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surface-functionalized polyneric materials (2-D or 3-D; non- biodegradable
or bi odegradabl e) are designed for engineering cells or tissues. BACKGROUND
AND PRI OR ARTS: Acute liver failure (ALF) is a life-threatening disease

w t h mMRELATEDWPRBIANTIONSS 70% and. cl ains over 30,000 deaths per year in
the United States. Liver transplantation nay be the best course for nost
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hepat ocyt €s are anchor age- dependent cells4. Various extracellular matrix
(ECM proteins, such as collagen5.6, fibronectin7 and | am nin8 or cell
adhesi on peptides, WO 2004/ 027050 PCT/ S&003/000212 2 such as RGD and

YI GSR9 have been used as substrates for hepatocyte culture. The attachnent
and vi 8ACkGRpUNDS AIBPRIORMRES: can be i nproved by culturing on surfaces
coated with these ECM proteins. It is believed that

Acute liver failure (ALF) is a life-threatening disease with mortality as high as 70% and. claims over
30,000 deaths per year in the United States. Liver transplantation may be the best course for most ALF
patients, but acute shortage of donors prevents the widespread application of this approach!. Under
intensive care to prevent or manage life-threatening nonhepatic complications, a fraction of the patients with
residual liver function still capable to sustain life may recover. There is another group of patients whose
livers are not capable of providing the vital functions but still can regenerate if the patients are kept alive by
temporary liver support systems. A bioartificial liver assist device (BLAD) aims to provide such a support
system to temporarily substitute liver functions and sustain the patient’s life until donors become available or
the failed liver regenerates. A BLAD consists of three key components: cells which exhibit the important
hepatic phenotype, a scaffold/substrate which promote and prolong the expression of these phenotypes, and

a bioreactor which facilitates the biochemical reactions and biological transport between the hepatocytes and
the perfused blood?3,

One of the determinant factors for the successful BLAD design is a suitable scaffold or substrate for
hepatocyte attachment and functional maintenance, as hepatocytes are anchorage-dependent cells*. Various

extracellular matrix (ECM) proteins, such as collagenss, fibronectin” and laminin® or cell adhesion peptides,



this inprovenent is due to the specific interaction between cell adhesion
peptides (e.g. RE@) in ECM proteins and the integrin receptors on
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binding activity of surface immobilized galactose ligand were characterized. Effects of sutface galactose

moiety on hepatocyte attachment, morphology and functions were investigated using a high-density

hepatocyte culture in compatison with collagen-coated substrate.

SUMMARY OF THE INVENTION (PREFERRED EMBODIMENTS):

This invention describes two methods for immobilization of high density of cell specific ligands to

polymer surfaces:
The first immobilization method includes the following three steps:

(1) Polymetic materials in the forms of 2-dimenional or 3-dimensional structure (e.g. films, sheets,

membranes, fibers, hollow fibers, forms, woven, knitted, braided fibets, etc.) is fitst activated by plasma



radi al s or functional groups on the surface. (2). These pre-activated
surfaces are reacted with a nononer solution to graft polynmer chains with
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Xg)hcauons of the hepatocyte specific biofunctional substrates and scaffolds involve culturing

hepatocytes (either primary hepatocytes or hepatic cell lines) in the scaffolds/substrates in an optimized

medium (serum free or serum containing medium).

As the following examples show, using polyacrylic acid (PAA) grafting technique coupling with the
galactose ligand conjugation scheme, we have successfully developed a hepatocyte-specific surface with high
surface-ligand density and high ligand mobility. Such a galactosylated PET substrate supported efficient cell
attachment and stimulated hepatocyte aggregate formation. Albumin synthesis function of the hepatocytes
cultured on this biofunctional substrate was better maintained compared with that on collagen-coated
surface. This study suggested the potential application of this hepatocyte-specific biofunctional substrate in
liver tissue engineering, particularly for the design of bioartificial liver assist device.

DESIRABLE FEATURES OF PROPOSED INVENTION:

Extracellular matrix is known to play a key role in the phenotypic maintenance of hepatocytes?:18,
Collagen coated! and galactose-containing polymer (PVLA) coated surfacess yielded dramatically different



cel l ul ar behavior. Hepatocytes cultured on collagen coating forned a
flattened nonol ayer, whereas PVLA coating pronoted rounded norphol ogy and
aggr egat ewbaoewazr@n. These studi es were performed usi ngPaT/SGI@GI0EEY | oW
cell seeding densities, presumably due4to the relatively |ow surface |igand
concentration. This report provided a surface nodification strategy

| eading to a nmuch higher anmount of |igands on the substrate surface. The

schene cdllaMobehBabrS He Easarcep lcaspel Jnr@)ﬁi atauﬁ Ofognaf 4 ﬂﬂ@nﬁﬁﬁo&ﬂh@érﬁ&h&r&s PRELAf I I m

s an EvebeUet prdat Ao s % ?%F%%EU TR o e
wi del y relaltmd}f lowetll eadihg @asmdsnfrewmsbly duei tnplreoreletivolydavosplatd lgpdd ¢Oy‘.canfratmat dhisal s.
G af t Pgnt fon Hdé@& ! ce%&ﬁﬁcq &'hgﬂe gg&%&ﬂ%ﬁet SLdRE b 1§ Rlon 3l sﬁ%ftﬂaéég

ext m)dl I cation. t1ons wer mze

| nt r odestace gbphalmemfplvai swéipebekw gffa@m o grafing BAA fchaies @tﬂ?’%&@hﬂ Pytgfece,

grafti Mowmg%ohj%ah&ﬁ&ggﬁgt%mgﬂdl n a high surface density of the gal actose
ligand (0.51 cn®).” The hrghest I|igand den3| ty is about 220 tines

hi gher tha achi.eved byPVLA coating o t ose
densi ty ofgé‘&té’ ﬁrﬁwaeﬂw an fectif ppipach tgﬁno e ST aﬁégg"’% \gfgg wilely
spacer s ftﬁctiblhﬂitb dﬁfdad:sgb imphivt iblogorhatibilityenf afitdridgat@af pblygﬁtﬁladﬁon pidteludeabur e,
conbi n

Wit he t I d densit fflnlt of. the
surfac& ¢4 ﬂ le 5}80 nr%atﬁe R 5e?ro"%&shtﬁ?a§ged?%ﬁm?%m ny 8%St'iv 7 ét) ed
exper i memtuce hbtghlam@untlo calrhmtylrgg)uphenthatsurfaafsnhai PiagpiftgeiThis uretuspt@lit¢d lalae

r ot ei e e
Pypes 1ap ke ARGHOL UE ol kpla (I ARKDEE) S The QST OBREY £ Sbokprd HEE°
the bi high eﬁghaatlfar ?ﬁhteyedﬂvartl’\)&ééwom@emlmtﬁw su@qa(gpl@é@sp densiteef 2I§émFQVGF1@as ed by

several orders of magnitude through the clustered nmultiple binding,
conmpari ng W thid debin, TRNPXA! @th J¥B e, gz?s act% tb daetﬁ 17 edbilidydbr theeoljughed

f. gal act
[ gandlepds Libed: it . Rt SR bR LB R@hs“rct 56" o drerire
coul d pagligakd lifindd) aatdtexacmfmﬁd biy alie Eﬁtﬁalbmydneﬂ@ exfbmﬁenhy medtiﬁesn&udi@ the rat
t t i bet th t d
SRPO" LERr 180 LESL 5. SRR, By LA LIRIOBL e DS, pgt gavgled
armount of subanits ehdisiyltiple btndee sitpal Stodiesiavé mvaaled thapthe binding #epyabqnwn earbohydrate
agor egatd Qs AL l-ARH biz Unekl QRils 5@y x@tﬂ@enﬂa‘i—‘o%ﬁ Ghé IRERE qﬁ.ﬂg V¥inding,

dependent (Figure Hepat ocyte_attachnent effi ¢Ciency on surface

6)
i ncr eaSEBPAIRE Witk He Wﬂé% modefish d WednRa tl@,slzedatltat the Bigh senceniragpy phgiircigse andos

( Ga:c dens hIoBthf o thenamAck @:ﬂ?c);c%se u@h%hemai hhenp e lsgaﬁd-klﬂs't&rs en &@Qh&@g&ﬁu@f@@t ed
surt ace. lve aggregat,lon 10 n S. ODbVI OUS an

Gons § SO et e & eRruse s Tonraas & HPROER O et i PR
the pl hindiag batveen el @ﬂm;&htbcgaﬁﬁi fﬁkﬁﬁ:ﬁd tthe BT CHectin Rduld Son bolnhibivd. significantly by

concomtance t h q. kot nat urea synthesis function of
hepat ocy e att ?aﬁﬁ?ﬁ&yoﬁ;u SET R es W ?lﬁlo ‘hi gher ligand density (47.5-513

nmol / cn2) was hi gher than that attached on to surfaces with | ower Ilgand

densi ty. THepstdcygsgstsitionderimiationeand dencrierlmdnterncages lighuldepsitidengndest Figaref)-cel |
and ti $RpfoSid HRBRE: Rfficiency on PET-Gal surface increased with the surface ligand density, and reached

a plateau of 78% (Gal density > 47 nmol/cm?), which was the same as that on collagen coated surface.

Extensive aggregation formation was obvious when the ligand density exceeded 9 nmol/cm?; whereas the
urea synthesis function reached the plateau at a surface ligand density of around 48 nmol/cm? In
concomitance to the spheroid formation, urea synthesis function of hepatocytes attached to substrates with
higher ligand density (47.5-513 nmol/cm?) was higher than that attached on to surfaces with lower ligand
density.

This ligand immobilization method can be widely used for many cell and tissue engineering
applications to conjugate cell specific ligand at desired density. The generality of this approach implies the
wide applicability of this scheme to various polymeric materials, both biodegradable and non-biodegradable
polymers, either in 2-dimensional or 3 dimensional configurations. An example is of another material is
poly(e-carprolactone-co-ethylene ethyl phosphate) [P(CL-co-EEP)], a biodegradable polymer. Similar to the



applications to conjugate cell specific ligand at desired density. The
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Figure4.  Morphology of hepatocytes cultured on different substrates at various time points (legend see
Figure 3).

Figure 5.  Albumin synthesis function of hepatocytes cultured on different substrates as a function of
culture time (legend see Figure 3).

Figure 6.  Hepatocyte aggregation formation and functional maintenance are ligand density dependent.

Figure 7.  Formation of spheroids in on poly(g-carprolactone-co-ethylene ethyl phosphate,

EXAMPLES:

The following examples are offered by way of illustration and are not intended to limit the invention in

any manner.



The follow ng exanples are offered by way of illustration and are not
intended to limt the invention in any nmanner. WO 2004/ 027050

PCT/ SQ00802002R220506 Exanpl e 1. | nmobilization of high t#ersiGzgo3ehogal act ose
| i gand on pol yet hyl enet erepht hal ate (RET) nenbrane surface (Figure 1). PET
films with a thickness of 100 gm were purchased from Goodfel |l ow (UK).
Acrylic acid (AAc) and gal actose was purchased from Merck (German)).
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The galactose ligand AHG was synthesized according procedures reported in the literatures?:25 with
slight modification.

Conjugation of AHG to PAA-grafted PET films

PAA-grafted PET films were cut into round discs with a diameter of 15 mm. Each disc was immersed
in sodium phosphate buffer (0.1 M, pH 7.0, 1 mlL) with 2 mg of AHG and 1 mg of Sulfo-NHS. Different
amount of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) was added to each well
and the mixture was reacted for 3 days. To optimize the coupling efficiency, different EDC addition modes
were tested: (A) 50 mg/mL at the beginning of reaction; (B) 30 mg/mL at the beginning of reaction; (C) 10
mg/ mL daily for three days; (D) 20 mg/mL daily for three days.

Determination of carboxyl group density.

Samples of modified PET films with surface area of 3 mm? were incubated with 1 mL toluidine blue
O (TBO) solution (0.5 mM) in 0.1 mM NaOH (pH!10) under constant shaking for 5 h at room temperature.
Un-complexed dye was removed by washing with excess amount of 0.1 mM NaOH solution. The
complexed TBO on PET films was desorbed from the surface by incubating the sample in 1 mL of 50%
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afforded a short spacer between the galactosyl group and the conjugating point on PAA chain to facilitate

the conjugation reaction and increase the accessibility of the ligand to cell receptors. The terminal amino
group in AHG allowed its conjugation to surface carboxyl group through standard EDC chemistry?. This
condensation reaction was carried out with the aid of Sulfo-NHS. EDC loses its activity very quickly in the
aqueous solution?. Sulfo-NHS was added to increase the stability of the active ester intermediate and
ultimately improve the conjugation efficiency. The conjugation efficiency was determined by analyzing the
surface carboxyl content change before and after the reaction. To optimize the coupling condition and
achieve the highest conjugation efficiency, EDC was added in the reaction solution in different modes--
adding in three portions over three days versus in one feed at the beginning of the reaction. The result of
AHG conjugation efficiency was shown in Fig. 2. The concentration and addition mode of AHG
significantly affected its conjugation efficiency. At an EDC concentration of 50 mg/mlL, a 62% conversion
of surface carboxyl groups was achieved after reacting for one day, while only 24% conversion was obtained
at an EDC concentration of 10 mg/mL. Additional reaction time beyond one day did not improve the
conversion rate of the surface carboxyl group. The highest coupling efficiency (97%) was achieved when 20
mg EDC was added to the reaction solution (1 mL) daily for 3 days. Carboxyl content on the galactosylated
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FITClectin or the complex of FITClectin/galactose, since the parallel tests with unmodified and PAA-
grafted PET membranes incubating with FITG lectin yielded negligible fluorescence on the membrane. This
result suggested that the surface conjugated galactose ligands had a much higher binding affinity than soluble

galactose to its receptor.

Example 3. Attachment and morphology of hepatocytes cultured on different surfaces

Hepatocytes were harvested from male Wister rats weighting from 250 to 300 g by a two-step in situ
collagenase perfusion as described previously?. NIH guidelines for the care and use of laboratory animals
(NIH Publication # 85-23 Rev. 1985) have been observed. Hepatocyte viability was determined to be 90-95%
using the Trypan Blue exclusion method.

Unmodified and modified PET films were cut into round discs with a diameter of 15 mm and fixed to
the wells of a 24-well tissue culture plate with 5-10 pL of chloroform. The plate was sterilized by incubating
with 70% ethanol for 3 h and washed with PBS for 3 times. Collagen-coated surface was used as a control
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Hepatocytes cultured on different surfaces exhibited different morphology (Fig. 4). Two hours after
cell seeding, hepatocytes on PAA-grafted and galactosylated PE'T films maintained the round morphology,
whereas hepatocytes attached on collagen-coated TCPS began to spread out at this time. After one-day
culture, hepatocytes on PAA-grafted and galactosylated PET films adopted different morphologies. On
galactose-conjugated PET films, hepatocytes formed aggregates, but hepatocytes on PAA-grafted PET films

remained relatively unchanged. At this time, cells on collagen-coated TCPS formed a confluent monolayer.
The difference in morphology of the hepatocytes on different surfaces became more obvious in days 3-7.
Hepatocytes on PAA-grafted PET films appeared mostly as rounded single cell with a few small aggregates
of several cells at most. On the contrary, hepatocytes on galactosylated surface had the highest ability to
migrate, forming large aggregates. Very few isolated cells or small aggregates remained on the surface. On
collagen-coated surface, hepatocytes maintained the characteristic monolayer morphology. Cells with double
nuclei became apparent at day 5, indicating that the hepatocytes wete undergoing the proliferation phase.
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Hepat ocyte function was eval uated by the al bum n synthesis level as a
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PCT/ SG2003/ 000212 13 CLAINMS 1. A method of nodi fyi ng polynmeric materials
for cell and tissue engineering, conprising clusters of cell-specific

| gands | | n@Lnb Qo IR bbierSH bleagRS: xhepklbyelilcigd of clai m 1 wherein the
| i gands are hepatocyte-specific. The met hod of claim1l wherein the

pol ynmeric surfaces are woven, non-woven, knitted, braided or fibrous.

3. The method of claim 1 wherein the polymeric sutfaces are woven, non-woven, knitted, braided or

fibrous.



