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Biomimetic materials that replicate biological functions have great promise for use as therapeutics in
medicine applications. Heparan sulfate (HS) is the natural binding partner for growth
fac ing longer half-lives and potentiation of their signaling. In this study a water soluble
ch1tosan -arginine was modified with sulfate moieties in order to mimic the structure of HS. Sulfated
nine with a degree of sulfation of 58% bound fibroblast growth factor 2 with higher
than HS. The sulfated chltosan arglnlne also prornoted epithelial cell migration and supported

gan itself modulates the activity of mltogens and is essentlal for the formation of the
e synthesized sulfated Ch-Arg derivatives mimicked HS, supported formation of the
thus have the potential to assist in wound healing.

1. Introduction

The use himetic materials for tissue engineering and regenerative applications
holds grntial due to their ability to mimic the functional properties of
biologlcaﬂules Growth factors are signaling molecules that regulate events in
tissue d clopment and repair including cell proliferation, differentiation and
mlgratlo us, molecules or materials that bind to and potentiate the activity of

growth factors e promising for tissue engineering and drug delivery applications.
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Many growth factors naturally bind to and are both protected and potentiated by

heparan sulfate (HS) chains that decorate proteoglycans present in the extracellular matrix (ECM)

{

and on the rface ®*. These growth factors are described as heparin-binding as heparin is

often used for HS due to its availability from the pharmaceutical market.” While heparin

|
expressiongis restricted to mast cell subsets,® HS is widely distributed throughout the body and is

thus the ura binding partner for heparin-binding growth factors.”! Heparin and HS are

C

structurally linear polysaccharides composed of repeating disaccharide units of uronic acid

and gluco .’ The residues can be sulfated at positions 2-O and N on the uronic acid residues

S

as well as nd 6-O positions on the glucosamine residues to produce HS/heparin substituted

U

with sulfate groups in the range of 0-55% 8. Growth factors bind to sulfated domains within

HS/heparimichains, thus the density as well as overall level of sulfation are important for the fine

1

[9, 10]

tuning of ctor binding and signaling. The low abundance of HS isolated from tissues

d

limits its biomedical application, hence the development of HS/heparin mimetics will enable the use

of materials thatpetentiate growth factors required for tissue engineering.

I

Heparin binding growth factors are essential for skin development and repair and include members

[

of the fibr owth factor (FGF) family, FGF1, FGF2, FGF4, FGF7 (also known as keratinocyte

growth fa m FGF10, platelet derived growth factor and epidermal growth factor with roles in

cell proliferation and migration.™***? These growth factors have been explored for skin repair alone

n

or incor, into various scaffolds that control their release via properties such as porosity, pH or

{

proteas "' These approaches can extend the half-life of growth factors, however not to the

extent of heparifiyHS in vivo, and their therapeutic use often require supra physiological

U

concentratio lting in undesired side effects.® Thus the development of HS mimetics for both

A
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de novo synthesized growth factor protection and activity as well as growth factor delivery is of

interest for therapeutic applications.

HS/heparimhave been synthesized using a number of different techniques including

chemical . Chemoenzymatic synthesis and chemical modification of polysaccharides.™
H I

Most of th€se approaches have focused on heparin mimetics for anticoagulant activity, while some

have also @the synthesis of HS mimetics such as oligosaccharides based on D-glucosamine

that bind FGF2 and vascular endothelial growth factor (VEGF)165."**! Chemical approaches have not

res larger than octasaccharides while chemoenzymatic synthesis has produced

yet yielde

oligosaccharides ; to decasccharides."® Chemical modification of polysaccharides enables the

production r HS mimetics up to 8,000 saccharides in length such as for sulfated hyaluronan
enabling a rger size range than chemical approaches to optimise biological activity.™
Chitosan, osamine derivative of chitin, has a similar polymer structure to heparin/HS, but

withou ieties. Chitosan is an attractive polysaccharide to modify with sulfates as it also

possesses pro s widely acknowledged to be of benefit in wound healing, most notably its anti-
bacterial propoerties and biodegradability.!"”*® While chitosan has been used as a hemostatic agent

in biome<!a| applications,™” the modification of chitosan to incorporate sulfate groups has

generated Ddue to its anticoagulant properties."™” *! Sulfated derivatives of chitosan also
t

demonstra ability to bind FGF2,"?" VEGF165,[22] EGF™ and bone morphogenic protein

(BMP)Z@nding on the position of substitution with sulfate. However, the limited solubility

of chito siological pH is a disadvantage for its therapeutic application. Peptide modified

chitosan, such as ghitosan-arginine, however, is water soluble at physiological pH and maintains its

antimic&y,lzey 27]

This article is protected by copyright. All rights reserved.
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The derivatization of chitosan with arginine has been reported by our group with single amino acids
(Ch-Arg) via protection of the function group.”® Other groups use an unprotected functional group

functions y direct the site of activity of the material such as reported for chitosan-

to yield c*oi: modified with poly(arginine chains).?® ?°! Poly(arginine) exhibits cell penetrating

histidingar—swneor gene delivery, while single amino acids display much reduced cell penetrating

properties. 2 Ifate derivatized Ch-Arg binds and signals FGF2"*" indicating that it may have a
positive edn wound healing. Addditionally, electrospun chitosan-poly(arginine)

enhance closure in a rat full thickness wound model®? while EGF bound to

S

sulfated @PLGA composite nanofibers promoted re-epithelialization in a

mouse fut-ess wound model.?*!

The aims of thi dy were to functionalize Ch-Arg with sulfate groups to mimic the structure of HS
r

and to ex ir potential to support skin wound healing in terms growth factor binding,
epithelia igration and the formation of dermal and epidermal tissue in an organotypic skin
model.

2. Results s

2.1 CharacOn of chitosan-based HS mimetics

The modifigatien of Ch-Arg with sulfate groups was performed in order to mimic the
struct ith sulfate residues in the substitution range of 0-55% that bind and
potentiat ignaling of growth factors. The sulfation method employed can modify

positions @5 or C4 on the chitosan backbone and Cg or C;, on the arginine side

This article is protected by copyright. All rights reserved.
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chain (Figure 1A). The ability to control the extent of sulfate modification of Ch-Arg
was explored bi varying the amount of sulfating agent added to the reaction, either in
excess (6x or limited (0.5x equiv). Elemental analysis confirmed that this approach
yielded a% of sulfur modification of 0.78% when the sulfating agent was
H
limited, wto herein as LS-Ch-Arg (Table 1). Additionally, when the sulfating
agent Wa@’l excess there was a higher level of sulfur modification of Ch-Arg of
8.04%, rmto herein as HiS-Ch-Arg (Table 1). Calculation of the degree of
sulfation gadicated that LS-Ch-Arg and HiS-Ch-Arg were 3 and 58% sulfated,
respectivﬁ

ble 1), that mimicked HS with a low and high level of sulfate

modificatgn: respectively. ATR-FTIR confirmed the incorporation of sulfate into

these ma y the appearance of peaks characteristic of S=O and C-O-S bonds at

1250 , respectively, that were absent in Ch-Arg (Figure 1B). Zeta

potential ments indicated that LS-Ch-Arg was slightly less positively charged
than Ch-Arg while HiS-Ch-Arg was significantly (p < 0.001) less positively charged
than Ch-hd had an overall negative charge (Figure 1C). This reduction in

positive is attributed to the negative charge imparted by the incorporated

sulfate I

The H

ra from 2D NMR were used to determine the position of sulfation.

{

Peak shifts wer@observed in the 'H signal assigned to GlcNAc H,, H; and GIcN Hj in

ul

LS-Ch-Ar ating modification of these residues compared to Ch-Arg (Figure

A

This article is protected by copyright. All rights reserved.

6



WILEY-VCH

1D). Peak shifts were observed for HiS-Ch-Arg compared to Ch-Arg at the C,, C;, Cg,

and Cg positions (y-axis) and H,, H; (GIcNAc), and H; (GIN) positions (x-axis),

confirmi te modification of both the chitosan backbone and the arginine side
chain of -Chi-Arg (Figure 1E). Together these data confirmed that Ch-Arg was
H

modifiedmulfate at positions similar to those present in HS with LS-Ch-Arg

resemblig HS With a low level of sulfate modification and HiS-Ch-Arg resembling

C

HS with aghi vel of sulfate modification.

us

2.2 Chitosat” HS mimetics are not cytotoxic

1

Ch-Arg an fated derivatives were evaluated for their cytotoxicity using keratinocytes and

d

fibroblasts ovVe exposure period of 72 h. Neither Ch-Arg nor the sulfated derivatives when used

at 10 yg m ighificantly affected cell number over the analysis period compared to cells grown in

basal re 2A and B). Thus this concentration was used for subsequent cell-based
experimenis.
2.3 Chitosa HS mimetics promote HS proteoglycan expression

n

The HS prgteoglygans secreted by both dermal fibroblasts and keratinocytes cultured in basal

{

medium yzed by mass spectrometry and found to include ECM, perlecan, agrin and

U

collagen t and cell surface, glypicans and syndecan-4, molecules (Table 2). In addition,

A
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keratinocytes secreted syndecan-1, a cell surface HS proteoglycan. The MOWSE score indicates the

abundance of each molecule and revealed that perlecan and agrin were the most abundant HS

t

P

proteoglycans_produced by fibroblasts and keratinocytes, respectively. Perlecan was the second
most abu teoglycan produced by keratinocytes while only low levels of agrin were

| |
expressed ibroblasts.

1

The expres§fon of@erlecan by both cell types was confirmed by immunocytochemistry and found to

G

be cell associa for keratinocytes whereas fibroblasts produced perlecan as extracellular fibers

S

(Figure 3A . The secretion of perlecan by both cell types was confirmed by ELISA (Figure 3C).

Both cell types wele also found to secrete HS (Figure 3D). Perlecan produced by both cell types was

L]

predomina oteoglycan form decorated with HS as removal of the HS resulted in a major

[

immunore nd at the full length protein core of approximately 460 kDa (Figure 3E and 3F).

Fibroblast-ger erlecan exhibited a major immunoreactive band in the undigested sample in the

dl

300 - 3 , however when HS was removed the heterogeneous immunoreactive band ran

at a similar m ar weight as keratinocyte perlecan without HS. This suggested that the fibroblast
form of perlecan in the undigested sample may have been present in large HS-dependent aggregates
that didn’t!nter the gel. In addition to the full length perlecan protein core, each cell type produced

low abund@lecan species in the molecular weight range 300 — 350 kDa in the undigested

sample.

The abiL and the sulfated derivatives to modulate perlecan gene (HSPG2) expression was

assessed by qPCR. Short term exposure (4h) of both keratinocytes and fibroblasts to either LS-Ch-Arg
or HiS—Ch—Ar; u;riulated HSPG2 expression compared to cells grown in basal medium (Figure 4A

and 4B). | st, exposure of these cells to Ch-Arg for 4 h downregulated HSPG2 expression

This article is protected by copyright. All rights reserved.

8



WILEY-VCH

(Figure 4A and 4B). Longer term exposure (24h) of keratinocytes to either Ch-Arg or LS-Ch-Arg

downregulated HSPG2 expression compared to cells grown in basal medium, while HiS-Ch-Arg had

t

D

no effect (Fi 4A). Similarly, longer term exposure (24h) of fibroblasts to either Ch-Arg or the
sulfated d d no effect on HSPG2 expression compared to cells grown in basal medium

(Figureﬁ ogether these data suggest that the chitosan-based HS mimetics can modulate

perlecan expgession in the initial period following exposure.

2.4 Chitosan- d HS mimetics have a high affinity for FGF2, but not FGF7

USCr3

HS binds a w nge of growth factors. Ch-Arg and the sulfated derivatives were evaluated for

N

their abilit selected growth factors involved in skin wound healing, FGF2 and FGF7. FGF2

and FGF7 dare in binding growth factors, thus their level of binding to the Ch-Arg preparations

was compared to the HS chains on perlecan, a major component of basement membranes and

[34]

involved in FG ding and signaling.!"®** FGF7 also binds to the protein core of perlecan,®" thus

perleca nce of its HS chains was also used as a positive control. Immunopurification of
perlecan psduced by both keratinocytes and fibroblasts yielded amounts that were too low to be

derived pe at is exclusively decorated with HS®*' was used as a model for both keratinocyte

and fibrob!st derived perlecan.

Analysile of binding of FGF2 to Ch-Arg and its sulfated derivatives indicated that HiS-Ch-

used to an:bwth factor interactions (data not shown). Thus the well-characterized endothelial

Arg bound signifiiantly (p<0.05) more FGF2 than either Ch-Arg or LS-Ch-Arg (Figure 5A and

Supple%re 1B). The HS chains on perlecan bound FGF2 while their removal (denoted

This article is protected by copyright. All rights reserved.
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Perlecan-HS) significantly reduced the level of binding suggesting that FGF2 bound to perlecan via its
HS chains (p<0.05). Interestingly, HiS-Ch-Arg supported the same level of FGF2 binding as the HS
chains oM(Figure 5A), suggesting that HiS-Ch-Arg could mimic the FGF2 binding possessed
by perleca Measurement of the binding kinetics between FGF2 and HiS-Ch-Arg indicated
both rapld%mn and dissociation rates (Figure 5B). These binding curves were modelled as
Langmuir b di which assumes 1:1 interactions, and established that the association (k,) and
dissocianQd) were 160 M™'s™ and 1 x 10° s, respectively. Similarly the binding between
FGF2 and mxhibited rapid association and dissociation rates with a lower level of interaction
compared -Arg (Figures 5B and 5C). Modelling of the binding between FGF2 and perlecan

indicated t association and dissociation rates were 102 M's™ and 1.8 x 10 s, respectively.

The equiIi!’um dissociation constant (Kp) of FGF2 for HiS-Ch-Arg and perlecan were found to be 6.4

UM and 1. espectlvely, indicating that FGF2 had a higher affinity for HiS-Ch-Arg than the
perlecan H Add|t|onaIIy, the x* values from the model for both HiS-Ch-Arg and perlecan
were both than 2 indicating that FGF2 bound to each of these molecules via multivalent
interac

FGF7 bour! to Ch-Arg and the sulfated derivatives at low levels with no significant difference
between t rg preparations (Figure 5D and Supplementary Figure 1C). Perlecan bound
significantly “05) more FGF7 than any of the Ch-Arg preparations (Figure 5D) and predominantly
bound FG! via its protein core although there was a significant reduction (p<0.05) in the level of
FGF7 bierecan without its HS chains suggesting that the HS chains may also be involved in

the binding !ElguSSD and Supplementary Figure 1C). Together these results indicated that HiS-Ch-

Arg mimics the Ff binding of HS, but has a low capacity to bind FGF7.

This article is protected by copyright. All rights reserved.
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25 Chitos*-base' HS mimetics promote epithelial cell migration

The effec @ -Arg and the sulfated derivatives on keratinocyte migration in a
‘scratcH™a SSHSP8s explored over a 72 h period (Figure 6A). Sample phase contrast
images s e migration of the keratinocytes in the central region of the images
over 72 h ed to the different conditions (Figure 6A). The images were analyzed
by measuWrea between the two migrating cell fronts at each time point and presented as a

proportion of thes\itial area (Figure 6B). Keratinocytes exposed to serum free medium containing
HiS-Ch-Arg ibited the greatest migration with complete wound closure within 72 h. Cells exposed

to HiS-Ch- ited a significant increase (p<0.05) in migration compared to cells exposed to

serum frem\ alone or supplemented with Ch-Arg, LS-Ch-Arg or heparin (Figure 6A and 6B).

Howev h-Arg, LS-Ch-Arg nor heparin promoted keratinocyte migration compared to
serum free m (Figure 6A and 6B). As FGF2, but not FGF7, bound to HiS-Ch-Arg (Figure 5), an
anti-FGFZ antibody was trialed in the keratinocyte migration assay. FGF2 is a mitogenic growth

factor and ghe inhibition of its activity with a function blocking antibody had no effect on the level of

keratinocchion (Supplementary Figure 2) suggesting that cell proliferation did not
play a maj e in the observed keratinocyte migration. Together these data suggest

that m nals acting on keratinocytes were potentiated by HiS-Ch-Arg.

This article is protected by copyright. All rights reserved.

11



WILEY-VCH

2.6 Chitosan-based HS mimetics support extracellular matrix formation in an

organotﬁic midel

In order &explore the ability of the chitosan-based HS mimetics to support

skin tissuesfemmation, an organotypic skin model was employed. The organotypic skin
model wﬁrised of a collagen matrix seeded with dermal fibroblasts to form the
dermal ¢ nt onto which keratinocytes were seeded and formed a stratified
epidermian by hematoxylin and eosin staining (Figure 7A). The thickness of
the epidewnificantly (p<0.05) increased when the model was cultured in the
presence ither Ch-Arg or its sulfated derivatives compared to basal conditions
(Figure ﬁitionally, the thickness of the two base layers of the epidermis, the

stratum bas d the stratum spinosum, significantly (p<0.05) increased when the

a

model ed in the presence of Ch-Arg compared to basal medium, however

there 0 difference when cultured in the presence of either of the sulfated

M

derivatives (Figure 7C).

[

In order t lish that this model was representative of skin, it was probed for the

expression ocalization of basement membrane components, laminin and collagen

in was expressed both intracellularly and extracellularly by

type

th

keratinoc¥ies 1n the epidermis as well as intracellularly by fibroblasts in the dermis

tl

(Figure staining pattern in the epidermis displayed a gradient from intense

A
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staining in the basal layer to less intense staining in the upper layers of denucleated

keratinocﬁes (Figure 8A). Treatment of the model with Ch-Arg and the sulfated

derivativmalter the localization of laminin, however the expanded epidermis

in each
N

surround%denucleated keratinocytes (Figure 8A). Additionally, the expanded

onditions resulted in an expanded zone of laminin deposition

stratum I@d the stratum spinosum in the models treated with Ch-Arg exhibited
an expan of laminin expression (Figure 8A). Collagen type IV was present in
the collagena d dermis as detected by staining throughout this region (Figure 8B).
Additionﬁratinocytes in the basal layer at the epidermal-dermal junction
produced@n type IV (Figure 8B, arrows). Treatment of the model with HiS-Ch-
Arg resu tracellular expression of collagen type IV by the basal keratinocytes,

while eatment altered collagen type IV expression compared to the basal

condition e 8B). Together the distribution of laminin and collagen type IV
indicated that the model expressed basement membrane components at their expected

locationsWnally, these data demonstrate that the addition of Ch-Arg supported

an expanfled epidermis that expressed both laminin and collagen type IV throughout

Sulfatew derivatives were able to promote perlecan expression at early time
points in cultuSs of both keratinocytes and fibroblasts (Figure 4), thus it was of

interest to ¢ ish whether these treatments could affect perlecan localization in the

This article is protected by copyright. All rights reserved.
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organotypic model. Perlecan was located intracellularly within keratinocytes in the
basal layer as i/ell in the upper layers of denucleated keratinocytes (Figure 9A).
Perlecan o produced by fibroblasts located in the dermis, and localized both
intracellu ericellularly (Figure 9A). Treatment of the model with Ch-Arg
H
and the W derivatives did not alter the localization of perlecan, however the
expande«@mis in each of these conditions resulted in an expanded zone of
perlecan jon surrounding the denucleated keratinocytes as well as in both the

stratum b d the stratum spinosum (Figure 9A).

Cell surfﬁproteoglycans are also important for the signaling of heparin-binding

growth f: mthus the distribution of synedecan-1 and -4 was investigated in the
model. S—l was located on the cell surface of basal keratinocytes, but was not

found dermis, as was expected from the mass spectrometry results (Figure

9B a e 1). Ch-Arg and LS-Ch-Arg supported the expression of syndecan-1

throughout the expanded basal layer (Figure 9B). Syndecan-4 was located

denuclea inocytes (Figure 9C). Syndecan-4 was also located intracellularly in

intracelluar* :m keratinocytes in the basal layer as well as in the upper layers of
ﬁbroblas! in the dermis (Figure 9C). The expression of HS in the organotypic model
was ale as it is the principal modulator of FGF binding and signaling. HS
was located on Se cell surface of basal keratinocytes with diffuse staining in the upper

denucleate tinocyte layers (Figure 9D). HS was also located intracellularly by

This article is protected by copyright. All rights reserved.
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dermal fibroblasts (Figure 9D). Ch-Arg and the sulfated derivatives supported the

expression of HS throughout the expanded epidermis (Figure 9D). Together the

organotypi el revealed that Ch-Arg and the sulfated derivatives supported an
expanded compared to the models cultured in basal conditions with the
H

expressionortant extracellular and cell surface molecules involved in binding

and signaling F@Fs for cell proliferation and tissue formation.

C

3. Discussi

S

This studantrated that Ch-Arg can be homogeneously modified with different

levels of§ulfate substitution to mimic the structure of either low or highly sulfated

A

HS. This arting material has been modified with a degree of sulfation up to 9%

and mostl

d

ified at the 2-N position.”'! The present study was able to achieve a

higher degre sulfation by adding the sulfating agent in excess. The modification of

VI

chitosan has been more widely explored and shown that optimization of the reaction

time, temperature and pH can achieve degrees of sulfation in the range of 10 to

[

63%.1%23

, the extent of sulfate derivatization of Ch-Arg achieved in this study is closely

G

aligned with hieved for chitosan and is in the range of sulfate content of HS/heparin.®

Enhance ithelial migration was demonstrated in this study in the presence of HiS-Ch-Arg in basal

th

medium e addition of serum or growth factors. Chitosan itself has been extensively

U

explored f d healing and shown to promote re-epithelialization in both normal and diabetic

A
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rat full thickness wound models.?” As Ch-Arg did not promote keratinocyte migration in this study at
the evaluated concentration, it is likely that HiS-Ch-Arg modulated the activity of the endogenously
expressed te::rinbinding motogens. Interestingly, HiS-Ch-Arg did not mimic the activities of

heparin in ggesting differences in their sulfation density and pattern may have affected

- 19 HS/heparin binds a range of growth

motogeﬁcgrowm factor binding and signaling.
factors, anOt always potentiate their signaling.BS] While keratinocytes themselves

do not expr F7,1'% they produce a range of heparin binding motogens/chemokines including

EGF, C-X- iiMigand (CXCL)1 and CXCL8"" that were likely potentiated by the

presence of Hi§( ‘h-Arg.

This stucg revealed that HiS-Ch-Arg bound FGF2 with higher affinity than perlecan
HS that md as a positive control. While Ch-Arg and LS-Ch-Arg also bound
W

FGF2, it was 1ot at a level comparable to either HiS-Ch-Arg or perlecan HS and may

be attributa the overall positive charge of both CH-Arg and LS-Ch-Arg that did
not support electrostatic binding of FGF2. This is in agreement with a previous study

where sugted Ch-Arg supported both FGF2 binding and signaling.”"! FGF2 binds to

sulfated 4@ within HS via electrostatic interactions, thus it is likely that HiS-Ch-

Arg achieyed similar regions of dense sulfate modifications to support electrostatic

FGF2 i nterestingly, Ch-Arg and the sulfated derivatives only bound low
levels of nd indicated that the overall charge on these molecules had no effect
on the affimi r this growth factor. Heparin oligosaccharides that differed based on

This article is protected by copyright. All rights reserved.
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the saccharide sulfate position affected the binding to both FGF2 and FGF7™

indicatini that Fosition of sulfate, or local charge, in addition to overall charge

modulate h factor binding. The distribution of arginine residues in FGF2 and
FGF7 m for the different level of binding to Ch-Arg and the sulfated
N

derivativMperlecan. FGF2 has a higher number of arginine residues than FGF7
and the @ residues in FGF2 are located close together providing a region of

dense poMarge to bind to the negatively charged HiS-Ch-Arg and perlecan HS.

The argilﬁdues in FGF7 are dispersed throughout the amino acid sequence and

thus do vide the same local charge as in FGF2. This study revealed that

perlecan Yargely bound FGF7 via the protein core, in line with literature suggesting

that dommand V of perlecan support FGF7 binding.** This study also revealed

that H d a low level of FGF7 binding and thus aligns with the low affinity of
FGF7 for C and the sulfated derivatives.

Exposure of both keratinocytes and fibroblasts to the sulfated Ch-Arg derivatives upregulated HSPG2
gene exp& Interestingly, sulfated Ch-Arg also upregulated HSPG2 expression in
chondrocyrlecan is a major component of the epithelial basement membrane that
separates ermis from the dermis with well-established roles in binding and signaling
mitoge 5.110-3% 351 parlecan is essential for epidermal formation as perlecan-deficient
keratinom a poorly organized epidermis due to premature apoptosis and failure to
stratify.!*"! m expanded epidermis in the organotypic model used in this study when cultured

in the pr of Ch-Arg and the sulfated derivatives may be due to the upregulation of perlecan

This article is protected by copyright. All rights reserved.
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43/3) ‘mice displayed delayed wound repair®! suggesting

expression. Perlecan HS-deficient (Hspg2
that the HS chains are important supporting wound healing by regulating growth factor signaling, an
activityh perlecan. This study also demonstrated that both keratinocyte and dermal
fibroblast ecan was decorated with HS, indicating the likelihood that these forms of
perIecan- iﬁd and signal growth factors required for epidermal formation. This study
demonstrated that Ch-Arg and the sulfated derivatives supported HS expression in the basal layer of
the epider restingly, neither laminin nor collagen type IV, other major components of the

epithelial tw membrane, deposition are affected by perlecan expression levels.”"” This is in

agreemen: findings in this study where Ch-Arg and its sulfated derivatives had little effect
f

on the exp either laminin or collagen type IV in the organotypic model.

Cell surfacCeoglycans syndecan-1 and -4 are also important in skin tissue formation as both

syndecan—mout mice display delayed wound re-epithelization*” associated with reduced

keratin iferation.”®! Additionally, syndecan-4 deficient mice display delayed wound

repair.*” The lecules were expressed throughout the basal layer in the organotypic model and
colocalized with HS suggesting that they were in a position to facilitate keratinocyte migration.
Together ts analyses of the organotypic model suggest that the Ch-Arg and sulfated derivatives

supported al tissue formation with production of major components of a mature basement

membrane.

4, Conclusi'n '

This study demonSrated that Ch-Arg can be modified with a controlled level of sulfate to mimic the

structure of HEith either high (58%) or low (3%) levels of sulfation. The level of sulfate
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incorporated in Ch-Arg modulated its interaction with FGF2, a mitogenic heparin binding growth
factor involved in epidermal tissue formation. The sulfated Ch-Arg derivatives supported epidermal
tissue fmm specifically promoted perlecan expression both in isolated cultures of both
keratinocy blasts as well as in an organotypic skin model. Perlecan itself modulates the

activity-of—gungens and is known to be essential for the formation of the epidermis. Thus the

synthesized sulfated Ch-Arg derivatives supported formation of the epidermis via both direct and
indirect an

s. These Ch-Arg based materials may have potential as wound healing

therapeutiw their ability to bind growth factors and modulate the expression of endogenous

HS proteo:volved in epidermal tissue formation.

5. Experi tion

All chemica urchased from Sigma Aldrich (Castle Hill, Australia) unless stated otherwise.

Sulfation of ch/:osan-arginine: Chitosan-arginine (Ch-Arg) (85% deacetylated chitosan with single

arginine amin s constituting 24% of the total monomers on the polymer backbone; 56 kDa,

purity ynthesized by Synedgen, Inc was used as the starting material. This material was
modified vs h varying levels of sulfation as described previously ®*, with the following modifications.
Dimethylfor ide (30 mL) was cooled to 0 — 4 °C in an ice bath and then placed at room
temperatu ior to the addition of the sulfating agent, HCISO;, that was added dropwise while

stirring wi! magnetic stirrer. The sulfating agent was either added in excess (6x equiv) or limited

a
(0.5% equi‘ to va’ the level of sulfate modification. Molar equivalents were based on moles of

HCISO; pet” V-aCQtylglucosamine unit within the chitosan backbone. The DMF-SO; solution

was stirred untif:‘ eached RT. Ch-Arg (1 g) was dissolved in formic acid (20 mL) for 3 h at RT. DMF
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(156 mL) was then added to the mixture and stirred with a magnetic stirrer for an additional 2 h.
DMF-SO; was then dropped slowly into the solution within 30 min and the mixture was kept at 50 °C
for 3 h.Hon was then left to cool to RT, and the product was poured into a saturated
alkaline et ion of anhydrous sodium acetate (600 mL). The precipitate that formed was
washed willr 8 ixture of ethanol and ddH,0 (ethanol: ddH,0, 4:1, v:v) and subsequently dissolved
in ddH,0. T:e i of the solution was then adjusted to 7.5. The resultant solution was dialyzed

against dd 8 h using a 10 kDa dialysis cut-off membrane and then lyophilized.

Thiolation man-arginine: Ch-Arg and sulfated derivatives were modified with single thiol

groups at §e reEucing terminus via reductive amination as previously described ! to enable
analysis of gr actor binding (see section 6.3.1). Briefly, each Ch-Arg preparation was dissolved

in ddH,0 a ine hydrochloride in MeOH was added to the solution at 500x equiv. Acetic acid

was th to obtain a mixture of MeOH:ddH,0:acetic acid (35:50:15). The reaction vessel was

sealed ught to 40 °C for 40 min while stirring. The reducing agent, 2-picoline-borane in

MeOH (5% equiv), was added and the resulting solution was stirred at 40 °C for a further 40 min. The

solution whialyzed (10 kba MWCO) with ddH,0 and lyophilized.

O

Physical CS;acterization of chitosan-based HS mimetics: Attenuated total reflectance-Fourier
transforH spectroscopy (ATR-FTIR, Perkin Elmer Spotlight 400) was used to measure
changes in the sche chemical structure of the Ch-Arg following sulfation. Spectra were recorded

between 650 a 00 cm™.
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X-ray photoelectron spectroscopy (XPS) spectra were obtained for Ch-Arg and the sulfated

derivatives using a Thermo ESCALAB250i X-ray Photoelectron Spectrometer (XPS) with elemental

cript

mapping cdpability and He UV Source. The degree of sulfation was calculated according to the

proportion %) and nitrogen (N%) in the sample using Equation 1.

3]
DS (%) = 100 x =3 (1)

Equation

14.007

Nuclear magnejigaresonance (2D-NMR) was analyzed using HSQC (*H detected heteronuclear single

S

guantum c edee) on a Bruker Avance Il 300 solid state NMR operating at 20 °C with a frequency

of 600 MHz and afacquisition time of up to 5.5 s to determine the position of sulfation on the Ch-

L

Arg. The sa re dissolved in D,0 and 16 to 32 scans were obtained.

1

The charge rg and the sulfated derivatives was determined using Zeta potential (Zetasizer

Nano ZS,

&

Solutions were prepared in both ddH,0 and phosphate buffered saline (PBS).

M

Culture of human dermal fibroblasts and keratinocytes: Dermal fibroblasts were isolated from

human ski

i

ed from patients undergoing reconstructive surgery and obtained under ethics
approval fi cord Hospital (HREC/14/CRGH/173). Briefly, skin sections were incubated in
trypsin (0.125%) at 4 °C to separate the dermis from the epidermis. The epidermis was removed and

the der minuted and collagenase digested (0.05%) for 12 h at 37 °C. Following digestion,

no

[

the susp centrifuged at 400 g for 10 min and the cell pellet was resuspended in DMEM

supplemented with 10% (v/v) fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S), and L-

B

glutamine (b edium) and cultured in T-flasks. Medium was refreshed every 3 — 4 days and
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conditioned medium was collected for analysis. The immortalized keratinocyte cell line, HaCaT
(AddexBio, San Diego), was cultured in basal medium in a humidified incubator (37 °C, 5% CO,). Cells
were passaged at 80% confluence and medium changed every 3 — 4 days and conditioned medium

was collec Sis.

rpt

Effect of cRitosanalased HS mimetics on cell proliferation: Cells were seeded at 5 x 10° cells/well in

C

96 well pla al medium and incubated for 24 h at 37°C. The basal medium was then removed

and replac either basal medium alone or supplemented with 10 pg mL™" Ch-Arg or sulfated

US

derivative ration was chosen placed on previously obtained results.®" Relative cell number

was deterfiiined after 24, 48 and 72 h using the MTS cell assay (Promega) according to the

N

manufacturer’ ructions. Results are presented relative to the number of cells exposed to basal

a

medium.

M

Isolation of proteoglycans from conditioned medium: Proteoglycans were isolated from the

conditione@imedium by anion exchange chromatography using a diethylaminoethyl column (DEAE-

]

Sepharose , GE Healthcare) attached to a FPLC system (Biorad). Briefly, the DEAE column

0

was equilibratéd at 1 mL/min with running buffer (250 mM NaCl, 20 mM Tris, 10 mM EDTA, pH 7.5)

before theQaddition of conditioned medium and base-line absorbance was re-established with

]

running teoglycans were eluted from the column using 1 M NaCl, 20 mM Tris, 10 mM

[

EDTA, pH 7.5 and @bncentrated.

Ul

A
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Characterization of proteoglycans: Proteoglycans produced by the dermal fibroblasts and
keratinocytes were analyzed by mass spectrometry following enrichment as described in section
6.5.1. FMsamples were reduced (10 mM dithiothreitol for 10 min at 95 °C), alkylated (25
mM iodoa r 20 min at 25 °C), and digested with trypsin (sequencing grade; Promega,
Sydney,-A!i ralia) in 50 mM NH4HCO; at 30 °C for 16 h. Samples were prepared at a final

concentratmoo ug/mL and a final volume of 20 pL. Samples were analyzed by liquid

chromatog upled to tandem mass spectrometry (LC-MS?) using an LTQ mass spectrometer
(Thermo Fwntific). The results were analyzed with Xcalibur™ software (Bioworks version 3.1,

Thermo Fi tific) and the Mascot database (Matrix Science, London, UK; version 2.5.1) with a

National C Biotechnology Information (NCBI) protein (Homo sapiens) database.

Enzyme IiCunosorbent assay (ELISA) was used to confirm that the dermal fibroblasts and

keratinocymced both perlecan and HS. High binding 96-well ELISA plates (Greiner, Australia)

were ¢ roteoglycan-enriched fractions of conditioned medium from keratinocytes and

fibroblasts (1 L™) at 37 °C for 16 h. Samples analyzed for the presence of HS stubs were

incubated with 0.01 U mL™ heparinase Il (h’ase Ill) at 37 °C for 16 h prior to coating ELISA wells.
Wells weriinsed twice with PBS followed by blocking with 0.1% (w/v) casein in PBS for 1 h at 25 °C.
Wells wer insed twice with PBS with 1% (v/v) Tween 20 (PBST) followed by incubation with
primary an diluted in 0.1% (w/v) casein in PBS for 2 h at RT. Primary antibodies included
rabbit polglonal anti-perlecan (1:1000, raised in house against immunopurified endothelial
perlecawouse monoclonal anti-HS stub antibody (1 pg/mL, clone 3G10, US Biological).

Wells were rmse5wice with PBST followed by incubation with biotinylated secondary antibodies,

anti-mouse IgGi :anti-rabbit (1:1000, GE Healthcare) for 1 h at RT, rinsed twice with PBST, and
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incubated with streptavidin horseradish peroxidase (1:500, GE Healthcare) for 30 min at RT. Wells
were then rinsed four times with PBST, followed by the addition of the colorimetric substrate, 2 mM
2,2—azinodk— - Ibenzthiazoline sulfonic acid in 0.5 M sodium citrate, pH 4.6, and absorbance was

measured

H I
Western tstting was used to confirm the production of perlecan by dermal fibroblasts and

keratinocyt€s. eoglycan-enriched fractions of conditioned medium from keratinocytes and
fibroblasts lane) were electrophoresed in 3-8% (w/v) Tris-Acetate gels (Invitrogen) under
reducing c i (0.1M dithiolthreitol) using Tris-acetate buffer (50 mM tricine, 50 mM Tris, 0.1%

(w/v) SDS, pH 8.24%at 160 V for 45 min. Some samples were incubated with 0.01 U/mL h’ase Ill at 37
°C for 16 hc electrophoresis. A series of molecular mass markers (Himark, Invitrogen) were
electropho each gel. Samples were then transferred to polyvinylidene difluoride (PVDF)

membranelus @ ansfer buffer (5 mM Bicine, 5 mM BisTris, 0.2 mM EDTA, 50 pg/ml SDS, 1% (v/v)

metha in a semidry blotter at 300mA and 20 V for 60 min. The membrane was blocked

with 1% (w/v ne serum albumin (BSA) in Tris-buffered saline (TBS) (20mM Tris base, 136mM

NaCl, pH 7.6) with 0.1% (v/v) Tween 20 (TBST) for 2 h at 25 °C followed by incubation with mouse
monoclonianti-perlecan antibody (2 ug/mL, clone 5D7-2E4, Merck) diluted in 1% (w/v) BSA in TBST
for 16 h at embranes were subsequently rinsed with TBST, incubated with secondary HRP-

conjugated dies (1:50,000, Invitrogen) for 45 min at 25 °C, and rinsed with TBST and TBS

before beifg imaged using chemiluminescence reagent (Femto reagent kit, Pierce) and x-ray film.
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Effect of chitosan-based HS mimetics on HSPG2 gene expression: Keratinocytes and dermal fibroblast
cells were cultured in basal medium alone or supplemented with 10 pg/mL Ch-Arg or sulfated
derivatiMr 4 or 24 h. Total RNA was isolated with TRI reagent (1 mL per 10° — 10’ cells) and
treated wi ing the RQ1 RNase-Free DNase kit (Promega). RNA (1pg) was transcribed into
cDNA u-sirs*go d(T)23 primer mix (ProScript® M-MuLV First Strand cDNA synthesis kit,

GeneSearch: F:quantitative real-time PCR (qPCR), 1uL cDNA was mixed with 0.5 pl of 10 uMm

forward (5 CAGAGCGGGTG-3’) and reverse (5'- GCCCTGGAACTTGCCCTG-3’) HSPG2 primers
and 10 pL WBR Green PCR Master Mix (Applied Biosystems, Mulgrave, Australia) and 9.5 pL
RNAase fr GAPDH (forward primer 5’-AGAAGGCTGGGGCTCATTTG-3’ and reverse primer 5’'-

AGGGGCC GTCTTC-3’) was used as an endogenous control and to normalize the results.

Samples w‘e subject to 40 reactions using the ABI StepOne™ Real-time PCR system.

Growth famactions with chitosan-based HS mimetics: Growth factor, FGF2 and FGF7, binding
sulfated derivatives was evaluated using surface plasmon resonance (BlAcore

with PBS, pH 7.4 as the buffer. Thiolated derivatives of the materials were used

for analysis as the unthiolated materials did not immobilize with high enough density to the gold
sensor chi! to enable analysis (Supplementary Figure 1A). Thiolated derivatives were immobilized

to the golthips at a flow rate of 5 pL/min to obtain a minimum of 1000 response units (RU)
s

which was t to form a monolayer on the surface of the sensor chips. To minimize the level of

non—specif‘ binding of the growth factors, the surface of the sensor chips were then blocked with
0.1% (wMerum albumin (BSA) at a flow rate of 5 pL/min for 5 min. Then either FGF2 (50,
100 or 200 nE!, li'trogen) or FGF7 (200 nM, Invitrogen) was applied at a flow rate of 20 pL/min for

1 min and the ponse was monitored for a further 4 min. Any remaining growth factor was
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removed with 1M NaCl at a flow rate of 20 uL/min for 30 s. The level of growth factor binding to Ch-

Arg and the sulfated derivatives was compared with the level of binding to immunopurified

t

P

endothelia can that is decorated exclusively with HS *® and known to bind each of these
growth fa *l_The binding of these growth factors to perlecan was also analyzed in the

|| .
absence of ITs at was removed with h’ase lll.

£

Effect of

ased HS mimetics on keratinocyte migration: A ‘scratch assay’ was used to

SC

monitor i te migration as a simplified model of wound healing. Keratinocytes (2.8 x 10°

U

cells, HaC seeded into each side of the migration chamber (lbidi) in basal medium and

allowed t ere for 12 h. The basal medium was removed and cells were placed in serum free

N

medium for lowing serum starvation, the migration chambers were removed, and cells were

a

exposed t ree medium alone, supplemented with 10 pg/mL Ch-Arg, sulfated derivatives,

hepari ne intestinal mucosa), or an FGF2 function blocking antibody (Abcam, clone MC-GF1, 1

ug/mL) s (3 per well) were captured at 24 h intervals over 72 h and cell migration was

M

determined by measuring the area between the two migrating cell fronts using Image J. The area

[

was deter nually and presented as a percentage of the initial area.

Effect of ¢

ased HS mimetics on skin wound healing in an organotypic skin model: Human

O

dermal fibfoblasts (1.5 x 10° cells/mL, passage 3) were suspended in bovine collagen (3 mg/mL,

{

Invitrogen)gprepargd in basal medium. The suspension was placed in transwells and allowed to gel at

!

37 °Cfor 3 sal medium was then added to immerse the gels and incubated for a further 24

U

h. The me s then removed and the surface of the fibroblast/collagen gels were coated with

A
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50 pg/mL fibronectin. Human keratinocytes isolated from human skin were used to form the
epidermal component of the skin model. Following removal of the epidermis from the dermis as

Cells were esuspended in keratinocyte growth medium (Lonza) and cultured on ECM

described ! :;:: cells were gently scraped off the newly exposed epidermal and dermal surfaces.

coated ﬁLEec nologies) tissue culture polystyrene until 80% confluency was reached.

Keratinocymage 1) were seeded onto the surface of each gel (1x10°/gel) and allowed to

adhere be ersion in basal medium supplemented with 50 pg/mL ascorbic acid. Following
incubationwﬁ the gels were brought to the air liquid interface for a further 9 days and the

samples w red for a further 21 days exposed to basal medium alone or supplemented with

10 pg/mL r sulfated derivatives.

Histo/ogicCs of the organotypic skin model: Organotypic skin samples were fixed in 4%

paraformaor 16 h at 4 °C, dehydrated and embedded in paraffin. Samples were sectioned

(4 -5 istological characterization was carried out as previously described.”” Briefly,
sections wer rated with xylene to remove paraffin and then immersed in a series of ethanol
solutions and finally water. Following rehydration, slides were stained with Harris hematoxylin

(Fronine, A!stralia) for 10 min, followed by eosin (Fronine, Australia) for 5 min, before dehydrating

and mountO

For imremistw, antigen epitope retrieval was performed by immersing the slides after
rehydrati M sodium citrate (pH 6), followed by heat treatment in a decloaking chamber
(Applied *aical, Santa Margarita, CA) at 120 °C for 4 min. The slides were then rinsed with

deionized water f50wed by blocking of endogenous peroxidase with 3% (v/v) H,0, for 5 min. Some

slides w{eated with 0.01 U mL™ h’ase Ill in PBS (pH 7) for 3 h at 37°C. for analysis of HS
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expression. The slides were washed with 50 mM Tris-HCI, 0.15 M NaCl, 0.05% (w/v) Tween-20, pH
7.6 (TBST), and then blocked with 1% (w/v) BSA in TBST for 1 h at RT. The slides were incubated with
primardeiluted in 1% w/v BSA in TBST at 4°C for 16 h. Primary antibodies included rabbit
poncIonala (1:100, Rockland), rabbit polyclonal anti-collagen IV (1:500, Abcam), rabbit
poncIor%I rnl—perecan (1:100), mouse monoclonal anti-syndecan-1 (2.5 ug mL*, Abcam), rabbit
poncIonalwecanA (1:500, Abcam) and mouse monoclonal anti-HS stub (5 pug mL™, clone

3G10,US B antibodies. Slides were then washed twice with TBST before incubation with the
appropriatmlated secondary antibodies (1:500; GE Healthcare) for 1 h at RT. Slides were
washed tw BST, incubated for 30 min with SA-HRP (1:250; GE Healthcare), rinsed four times
with TBST, en processed for color development with NovaRED chromogen stain (Vector

Laboratoris; Burlingame CA). The slides were then counterstained with hematoxylin (Gill's #3,

Vector Lam) for 6 s and rinsed with deionized water. Slides were dehydrated through a

graded ethaho ies, mounted and imaged using an Aperio XT slide scanner. Slides were also
probed wi e IgG and IgM whole antibodies (5 pg/ml; Invitrogen, Carlsbad, CA) as isotype
control blocking solution in place of primary antibodies. These conditions did not

show pos’tive staining (data not shown), indicating that non-specific binding of

primary angsbegies or biotinylated secondary antibodies did not occur.
Statistir A two-way analysis of variance (ANOVA) was performed to compare multiple
conditi i student’s t test (two samples, two tailed distribution assuming equal variance)

was used ®o compare statistical significance between two conditions. Results of p<0.05 were

considered si;nifiSnt. Experiments were performed in triplicate and carried out three times.

<C
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Figure 4rization of chitosan-based HS mimetics. (A) Schematic of Ch-Arg indicating

possible sites of sulfate incorporation (pink) at carbon positions on the chitosan backbone (C;-Cg;

[;

green) and arginine side chain (Cs-C;,; red). (B) ATR-FTIR spectra and (C) zeta-potential of Ch-Arg, LS-

Ch-Arg an Arg. Data presented as mean + standard deviation (n=3). # indicates significant

O

difference fior each material between ddH,0 and PBS (p<0.05). * indicates significant difference in

h

zeta potentgial comgpared to Ch-Arg (p<0.05). HSQC spectra of (D) Ch-Arg and LS-Ch-Arg and (E) Ch-

{

Arg and Hi

U

A
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Figure 2. C d the sulfated derivatives are not cytotoxic. Relative number of (A) keratinocytes

and (B) fibgoblasts measured over a period of 72 h exposed to Ch-Arg or sulfated derivatives at a

)

concentratj ug/mL compared to cells exposed to basal medium (control), as measured by

d

the MTS as presented at mean # standard deviation (n = 3).
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Figure 3. K ytes and fibroblasts produce perlecan and HS. Expression of perlecan (green) by

(A) keratinocytes and (B) fibroblasts determined by immunocytochemistry and counterstained for
actin cytom(red) and nuclei (blue). Scale bar indicates 20 um. Detection of (C) perlecan
(polyclona CCN-1) and (D) HS (antibody clone 3G10 detects the HS stub following h’ase Il
digestion) in conhditioned medium from cultures of keratinocytes and fibroblasts. Data presented at
mean + viation (n = 3). Western blot analysis of perlecan produced by (E) keratinocytes

and (F)Wdetected by antibody clone 5D7-2E4. Samples were analyzed undigested or

digested with h'asilll.
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Figure 4. Sul Ch-Arg promotes early HSPG2 gene expression. Quantitative PCR analysis of
HSPG2 ge sion by (A) keratinocytes and (B) fibroblasts exposed to basal medium alone or

supplemem Ch-Arg, LS-Ch-Arg or HiS-Ch-Arg (10 pug mL™) for up to 24 h. Data presented a

fold change in HSPG2 gene expression compared to cells exposed to basal medium and corrected for
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Figure 5. Chi ased HS mimetics bind FGF2 with higher affinity than perlecan HS. (A) The level
of FGF2 bo h-Arg, LS-Ch-Arg, HiS-Ch-Arg, perlecan or perlecan without HS chains (Perlecan-

HS) pres response units (RU) as measured by surface plasmon resonance. * indicates

M

signific e to all conditions except perlecan (p<0.05). # indicates significant difference to
conditions except HiS-Ch-Arg (p<0.05). (B) Sensorgrams of FGF2 (50, 100 and 200 nM) binding to (B)
HiS-Ch-Arg perlecan. One representative curve (of triplicates) at each concentration is

shown. Fo gyanalysis, all curves were utilized for each concentration. (D) The level of FGF7

O1

bound to M| S-Ch-Arg, HiS-Ch-Arg, perlecan or perlecan without HS chains (perlecan-HS)

N

presen measured by surface plasmon resonance. * indicates significant difference to all

{

U

test condi <0.05). # indicates significant difference to Ch-Arg and the sulfated derivatives

(p<0.05).
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an-based HS mimetics promote keratinocyte migration. Keratinocyte migration
tch assay’ over 72 h for cells exposed to basal medium alone or supplemented
with 10 pg/mL Ch-Arg or sulfated derivatives. (A) Sample phase contrast images of the migration

zone in eaﬁion at 0, 24, 48 and 72 h. Scale bar indicates 100 um. (B) Analysis of the phase

contrast 1 was performed by measuring the area between the two migrating cell fronts at

each time goint and presented as a proportion of the initial area. * indicates significant difference to

all other c*dition'at the same time points (p<0.05).
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Figure 7. ased HS mimetics promote epidermal formation. (A) Representative images of

the org in model indicating the epidermis (E), dermis (D) and stratum basale / stratum

spinosum (S) ing exposure to basal medium alone or supplemented with Ch-Arg, LS-Ch-Arg or

HiS-Ch-Arg. Sections were stained with hematoxylin and eosin. Scale bar represents 50 um.
QuantificaSn of the (B) epidermal and the (C) stratum basale/stratum spinosum thickness in the
organotypi odel following exposure to each of the conditions. In panel B, * indicates
significant ce compared to LS-Ch-Arg (p<0.05) and * indicates significant difference compared

to Ch—ArgSnd the sulfated derivatives (p<0.05). In panel C, * indicates significant difference

compa rMitives and Ch-Arg (p<0.05)

-
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Figure osan-based HS mimetics support the expression of HS proteoglycans. Expression of
(A) perlecan, (B) syndecan-1, (C) syndecan-4 and (D) HS in the organotypic skin model following

exposure t&edium alone or supplemented with Ch-Arg, LS-Ch-Arg or HiS-Ch-Arg. Scale bars

represent @
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Figure 1. Sensorgrams of (A) HiS-Ch-Arg and thiolated HiS-Ch-Arg binding to gold

sensor icating that only thiolated HiS-Ch-Arg was stably immobilized. (B) FGF2 (200 nm)

M -

and (C) FGF7 (200 nM) binding to Ch-Arg, LS-Ch-Arg, HiS-Ch-Arg, perlecan and perlecan without HS

I

(perlecan-HS¥ representative curve (of triplicates) at each concentration is shown.
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Supplementa; Fs.l' re 2. Keratinocyte migration measured in a ‘scratch assay’ over 72 h for cells

exposed t dium alone or supplemented an anti-FGF2 blocking antibody (a-FGF2).

an

Table 1 ntal content of Ch-Arg, LS-Ch-Arg and HiS-Ch-Arg determined by XPS.

Percent (%)
(o} S DS
56.15 13.63 28.61 0 0
h-Arg 57.47 11.71 29.28 0.78 3
Ch-Arg 34.76 6.03 41.65 8.04 58
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Table 2. HS proteoglycans secreted by keratinocytes and fibroblasts detected by peptide LC-MS®
from an in-solution tryptic digestion.

MOWSE score® .
Accession
HS proteoglycans number®
Keratinocytes Fibroblasts
1664 51 000468
S
- =}

§ Collagen type XVIII 103 215 P39060

%

w erlecan 610 1540 P98160
Glypican 239 76 P35052
Syndecan-1 63 - P18827

byndecan-4 235 76 P31431

lar mass search score as determined by Mascot query. This is the value (p) that is a
measure of the probability that the match is a random event expressed as -10log (p). The
e score, the more confidence that the match is not due to a random event.
ained from Swiss-Prot. -, not detected.

'Modifigaii itosan-arginine to incorporate sulfate groups mimics heparan sulfate (HS), a
binding pa f growth factors. By altering the degree of sulfate modification this biomimetic
material h otential to assist in wound healing through the binding of growth factors (GF),
promot lial cell migration and epidermis formation.
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