower

body or both is radiation transmissive so as to permit in sity sterilization of a lenticule,

The lenticule storage container of claim 37, wherein at least one seal v disposed
between the upper body and the fower body, and optionally, wherein the seal is an O-

ring or flat gasket seal.
The lenticule storage container of claim 38, wherein the seal is radiation transmissive.

The lenticale storage container of claum 58, wherein the seal 1s UV-transnussive and

optionally comprises a fluoropolymer compeosition.

The lenticule storage comtainer of claim 58, wherein the seal comprises a
The lemticule storag 1 f ¢l 58 b 1 1 I
polyvtetrafluoroethyviene (PTFE), fluorinated ethylene propylene (FEP), ethylene

tetralbuoroethylene (ETFE} or perfhuoroatkoxy (PFA) composition.
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