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"COLLAGEN AND COLLAGEN LIKE PEPTIDE BASED HYDROGELS, CORNEAL
IMPLANTS, FILLER GLUE AND USES THEREOF"

CROSS-REFERENCE TO RELATED APPLICATION

The present application claims priority from U.S. Provisional Patent Application No. 62/407,650

filed on October 13, 2016, the entire contents of which are hereby incorporated by reference.

FIELD OF INVENTION

The present invention relates to collagen and modified collagen-like peptides crosslinked using

DMTMM as a crosslinker. The invention also relates to methods of preparing hydrogels, corneal

implants and filler glue comprising collagen and collagen-like peptides crosslinked with

DMTMM.

BACKGROUND

The cornea is the transparent covering and the main refractive element of the eye. It is

responsible for transmission of light to the retina. The human cornea is composed of three primary

layers, an outermost epithelium layer, a middle stroma containing keratocytes and an innermost

single layer of endothelial cells.

One of the major causes of blindness worldwide is corneal diseases. The diseases lead to

loss of corneal transparency and subsequently deteriorates the vision. There are a wide variety of

infectious and inflammatory eye diseases that cause corneal scarring and may result in total

blindness. Microbial attack is a common cause of corneal disease.

The most widely accepted treatment for corneal blindness is transplantation of a full thickness

healthy donor cornea after removal of the damaged tissue. The process is termed as penetrating

keratoplasty (PK). Unfortunately, the approach of penetrating keratoplasty suffers from several

shortcomings due to the following reasons: -



• The supply of donor tissue is substantially less than the demand for transplantation that has

resulted in 12.7 million untreated patients worldwide as reported in 2016, with an

additional 1.5 million new patients every year.

• Donor cornea is often rejected in a large proportion of patients due to reasons such as

autoimmune situations, chemical burns, and infections.

• Survival rate of corneal grafts decreases over time.

• Donor-cornea derived infection such as HSV is another serious complication associated

with transplantation of human donor corneas. Donor corneas should be screened which is

an expensive procedure, with processing fees in the USA around 2.5 - 3.5 thousand US

dollars per cornea.

There has been a long history of research into the development of alternatives to human corneas

with both artificial as well as natural alternatives. Xenograft transplantation using corneas from

pigs and sheep have been tried. But the said approach suffers from many disadvantages such as

immune rejections as well as cross-species diseases due to transmission of pathogens.

Decellularized organs have been studied to evaluate their potential as grafts in same or cross-

species due to their ability to retain the native extra-cellular matrix of the target organ. But,

decellularized corneas also have shortcomings due to incompatibility and rejections.

Artificial corneas known as keratoprostheses (KPro's) have been in development for over 200

years. Artificial corneas utilizing quartz crystal implant, plastic optical core like poly (methyl

methacrylate), poly (2-hydroxyethyl methacrylate) etc. have been used. But the use of such

artificial corneas involves the need for lifetime antibiotics as well as immune suppression in a large

proportion of patients. The retention rates of these artificial corneas are extremely less and more

than half of such artificial corneas do not last beyond three years. Moreover, the patients are at risk

of glaucoma, a very severe side effect that can result in blindness.

As collagen is the main component of the corneal extracellular matrix, artificial corneas made

from collagen have garnered a lot of interest as alternatives to human donor corneas. The main

source of collagen is extracted animal protein, although recombinantly produced collagen is now

available. To give mechanical strength, enzymatic stability and feasibility for transplantation,

collagen is cross-linked by different mechanisms.



Optically transparent and cell friendly corneal implants made from porcine and bovine

collagen and transplanted into animal models exhibit immunogenic reaction. Animal-derived

collagen comes from heterogeneous sources, and because of the different levels of processing and

screening in each different source, great care needs to be taken due to the risk of transmitting

diseases as well as provoking immune responses in the host.

The use of recombinant human collagen mitigates the heterogeneity and pathogen transmission

issue. However, the production and purification of recombinant human collagen is an expensive

process that makes the price of the artificial cornea unreachable to the neediest individuals.

Therefore, an alternative that could replace recombinant human collagen with the same

physicochemical and biological properties would be a huge advancement. Collagen-like peptides

(CLP) or collagen mimetic peptides have been developed as functional alternatives of collagen.

Corneal implants based on collagen-like peptides crosslinked using various cross-linkers have

been developed till date. N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) and N-

hydroxysuccinimide (NHS) crosslinking system has been used for development of corneal

implants. But the same has been found to be cytotoxic to the surrounding cells.

DMTMM has been used as a crosslinker in a wide variety of applications. But the use of the

same for development of hydrogels and implants is not known. The usage of DMTMM as a

crosslinker has allowed unprecedented advantages over the previously used crosslinkers. The

advantages include improved mechanical properties, improved thermal properties and less

cytotoxic effect.

In the prior art, collagen-like peptides having characteristics very similar to that of collagens

have been developed. One such collagen-like peptide having 36 amino acid has been used as a

base peptide for the present invention, which is modified to impart mechanical strength and

multifunctionality such as anti-inflammatory property and resistance to matrix metalloproteinases

(MMP).

The implants based on collagen-like peptide crosslinked with DMTMM and containing the

MMP cleavage motif and the anti-inflammation motifs is highly efficacious compared to the

implants disclosed in the prior art.



The present invention thus contemplates to overcome the problems of the prior art to solve a

long-standing problem of development of corneal implants with improved mechanical properties

and less cytotoxic effect. Further, the approach used for development of this invention would make

the improved implants more accessible and affordable to the 90% of the world's visually impaired

who live in low-income nations.

Further, the invention may also be utilized for cosmetic purposes such as for correction of

refractive errors, use as fillers for correcting previous laser eye surgery (PRK, LASIK, LASEK)

or use as onlays, inlays and rings instead of laser eye surgery to correct vision. The filler glue can

also be used as anti-aging tools to fill wrinkles.

SUMMARY OF THE INVENTION

The present invention relates to modified collagen-like peptides, wherein the peptides are

operably fused to one or more functional peptide motifs having MMP cleavage site, ant i

inflammatory properties and/or cell-adhesion sites.

Further, the invention discloses chemically modified collagen or collagen-like peptide -

PEG (CLP-PEG) conjugate. The invention also relates to CLP-PEG conjugate which have been

crosslinked into a network using 4-(4,6-Dimethoxy-l,3,5-triazin-2-yl)-4-methylmorpholinium

chloride (DMTMM) as a crosslinker.

The invention discloses hydrogels comprising CLP-PEG conjugate crosslinked with

DMTMM. Further, the hydrogel contains stem cells or a second layer of anti-inflammatory

biopolymer.

The invention also relates to a method of preparing the hydrogel using CLP-PEG conjugate

containing fibrinogen crosslinked with a crosslinking agent, preferably 4-(4,6-Dimethoxy- 1,3,5-

triazin-2-yl)-4-methylmorpholinium chloride (DMTMM). CLP-PEG hydrogel is in the form

implant or filler glue.

Further, the invention relates to method of treatment using the hydrogel which includes

pre-application of thrombin to the corneal defect. The CLP-PEG containing fibrinogen is mixed

with DMTMM and dispensed into the cavity of the corneal defect. The thrombin reacts with the

fibrinogen to form fibrin to result in a hydrogel.



The invention also relates to method of manufacturing corneal implants by preparation of

a hydrogel and molding the implants as cornea shaped implants in a humidified chamber in an

inert or non-oxidizing atmosphere.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts the vector map of the pCOLDI vector used for recombinant production of

collagen like peptides.

Figure 2 shows recombinantly produced CLP shown as bands on an SDS-PAGE gel.

Figure 3 depicts the results of comparison of 'H-NMR spectra of CLP-PEG (top) and 8-

arm-PEG-maleimide (bottom) in DMSO-d6. The solvent peak at 2.5 δ ppm was used as internal

standard. The successful conjugation of the CLP to the PEG-maleimide was confirmed by the

complete disappearance of the vinylic proton peak at 7 δ ppm.

Figure 4 shows thermo-assisted irreversible sol (left)-gel (right) transition using DMTMM

crosslinking chemistry.

Figure 5 shows primary corneal limbal stem cells on CLP-PEG and control RHC-MPC.

Both support the proliferation of these stem cells, which are marked by the presence of DeltaNp63.

Figure 6 shows the oscillatory rheology studies of DMTMM crosslinked collagen implants.

Figure 7 shows in vitro proliferation of Human Corneal Epithelial Cells (HCEC) on

implants prepared with different amounts of DMTMM.

Figure 8 shows in vitro suture test on excised pig eyes.

Figure 9 depicts results of oscillatory rheology studies of operated and un-operated rabbit

corneas and CLP-hydrogel implant; (a) storage modulus, (b) loss modulus and (c) loss tangent as

a function of oscillation frequency at 0.27% shear strain amplitude.

Figure 10 depicts oscillatory rheology studies on CLP implants crosslinked with different

crosslinkers.



Figure 11 depicts in vitro toxicity study wherein the growth of human corneal epithelial

cells on different amounts of DMTMM on tissue culture plastic is shown.

Figure 12 shows the results of the Storage ( ) and loss (G") modulus of ab interno patch

(A) and CLP-PEG hydrogels fabricated as corneal implants (B) as a function of oscillation

frequency at a shear strain amplitude of 0.27%. Higher G value for the corneal implant compared

to the ab interno patch indicates higher stiffness of the implant compared to the ab interno patch.

Figure 13 depicts the three modes of patching which were tested: A) A cyanoacrylate glue

patch applied externally to the standardized defect. The glue was applied to the internal surface of

a 3mm plastic disc cut from a surgical drape and applied to the cornea. B) A Ι ΟΟµ , 3 mm diameter

crosslinked collagen patch was applied internally to the standardized defect as an ab interno patch.

C) Combination of a Ι ΟΟµ , 3 mm collagen ab interno patch with external application of the CLP-

PEG glue to seal the standardized defect and replace lost corneal tissue.

Figure 14 depicts A) example of a perforated human cornea. B) experimental set up

showing an in vitro perforated corneal model within an artificial anterior chamber device. C)

perforated cornea model filled with CLP-PEG containing fibrin glue. Other vitro cornea models

patched with D) conventional ab externo patching with cyanoacrylate glue (control), E) a collagen

hydrogel as an ab interno patch only, F) collagen hydrogel an interno patch with CLP-PEG filler.

Figure 15 depicts the results of FTIR studies showing overlay of IR spectrum of 7 different

implant samples stored for various durations ranging from 14 months to 10 days

Figure 16 shows all 8 operated animals at 12 months post-operation. Some blood vessels

are seen in the eyes along with haze. Overall, the haze and vascular is slightly more prominent and

even within the CLP-PEG group while the haziness in the MPC containing group is peripheral

within the implant. Analyses of the collagen content showed that CLP-PEG implants had a higher

overall content of collagens 1 and V than healthy unoperated corneas, while CLP-PEG-MPC

implants had overall significantly less collagen. However, CLP-MPC showed a similar amount of

high molecular weight, i.e. mature collagen fibrils as the healthy unoperated controls.

Figure 17 depicts the CLP-PEG implant in the corneas of two representative mini-pigs

immediately after surgery and at 5 weeks post-operation.



Figure 18 shows (A) comparison of cytotoxicity of two different crosslinking system EDC-

NHS and DMTMM. (B) acute toxicity of various concentrations of DMTMM.

Figure 19 shows the confluent cultured immortalised human corneal epithelial cells after

exposure to protein crosshnkers in culture medium, stained with calcein-AM and ethidium

homodimer-1. A) Cells after exposure to 1% (w/v) DMTMM or 0.5% EDC (w/v) with 0.16%

(w/v) NHS (EDC-NHS), at day 1 after culture. Control cultures comprised culture medium only.

Green cells are viable while red cells are dead. Scale bars, 50 µ . B) Cells after exposure to 1%

or 4% of DMTMM for 2 min, the time needed for DMTMM to crosslink the amount of CLP-PEG

needed to fill perforations and 5 min, more than double the exposure required, respectively.

Figure 20 shows results of studies regarding determination of long-term toxicity of

DMTMM on HCECs.

Figure 2 1 shows skin dermal fibroblasts and epidermal keratinocytes on CLP-PEG

hydrogels with and without RGD. Control cells are grown on tissue culture plastic (TCP).

Fibroblasts are supported by TCP and CLP-RGD-PEG. These are positively stained with an anti

body against smooth muscle actin (SMA) suggesting that these cells are activated fibroblasts.

Figure 22 depicts results of in vitro culture of primary dermal fibroblasts on tissue culture

plastic (TCP) and hydrogels of porcine collagen (PC), CLP-PEG (CLP) and CLP-RGD-PEG

(CLP-RGD). The cells were left untreated or treated with TGF-beta (10 ng/ml) prior to seeding

onto the substrates ("pre-treated") or after seeding onto the substrates ("post-treated"). Red

staining indicates cells that are positive for smooth muscle actin. DAPI counterstain of nuclei

appear blue.

Figure 23 depicts (a) shows TEM of cornea of a mini-pig implanted with CLP-PEG at 12

months post-operation. The regenerated neo-cornea epithelial-stromal interface region shows

production of electron dense extracellular vesicles. These were visualized by 3D reconstruction of

en bloc face SEM sections (b) shows the extracellular vesicles as yellow colored (c) is a 3D

reconstruction of CD9-positive extracellular vesicles of control, RHC-III MPC and the CLP-PEG.

(d) immunohistochemically labelled sections of CD9-positive extracellular vesicles (e) shows EVs

stained for Rab7 (f) shows differential EV patterns in corneal epithelial cells cultured on the

different substrates.



Figure 24 shows primary neurons and glia from rat cerebellum on day 6 in vitro after

planting on 6% and 12% CLP-PEG that have incorporated RGDSPG and IKVAV peptides.

Neurons (yellow) are immunolabelled with anti-microtubule-associated protein 2, and astrocytes

(red) with anti-glial fibrillary acidic protein. Microglia are stained green with isolectin GS-IB4.

All nuclei are stained blue with Hoechst33342.

BRIEF DESCRIPTION OF SEQUENCE LISTINGS

SEQ ID NO:l is the nucleic acid sequence of a Pichia pistons template vector (pPink-

aMF-COL mimic-His-P4H-HC) comprising 10 repeats of the nucleic acid sequence encoding the

38-amino acid CLP.

SEQ ID NO:2 is the nucleic acid sequence of the forward primer used for cloning.

SEQ ID NO:3 is the nucleic acid sequence of the reverse primer used for cloning.

SEQ ID NO:4 is the nucleic acid sequence encoding the 38-amino acid sequence used for

preparation of CLP.

SEQ ID NO:5 is the 38-amino acid long polypeptide used as a base for preparation of CLP

with added functional motifs. This sequence comprises of a previously disclosed 36-amino acid

sequence to which a glycine and a cysteine residue has been added.

SEQ ID NO:6 is a Matrix-metalloproteinases (MMP) cleavage motif which is functionally

fused to the peptide comprising the amino acid sequence of SEQ ID NO:5.

SEQ ID NO:7 is the nucleic acid encoding a CLP-MMP polypeptide, wherein the MMP

cleavage motif is functionally fused to the polypeptide given in SEQ ID NO: 5.

SEQ ID NO: 8 is an anti- inflammatory motif (RYTVELA) which is functionally fused to

the peptide comprising the amino acid sequence of SEQ ID NO:5.

SEQ ID NO: 9 is the nucleic acid encoding CLP-RYTVELA polypeptide, wherein the anti

inflammatory motif is functionally fused to the peptide comprising the amino acid sequence of

SEQ ID NO:5.

SEQ ID NO: 10 is a polypeptide comprising CLP fused to both the MMP cleavage motif

as well as the anti- inflammatory motif (RYTVELA).



SEQ ID NO: 11 is the nucleic acid encoding polypeptide of SEQ ID NO: 10.

SEQ ID NO: 12 is a cell adhesion peptide motif RGDSPG (from fibronectin) which is

functionally fused to the peptide comprising the amino acid sequence of SEQ ID NO:5.

SEQ ID NO: 13 is the nucleic acid encoding CLP-RGDSPG polypeptide, wherein the cell

adhesion peptide motif is functionally fused to the peptide comprising the amino acid sequence of

SEQ ID NO:5.

SEQ ID NO: 14 is a cell adhesion peptide motif IKVAV (from laminin) which is

functionally fused to the peptide comprising the amino acid sequence of SEQ ID NO:5.

SEQ ID NO: 15 is the nucleic acid encoding CLP- IKVAV polypeptide, wherein the cell

adhesion peptide motif is functionally fused to the peptide comprising the amino acid sequence of

SEQ ID NO:5.

DEFINITIONS

Unless defined otherwise, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which the methods belong.

Although any methods and compositions similar or equivalent to those described herein can also

be used in the practice or testing of the methods and compositions, representative illustrative

methods and compositions are now described.

Where a range of values is provided, it is understood that each intervening value between

the upper and lower limit of that range and any other stated or intervening value in that stated

range, is encompassed within by the methods and compositions. The upper and lower limits of

these smaller ranges may independently be included in the smaller ranges and are also

encompassed within by the methods and compositions, subject to any specifically excluded limit

in the stated range. Where the stated range includes one or both of the limits, ranges excluding

either or both of those included limits are also included in the methods and compositions.

It is appreciated that certain features of the methods, which are, for clarity, described in the

context of separate embodiments, may also be provided in combination in a single embodiment.

Conversely, various features of the methods and compositions, which are, for brevity, described

in the context of a single embodiment, may also be provided separately or in any suitable sub-



combination. It is noted that, as used herein and in the appended claims, the singular forms "a",

"an", and "the" include plural referents unless the context clearly dictates otherwise. It is further

noted that the claims may be drafted to exclude any optional element. As such, this statement is

intended to serve as antecedent basis for use of such exclusive terminology as "solely," "only" and

the like in connection with the recitation of claim elements, or use of a "negative" limitation.

As will be apparent to those of skill in the art upon reading this disclosure, each of the

individual embodiments described and illustrated herein has discrete components and features

which may be readily separated from or combined with the features of any of the other

embodiments without departing from the scope or spirit of the present methods. Any recited

method can be carried out in the order of events recited or in any other order that is logically

possible.

The term "collagen" refers to the principal protein of connective tissue having a high tensile

strength and found in most multicellular organisms. The term as used herein refers to all forms of

collagen from diverse sources which can be used as starting materials, including but not limited

to, recombinantly produced collagen, collagen extracted from naturally occurring sources,

processed, or otherwise modified for preparation of hydrogels, implants or filler glue.

The term "collagen-like peptide" or "CLP" refers to any peptide which is a structural or

functional equivalent of collagen. The CLP may further contain functional peptide motifs, which

include but are not limited to, anti-inflammatory motif, MMP cleavage motif or cell adhesion

motif.

The term "collagen-like peptide-PEG" or "CLP-PEG" or "conjugated-CLP" refers to any

collagen-like peptide conjugated to polyethylene glycol, which includes but is not limited to,

polyethylene glycols with molecular weight ranging 10-40 kDa, having 4-8 arms and having

hexaglycerol or pentaerythritol core.

The term "hydrogel" means a gel comprising collagen-PEG or collagen-like peptide

conjugate crosslinked into a network using a suitable crosslinker, which includes but is not limited

to, DMTMM. The dispersion medium is any suitable solvent.

The term "corneal implant" refers to any material which may be applied to or comes in

contact with the cornea of a subject. The corneal implant may comprise of a hydrogel comprising



collagen or collagen like peptide crosslinked into a network using a suitable crosslinker, which

includes but is not limited to, DMTMM. The implant may further comprise second network of

functional polymers and may be used for delivery of cells.

The term "filler glue" or "filler" as used herein is intended to include hydrogels comprising

collagen-PEG or collagen-like peptide conjugate crosslinked into a network using a suitable

crosslinker and additionally comprises one or more component, which includes but is not limited

to, peptide, glycoproteins, sealant, adhesives, additives etc. such as fibrinogen

The term "stem cell" represents a generic group of undifferentiated cells that possess the

capacity for self-renewal while retaining varying potentials to form differentiated cells and tissues.

Stem cells can be pluripotent or multipotent. A pluripotent stem cell is a cell that has the ability to

form all tissues found in an intact organism although the pluripotent stem cell cannot form an intact

organism. Furthermore, it is known that human somatic cells can be re-programmed to an

undifferentiated state similar to an embryonic stem cell. The term includes, but is not limited to,

corneal stem cells.

The terms "polypeptide", "peptide" and "protein" are used interchangeably herein to refer

to two or more amino acid residues joined to each other by peptide bonds or modified peptide

bonds. The terms apply to amino acid polymers in which one or more amino acid residue is an

artificial chemical mimetic of a corresponding naturally occurring amino acid, as well as to

naturally occurring amino acid polymers, those containing modified residues, and non-naturally

occurring amino acid polymer. "Polypeptide" refers to both short chains, commonly referred to as

peptides, oligopeptides or oligomers, and to longer chains, generally referred to as proteins.

Polypeptides may contain amino acids other than the 20 gene-encoded amino acids. Likewise,

"protein" refers to at least two covalently attached amino acids, which includes proteins,

polypeptides, oligopeptides and peptides. A protein may be made up of naturally occurring amino

acids and peptide bonds, or synthetic peptidomimetic structures. Thus "amino acid", or "peptide

residue", as used herein means both naturally occurring and synthetic amino acids. "Amino acid"

includes imino acid residues such as proline and hydroxyproline. The side chains may be in either

the (R) or the (S) configuration.

DETAILED DESCRIPTION OF THE INVENTION



The present invention discloses modified collagen-like peptides prepared by adding one or

more functional peptide motifs to a previously disclosed 36-amino acid peptide. Peptide motifs

having proteolytic cleavage sites, anti-inflammatory effects and/or cell adhesion motifs are added

to the amino acid sequence in this invention. Further, a glycine and a cysteine residue has been

added to the peptide which allows covalent attachment of polyethylene glycol (PEG) to form a

robust hydrogel.

Collagen or the collagen-like peptides crosslinked with DMTMM are used in preparing

hydrogels and corneal implants and filler glue for treatment of corneal and defects and diseases.

The invention contemplates a multidimensional approach in development of highly

efficacious corneal implants comprising collagen or collagen like peptides crosslinked with

DMTMM. The hydrogels developed with collagen or collagen-like peptides crosslinked with

DMTMM was found to be more effective and less cytotoxic than previously used EDC/NHS

crosslinking system.

Efficacy of DMTMM over commonly used crosslinker

For the first time, DMTMM has been used as a crosslinker for development of collagen and

collagen- like peptide based hydrogels, implants and filler glue. The inventors have established that

DMTMM is a superior crosslinker as compared to existing crosslinkers such as EDC/NHS and N-

Cyclohexyl-N'-(2-morpholinoethyl) carbodiimide metho-p-toluenesulfonate (CMC).

This inventive approach has led to the development of highly efficacious and robust hydrogels

characterized by the following properties: -

a. superior mechanical properties as evidenced by the oscillatory rheology studies

b. improved suturability of the implants

c. lesser cytotoxicity as evidenced by the human corneal epithelial cell culture studies

performed with different crosslinkers and no long term cytotoxic effect

d. increased integrity of the hydrogels over a long period as evidenced by the FTIR

spectroscopic study

e. superior anti-scarring properties

f. increased induction of extracellular vesicle production



Further the hydrogels developed in this invention have cosmetic uses as well such as the

ability to correct refractive errors, use as fillers for correcting previous laser eye surgery (PRK,

LASIK, LASEK) or use as onlays, inlays and rings instead of laser eye surgery to correct vision.

The filler glue can also be used as anti-aging tools to fill wrinkles.

The invention also relates to methods of manufacturing hydrogels, corneal implants and

filler glue comprising collagen or collagen- like peptides crosslinked with DMTMM.

Further, the invention also relates to method of treating corneal defects using hydrogels

developed in this invention and a collagen based ab interno patch. The invention also reveals a kit

comprising collagen based ab interno patch and the filler glue.

Before the collagen-like peptides, conjugates, hydrogels, implants, filler glue and methods

of the present disclosure are described in greater detail, it is to be understood that the invention is

not limited to particular embodiments and may vary. It is also to be understood that the terminology

used herein is for the purpose of describing particular embodiments only, and is not intended to be

limiting, since the scope of the methods and compositions will be limited only by the appended

claims.

Aspects of the present invention relates to modified collagen like peptides which were

designed using a 36-amino acid peptide sequence as a base. Functional motifs were added to this

base peptide sequence in order to improve the functionality and therapeutic efficacy of the

hydrogels based on these collagen-like peptides. Glycine and cysteine were added to allow

covalent attachment to an 8-armed polyethylene glycol maleimide (PEG) and form a robust

hydrogel. The functional motifs added to the base CLP included a MMP cleavage motif, an anti

inflammatory motif and cell adhesion motifs.

To impart resistance to matrix metalloproteinases (MMP), a MMP cleavage motif is added

to stop the degradation of extracellular matrix proteins.

The collagen-like peptides developed in this invention contains MMP cleavage motif.

Matrix- metalloproteinases (MMPs), also referred to as matrixins are a family of approximately

24 human zinc-containing endopeptidases that are capable of degrading components of the ECM

and many other proteins. MMPs are overexpressed in a variety of pathological conditions, such as

arthritic diseases, cancer and inflammation.



Compositions comprising a MMP cleavage motif are used to cleave MMPs at inflammation

sites. Cell adhesion motifs like RGDSPG (from fibronectin) and IKVAV (from laminin) was added

to enhance corneal epithelial cell proliferation and differentiation as well as neurite outgrowth.

Another aspect of the invention relates to recombinant production of collagen-like peptide.

Recombinant production of collagen-like peptides provides impeccable high yields and thus

resulting in managing the higher purities required at lower expenses.

In the present invention, the nucleic acids encoding the modified collagen like peptides are

cloned into an expression vector for recombinant expression. In a preferred embodiment, the vector

is a pCOLDI expression vectors.

The nucleic acids are cloned into the expression vector using the the restriction sites and

appropriate forward and reverse primers. In a preferred embodiment, the restriction sites are Ndel

and Xbal.

For post-translational modification of proline residues to hydroxyproline, an expression

vector encoding prolyl 4-hydroxylase is transformed along with the vector encoding the collagen

like peptides. In a preferred embodiment, the vector used for encoding prolyl 4-hydroxylase is a

pET vector.

A suitable host cell for expressing the recombinant collagen like peptides is used. In a

preferred embodiment, the host cell used is E.coli BL-21(DE3) strain. In the preferred

embodiment, the host cells used for production of recombinant proteins which are endotoxin-free.

For recombinant expression of CLPs, pre-cultured bacteria are selected against an

antibiotic. In a preferred embodiment, the antibiotic is ampicillin.

The promoter present in the host is an inducible promoter. In a preferred embodiment, the

promoter is IPTG.

The recombinant host cells are harvested by centrifugation and subjected to lysis for

recovery of recombinant proteins. In a preferred embodiment, lysis is performed by sonication.



The collagen-like polypeptides are further purified using a suitable purification system. In

a preferred embodiment Ni-NTI columns that specifically bind the Histidine tag attached to the N-

terminus of CLP are used for purification.

The recombinantly expressed proteins which do not trigger endotoxic response in human

cells and are used for preparation of hydrogels and implants.

Alternatively, the peptides are synthesized using a peptide synthesizer.

Further aspects of the invention deal with preparation of collagen or CLP-PEG hydrogel

crosslinked into a network using DMTMM. Further, implants and filler glue using the hydrogel

are prepared. For preparation of the hydrogel, the collagen or recombinantly produced collagen

like peptides are conjugated with polyethylene glycols with molecular weight ranging 10-40 kDa,

having 4-8 arms and having hexaglycerol or pentaerythritol core. In a preferred embodiment, a 8-

arm-PEG-maleimide having MW of 40KDa and hexaglycerol core was used. The resultant CLP-

PEG conjugate is subjected to a three -stage filtration process. In a preferred embodiment, the

three-stage filtration process includes using a P3 sintered glass funnel, a 0.45 µπι sterile filter and

then purification by dialysis against water 12-14 KDa molecular weight cut-off regenerative

cellulose dialysis membrane. The purified solution is finally lyophilized.

For preparation of the hydrogel, solution of CLP-PEGs in water is crosslinked using a

suitable crosslinker. In a preferred embodiment, 15% (w/w) solution of CLP-PEGs in water is

prepared and a 2-(N-morpholino) ethanesulfonic acid (MES) is added as a buffer. The crosslinker

in the preferred embodiment is 4-(4,6-Dimethoxy-l,3,5-triazin-2-yl)-4-methylmorpholinium

chloride (DMTMM).

In another embodiment, fibrinogen is mixed with CLP-PEG and then DMTMM is added

for preparing the hydrogels. Thrombin is pre-applied to the corneal defect and when it comes in

contact with fibrinogen of the hydrogel reacts to convert into fibrin, which is a superior filer glue.

For preparation of the implant, the hydrogel is moulded as cornea-shaped implants and

cured overnight in a humidified chamber under an inert or non-oxidizing atmosphere. In a

preferred embodiment, the inert or non-oxidizing atmosphere is nitrogen atmosphere.



For preparation of the CLP-PEG filler glue, the CLP-PEG conjugate is dissolved in

deionised water. The resultant solution behaves as a liquid at 37 □ and is injectable. Optionally,

fibrinogen can be added to this solution. Addition of DMTMM while cooling the 15% (w/w)

solution of CLP-PEG from 37□ to 25□ is a preferred mode of preparing the filler glue.

Another aspect of the present invention relates to modified implants with anti

inflammatory biopolymer, small drugs and pre-loaded stem cells. The slow gelling kinetics of the

hydrogel allows the homogeneous incorporation of a second network of anti- inflammatory and

anti-fouling biopolymer. In a preferred embodiment, the anti-inflammatory and anti-fouling

biopolymer is 2-methacryloyloxyethyl phosphorylcholine network (MPC). CLP-MPC implants

are suitable to be used as implants for corneas with severe pathological conditions such as chemical

burns, severe infections, autoimmune conditions etc. The slower gelling kinetics also allows the

covalent attachment of various small molecule drugs such as vancomycin.

Yet another aspect of the present invention relates to preparation of collagen or CLP-based

implant with pre-loaded stem cells for stem cell delivery to patients whose own endogenous stem

cells are depleted. In a preferred embodiment, DeltaNp63 positive corneal limbal epithelial cells

were grown on the implants and it was found that the implant supports the proliferation of the stem

cells.

Further aspects of the present invention relate to characterization of the developed

implants, which includes mechanical characterization, thermal characterization and cytotoxic

characterization.

For mechanical characterization, oscillatory rheology studies were performed on these

hydrogels and implants. The results depict that the implants have a much higher storage modulus

and a much lower tangent loss than previously disclosed implants.

For thermal characterization, differential scanning calorimetric analysis was done which

revealed that glass transition temperature of the hydrogels prepared with various equivalents of

DMTMM matched the glass transition temperature of the human cornea.

Further cytotoxic characterization was performed by comparing implants prepared using

different crosslinkers for growth of human corneal epithelial cells on the implants. For the

comparison, the HCEC were seeded onto tissue culture plates and the effects of DMTMM and



EDC/NHS crosslinking systems were compared for their effects on immortalized human corneal

epithelial cells.

In a further aspect, the long-term toxicity of DMTMM on HCEC was tested. HCECs were

incubated with DMTMM and was cultured for up to 7 days. Staining was done to check the

viability of the cells.

In yet another aspect, the thickness of cornea was measured at different times before and

after grafting the implants in New Zealand white male rabbits.

In other aspects of the invention, the suturability of the implants, anti-scarring properties,

induction of extracellular vesicle production and stability of the implants over a long period of

time are exhibited.

In another aspect of the invention, it has been shown that the suturability of the implants

tested on excused pig eyes were found to withstand multiple interrupted sutures with little breaks.

In yet another aspect of the invention, the long-term integrity of the sample was studied

using FTIR Spectroscopy. Samples were subjected to a wave-scan ranging 650 - 4000 cm 1 and

no significant differences in the spectra could be found between samples indicating the integrity

of the implants over the storage duration of 14 months.

In yet another aspect, the anti-scarring properties of the implants were tested. The in vitro

culture of primary dermal fibroblasts on the implants shows the ability of CLP implants to be

potentially used as regeneration scaffolds or templates, preformed or in situ cured, to have an anti-

scarring effect.

In yet another aspect, the ability of the implants to induce extracellular vesicle production

was tested. Mini-pig neo corneas were investigated to characterize the exosomes and

immunohistochemistry performed on sections of implanted with CLP-PEG and RHCIII-MPC

showed differential staining for CD9 marker for exosomes, and Rab-7, a marker for endosomes. It

was shown that CLP-PEG implants in the cornea promotes regeneration of extracellular vesicles.

In a further aspect, a method of treatment of corneal and defects and diseases is exhibited.

Perforations were performed on the cornea and standardized corneal defects were made. The

defects were then sealed by patching using A) conventional ab externo patching with



cyanoacrylate glue B) a collagen hydrogel based ab interno patch only; C) a collagen hydrogel ab

interno patch together with a CLP-PEG filler.

Further, bursting pressure was evaluated to show that the patching done using CLP-PEG-

fibrinogen filler glue to show that it is the best possible method for sealing the corneal defects.

EXAMPLES

Example 1: Collagen Like Peptides

The collagen-like peptides were designed using a 36-amino acid peptide, (Pro-Lys-

Gly)4(Pro- Hyp-Gly)4(Asp-Hyp-Gly)4 as a base. To this polypeptide sequence, a glycine and a

cysteine were added to allow covalent attachment to an 8-armed polyethylene glycol maleimide

(PEG) and form a robust hydrogel. Further peptide motifs were added to this which allowed the

polypeptides to be multifunctional.

A Pichia pistoris template vector (pPink-aMF-COL mimic-His-P4H-HC) comprising 10

repeats of the nucleic acid sequence encoding the 38-amino acid CLP was used as a template

vector. The nucleic acid sequence of the template vector is represented by SEQ ID NO:l.

Using a forward primer comprising the nucleic acid sequence of SEQ ID NO:2 and a

reverse primer comprising the nucleic acid sequence of SEQ ID NO: 3, one repeat of the nucleic

acid encoding the 38-amino acid sequence was isolated. The nucleic acid sequence of this repeat

is represented by SEQ ID NO:4.

This repeat fused with added functional motifs were cloned into a pCOLDI vector (Takara

Bio Inc) using Ndel and Xbal restriction site. The forward primer and the reverse primers used are

represented by SEQ ID NO: 2 and SEQ ID NO: 3 respectively.

In the present invention, several polypeptides were synthesized using the 38-amino acid

polypeptide as a base. The 38-amino acid polypeptide is represented by SEQ ID NO: 5.

A Matrix-metalloproteinases (MMP) cleavage motif was functionally fused to the peptide

comprising the amino acid sequence of SEQ ID NO: 5. The MMP motif is represented by SEQ ID

NO:6 and the nucleic acid encoding the CLP-MMP polypeptide is represented by SEQ ID NO:7.



An anti- inflammatory motif (RYTVELA) was functionally fused to the peptide comprising

the amino acid sequence of SEQ ID NO:5. The anti-inflammatory motif is represented by SEQ ID

NO:8 and the nucleic acid encoding the CLP-MMP polypeptide is represented by SEQ ID NO:9.

Further, a nucleic acid encoding the CLP fused to both the MMP cleavage motif as well as

the anti-inflammatory motif was designed. The fusion polypeptide is represented by SEQ ID

NO: 10 and the nucleic acid encoding the fusion polypeptide is represented by SEQ ID NO: 11. The

CLP as represented by SEQ ID NO: 10 was used in all the experiments concerning the evaluation

of implants, unless otherwise specified in the specific embodiments.

Further, the collagen-like peptides were modified to incorporate the cell adhesion peptide

motifs RGDSPG (from fibronectin) and IKVAV (from laminin) into the peptide sequence.

The fusion polypeptide CLP-RGDSPG is represented by SEQ ID NO: 12 and the nucleic

acid encoding the fusion polypeptide is represented by SEQ ID NO: 13.

The fusion polypeptide CLP- IKVAV is represented by SEQ ID NO: 14 and the nucleic

acid encoding the fusion polypeptide is represented by SEQ ID NO: 15.

Example 2: Recombinant Production of recombinant Collagen Like Peptides

The nucleic acids of Example 1 were cloned into pCOLDI expression vectors (Takara Bio

Inc). The vector map of the expression vector pCOLDI is depicted in Figure 1. The restriction sites

used in the process were Ndel and Xbal. Further, the forward primer and the reverse primers used

are represented by SEQ ID NO: 2 and SEQ ID NO:3 respectively.

For post-translational modification of proline residues to hydroxyproline, a pET vector

comprising the nucleic acid encoding Prolyl 4-hydroxylase was used.

Both the expression vectors (pCOLDI and pET) were transformed into E.coli BL-21(DE3)

strain. The E. coli BL-21(DE3) electrocompetent strain is sold under the tradename of

CLEARCOLI®. The CLEARCOLI ® BL21(DE3) bacterial cells were used for production of

recombinant proteins which are endotoxin-free.

For recombinant expression of CLPs, 4-20 µ of pre-cultured bacteria selected against

ampicillin solution were inoculated into 40 mL LB Miller medium with 100 µg/mL ampicillin and



0.5% glucose and grown for 16 h at 37°C on a shaking board (150 rpm). After 16 hr, the bacteria

culture was given to 1 L LB Miller with 100 µg/mL ampicillin and grown at 37°C and 150 rpm

shaking until the OD6oo was between 0.6-0.8.

IPTG was added to achieve a final concentration of 1.5 mM IPTG CLP protein culture.

Bacteria were then grown at room temperature for 16 h on a shaking board (150 rpm).

The recombinant host cells were harvested by 20 min centrifugation (5000xg, at room

temperature). The supernatants were discarded and pellets were stored at -20°C. Thereafter, the

bacterial pellets were resuspended in 10 mL denaturing binding buffer (20 mM sodium phosphate

dibasic, 0.5 M NaCl, 40 mM imidazole, 8 M urea (U5378, Sigma), pH 8.0) per 1 gm pellet and

lysed by sonication.

The solution was sonicated at 4°C for 60x10 s with 10 s break and a 45-min break between the

first 30 and the last 30 pulses. Samples were then centrifuged for 2x20 min at 5000xg at 4°C and

supernatants were transferred to new tubes which were then stored at 4°C.

Example 3: Purification of recombinant Collagen Like Peptides

The collagen- like polypeptides were purified using Ni-NTI columns that specifically bind

the Histidine tag attached to the N-terminus of CLP.

The Ni-NTA columns were equilibrated with 10-15 CV denaturing binding buffer, and

supernatant of protein sample was applied. The column was washed with 3 x 2 mL denaturing

binding buffer, and proteins eluted with 5 CV denaturing elution buffer (20 mM sodium phosphate

dibasic, 0.5 M sodium chloride, 0.5 M imidazole, 8 M urea, pH 8.0). Samples were collected and

analyzed using SDS PAGE. The recombinant CLPs were subjected to SDS-PAGE using standard

protocol. The results of SDS-PAGE are depicted in Figure 2. The E1-E5 of the SDS PAGE results

depicts the eluent of CLP represented by SEQ ID NO: 10. The His-tag polypeptides were visualized

using 300mM imidazole.

For dialysis, all the elutes with protein were collected and mixed in one 50ml tube. The

Slide-A-Lyzer- ® Dialysis Cassette G2 (#87730, Thermo Scientific) was used according to the

manufacturer's protocol for using a pipette. The native binding buffer from purifying the protein

served as dialysis buffer, and dialysis was performed overnight at 4°C.



To further minimize the salt content of the dialyzed CLP protein solution, gel filtration was

conducted using PD-10 Desalting columns with 8.3 mL SEPHADEX™ G-25 Medium (52-1308-

00 BB, GE Healthcare) and the provided gravity protocol at room temperature. Elution was

performed with 6 mL IX phosphate buffered saline (PBS, P5368, Sigma) and eluates were kept

on ice at 4°C.

CLP samples were entirely frozen in a falcon tube at -80°C. The cap was then replaced by

parafilm and perforated with a syringe enabling liquid to evaporate. The tube was placed under

vacuum until all liquid had evaporated.

Example 4: Preparation of CLP-PEG conjugate

Recombinant collagen- like peptides as obtained in the previous example were used for the

preparation of CLP-PEG conjugate. 8-arm-PEG-maleimide (MW 40KDa, hexaglycerol core) was

purchased from Creative PEG Works (Chapel Hill, NC, USA).

20 mL of water was sparged with N2 for 20 minutes. To the sparged water, 8-Arm PEG-

maleimide (770 mg, 18.7 µ οΐ) was added until complete dissolution is achieved. CLPs (625 mg,

149.5 µ οΐ , 8 molar equivalent w.r.t PEG) were added to the stirred solution as solid powder.

The reaction mixture was stirred for 20 min at 25 □ until the PEG is completely dissolved.

The pH of the reaction mixture was adjusted to 4.5 by the dropwise addition of 2M NaOH and 30

mL of sparged water in three portions was further added to allow proper stirring. The reaction flask

was covered in aluminium foil and allowed to stir for 5 days at 25□ . At the end of the 5th day,

additional 50 mL of water was added and the the pH of the reaction mixture was readjusted to 4.5.

The solution was then taken up into a 50-mL syringe and filtered through a 0.45 µΜ syringe

filter. The filtered solution was then transferred to dialysis tubing having MWCO 12-14 kDa,

preferably MWCO 14 kDa. The dialysis tubes containing the filtrate were then transferred to a 2L

beaker containing pH 4.5 water (pH adjusted through the dropwise addition of concentrated HCl

and measured using a pH electrode). The beaker was stirred with a large magnetic stir bar and

covered with aluminum foil. The dialysis water was exchanged twice daily for 7 days. The

contents of the dialysis bags were then transferred to 50 mL Falcon tubes as 25 mL aliquots. The

solutions were then frozen overnight in the -80°C freezer. The Falcon tubes were then freeze-dried



and the CLP-PEG conjugate was obtained as a cotton like solid. (Temp= -48 °C and Vacuum= 90

x 10 3 bar). This process took 5 days on the employed system.

For preparation of 10% (w/w) solution of CLP-PEG, 300 mg of CLP-PEG was added to

the barrel of the sterile syringe. 2700 µ of water was added plunger of 10 mL sterile syringe to

have a final concentration of 10% (w/w).

The syringe was sealed with parafilm and the CLP-PEG was allowed to reconstitute at

room temperature for 2-3 weeks. For the reconstitution process, the mixture was stirred

periodically with a spatula and heated in an incubator to 37°C. Once, the solution was completely

resuspended, it was heated above its melting temperature, above 37°C and centrifuged at 3000 rpm

for 10 minutes. This process was repeated until all bubbles were removed from the syringe.

The CLP-PEG conjugate was characterised by 'H-NMR spectroscopy (Jeol 400 MHz

NMR spectrometer, Joel Nordic AB, Sollentuna, Sweden) using DMSO-d 6 as a solvent. The results

of the spectroscopic analysis are depicted in Figure 3.

The solvent peak at 2.5 δ ppm was used as internal standard. The successful conjugation

of the CLP to the PEG-maleimide was confirmed by the complete disappearance of the vinylic

proton peak at 7 δ ppm.

Example 5: Preparation of CLP-PEG hydrogel and implant

15% (w/w) solution of CLP-PEGs (32 lysines per CLP-PEG molecule) in water was

prepared. 26 µΐ of 0.625M solution of 2-(N-morpholino) ethanesulfonic acid (MES) was added as

a buffer.

The crosslinker used for the preparation of the hydrogel was 4-(4,6-Dimethoxy- 1,3,5-

triazin-2-yl)-4-methylmorpholinium chloride (DMTMM).

For preparation of the hydrogel, the crosslinker was taken at a concentration of one

equivalent per lysine residue in CLP-PEG. The crosslinker was added as 10% solution in 0.625M

MES.



The resulting mixture containing the CLP-PEG and the crosslinker was mixed thoroughly

and moulded as cornea-shaped implants and cured overnight in a humidified chamber under

nitrogen atmosphere. The final CLP-PEG concentration in this hydrogel was 9.8% (w/w).

Hydrogels and implants was also prepared using collagen crosslinked with DMTMM.

Example 6: Preparation of CLP-PEG filler glue

A thermo-assisted chemically crosslinked formulation was developed based on CLP-PEG

using DMTMM chemistry.

For preparation of the CLP-PEG filler glue, the CLP-PEG conjugate was dissolved in

deionised water (pH 7) at 15% (w/w) concentration. The resultant solution behaves as a liquid at

37 □ and is injectable. But, the solution sets as a gel when cooled to 25□ due to the templated

assembly of the CLPs. This sol-gel transition of CLP-PEG is reversible.

This sol-gel transition was made irreversible by adding a solution of DMTMM in 10 mM

PBS to an end concentration of 4% (w/v) while cooling down the 15% (w/w) solution of CLP-

PEG from 37 □ to 25□ . The hydrogel obtained is used as a filler glue.

DMTMM initiates amide bond formation between the side chain carboxylic acids and

amines from the aspartic acid and lysine in CLP, respectively. This gel usually sets within 2 min.

Figure 4 depicts thermo-assisted irreversible sol (left)-gel (right) transition using DMTMM

crosslinking chemistry.

Since the corneal surface temperature is around 34°C, it is possible to inject this material

after mixing with DMTMM at 37°C onto the corneal surface where the material undergoes

irreversible in vivo/in cornea gelling due to the lower surface temperature of the cornea. The cornea

is further cooled if necessary to facilitate this process.

Example 7: Preparation of collagen-based ab interno patch

For preparation of collagen-based ab-interno patches, 10% (w/w) solution of porcine type

I collagen (molecular weight 300 KDa, 114 lysines per collagen molecule, Nordic Biolabs AB,

Stockholm, Sweden) in water was added to 200 µΐ of 0.625M solution of MES and loaded onto a

syringe mixing system. Further, 12 µΐ of 2M NaOH was added to achieve a pH of 5.5.



The resulting solution was further mixed thoroughly with occasional cooling on ice. N-

Hydroxysuccinimide (NHS) (0.4 equivalent with respect to the number of lysine in collagen) was

added as a 10% solution in 0.625M MES and mixed thoroughly. It was followed by the addition

of EDC (0.7 equivalent w.r.t the number of lysine in collagen) as a 5% solution in 0.625M MES.

After addition of the EDC, the reaction mixture was mixed very quickly and moulded as a thin

sheet of 100 µπι thickness and cured overnight in a humidified chamber under nitrogen

atmosphere. The final collagen concentration in the ab interno patch was 5.5% (w/w).

The collagen-based ab interno patch and the CLP-PEG filler glue as provided in Example

5 can be packed into a kit for clinical applications.

Example 8: Preparation of CLP-PEG hydrogel with fibrinogen

For enhancing the properties of CLP-PEG hydrogel and filler glue, fibrinogen was added.

300mg of 10% CLP-PEG as prepared in Example 3 was used. 30mg of fibrinogen (clottable

protein-TISSEEL™ Kit) and 2700 µ of water was added to the barrel of the syringe to have a

final concentration of 10% (w/w) CLP-PEG and l%(w/w) fibrinogen.

The syringe was sealed with parafilm and the CLP-PEG and fibrinogen was allowed to

reconstitute at room temperature for 2-3 weeks. To help the reconstitution process, the mixture

was stirred periodically with a spatula and can also be heated in an incubator to 37°C. Once the

solution was completely resuspended, it was heated above its melting temperature, i.e., 37 °C and

centrifuge at 3000 rpm for 10 minutes. This process was repeated until all bubbles were removed

from the syringe.

Examples 9: Preparation of CLP-PEG-fibrinogen filler glue

The solution within the syringe containing 10% w/w CLP-PEG and 1% (w/w) fibrinogen

behaves as a liquid (injectable) at temperatures above 37 °C but sets as a gel when cooled to 25 °C

due to the templated assembly of the CLPs. However, this sol-gel transition is reversible. In order

to make this sol-gel transition irreversible we add a solution of the crosslinker 4-(4,6-Dimethoxy-

l,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) in 10 mM PBS to the mixture so

that the final concentration of DMTMM is 2% w/w while cooling down the solution of CLP-PEG

and fibrinogen from above 37 °C to 25 °C.



For preparing the CLP-PEG-fibrin, the CLP-PEG/Fibrinogen mixture was heated for 5

minutes at 50°C. An appropriate amount of CLP-PEG/Fibrinogen mixture was transferred to a 2-

mL glass syringe.

A T-piece system was primed with 10 mM PBS. The syringe containing the CLP-

PEG/Fibrinogen mixture was attached to the T-piece system. The T-piece system was heated in a

50°C incubator for 5 minutes. The solution was mixed 75 times. 10% (w/w) solution of DMTMM

was prepared in lOmM PBS. DMTMM solution was added to the Hamilton micro syringe through

the addition port on the T-piece system. The solution was again mixed 75 times to obtain the

hydrogel containing CLP-PEG-Fibrinogen glue.

The hydrogel was cast into 500 µΜ corneal molds for preparing implants. The jig was then

used to tighten the molds. The molds/jig were then placed in a humidity chamber at room

temperature for 24 hrs. The molds were then removed from the jigs and allowed to soak in water

for 18 hrs. The implants were then demoulded and transferred to a sterile vial containing 10 mM

PBS.

Example 10: Application of CLP-PEG-Fibrinogen Filler Glue

The application of CLP-PEG-Fibrinogen filler glue is done in combination with thrombin.

Thrombin was reconstituted at 250 U/mL by addition of 4 mL of 10 mM PBS to the vial

of Thrombin (TISSEEL™ Kit). The solution was mixed at room temperature for 20 minutes prior

to use. The solution can be aliquoted into several Eppendorf tubes and frozen for future use.

The thrombin is applied to the wound bed/intrastromal pocket. The filler glue is then

applied to the wound. The thrombin converts fibrinogen to fibrin when combined with the CLP-

PEG-Fibrinogen filler glue.

Example 11: Incorporation of a second network of anti-inflammatory biopolymer and

attachment of small drug molecule

The hydrogel obtained in the Example 5 was used and the slow gelling kinetics allowed

the homogeneous incorporation of a second network of anti-inflammatory and anti-fouling



biopolymer of 2-methacryloyloxyethyl phosphorylchohne network (MPC). Stably integrated

CLP-PEG-MPC implants are depicted in Figure 16.

CLP-MPC implants are suitable for use as implants for corneas with severe pathological

conditions such as chemical burns, severe infections, autoimmune conditions etc. The

incorporation of a second layer has also allowed the covalent attachment of various small molecule

drugs such as vancomycin. Further, various sustained drug release systems have been incorporated

during fabrication of implants.

Example 12: CLP-based implant with pre-loaded stem cells

The CLP based implants crosslinked with DMTMM was tested for adverse effects. The

cell proliferation data on DMTMM based implant is given in Figure 7. The data depicted that

DMTMM was non-cytotoxic to the stem cells.

The in vivo stem-cell delivery capabilities of the CLP-PEG implants were tested.

DeltaNp63 corneal limbal epithelial cells were grown on the CLP-PEG implant and a RHC-MPC

based implant was used as control.

Figure 5 shows the growth of DeltaNp63 positive corneal limbal epithelial cells, compared

to cells grown on RHC. Primary corneal limbal stem cells on CLP-PEG and control RHC-MPC.

Both support the proliferation of these stem cells, which are marked by the presence of DeltaNp63.

The CLP-PEG implants have potential to be used in incorporating stem cells for delivery

to patients whose own endogenous stem cells are depleted.

Example 13: Mechanical characterization of CLP-PEG corneal implant and collagen-based

ab interno patch

Studies were conducted to characterize and compare the CLP-PEG implants of the present

invention.

Various concentration of crosslinkers were used which resulted in hydrogels with various

degree of resilience. The following hydrogels with N-Cyclohexyl-N'-(2-morpholinoethyl)

carbodiimide metho-p-toluenesulfonate (CMC) and DMTMM as a crosslinker were prepared: -

Sr. No. Crosslinker used Concentration



1 CMC 0.4 equivalent

2 DMTMM 0.4 equivalent

3 DMTMM 0.8 equivalent

4 DMTMM 1 equivalent

5 DMTMM 1.5 equivalent

Table 1: Various concentration of crosslinkers used

N-Cyclohexyl-N'-(2-morpholinoethyl) carbodiimide metho-p-toluenesulfonate (CMC)

crosslinked hydrogels were stable only up to 20 Hz in a frequency sweep experiment whereas

hydrogels crosslinked with various concentration of DMTMM were found to withstand up to 90

Hz of oscillation frequency.

The results of the studies on oscillatory rheology of DMTMM crosslinked collagen

implants are depicted in Figure 6. The results show an unprecedented improvement in mechanical

strength for collagen-based hydrogels crosslinked with DMTMM. The slower gelling kinetics of

DMTMM allows very refined and homogeneous entanglement of polymers chains throughout the

hydrogel which explains the very high resilience of these materials.

In another study, the mechanical properties of CLP-only implants were also evaluated. The

physical integration of CLP-PEG hydrogels into host corneas were evaluated by implantation of

hydrogels into rabbit corneas. The shear properties of the regenerated neo-corneas after 6-month

post-operation were compared to that of the initial implants and healthy rabbit corneas using

oscillatory rheology studies. The CLP-PEG implants have a much higher storage modulus and a

much lower loss tangent than normal, healthy rabbit corneas as found from a frequency sweep

measurement. The results indicate that the implants are much stiffer and less compliant.

The natural rabbit corneas suffer from relatively high loss tangent. The loss tangent was

found to be in the range of 0.15-0.25 in case of both implanted corneas and un-operated healthy

corneas, whereas that for the implants were found to be within 0.01-0.02.

Since there is an enormous difference in mechanical characteristics of the initial implant

and the regenerated or healthy corneas and no significant differences between the operated and un-

operated corneas for any given rabbit, it is concluded that the implants were stably integrated into

the host tissue.



The oscillatory rheology of operated and unoperated rabbit corneas and CLP-hydrogel

implants are depicted in Figure 9. The results depict the storage modulus, loss modulus and loss

tangent as a function of oscillation frequency at 0.27% shear strain amplitude.

Further, two types of CLP-implants using DMTMM crosslinking strategy were studied

which included CLP-only implants with slightly higher solid content (G1.1 -CLP) and CLP-MPC

implants (G2.0 .X-CLP-MPC).

The DMTMM crosslinking strategy enabled further increase in the solid content in CLP-

only implants. These implants with higher solid contents have superior mechanical properties for

easier surgical manipulation but are also expected to degrade slowly in vivo plausibly due to

surface erosion.

The storage modulus of Gl.l-CLP were found to be nearly 1.5 times higher than G1.0-

CLP as observed during oscillatory rheology indicating superior mechanical property. The CLP-

MPC formulations (G2.0 .X-CLP-MPC) were also tested for their mechanical properties and

compared with CLP-only formulation. All samples were found to be stable up to around 15 Hz in

a frequency sweep measurement.

The linear viscoelastic region for frequency was found to be from 0-15 Hz for all samples

except CLP-MPC.

The storage moduli were found to be in the range of 14000-15000 Pa for all samples except

for this sample (S4) which has a storage modulus in the range of 21000-22000 Pa. However, the

viscous moduli of all samples were found to be in the similar range.

The mechanical properties of G2.0.2-CLP-MPC and Gl.l-CLP were found to be very

similar and the cell culture data reveal that these formulations are compatible with cell.

The results of the oscillatory rheology studies are depicted in Figure 10.

Example 14: Differential Scanning Calorimetric Analysis

Differential scanning calorimetric (DSC) analysis of the hydrogels revealed glass transition

temperatures ranging from 43°C up to 63°C depending on the equivalents of DMTMM used for

crosslinking as depicted in Table 2.



DMTMM equivalents Onset temp (°C) T (»C)

0.4 43.3 ± 0.35 43.4 ± 0.35

0.6 44.9 ± 0.38 45.1 ± 0.18

0.8 39.7 ± 0.67 47.9 ± 0.57

1.0 54.5 ± 0.35 54.6 ± 0.41

1.5 62.8 62.9

Table 2. DSC analysis of 13% porcine collagen hydrogel crosslinked with various equivalents of

DMTMM

The hydrogels matched the glass transition temperature of the human cornea which is

65.1 °C.

Further, the calorimetric analysis of the CLP-PEG implant and operated or un-operated

corneas as described in Example 9. The glass transition temperature of operated or un-operated

corneas are in the range of 62-65°C whereas the transition temperature of the initial implant was

found to be 13 1.0+1. 1°C.

Table 3 : Thermal properties of CLP-PEG hydrogel implant and operated or un-operated corneas

Example 15: In vitro cytotoxicity evaluation using HCEC and comparison with different

crosslinkers

For studying the effects of the crosslinker DMTMM on the human corneal epithelial cells,

in vitro cell-culture study was performed with two formulations (DMTMM 1 eqv and DMTMM



1.5 eqv). As depicted in Figure 7, there was no significant difference in cell-growth between these

two formulations and was comparable to cell-growth on tissue culture plastic (TCP).

In another experiment, the DMTMM crosslinker was compared with EDC/NHS

crosslinking system for their effects on immortalized human corneal epithelial cells.

All solutions used were sterile filtered using a 0.22 µ filter. HCEC were seeded onto 96-

well tissue culture plates at a density of 10000 cells/well. They were supplemented with

keratinocyte serum-free medium (KSFM; Gibco, Invitrogen, Stockholm, Sweden) containing 0.05

mg/ml bovine pituitary extract, 5 ng/ml epidermal growth factor and 1 mg/ml

penicillin/streptomycin and grown to confluence in a humidified incubator at 37°C and 5% C02.

Cells were grown to confluence prior to testing.

One percent DMTMM (w/v) in KSFM was compared to a concentration of 0.5% (w/v)

EDC and 0.16% (w/v) of its co-reactant, NHS, a crosslinker that was previously used to crosslink

CLP PEG. Exposure times of 5 and 15 min were tested. The results are depicted in Figure 18B and

Figure 19. Exposure of HCEC to 1% DMTMM or 0.5% EDC with 0.16 % NHS for 5 minutes did

not result in any marked differences in viability. However, more dead cells were observed in

cultures exposed to EDC-NHS than DMTMM after a 15 min exposure. The live (green) and dead

(red) cells immediately after incubation with EDC-NHS system revealed very high toxicity as

expected even at a very low concentration (EDC+NHS - 0.5%+0. 16%) but very little to nearly no

cytotoxicity was observed when the cells were incubated with rather high concentrations of

DMTMM (1% DMTMM) for 15 min.

Example 16: Long-term cytotoxicity determination of DMTMM

The results the long-term toxicity of DMTMM on HCEC was tested. HCECs were

incubated for 2 and 5 min with 4% DMTMM and was kept in culture for up to 7 days. Staining for

live (green) and dead (red) cells at various time points showed no toxicity caused by DMTMM.

Rather the cells seemed to fully recover from any stress and grow as normally as on the tissue

culture plastics (TCP) at later time points. From these experiments, it is concluded that the

DMTMM crosslinking system has no long-term toxicity on cells in the required concentration

range and should enable us to even encapsulate cells and eventually lead to the fabrication of

corneal implants loaded with patients' own stem and stromal cells. This is unprecedented in the



field of chemical protein crosshnking wherein the crosshnking system does not cause any acute or

long-term toxicity on cells despite the presence of the very same functional groups in the cellular

milieu.

Figure 20 depicts the results of the experiments wherein the effect of 4% DMTMM has

been tested on HCECs.

In another experiment to test cytotoxicity, DMTMM crosslinker at concentrations of 1 and

4% (w/v) in KSFM were then added to the cells after aspiration of culture medium. Cells were

exposed to the crosslinker for 2 and 5 min, after which the crosslinker-containing medium was

washed off with three rinses of KSFM.

Live-dead staining was performed using 0.0 1M PBS containing calcein-AM and ethidium

homodimer-1 (Live/dead Viability/Cytotoxity Kit, Invitrogen, Oregon, USA) at various time

points from 1 to 7 days to evaluate the viability of HCEC. Pictures of the viable cells (green

fluorescence) and the necrotic cells (red fluorescence) were taken for three different fields of view

per disk using a confocal laser-scanning microscope (LSM800 Carl Zeiss, Gottingen, Germany).

Control cultures consisted of cells that were exposed to culture medium only.

To determine whether cells were adversely affected over the long term, HCECs were split

at 7 days after DMTMM exposure and plated onto collagen type 1-coated plates (BioCoat,

Corning, USA) and the ability of the cells to stratify upon airlifting was examined at 2 1 days.

The results as depicted in Figure 19B shows that increasing the concentration of DMTMM

to 4% did not result in any significant changes in cell death, after an exposure of 2 min to the

crosslinker. This was the amount of time required for crosshnking a 15% (w/w) aqueous CLP-

PEG to form a hydrogel. After a 5 min exposure, which was more than double the exposure time

required, there were more dead cells observed but most cells were still alive. Thus, DMTMM has

no long term cytotoxic effects on the human corneal epithelial cells.

Example 17: Ex vivo perforation and sealing

Ethical approval for the ex vivo study of bursting pressures for alternate sealing methods

in standardized corneal perforations was obtained from the Moorfields Biobank Ethics Committee.

Human corneoscleral buttons were mounted on an artificial anterior chamber (Barron Artificial



AC; Katena, New Jersy, USA) and standardized corneal defects were made. 2mm skin biopsy

punches (Acu-Punch; Acuderm, Florida, USA) were marked at 400µ using a 400µ disposable

astigmatic keratotomy blade as a gauge. The 2mm punches were used to partially trephine test

corneas centrally to the pre-marked depth of 400µ . Lamellar dissection of the cap was performed

with a paediatric crescent blade, leaving a residual stromal depth of approximately 400µ . A

subsequent central full thickness defect was created in the central stromal bed with a 1mm skin

biopsy punch to mimic a full thickness corneal perforation commonly encountered in clinical

practice.

For testing the bursting pressure of CLP-PEG/Fibrinogen glue and fibrin glue, standardized

corneal defects were made on porcine corneoscleral buttons. A 4 mm punch was used to partially

trephine test corneas centrally to a depth of approx. 200 µ . Lamellar dissection of the cap was

performed with a pediatric crescent blade, leaving a residual stromal depth which was then

trephined with a 3 mm punch to a depth of approx. 200 µ . A subsequent central full thickness

defect was created in the central stromal bed with a 1mm skin biopsy punch to mimic a full

thickness corneal perforation commonly encountered in clinical practice.

After preparation of standardized corneal perforations as described above, the experimental

conditions for sealing the corneal defect were tested. Five types of sealing methods were tried.

The first sealing method was the current standard treatment ab externo patching using

cyanoacrylate glue and a 3mm clear plastic patch. In brief, an air bubble was inserted via a

paracentesis to help create a dry ocular surface, and arrow-tip surgical sponges were used to dry

any residual fluid after corneal epithelial debridement around the standard perforations. 3mm

plastic patches were punched from a clear polyethylene surgical drape (Unomedical Sterile

Surgical Drapes, Oklahoma City, USA) using a skin-biopsy punch. A single patch was applied

externally directly onto the test defects after coating with cyanoacrylate glue. Using the same

method, the corneal defects were sealed using fibrin glue.

The second sealing method was using the Ι ΟΟµ thickness chemically crosslinked

collagen-hydrogel ab interno patch alone. A collagen hydrogel sheet that could be cut into the

required shape, inserted and positioned with an air bubble as in DSAEK surgery was evaluated.22

Here, a 3.2mm 3-step limbal incision was made with a surgical keratome through which a 3mm



diameter disc of the test hydrogel was inserted with forceps. Discs were positioned under the defect

and floated into place using an air bubble, as in endothelial keratoplasty. Patches were centred with

a 30-gauge needle. Once a satisfactory position was achieved, the infusion was increased and

bursting pressures were measured.

The third condition was the collagen-hydrogel ab interno patch coupled with the CLP-PEG

filler glue. Hydrogel based ab interno patches were inserted as given in the second sealing method.

A single drop of fibrin glue was placed into the defect to coat the base and walls of the defect.

Subsequently, the CLP-PEG filler glue was administered to completely fill the defect and the

anterior surface was smoothed with a cellulose ophthalmic sponge (Weck-Cel; Beaver-Visitec,

Massachusetts, USA) to resemble the anterior corneal surface. After drying, the infusion was

increased and bursting pressures were measured.

The fourth condition was using CLP-PEG-Fibrinogen glue in combination with thrombin.

The defect was coated with 250 U/mL thrombin. The CLP-PEG/Fibrinogen glue was injected to

completely fill the defect. After allowing the glue to dry the infusion was increased and the bursting

pressures were measured.

Figure 13 shows an example of a human cornea with a macro-perforation and a

diagrammatic scheme showing recreation of such a defect in a simplified, standardized ex vivo

human corneal model. The standardized defect comprised a central full thickness defect of 1 mm

in diameter with a surrounding partial thickness defect of 2 mm in diameter and a depth of 400µ .

The three modes of patching tested were as follows: A) A cyanoacrylate glue patch applied

externally to the standardized defect. The glue was applied to the internal surface of a 3mm plastic

disc cut from a surgical drape and applied to the cornea. B) A Ι ΟΟµ , 3 mm diameter crosslinked

collagen patch was applied internally to the standardized defect as an ab interno patch. C)

Combination of a Ι ΟΟµ , 3 mm collagen ab interno patch with external application of the CLP-

PEG hydrogel to seal the standardized defect and replace lost corneal tissue.

Example 18: Bursting pressure evaluation

For evaluating the bursting pressure of the seals made in the previous example, Artificial

anterior chambers were connected via an intra-arterial blood pressure monitor (Infinity 540;

Draeger, Lubeck, Germany) to a normal saline infusion using a blood pressure cuff to regulate



infusion pressure. After application of test patches, the infusion pressure was increased until the

seal gave way, resulting in fluid egress. Bursting pressure (mmHg) was then recorded as the peak

in a continuous trace of infusion pressure verses time. A one-way ANOVA followed by a Tukey

post-hoc test was used to compare the difference in bursting pressures among the three conditions.

The bursting pressures recorded for the three different patching modalities is summarized in Table

4.

Table 4. Bursting pressures (mmHg) for various materials tested. Though cyanoacrylate glue had

the highest bursting pressures (p<0.0001), there was a 30% failure rate (where no seal was

achieved) that was not seen with the other materials.

Ι ΟΟµ collagen hydrogel ab interno patch



§ ΙΟΟµηι hydrogel ab interno patch plus externally applied CLP-PEG glue

# cases where a seal was not achieved. These results were not included in the

calculation of mean or standard deviation

SD = standard deviation

Conventional ab externo patching using cyanoacrylate glue achieved the highest bursting

pressure with a mean (standard deviation) bursting pressure of 325.9 ± 30.4 mmHg followed by

ab externo patching using fibrin glue. However, the surface obtained was rough and in 3 of 13

experimental perforations, leaking occurred in using cyanoacrylate glue as seals failed to form.

Ab interno patching using Ι ΟΟµ thick collagen hydrogels produced an effective seal in

10 out of 10 samples. However, while an adequate seal was achieved, the mean bursting pressure

was only 46.3 ± 3.7 mmHg and bulging of the patch was observed.

Bulging was less evident with the use of the CLP-PEG filler-glue in conjunction with the

Ι ΟΟµ ab interno patch, as the CLP-PEG filler-glue reinforced the hydrogel patch, helping to

prevent its protrusion through the corneal defect. A higher mean bursting pressure was observed

with this technique (86.6 ± 5.4 mmHg).

Though best results were obtained using the cyanoacrylate glue, it lacks the effectiveness

CLP based hydrogels. Amongst, hydrogels based on CLP-PEG, CLP-PEG-Fibrinogen glue gave

the best results as compared to the other CLP-PEG based hydrogels.

Figure 14 depicts A) example of a perforated human cornea. B) experimental set up

showing an in vitro perforated corneal model within an artificial anterior chamber device. C)

perforated cornea model filled with CLP-PEG containing fibrin glue. Other vitro cornea models

patched with D) conventional ab externo patching with cyanoacrylate glue (control), E) a collagen

hydrogel as an ab interno patch only, F) collagen hydrogel an interno patch with CLP-PEG filler.

Example 19: Suturability of the corneal implants

The suturability of the hydrogels was tested on excused pig eyes by placing 12 interrupted

sutures and the implants were found to withstand multiple interrupted sutures with little breaks.

The results of in vitro sutures test on excised pig eyes are depicted in Figure 8.



Example 20: FTIR Spectroscopy of hydrogel to evaluate long-term integrity of sample

The storage conditions of the developed CLP implants were tested. CLP-PEG hydrogels

either freshly made or stored over a long period were subjected to FTIR spectroscopy to check for

any changes in the spectra. For this purpose, hydrogels were frozen with liquid nitrogen and

lyophilised. The lyophilised dry hydrogels were subjected to FTIR spectroscopy on a Perkin Elmer

IR spectrophotometer using universal ATR. Samples were subjected to a wave-scan ranging 650

- 4000 cm 1 . The results are summarised in Figure 15. No significant differences in the spectra

could be found between samples indicating the integrity of the implants over the storage duration

of 10 days to 14 months.

Example 21: Corneal Thickness Measurement

The hydrogels prepared in the previous examples were grafted into New Zealand white

male rabbits by deep anterior lamellar keratoplasty (DALK) to determine their capability for

corneal regeneration. Implants were strong enough to tolerate trephination, implantation procedure

and suturing. No adverse inflammatory reactions were observed in 3 of 4 rabbits post-operatively.

At 1 month post-operatively all implants and surrounding rabbit corneas were clear with full

epithelial coverage, as demonstrated by fluorescein staining. Healing process was accompanied by

mild cornea neovascularization in all animals. However, neovessels gradually resolved and were

absent at 3 months after implantation in all animals. However, all implants remained transparent

and covered with epithelium.

Corneal thickness changes of both eyes of all animals before and in different time points

after surgery is presented in Table 5. Intraocular pressure remained within normal ranges in all

animals.

Rabbit # Eye Time point

Before 1 month 3-month

2575 OD (Ocuius dexter) 390±3.9 321±5.4 293+1.2

OS (Oculus sinister) 392±6.5 428±2.3 399±7.8

2645 OD (Oculus dexter) 388±4.2 464±5.2 382±3.5



OS (Oculus sinister) 378±2.5 361±3.2 399±7.6

2653 OD (Oculus dexter) 383+1.0 289±3.6 313±2.9

OS Oculus sinister) 364±3.3 395±8.0 385±4.6

2654 OD Oculus dexter) 340±2.8 318+8.6 363±9.9

OS Oculus sinister) 342±9.3 360±3.8 335±2.4

Table 5 . Central corneal thickness (µη , M±SD) of both eyes of all animals before and in different

time points after surgery.

Example 22: In vivo safety evaluation in pigs

In compliance with the OECD Principle of Good Laboratory Practice (GLP),

NV/MC/CHEM (98) 17, 1997, and with local ethical permission from Stockholms Norra

Djurforsoksetiska Namnd, CLP-PEG implants comprising 9.7% CLP (w/w) crosslinked with

DMTMM were grafted into the corneas of four Gottingen mini-pigs that had received controlled

alkali burns. Implants comprising CLP-PEG with incorporated MPC, comprising 8.5% CLP, were

tested in the animals.

Implants 6.75 mm in diameter and 500 µηι thick were implanted into one cornea of each

pig by anterior lamellar keratoplasty after excision of a 500 µηι thick, 6.5 mm button of the pig's

own central corneal tissue under full anaesthesia. The implants were held in place with overlying

sutures. An antibacterial and anti-inflammatory ophthalmic solution (TOBRASONE ®, suspension

with 3 mg/mL dexamethasone and 1 mg/mL tobramycine, Alcon, Sweden) was administered post

operatively for 5 weeks, at which point the sutures were removed. The corneas were monitored for

any adverse effects for a period of 12 months.

Figure 16 shows all 8 operated animals at 12 months post-operation. Some blood vessels

are seen in the eyes along with haze. Overall, the haze and vascular is slightly more prominent and

even within the CLP-PEG group while the haziness in the MPC containing group is peripheral

within the implant. Analyses of the collagen content showed that CLP-PEG implants had a higher

overall content of collagens 1 and V than healthy unoperated corneas, while CLP-PEG-MPC



implants had overall significantly less collagen. However, CLP-MPC showed a similar amount of

high molecular weight, i.e. mature collagen fibrils as the healthy unoperated controls.

Example 23: Anti-scarring properties of the hydrogel

For analyzing the anti-scarring properties of the hydrogels, CLP only and CLP containing

a RGDSPG motif as represented by SEQ ID NO: 8 from fibronectin were tested.

Skin dermal fibroblasts and epidermal keratinocytes on CLP-PEG hydrogels with and

without RGDSPG were tested. Control cells were grown on tissue culture plastic (TCP).

Fibroblasts were supported by TCP and CLP- RGDSPG -PEG. These are positively stained with

an anti-body against smooth muscle actin (SMA) suggesting that these cells are activated

fibroblasts. Figure 2 1 depicts the results of the experiment.

In another experiment, the comparative properties of dermal fibroblasts cultured on tissue

culture plastic (TCP), porcine type I collagen hydrogels (PC) and CLP-PEG and CLP- RGDSPG

-PEG hydrogels were studied.

The fibroblasts were activated by plating on TCP without any treatment. Some fibroblasts

were treated using TGF-beta (10 ng/mL) prior to seeding onto the substrates ("pre-treated") or

after seeding onto the substrates ("post-treated"). Similarly, porcine type I collagen hydrogels

(PC), CLP-PEG and CLP- RGDSPG -PEG hydrogels were also treated and activated as shown by

the positive staining by anti-SMA antibody.

Figure 22 exhibits the in vitro culture of primary dermal fibroblasts on tissue culture plastic

(TCP) and hydrogels of porcine collagen (PC), CLP-PEG (CLP) and CLP- RGDSPG-PEG (CLP-

RGD). The cells were left untreated or treated with TGF-beta (10 ng/ml) prior to seeding onto the

substrates ("pre-treated") or after seeding onto the substrates ("post-treated"). Red staining

indicates cells that are positive for smooth muscle actin. DAPI counterstain of nuclei appear blue.

The results show the ability of CLP analogs to be potentially used as regeneration scaffolds or

templates, preformed or in situ cured, to have an anti-scarring effect.

Example 24: Induction of extracellular vesicle production



Mini-pig neo corneas were investigated to characterize the exosomes and

immunohistochemistry performed on sections of implanted with CLP-PEG and RHCIII-MPC

showed differential staining for CD9 marker for exosomes, and Rab-7, a marker for endosomes.

TEM images of the mini-pigs implanted with RHCIII-MPC and CLP-PEG implants show

a characteristic basal surface morphology with numerous invaginations and exosome like vesicles

below the basal surface.

CLP-PEG implanted corneas showed increased staining for CD9 but not the RHCIII-MPC

compared to healthy unoperated controls.

Both CLP-PEG and RHCII-MPC implanted corneas showed an increase in staining for

Rab7. Further examination was done in in vitro studies by culturing human corneal epithelial cells

on the CMP-PEG and RHCIII-MPC implants. A network of CD9 stained vesicles connecting the

cells both in CMP-PEG and RHCIII-MPC implants was observed.

On the other hand, Rab7 stained vesicles exclusively remained intracellular and were

increased in cells cultures in both the implants compared to tissue culture plastic.

Therefore, it is concluded that cell-free CLP-PEG implants in the cornea promotes

regeneration. There was an elevated release of exosomes in these implants compared to RHCIII-

MPC implants. Examination of their cargo showed these included collagen and other

macromolecules associated with repair and regeneration. CLP-PEG implants are able to stimulate

exosome production in vitro, in cell cultures when seeded with corneal epithelial cells. Therefore,

CLP-PEG stimulates production of the exosomes that in turn promoted regeneration.

Figure 23 depicts the results of the experiments.

Fig 23 (a) shows TEM of cornea of a mini-pig implanted with CLP-PEG at 12 months post-

operation. The regenerated neo-cornea epithelial-stromal interface region shows production of

electron dense extracellular vesicles. These were visualized by 3D reconstruction of en bloc face

SEM sections. Figure 23 (b) shows the extracellular vesicles as yellow colored. Figure 23 (c) is a

3D reconstruction of CD9-positive extracellular vesicles of control, RHC-III MPC and the CLP-

PEG. The immunohistochemically labelled sections are labelled sections in Figure 23 (d). Figure



23 (e) shows EVs stained for Rab7. Figure 23(f) shows differential EV patterns in corneal epithelial

cells cultured on the different substrates.

Example 25: Enhancement of cellular specificity and growth

Implants prepared by CLP-PEG incorporated with RGDSPG and IKVAV peptide motifs

as represented by SEQ ID NO:8 and SEQ ID NO: 10 were used.

Morphology, as well as proportions of the various cell types, was dependent upon the

presence of cell adhesion peptide sequences as well as percentage solid content of the CLP-PEG

hydrogels. Cerebellar explants on the surface of 6% (w/w) CLP-PEG hydrogels differentiated into

confluent layers of microglia with neuronal-astrocyte rings on top resembling the glial tubes of

retina and optic nerve as depicted in the results. On 12% (w/w) CLP-PEG hydrogels, cells growing

out from the cerebellar explants did not adhere as tightly to the hydrogel surfaces and instead

formed small spheroids after plating.

The ensuing outgrowth of astrocytes and neurons retained the spheroidal structures.

Incorporating of RGDSPG and IKVAV sequences within 12% (w/w) hydrogels increased cellular

adhesion and stimulated the outgrowth of longer neurites in comparison to CLP alone, resulting in

a larger area covered per neuron, particularly in CLP-RGDSPG containing hydrogels.

CLP-RGDSPG-PEG produced an evenly distributed neuronal-glial culture with high

neurite density and amoeboid-shaped microglia that were physically entangled within the neuron-

astrocyte mat. On CLP-IKVAV-PEG, however, the neuronal-astrocyte network that differentiated

was organized into discrete bundles of neurons and microglia had either round or rod-shaped

morphologies.

Similar to the differential growth of neural cells on CLP tagged with of cell attaching

peptides compared to the CLP alone, primary skin fibroblasts show hampered growth on the CLP

alone gels while show enhanced cell attachment and proliferation in the presence of RGDS. These

results showcase the pivotal role of cell attaching peptides to optimize the cell binding,

proliferation and differentiation capabilities of the implants that mimics the original collagen

protein. Use of CLP-PEG crosslinked with DMTMM as solid implants or as fillers that incorporate

these other bioactive motifs will allow for regeneration of cornea (or skin) wounds without

transplantation.



Figure 24 shows primary neurons and glia from rat cerebellum on day 6 in vitro after

planting on 6% and 12% CLP-PEG, and CLP-PEG that have incorporated RGDS and IKVAV

peptides. Neurons (yellow) are immunolabelled with anti-microtubule-associated protein 2, and

astrocytes (red) with anti-glial fibrillary acidic protein. Microglia are stained green with iso lectin

GS-IB4. All nuclei were stained blue with Hoechst33342. Also shown are fibroblasts which are

activated by the presence of RGDS but CLP alone will not support these scar regenerating cells,

even though they clearly support nerves and glia.



The claims:

1. A modified nucleic acid comprising a nucleotide sequence selected from a group
comprising of SEQ ID NO:7, SEQ ID NO:9, SEQ ID NO: 11, SEQ ID NO: 13 and SEQ ID

NO: 15.

2. A pCOLDI expression vector comprising the modified nucleic acid as claimed in claim 1.

3. A recombinant E. coli BL-21(DE3) host cell comprising the vector as claimed in claim 2.

4. A collagen-like peptide (CLP) comprising the polypeptide of SEQ ID NO: 5 operably fused
to one or more peptide motifs selected from a group comprising of SEQ ID NO: 6, SEQ
ID NO: 8, SEQ ID NO: 12 and SEQ ID NO: 14.

5. The CLP as claimed in claim 4 comprising the polypeptide of SEQ ID NO: 10.

6. A CLP-polyethylene glycol maleimide conjugate (CLP-PEG) comprising the CLP of claim
4.

7. The CLP-PEG as claimed in claim 6, wherein polyethylene glycol-maleimide is having 8-

Arm and molecular weight of 40kDa.

8. A hydrogel comprising collagen or CLP-PEG, wherein
a. CLP-PEG is as claimed in claim 6; and

b. collagen or CLP-PEG is crosslinked into a network using 4-(4,6-Dimethoxy- 1,3,5-

triazin-2-yl)-4-methylmorpholinium chloride (DMTMM).
9. The hydrogel as claimed in claim 8, further comprising fibrinogen.

10. The hydrogel as claimed in claim 8, further comprising corneal stem cells.

11. The hydrogel as claimed in claim 8, further comprising a second network of an anti

inflammatory biopolymer, wherein the anti-inflammatory biopolymer is 2-

methacryloyloxyethyl phosphorylcholine (MPC).

12. A corneal implant comprising the hydrogel as claimed in claim 8.

13. A CLP-PEG filler glue comprising the hydrogel as claimed in claim 8, wherein the

concentration of DMTMM is 4%(w/v).

14. A CLP-PEG filler glue comprising the hydrogel as claimed in claim 9, wherein the
concentration of CLP-PEG is 10% (w/w), the concentration of DMTMM is 2%(w/w) and
the concentration of fibrinogen is 1% (w/w).

15. A method of preparing the hydrogel as claimed in claim 8, comprising the steps of:

a. preparing a solution comprising CLP-PEG as claimed in claim 6; and



b. mixing a crosslinking agent with the solution, wherein the crosslinking agent is 4-
(4,6-Dimethoxy- 1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM).

16. A method of preparing the corneal implant as claimed in claim 12, comprising the steps of:

a. preparing a solution comprising CLP-PEG as claimed in 6, wherein the
concentration of CLP-PEG is between 10% to 18%(w/w);

b. mixing a crosslinking agent 4-(4,6-Dimethoxy-l,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM) with the solution, wherein the
concentration of the crosslinking agent is between 5% to 20%(w/w).

c. moulding the mixture as cornea shaped implants; and

d. curing the moulded implants in a humidified chamber under inert or non-oxidizing
atmosphere.

17. A method of preparing the CLP-PEG filler glue as claimed in claim 13, comprising the
steps of:

a. preparing a solution comprising CLP-PEG as claimed in claim 6, wherein the
concentration of CLP-PEG is between 10% to 18%(w/w); and

b. mixing 4% DMTMM with the buffered solution.

18. A method of preparing the filler glue as claimed in claim 14, comprising the steps of:

a. preparing a solution comprising CLP-PEG as claimed in claim 6, wherein the
concentration of CLP-PEG is between 10% to 18%(w/w);

b. mixing fibrinogen with the solution; and

c. mixing a crosslinking agent 4-(4,6-Dimethoxy-l,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM) with the solution, wherein the
concentration of the crosslinking agent is between 5% to 20%(w/w).

19. A method of treating a condition of the eye characterized by a corneal defect, said method
comprising:

a. making a limbal incision in the area affected by the corneal defect in a subject;

b. inserting a collagen based ab interno patch; and

c. administering the filler glue as claimed in claim 13 over the corneal defect.

20. A method of treating a condition of the eye characterized by a corneal defect, said method
comprising:

a. administering thrombin in the area affected by the corneal defect in a subject; and
b. administering the filler glue as claimed in claim 14 over the corneal defect.
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A6 1 K3 8 / 3 9 , A6 1 L2 7 / 5 2 , A6 1 L2 7 / 2 4 , A6 1 L2 7 / 2 6 , C0 8 J 3 / 2 4

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during tire international search (name of data base and, where practicable, search terms used)

Patseer, IPO Internal Database, STN

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of tire relevant passages Relevant to claim No.

P,X WO2016165788A1 (UAB FERENTIS) 20.10.2016 (20 1-7
OCTOBER 2016) . *Refer the whole document*

MM ISLAM et al: "SELF-ASSEMBLED 1 - 1 5

COLLAGEN-LIKE-PEPTIDE IMPLANTS AS ALTERNATIVES TO
HUMAN DONOR CORNEAL TRANSPLANTATION", 01 JUNE
2016, RSC ADVANCES, VOL. 6 , NO. 61, PAGES:
55745-55749.
*Refer page 55745- first & last paragraph, page
55746, Supplementary Methods*

F ABDULHADI: "CONSTRUCTION OF RECOMBINANT HUMAN 1 - 1 5

COLLAGEN III VARIANTS AND GENOMIC MANIPULATIONS
IN YEAST FOR COLLAGEN YIELD OPTIMIZATION", UC
IRVINE ELECTRONIC THESES AND DISSERTATIONS,
PUBLISHED ON 01 JANUARY 2015.
*Refer pages 7 , 8 , 10-13 & 23, Figure 2.4*

US9446166B2 (ETHICON INC.) 20.09.2016 (20

SEPTEMBER 2016) . *Refer abstract, col. 4 lines
28-34, col. 5 lines 40-56, col. 6 lines 13-26*

Farther documents a e listed in the continuation of Box C . See patent family annex

* Special categories of cited documents: " later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand

to be of particular relevance the principle or theory underlying the invention

Έ ; earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
tiling date considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is step when the document is taken a!one
cited to establish the publication date of another citation or other
special reason (as specified) Y" document of particular relevance; d claimed invention cannot be

considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other comb ed with one or more other such documents, such combination

means being obvious to a person skilled in the art
"P document p lished prior to the international filing date but later than document member of the same pate family

the priority date claimed

Date of the acf al completion of the international search Date of mailing of the international search report

16-03-2018 16-03-2018

Name and mailing address of the ISA/ Authorized officer

Indian Patent Office Meenakshi Yadav
Plot No. 32, Sector 1 ,Dwarka, New Delhi-110075

Facsimile No. Telephone No. +91-1125300200
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C (Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

WO2012122044A2 (ORTHOVITA, INC.) 13.09.2012(13
SEPTEMBER 2012) . *Refer abstract, page 19 lines
28-31, page 20 lines 1-4 & 15-20*

WO2016103185A2 (CROSSING SRL) 30.06.2016 (30

JUNE2016) . *Refer page 3 lines 4-34*

Form PCT/ISA/210 (continuation of second sheet) (January 2015)
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Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item l.c of the first sheet)

. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of a sequence listing:

or ing part of e international application as filed:

in the form of an Annex C ST.25 text f le

on paper or in the form of an image f le.

furnished together with the international application under P Rule 1i t r.1(a) for the purposes of international search
only in the form of an Annex C/ST.25 text file.

furnished subsequent to h e international filing date for the purposes of i ernat onal search only:

in the form of an Annex C ST.25 text file (Rule iter.1(a)).

on paper or in the form of an image file (Rule 13ftrr.l(b) and Administrative Instructions, Section 713).

n addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements thai the information in the subsequent or additional copies is identical lo that forming pari of the application as
filed or does not go beyond d e application as filed, as appropriate, were furnished.

3. Additional comments:
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Bos No. II Observations where certain daims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

Claims Nos.: 19-2 0
because they relate to subject matter not required to be searched by this Authority, namely:
The subject matter of cTaims 19 and 20 of the present application
relates to methods for treatment of human body by therapy and is not
searched under PCT Article 17(2) (a) (i) and Rule 39.1(iv).

Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.:
because they are dependent claims and are not drafted i accordance with the second and third sentences of Rule 6.4(a).

Box No. HI Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant' protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant' s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.
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US 2016375172 Al 29- 12- 2016
US 2017258954 Al 14- 09- 2017

o 2016103185 A2 30- 06--2016 CA 2970029 Al 30- 06- 2016
CN 107108530 A 29- 08- 2017
EP 3237390 A2 01- 11- 2017
IN 201737021784 A 08- 09- 2017
JP 2018503617 A 08- 02- 2018
KR 20170100505 A 04- 09- 2017
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