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(57) Abstract: This invention relates to a surface coating for capture circulating rare cells, comprising a nonfouling composition to
prevent the binding of non-specific cells and adsorption of serum components; a bioactive composition for binding the biological
substance, such as circulating tumor cells; with or without a linker composition that binds the nonfouling and bioactive composi -
tions. The invention also provide a surface coating for capture and purification of a biological substance, comprising a releasable
composition to release the non-specific cells and other serum components; a bioactive composition for binding the biological sub-
stance, such as circulating tumor cells; with or without a linker composition that binds the releasable and bioactive compositions.
The present invention also discloses a novel microfluidic chip, with specific patterned microstructures to create a flow disturbance

and increase the capture rate of the biological substance.
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THE CAPTURE, PURIFICATION AND RELEASE OF BIOLOGICAL SUBSTANCE
USING A SURFACE COATING

CROSS-REFEREMCES TO RELATED APPLICATIONS

{6061} This application is a nonprovisional application of a U.S. Patent Application Serial
Ne. 61/502,844, filed on 29 June 2011, and US Patent Application Serial No. 61/6(6,220,

filed on 2 March, 2012, which are incorporated by reference in their entivety.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT

18682] NOT APPLICABLE

REFERENCE TO A "SEQUENCE LISTING,” A TABLE, OR A COMPUTER
PROGRAM LISTING APPENDIX SUBMITTED ON A COMPACT DISK

{38637  Table 1 1s the amino acid sequence of EpAb4-1 antibody.

BACKGROUND OF THE INVENTION

{6064} The shedding of cells into the circulation is an intrinsic property of the malignant
tumor, and this feature provides important information with regard to the diagnosis, staging,
treatmoent response and survival of cancer patients. For example, Pante] et al found the
number of circulating tumor cells (CTCs) in the blood is correlated with the aggressiveness of
the cancer as well as the efficacy of the therapy. {(Pantel, K. et. al,, “Detection, clinical
relevance and specific biological properties of disseminating tumor cells”, Nar Rev Cancer,

2888, 8(5):325-40).

{8065} Howover, CTCs, gs fow as one per 109 blood cells in paticnts with metastatic cancer,

arg rare cefls. This makes the detection and isolation of CTCs techmically challenging (see
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Kahnet al. Breast Cancer Res Treat 20064, 86:237-47). An eonrichment process is therefore

necessary to effectively detect and isolate CTCs.

[8886] An example of such envichment process is the use of a highly overexpressed cell
surface biomarker with high specificity and sensitivity for CTCs, such as the epithelial cell
adhesion molecule (EpCAM). The Cellscarch System™ (Veridex), the only FDA-approved
platform for CTC detection, utilizes anti-EpCAM antibody-coated magnetic nanoparticles to
capture and enrich CTCs, followed by cytokeratin immunostaining. The AdnaTest
{AdnaGen AG, Germany), another commercially available system for CTC detection, adopts
similar immunomagnetic approach by using anti-EpCAM and Mucin 1 {MUCI ) conjugated
magnetic beads. More recently, “CTC chips”™ based on anti-EpCAM antibody-coated
microfluidics chip were developed for CTC detection and envichment (Nagrath ot al, Narure
26687, 450:1235-9). However, the disadvantage of the above techniques is the low detection

rate of pure CTCs, due to the non-specific binding of blood cells with anti-EpCAM antibody.

{80871 In order to maximze the detection and isolation of CTCs, it is negessary to reduce
the nonspecific binding of other circulating blood cells, This can be achieved by surface
modification with bioinert materials. For example, Kaladhar et al. observed a significant
fewer circulating biood cells (e.g. platelets, leukocytes, and erythrocytes) binding onto the
solid substrate modified with supported monolayer of various lipid compositions containing
phosphatidyl- choline, cholesterol, and glycolipid (Kaladhar et al, Langmuir 2004, 20: 11115-

22 and Kaladhar ¢t al, J Biomed Mater Res 4 2886, 79A:23-35).

[8088]  Despite the advance in the detection and isolation CTCs technology, there is still
need for a more specific and etfective method for detecting, purificaiton and releasing CTCs

and other biological substances for further cultivation and characterization .

BRIEF SUMMARY OF THE INVENTION

{8869} In one aspect, the present invention is directed to a surface coating to capture a

circulating rare cell (CRC). This surface coating increases the capture efficiency of a CRC,
such as CTC, circulating stem cells {e.g. tumor stem cell and bone marrow stera cells), fetal
cells, bacteria, virus, epithelial cells, endothelial cells or the like and reduces the binding of

non-specific cells or protein adsorption.

[B818]  The surface coating comprises 1) a nonfouling composition that vedaces the binding

of nonspecific blood cells and adsorption of other blood components, such as protein; and 2)

[
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a bioactive composition that captures a CRC. The surface coating further comprises a linker
composition that attaches to the nonfouling composition and the bioactive composition, as

ilustrated in Fig. TA.

[8011] In another aspect, the present invention is directed to 4 syrface coating to capture
and release a biological substance. This surface coating increases the capture efficiency of a
biological substance, such as CTC, circulating stem cells (e.g. tumor stem cell, liver stem
cells and bone marrow stem cells), fotal cells, bacteria, virvus, epithelial cells, endothelial cells
or the like and enhances the removal or release of the non-specific cells or protein from the

surface coating.

{8012} The surface coating comprises 1) a releasable composition for releasing or
rerpoving nonspecific blood cells and other blood components, such as protein, from the
surface coating; and 2) a bioactive composition that captures a biological substance, The

surface coating further comprises 3 linker composition that attaches to the releasable

composition and the bioactive composition.

[8013]  The present invention 18 also divected o a microfhudic device, with specific
microstructure designs to create a disturbed flow of blood, body fluid or biological samples 1o

increase the capture rate of the biological substance.

{8814} The present invention is also directed to a method of manufacturing the surface
coating, comprising 8} forming the nonfouling or the releasable composition; and b) attaching
the the linker composition with the nonfouling/releasable coraposition from step a) and the
bioactive composition, or ¢} attaching the nonfouling/relesable composition from step a) with

the bicactive composition.

[8015] The present invention 18 also divected to methods to capture and release the
biological substance frora the surface coating. The biclogical substance on the surface
coating can be purified by removing the non-specific cells or protein. The captured

biclogical substance can be released by air bubbles, altraviolet irradiation and the like.

18016] The present invention is also divected to uses of a biotinylated anti-EpCam antibody,

EpAbd-1 antibody, to capture a CTC.
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BRIEF DESCRIPTION OF THE DAWINGS

{8817} Embodiments of the present invention may be described with reference to the
accorupanying drawings.

[6618] Fig 1A ilhustrates schematically an embodiment of the surface coating comprising a
nonfouling composition, a linker composition and a bicactive composition.

{6019} Fig. 1B illustrates schematically the binding of 2 circulating tumor cell with the
sarface coating from Fig. 1A

{68287 Fig 24 to Fig 2F illustrate the chemical structures of examples of nonfouling

materials.

o]

{6021} Fig. 3 illustrates the chemical reactions of conjugation between the functional

groups on the nonfouling composition and the bicactive compositon.

{8822} Fig 4A illustrates schematically the attachment of the surface coating and the solid

substrate without a surface linker.

[60623]  Fig 4B and Fig. 4C illustrate schematically a linker composition with a cleavable

functional group.

{88247 Fig. 4D illustrates schematically the attachment of the surface coating and the solid

substrate usign a surface linker.

{88251 Fig 5A and Fig 5B illustrates schematically the formation of the sarface coating on

a solid substrate,

o]

{6026} Fig. OA and 6B illustrate schematically the components of a microtiuidic chip.

o]

{80277 Fig 6C illustrates schematically the microfluidic chip assernbly to capture CTCs
from a biclogical sample.

[8628] Fig 7A to Fig. TH illustrate schematically the designs of the microstructures on the
solid substrate.

[6029]  Fig. 7land 7J tllustrate the capture etficiency of various microstructure designs in

DMEM solution and blood respectively.,

{8038  Fig. 8 illustrates the shear siresses of a buffer solution to release the non-specific

cells and purity the captured biological substance.
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{6031} Fig 9. illustrates schematically the release of biclogical substance by the air bubble

method.

{8032} Fig 10A illustrates schematically the surface coating with a cleavable linker

coraposition on a solid substrate.

{60331 Fig. 10B illustrates schematically the release of the biclogic substance from the

sarface coating in Fig. 10A.
{88347 Fig. 11 tllustrates QCM-D response of the surface coating constraction.

[8035]  Fig 12 illustrates the QUM-D reaponse of the addition of bovine serum albumin {o

the surface coating.

[6036] Fig. 13 arc the photographs of the non-specific cells (top images) and the CTCs

{bottom images} on the surface coating before and after the buffer rinse.

{8837} Fig 14A illustrates the capture efficiency and non-specific blood cell binding of

various surface coatings.

{6038} Fig. 14B are photo images which ithustrate the non-specific blood cell binding of

various surface coatings before and after the buffer rinse.

16039]  Fig. 15A to Fig. 15C are the photographs of the non-specific cells and the biological

substance on the surface coating before and after the buffer rinse purification.

{68487 Fig. 16 illustrates the various shear stress and flushing time for the removal of

HCTH 6 and NIH-3T3 cell populations froro the surface coating.
{6041} Fig. 17 arc the photographs of the CUTCs released by the air bubbles.

{6042} Fig. 1€ illystrates the coll cultures of the released CTCs on day 1, day 10 and day
14,

{8843} Fig 19 llustrates schematically a CTC filtration device.

[8044] Fig 20 lustrates the CTC binding specificity of biotinylated OCO9801 antibody,
biotinylated EpAbd-1 antibody, biotinylated EpCam antibody and IgG antibody.

DETAILED DESCRIPTION OF THE INVENTION

[B845] The present invention is directed to 8 surface coating to effectively capture a

circulating rare cell (CRC), such as CTC, circulating stern cells {e.g. tumor stem cell and

5
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bone marrow stem cells), fetal cells, bacteria, virus, epithelial cells, endothelial cells or the

fike.

18046] In one embodiment, the sorface coating for the capture of a CRC comprises 1) a
nonfouling composition that prevents the binding of non-specific cells and adsorption of
other blood components, such as protein; and 2 a bioactive composition that captures the
circulating rare cells. The nonfouling composition and the bioactive composition are joined
by discrete functional groups or moieties present in the nonfouling and bioactive
compositions. Generally, a linkage between the two compositions is formed by an interaction
comprising clectrostatic interaction, hydrophilic-hydrophilic interaction, polar-polar

interaction, cornplementary DNA binding, magnetic force, or combinations thereof.

{8847} In one group of embodiments, complementary DNA fragments are used for binding
the nonfouling composition and the bioactive composition. The fragments are attached 1o
each of the compositions and can be partially or completely complementary over their lengths.
A suttable length of DNA will generally be at least 15, 28, 25, 35, 30, 100 or more bases in
length, An example of the DNA used in the present invention 15 an DNA tweezer, (See, B

Yurke ct al., A DNA-fuelled molecuiar machine made of DNA. Nature 2008, 406:605-608.)

{8848} In another group of embodiments, the surface coating comprises 1) a nonfouling
composttion; 2) a bioactive composition; and 3) a linker composition, which joins the

nonfouling composition to the bioactive composition.  See Fig. [A.

{6049} The present invention is also directed to a surface coating to effectively capture a
biological substance, such as CTC, circulating stom cells {e.g. tumor stem cell, liver stem
cells and bone marrow stem cells), fotal cells, bacteria, virvus, epithelial cells, endothelial cells
or the like, purify the biological substance on the surface of the surface coating by releasing
or removing the non-specific cells and other serum components {¢.g. protein) through a

buffer rinse, and release the captured biological substance from the surface coating.

[06586] The surface coating for the captare and purification of a biological substance
coraprises 1) a releasable composition for releasing nounspecitic blood cells and other blood
components, such as protein, through a buffer rinse; and 2) a bicactive composition that
captures a biological substance. The releasable composition and the bioactive composition
are joined by discrete functional groups or moicties present in the releasable and bivactive
compositions. Generally, a linkage between the two compositions is formed by an interaction
comprising clectrostatic interaction, hydrophilic-hydrophilic interaction, polar-polar

interaction, cornplementary DNA binding, magnetic force, or combinations thereof.
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{6051}  In one embodiment, the surface coating further comprises a linker composition that

attaches to the releasable composition and the bioactive composition.

[86582]  As will be explained in more detail below, the surface coating can be incorporated
into the following configurations: cell cultural dishes, microfluidic chanuoels, microfluidic
chips, filtration filter, capillaries, tubes, beads, nanoparticles, or the like, with an inner

diameter ranging from about 50 to about 1000 vm.

Nonfouling and Releasable Composition

{60831 The "nonfouling” composition (see Fig. 1A) reduces the binding of non-specific

cells and adsorption of the serum protein,

{6054} The “releasable”™ composition comprises a nonfouling composition which also acts
as a “Tubricating” surface such that only low flow shear stress is required to remove or release
the non-specific cells or blood components from the surface coating, while the biclogical

substance remains intact,

{6055]  The nonfouling composition is selected from the group consisting of! a supported
fipid layer such as liposomes, supported lipid bilayers (SLBs) or lipid multilayer,
polvpeptides, polvelectrolyte multilayers (PEMs), polyvinyl alcohol, polyethylene glyeol
{PEG) as ilfustrated in Fig. 2A, hydrogel polymers, extracellular matrix proteins,
carbohydrate, polymer brushes, zwitterionic materials such as poly{carboxybetaing) (pCB))
as Hlustrated mn Fig. 2D, poly(sulfobetaine) (pSB) as ilhustrated in Fig. 2F and pDPMAEMA as
dlustrated i Fig. 2F, small organic compounds, and the combination of above materials

forming a single or a multi-layer.

[8856] For those embodiments in which the nonfouling composition comprises supported
fipid bilayers (SLBs), the SLBs typically comprise lipids such as, for example, 1,2-dioleoyl-
sn-glycero-3-phosphoethanclamine-N-(cap biotinyl} (sodium salt) (b-PE) as tllustrated in Fig.
2B and 1-Palmitoyl-2-oleoyl-sn-glyeers-3-phosphocholine (POPC). The protein resistant
property of a SLB can be explained by the presence of neutral and zwitterionic
phosphatidylcholine headgroups v 2 wide pH range, as well as an aqueous thin tdm formed
between the hydrophilic lipid head groups and the bulk solution (see, Johnson et al., Biophys
J 1991, 59:289-04).

~J
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{8057} In another group of embodiments, the nonfouling composition comprises PEG,
preferably PEG with a molecular weight from about 100 to about 100,000 and exhibits a

nonfouling property.

[60658]  In yet another group of ernbodiraents, the nonfouling composition coraprises
polyelectrolyte multilayers (PEMs) or a polymer brush. Examples of suitable PEMs useful m
the present invention include, but are not limited to, poly-L-lysine/poly-L-glutamic acid
(PLL/PLGA), poly-L-lysine/poly-L-aspartic acid or similar counter ionic polvelectrolvies.
The polymer brush comprises ([2-(acryioyloxyjethyl] trimethyl ammonium chioride,
TMA)/(2-carboxy ethyi acrylate, CAA) copolymer as illustrated in Fig. 2C. Generally, the

nonfouling layer has a thickness from a few nanometers up to hundreds microns.

{80659} The nonfouling composition comprises functional groups capable of covalent, non-
covalent, or a combination of covalent and non-covalent attachmenut, etther directly to a
functional group present in the bicactive composition, or directly to a functional group that is

part of the linkage composition.

{8068 In some embodiments, the functional groups of the nonfouhing composition (prior to
covalent attachment) are selected from: hydroxy groups, amine groups, carboxylic acid or
ester groups, thioester groups, aldehyde groups, epoxy or oxirane groups, hyrdrazine groups
and thiol groups, which are selected to be reactive with functional groups present in either the
linker or bioactive composition. In other erobodirnents, the functional groups of the
nonfouling composition {prior to non-covalent attachment) which are first members of a
binding pair, are selected from the group using specific binding recognition consisting of
biotin, avidin, streptavidin, DNA, RNA, ligand, receptor, antigen, antibody and positive-
cgative charges, each of which 18 selected to bind 10 a second member of the binding pair

which is present in either the linker or bicactive composition.

The Linker Composition

{8861} The hinker composition joins the nonfouling/releasable composition and the
hicactive composition and comprises functional groups capable of covalent, non-covalent, or
g cornbination of covalent and non-covalent attachment directly to a functional group present
in the nonfouling/releasable composition and to a functional group that is part of the

bioactive composition.
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{6062} In some embodiments, the linker composition comprises functional groups (prior to
covalent attachment) selected from: hydroxy groups, amine groups, carboxylic acid or ester
groups, thioester groups, aldehyde groups, epoxy or oxirane groups, hyrdrazine groups and
thiol groups, which are selected to be reactive with functional groups present in cither the

nonfouling or bicactive composition.

{88631 In other embodiments, the Hnker composition comprises functional groups (prior to
non-covalent attachment) which are first members of a binding pair, selected from the group
using specific binding recognition consisting of biotin, avidin, streptavidin, DNA, RNA,
figand, receptor, antigen, antibody and positive- negative charges, each of which is selected
to bind to a second member of the binding pair which is present on the nonfouling/releasable

coraposition or the bioactive composition.

{0064] The functional groups on the linker composition can also be a cleavable functional
group, selected from: a photosensitive functional group cleavable by ultraviolet irradiation,
an electrosensitive functional group cleavable by electro pulse mechanism, a magnoetic
material cleavable by the abscoce of the magnetic force, a polyelectrolyte material cleavable

by breaking the clectrostatic interaction, a DNA cleavable by hybridization, and the like.

Bisactive Compesition

{8865} The bigactive composition joins to either the linker composition or the nonfouling
coraposition, and coroprises a binding motety selective for the detection of the biological

substance or CRC,

18066] The bioactive composition comprises functional groups capable of covalent, non-
covalent, or a combination of covalent and non-covalent attachment directly to 3 functional
group present in the nonfouling laver or to a functional group that 15 part of the nker

composition,

{8067} In some embodiments, the functional groups of the bicactive coraposition {prior to
covalent attachment) are selected from: hydroxy groups, amine groups, carboxylic acid or
ester groups, thioester groups, aldehyde groups, epoxy or oxirane groups, hyrdrazine groups
and thiol groups which are selected 1o be reactive with functional groups present in gither the
nonfouling or linker composition. In other embodiments, the functional groups of the
bioactive composition (prior to non-covalent attachment) are selected from the groop using

specific binding recognition consisting of biotin, avidin, streptavidin, DNA, RNA, ligand,
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receptor, antigen-antibody and positive-negative charges, each of which is selected to bind to
a second member of the binding pair which is present on the nonfouling/releasable

coraposition or the Hnker composition.

{0668] The binding moiety of the bicactive coraposition has specific affinity with the
biological substance through molecular recognition, chemical atfinity, or geometrical/shape
recognition. Examples of the binding motety for the detection of the biological substance
include, but are not limited to: synthetic polymers, molecular imprinted polymers,
extracellular matrix proteins, binding receptors, antibodies, DNA, RNA, antigens or any other
surface markers which present high affinity to the biological substance. A preferred antibody
is the anti-EpCAM membrane protein antibody (commercially available from many sources,
including R&D Systerns, MN, USA), which provides high specificity for CTCs because
EpCAM is frequently overexpressed in the lung, colorectal, breast, prostate, head and neck,
and hepatic malignancies, but is absent from haematologic cells. Another preferred antibody

4

is Anti-HER?2, which has high specificity for CTCs but absent in haematologic cells.

[806%9] In one embodiment, the anti-EpCAM membrane protein antibody 18 EpAb4-1
antibody, compriscing a heavy chain sequence with SEQ 1D No:1 and a light chain sequence

with SEQ 1D NO: 2 shown in Table 1.

Table 1. Amino Acid Sequence of Vi and Vi domains of EpAb4-1 antibody

Fwi CDR1 Fw2 CDR2

SEQID CGIGLVQSGPELKKPGETV | GYTFTNYG | WVKQAPGKGLK | INTYTGEP

NO:1 | KISCKAS MIN WMGW
(Vi)
SEGTD | DIVMTOAAFSNPVITOTS | RESKSLLH | WYLOKPGOSPO | HMSNLAS
NO:2 | ASISC snerryLy | PHY
(Vi)

FW3 CDR3 Fwa Family

SEGQID | IYGDDEFKGRFAFSLETSA | FGRSVDF | WGOGTSVTVSS | vid
NO: 1 STAYLOQINNLKNEDTATY
(Vi) FCAR

SEQ 1D GVPDRFSSSGSGTDFRTLRI { AGNLENBER | FGGGTKLEIK Vg24/25
NO: 2 SRVEAEDVGIYYC T
(Vi)

10
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Complementary-determining regions 1-3 (CDR1-3), framework regions 1-4 (FW1-4) for both
the Vi and Vi domains are shown. The V domain families were aligned by VBASE?

database (www.vbase2.0rg).

{38781  The bioactive composition can have a variety of thicknesses, selected so that it does

not affect the function or the performance of the surface coating,

{88711 In one embodiment, the conjugation linkers or catalysts for the nonfouling
composition and the bicactive compositions are biotin/avidin or their derivatives. In another
embodiment, the conjugation linkers or catalysts for the nonfouling composition and the
bivactive composition are EDC/NHS. In yvet another preforred embodiment, the conjugation
Hinkers or catalysts for the nonfouling compaosition and the bicactive compositions are sulfo-

SMCC. Fig. 3 schematically illustrates the chemical reactions of these embodiments.

Solid Subsirate

{84721  In some embodiments, the surface coating 18 attached to the sohid substrate without
a surface linker, as iltustrated in Fig. 4A. The nonfouling/releasable composition is attached
to the solid substrate via one of the following interactions: covalent bonding (for PEG
nonfouling composition), hydrogen bonding, electrostatic interaction, hydrophilic-
hydrophilic interaction (for SLB nonfouling/releasable composition), polar-polar interaction,

complimentary DNA binding, magnetic force, or the like.

18073]  In other embodiments, the surface coating is attached to the solid substrate with a
surface Hnlker, as illustrated in Fig. 4D. Examples of the solid substrate used in the present
invention include, but are not limited to: metals, plastics, glass, silicon wafers, hydroxylated
poly{methy! methacrylate) (PMMA), and a combination thereof. The shape of the solid
substrate include, but are not limited to: planar, circular and irregular shapes with micro, or

nang-structures such as nanoparticles, nanowires, and a combination thereof.

{8674} The surface linker composition comprises functional groups capable of covalent,
non-covalent, or a commbination of covalent and non-covalent attachment directly to a
functional group present in the nonfouling/releasable composition and to 8 functional group
that is part of the solid substrate. Examples of the surface linker for binding the surface
coating to a glass substrate include, but are not limited fo, silane, aminopropy itricthoxy silane,
aminopropyltrimethoxy silane, silane-PEG-NH,, silane-FEG-N; (PEG molecular weight is
about 1,000 to about 30,000 daltons) and silane-PEG biotin.

I
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18975]  In one group of embodiments, the surface linker comprises a cleavable functional
group selected from: a photosensitive functional group cleavable by ultraviolet irradiation, an
electrosensitive functional group cleavable by electro-pulse mechanism, an iron or magnetic
material in which the absence of the magnetic force will release the nonfouling composition,
a polyelectrolyte material cleavable by breaking the clectrostatic interaction, an DNA
cleavable by hybridization, and the like.

{38761  In one embodiment, the nonfouling composition comprises silane-functionalized
PEG and the solid substrate is preferably selected from the group consisting of silicon, glass,
hydroxylated poly{methyl methacrylate) (PMMA) , aluminum oxide, Ti0, and the like. In
another emdobiment, the nonfouling composition comprises thiol-functionalized compounds
and the sohid substrate is preferably selected from the group consisting of Au, Ag, Pt, and the

iike.

The Method of Manufacturing the Surface Ceating
{08777 Figs 5A and 5B show the steps of forming the surface coating:

L. Formation of the nonfouling/releasable composition {e.g. SLB or PEG) with

appropriate functional group (biotin);

2. Attaching the functional group {streptavidin} on the linker composition to the

functional group (biotin) on the nonfouling/releasable composition;

3. Formation of the bioactive composition and attaching the functional group (biotin)

on the hicactive coraposition to the functional group (streptaviding on the hinker composition.
[6078]  The surface coating without a linker composition can be formed by:

1. Formation of the nonfouling/releasable composition with appropriate functional
group (e.g. carboxyl group of N-glutaryl phosphatidylethanolamine or NGPE),

2. Formation and attaching the functional group {primary amine) on the bioactive
composition to the functional group (carboxyl group of NGPE) on the nonfouling/relcasable

composition in step 1.

{807%8] The steps in paragraphs 8877} and [8678] can be reversed.
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Microfiuidic Chip

[8088]  Asllustrated in Fig. 6A, the microfluidic chip compriscs 8 first solid substrate §
(e.z. PMMA} and a second solid substrate 2 {c.g. glass), wherein the first and second solid

substrates are adhered together using an adhesive means 3 or other means.

{80381} Referring to Fig. 68, the surface of one or both solid substrates can be engraved
with microstructures 4. In one group of embodiments, the microstructures 4 are arranged ina
lincar fashion. In another group of ermboduments, the microstructures 4 are arranged in
herringbone fashion. The shaded region on the adhesive 3 in Fig. 6B is carved out to
accommodate the microstructures 4 on the surface of the solid substrate . A sealed chanunel
S is created by adhering the first solid substrate 1 and the second solid substrate 2 together
with an adhesive 3. The height of the channel 5 s determined by the thickness of the

adhesive 3.

[8082]  Once the microfhudic chip s formed, the surface coating can be attached to one or
both solid substrates. In one group of embodiments, the surface coating s attached 1o the
solid substrate with a surface linker. In anothr group of embodiments, the surface coating is
attached to the solid substrate via one of the following interactions: covalent bonding (for
PEG nonfouling composition), hydrogen bonding, electrostatic mteraction, hydrophilic-
hyvdrophilic interaction (for SLB nonfouling/releasable composition), polar-polar interaction,

complimentary DNA binding, magnetic force, or the like.

{38831 Referring to Fig. 6C, the microstructares 4 on the solid substrate 1 are perpendicular
to the flow direction and create a chaotic or disturbed flow of the blood, body fluid or
biologic sample as it passes through the sealed channel 8 of the microfluidic chip. The

disturbed flow enhances the biological substance-surface coating contact.
{8884} Two factors govern the capture effeiciency of the microfiuvidic chip:

(13 The lincar speed of the blood, body fhid or bislogical sample, which determines the
contact time of the biological substance and the surface coating. To a preferred embodiment,
the lincar speed is about 0.1 mu/s to Tmny/s, In a more preferred embodiment, the linear

speed is about 0.42mmy/s or (1.5 mi/h for Design E in Fig. 7F.
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(23 The flow disturbance of the blood, body fluid or biological sample, created by the
microstructures 4 on the solid substrate(s). The flow disturbance increases contact between

the biological substance and the surface coating.

[8085]  Fig. 7A shows various designs of the microstructures 4 on the solid substrate. The
microstructures inn Design F are arranged in a herringbone pattern whereas the
microstructures in Designs A-E and H are arranged in a linear pattern. The dimensions of the
microstractures 4 are as follows: the length 1s about 50 mum for O-D and G and about 120mm
for E-F, the height is about 30um, the width is about 1.5 mum for O and A, about 3.0 mm for
B, and about 5.5 mm for C-G. The height of the sealed channel § varies with the thickness

of the adhesive 3, preferably about 30-90 um, more preferably about 60um.

[8086] Fig 7B-7H show the details of Designs A-G in Fig. 7A. Design G in Fig. 7TH s the
preferred pattern, with the following dumensions: the width of Microstructure (W) is about
150 1 m, the length of microstracture (L) 15 abouot 1000 1 m, the distance between two rows
of microstructares {Sr) is about 250 1 m, the distance between two adjacent microstructures
(8¢} is about 350 2 m, the height of the microstracture (D) is about 30 1 m and the height of

the sealed channel 5 (H) is abowt 60 g m.

{6087}  The biological substance capture efficiency of the various designs are shown in
Fig. 71 and Fig. 7J. Capture rate is defined as (captured biological substance/original
biological substance in the testing sample) x 100%. Channel O has no microstructure and has
the lowest biclogical substance capture rate, at 27% and 1% for DMEM sample and blood
sample, respectively. Design E has a 0% capture rate for HCT116 cancer cells spiked in
DMEM, and a 30% capture rate for HCT116 cancer cells spiked in blood sample. Design F
has the best capture rate, on average over 70% of HCT116 cancer cells spiked in blood

sample were captured {(see Fig. 71).

Flow Purification

[B888] The biological substance on the surface coating can be further purified by removing
the non-specific cells and other blood components on the surface of the nonfouling/releasable
composition. The nonfouling/releasalbe composition has low affintty for non-specific cells
and other blood components. Therefore, rinsing the surface coating with a low flow buffer

. . 2 ~ ; 3. I e
solution of about 0.8 dyne/cm” to about 50 dyne/em” is sufficient to remove non-specific

i4
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cells and other blood components on the nonfouling/releasable composition while the

biclogical substance remains on the surface coating.

[8088]  In a preferred embodiment, the shear force of the buffer ringe 18 about 2.5 to about
10 dyne/eny’. Fig. 8 shows that when the shear stress of the buffer flow is about 3.3
dyne/em’, 80% of the non-specific colls (i.e. white blood cells) were removed while none of
the biological substance (i.e. HCT 116 cancer cells) were removed from the surface coating.
When the shear stress of the buffer flow was increased to 8 dyne/om?, almost all of the now-
spectfic cells were removed while none of the biclogical substance was removed from the

surface coating.

Release of the Bislogical Substance

[80696] After removing the majority of the non-specific cells and blood componeuts by flow

purification, the biological substance can be released from the surface coating.

16091} If the nonfouling/releasable composition comprises a lipid or a mixture of lipid, the
captured biological substance can be released by introducing an air bubble solution or oil
phase.  Asshown in Fig. 9, the surface coating comprises a nonfouling composition A (lipid
bilayery and a bioactive composition B {antibody) and is bound to a solid substrate 8. The
biclogical substance, CTC, is bound to the bioactive composition B, whereas other cells were
repelled by the nonfouling composition A. As the air bubble approaches the lipid bilayer, the
hydrophobic tails of the lipid bilayer are turned upside down due to its high affinity with the
air inside the air bubble, which is also hydrophobic. This breaks up the hydrophilic-
hydrophilic interaction at the surface of the lipid bilayer and allows the air bubble to “lift off”

the top layver of the lipid bilayer, together with the CTC bound ou the bicactive composition.

{00921 If the nonfouling coraposition comprises 4 composition other than a lipid or a
mixture of lipid, the captured biological substance can be released by breaking the cleavable
functional group on the linker composition or on the surface linker.  This release mechanism
is tlustrated in Figs 10A and 10B. Fig. 10A shows a surface coating on a solid substrate,
wherein the surface coating coraprises a bioactive composition B, a Uoker composition with a
cleavable functional group €, and a nonfouling composition A. The surface coating is
attached to a solid substrate 8 {(e.g. glass) by a surface linker 1. Fig. 10B shows the release of
the biologic substance {e.g. CTC) from the surface coating in Fig. 10A. The biologic
substance is bound to the bicactive composition B, whereas other cells were repelied by the
nonfouling composition &, The surface coating is irradiated with 365nm ultraviolet light,

I3
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which breaks the cleavable functional group on the linker composition € and the biologic

substance 18 released for subsequent analysis but maintaining the viability.

{80693} The biological substance can also be released by other mechanisms.  Tn one group
of embodiments, the linker composition or the surface hinker coraprises an electrosensitive
cleavable functional group, and the biological substance is released by electro pulse
mechanism. In another group of embodiments, the linker composition or the surface linker
comprises a magnetic material as the cleavable functional group, and the absence of the
magnetic field or force releases the biclogical substance. In vet another group of
embodiments, the linker composition or the surface linker comprises a PEM as the cleavable
functional group, and the biological sabstance is released by changing the electrostatic
interaction between the layers. In yet another group of embodiments, the linker composition
or the surface linker comprises an DNA piece as the cleavable functional group, and the

biological substance is released by DNA hybridization.

EXAMPLES

The tollowing exaraples further ilustrate the present invention. These examples are intended

merely to be iilastrative of the present imvention and are not to be construed as being limiting.

Example 1: Preparation OFf The Two~Laver Surface Coating

Preparation of the nenfouling composition:
[6094] Supported hipid bilayer (SLB) was prepared by the following steps:

(1} POPC and b-PE (comuuercially available from Avantt Polar Liptds, USA) were
dissolved in chloroform and the final lipid concentration was 5 mg/mbl. The POPC/b-PE
solution was vortex dried under a slow stream of nitrogen to form a thin, uniform POPC/b-PE
film. The POPC/A-PE film was further dried in 2 vacuurm chamber overnight to remove

restdual chloroform.

{2} The POPC/biotin-PE film in step (1) was dispersed in and mixed with a phosphate
buffer containing 10 mM of phosphate buffered saline, 150 mM of sodium chloride aqueous
solution, and 0.02 % (w/v) of sodium azide (NaMs, commercially available from Sigma-

Aldrich, USA), with the pH adjusted 10 7.2, The nuxed solution was filtered through the

i6
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100-am, followed by the 50-nm Nuclepore® track-etched polycarbonate membranes

{Whatrman Schieicher & Schuell, Germany) at least 10 imes under 150 psi at room temp.

{3} The filtered solution in step (2) was passed through the LIPEX™ Extruder
(Morthern Lipids, Inc. Canada) to generate a homogenous population of unilamillar vesicles.
The size of the POPC/biotin-PE vesicles was about 65 =+ 3 nm, determined by the dynamic

iaser light scattering detector {(Zetasizer Nano 7S, Malvern Instruments, Germany),

Preparation of the bisactive composition
[6095]  Biotinylated EpCAM Antibody was prepared by the following steps:

(1 The anti-EpCAM monocional antibody (OC98-1 or EpAbd-1) was generated by
method described by Chen et al (Clin Vaccine Immunol 20607;14:404-11).

{2} The antibody in step {1} was dissolved in a buffer solution containing 10 mM of
PBS and 150mM of NaCl, with a pH about 7.2. The concentration of the antibody buffer
solution was about 0.65 mg/ml, determined by Nanodrop 1000 spectrophotometer (Thermo

Scientific, USA).

(33 The antibody solution in step (2) was mixed with 10mM of Sulfo NHS-LC-Biotin
(with a molar ratio of 1 to 18) and dissolved in Milli-@ water (Milhi-(@ RO system, USA) at
room teraperature for 30 roin. Excess biotin was removed by dialysis o phosphate buffered

saline at 4 °C for 24 h, with a buffer change every 12 h.

{4) The ratio of biotin and antibody in the biotinylated anti-EpCAM antibody (bOC98-1
or bEpADb4-1) was 1.5 1o 1, determined by the HABA assay using a biotin quantitation kit

{Pierce, USA).

[6096]  Altcrnatively, commercially available biotinylated goat anti-hurnan anti-EpCAM

antibody from R and D Systems (Minneapolis, MN} could be used.

Preparation of Solid Substrates of the present invention

{00971 Glass substrate (such as microscope coverslips from Deckglaser, Germany) were
cleaned with 10% DECON 90 (Decon Laboratories L imited, England), rinsed with Mithi-Q
water, dried under nitrogen gas, and exposed to oxygen plasma in a plasma cleaner (Harrick
Plasma, Ithaca, NY, U.5.A.} at 100 mtorr for 10 min. Prior to each use, the glass substrate

was rinsed with ethanol and dried under nitrogen gas,

I
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[8098]  Silicon oxide based solid substrates (e.g. silicon wafer or glass coverslips) were
cleaned with piranha solution (70% sulfaric acid and 30% hydrogen peroxide (v/v)) at 120°C
for 40 min, subsequenctly washed with distilled water and rinsed with acetone. The solid

substrates were dried under a stream of nitrogen and treated with g plasima cleaner.

16099} For the vapor phase silanization reaction, clean silicon oxide substrates and a Petri-
dish containing 150 ub of 3-(aminopropyi-tricthoxysilane (Sigma, USA) were placed in a
destccator {Wheaton dry-seal desiceator, 100nm) under reduced pressure at ~0.3 Torr for 16h.

The substrates were cleaned by acetone and dried under nitrogen stream.

Construction of the SLB Surface Coating on a solid substrate

{80168} (.25 mg/ml of POPC/b-PE vesicle sohution from paragraph {0084 was added to the
cleaned sohid substrate to form a SLB coated solid substrate. This was followed by an
extensive rinse with a phosphate buffer containing 10mM PBS and 150mM NaCl (pH=7.2) to
remove excess POPC/b-PE vesicles. Biotin was the functional group in the SLB which binds
with the functional group (streptavidin} in the linker composition

{81811 0.1 rog/mL of streptavidin (SA) solution (commercially available from Pierce
Biotechnology, Rockford, 1L, USA) was added to the SLB coated solid substrate and

incubated for 1 hour, followed with a PBS buffer rinse t¢ remove excess SA,

{88182] About 0.05 mg/mL of b-Anti-EpCAM solution was added to the SA-SLB coated

solid substrate to form the surface coating of the present invention.

Censiruction of the PEG Surface Coating on a solid substrate

180163] The bhiotinylated PEG silane sohition (Si-bPEGs) was added to the clean glass
substraie and incubated for 1 hour to form a Si-bPEG nonfouling composition on the glass
substrate, tollowed by an ethanol riuse to remove excess Si-bPEGs. Silane was the surface
finker and the biotin was the functional group that bind with the functional group (SA) in the

linker composition.

180164} 0.1 mp/mL of SA solution was added to the Si-bPEGs coated solid substrate and

incubated for 1 hour, followed by a PBS buffer rinse to remove excess SA.

[606105] 0.05 mg/mL of b-Anti-EpCAM solution was added and bound with SA-St-hbPEGs

surface coating, followed by PBS buffer rinse to remove excess b-Anti-EpCAM,
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Construction of the PEM Surface Coating on a solid substrate

{06186] Physical deposition of PEM films was performed by batch and static conditions as
follows: initially, all polypeptides were dissolved 1o 10 mM Tris-HCl buffer with 0.15 M
NaCl, pH 7.4. Solid substrates were then immersed in PLL (MW 15000-30000; Sigma, St
Louis, MO) sohution (1 mg/mL} for 1} min at room temperature, followed by rinsing with 1
ml of Tris-HC buffer for 1 min. To couple PLGA, the PLL-coated slide was subsequently
immersed in the PLGA solution (MW 3000-15000, Sigma, St Louis, MO, 1 mg/mb) for 10
min, followed by rinsing withl mL of Tris-HCI buffer for I min. Lastly, substrates were
cleaned with fresh PBS to remove uncoupled polypeptides. The resulting c-{PLL/PLGAY,
where 7 was denoted as the mumber of polyelectrolyte pairs generated by repeating the above

steps: 7 3 0.5 was referred to ¢-PLL only, 7 ) 1 was referred to ¢-(PLL/PLGA), and the like.

QUM-D Characterization of the SLB Surface Coating

{B6187] The construction of the surface coating was rmmonttored by quartz crystal
microbalance with dissipation (QUM-[D). The QUM-D response in Fig. 11 shows the
construction of the surface coating on a Si0,-pretreated quartz crystal. First, (.25 mg/mLb of
POPC/L-PE vesicle mixture (in phosphate butter) was dispensed into the QUM chamber at
point (1), The normalized frequency change F and dissipation shifit D were 26.040.7 Hz and
.19+0.03 x 10-6 respectively, which are the characteristics of a highly uniformed lipid
bilayer. After two baffer washes (denoted as *), 0.1 mg/mL of SA solution was dispensed at
point . - SA binding was saturated gt F= 52.8%5.4 Hz and D = 3.8420.54x10-6. At point
(111, 0.025 mg/ml of OCYZ-1 antibody solution was dispensed into the QCM chamber and
there was no frequency or dissipation change. This shows there was no interaction between
the OC98-1 antibody and the SA-lipid bilayer surface. In contrast, adding biotinylated
antibody sohution (bOC9R-1 or bEpAb4-1) at point (IV) vesulted in frequency and dissipation
change, with equilibrated shifts of F = 39,4462 Hz and D = 1.6320.28 x 10-6. This

demonstrates the binding of biotinylated antibody to SA-lipid bilayer surface.

{88188] The characteristics of the SLB nonfouling composition on the surface coating were
examined using QCM-D (Fig. 12). Bovine serum albumin (BSA, cormmercially available
from Sigrma-Aldrich, USA) was added 1o the surface coating and there was a sudden change
in frequency and dissipation, with equilibrated shifts of F = 6.9 Hz and D = 3.35 x 13-6. This
indicates an immediate BSA adsorption. Three butfer rinses (*) caused an increase in
frequency and a decrease in disspation, with saturated shifts of F= 0.1 Hrand D =316 x 10-
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6. This indicates the adsorbed BSA can be easily removed from the surface coating and thus,

a very weak interaction between BSA and SLB.

Example 2: Preparation of the microfluidic chip

[606109] The microfluidic chip can be prepared by the following steps:

1. A commercial CO;, laser seriber (Helix 24, Epilog, USA) was used to engrave the
microtrenches to form microstructures on the PMMA substrate.

2. The PMMA substrate, glass substrate and nuts were cleaned with MeOH, detergent

and water, followed by 10 min sonication. The nuts and the solid substrates were dried by

nitrogen gas and baked for 10 min at 60 C.

3. The PMMA substrate was bonded with nuts by chloroform treatment.
4, PMMA substrate and the glass slide were joined together using an adhesive {e.g.

3M doubled sided tape from 3M, USA).

Example 3: CTCs Binding To The Anti-EpCAM Tunctionalized SLB Surface coating

[80118] Eight blood samples were used to determine the CTC capture rate of the Anti-
EpCAM functionalized SLB surface coating in a moicrotluidic chip in Example 2. Each blood
sample contained 2 mi of blood from a stage IV colon cancer patient and the sample was
introduced to the sealed channel of the microfhuidic chip at §.5m/hr, controlled by a syringe
pump.  Subsequently, the sealed channel 1 the microfhndic chip was rinsed with 8.5 mi of

PBS buffer at the flow rate of 1 ml/b, followed by in sttu irnmunostaining.

180111} The number of CTCs captured per ml of blood for these ¥ samples were 26, 34, 36,
39,47, 67 79, and 99. 25% of the blood samples had 79 or higher UTC count per mi of
testing sample and the median CTC count was 43 per ml of testing sample. There was

minimal binding of the non-specific cells and proteins after the buffor rinse,

{80112} As a comparison, the UTC count for the FDA approved Veridex CellSearch is ag
foliows: 25% of the samples had 3 or more CTCs per 7.5 ml of testing sample and the median

CTC counts was G,

[80113] The anti-EpCAM functionalized SLB surface was incubated with 150 all of

HCT116 cancer cell spiked hurman blood (with HCT116 cancer cell density of approximately
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10 to 100 per 100uL of blood), followed by a buffer rinse to remove non-specific cells. Fig.
13 shows the surface coating before and after the buffer ninse. Prior to the buffer rinse, the
surface coating was covered with non-specific cells (upper left) and fouwr HCTI6 cancer
cells (lower left). After the buffer rinse, almost all of the non-specific cells were removed

(upper right) but the four HCT116 cancer cell (lower right} remained on the surface coating,

[38114] The results show the surface coating of the present invention is effective in

capturing CTCs and releasing the non-specific cells.

Example 4: Comparison of Capture Efficiency and Nonfouling Property O Various

Surface Conditiens

{88115} The capture rate of HCT 116 cancer cells (biological substance) and the nonfouling

property of six different surface conditions are iltustrated in Fig 14A.

{06116] The results show that the surface coatings of the present invention (ipid/SA/b-anti-
EpCAM and PEG{(15mMYSA/b-anti-EpCAM) arc more effective in capturing the biological
substance. There is less binding of the non-specific celis {white blood cells or WBC) on the
sarface coatings of the present invention compare to a surface coating without a nonfouling

composition (glass only).

{60117} Fig 14B shows the non-specific blood cell binding of the following surfaces: (A}
Glass only; (B) biotinviated SLB (b-SLB), (C) Streptavidin conjugated-bSLEB, and (D)
0C98-1-conjugated bSLB. These surfaces were incubated with dituted human blood from
healthy donor (Tul of blood in 100ul. PBS bufter) for 4 hours, followed by a PBS buffer
rinse. Images (E) to (H) arc the after rinse images which correspond to the surface coatings
in (A} to (D). The results show that after a buffer rinse, there is less non-specific blood cell
on the surface coatings with a releasable composition (i.e. SLB) compare to the surface

coating without a releasable composition (1.¢. glass only).

Example 5: Purification by Flow

{86118] The differentiated flow shear could selectively “fush”™ out the non-specific cells
hased on the affinity of these cells 1o the nonfouling composition, while the biological

substance remains on the surface coating.
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{60119] In this study, the surface coating comprised a SLB, a linker composition and
fibronectin as the biocactive composition.  Fig. 15A shows fibroblast 3T3 (green) and colon
cancer cell ine HCT 16 (red) were incubated on the surface cosating for 4h. The surface

coating was rinsed with a buffer solution, which has a shear stress of 3 dyne/cm”,

180120] The HCT 116 cells (red) were flushed away from the surface coating within 5 min
of the buffer rinse, as shown in Fig, 158, The fibroblast 373 celis (green) remained on the
sarface coating atter 30min of buffer rinse, as shown in Fig. 13C, due to its high affinity to

fibronectin,

{60121} The result shows a shear stress about 3 dyne/cm’ is sufficient to remove the non-

spectfic cells from the releasable composition.

[86122] Fig 16 summarizes the respective shear stress and flushing time for the HCT16
and NIH-3T3 cell populations (non-specific cells). To remove HCTUG6 cells from the
releasable compostion of the surface coating, the shear stress is about 3 to about 4.5 dyne/cm’.
To remove NIH-3T3 cells from the releasable compostion of the surface coating, the shear
strass is about 8.5 to about 12 dyne/cm” (N/NG is the percentage of the cells remains attached
to the surface coating using various shear stresses, N is the final ccl number and NO is the

initial celi number.}

Example §: Releage of CTCs from the Surface Coating

{86123] The captured HCT1 16 cancer cells on the surface coating in Example 3 were
released by indroducing air bubbles. Fig. 17 shows HCT 116 cells in the red circle were

rempoved trom the surface coating within 3 seconds of introducing air bubbles.

Example 7: Culture of Released CTCs From the Surface Coating

{08124 The captured CTCs were incubated with SmM of EDTA at 37°C for 5 1o 16 min and
released by flowing a culture medium into the sealed channel of the microfluidic chip. A
total of 18 ¢c0l0205 cells were relased from this procedure. The released colo205 cells,
together with a serum-containing culture medium and antibiotics {penicillin + streptomycin +

gentamicing, were placed 1oto a 48-well tissue cultured polystyrene plate for caltivation,
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{60125] Figs 18 A-18C show g portion of 18 colo205 cells on day 1, on day 10 and day 14

espectively. This study demonstrates the released ¢0lo203 cells retained their viability for

subseguent cell culture.

Example 8: Capture CTCs throueh a2 CTC filiration Device

180126} Any membranes, tubes, capiilaries, beads, nanoparticles or channels can be coated
with the surface coating of the present juvention. Fig. 19 illustrates schematically a filiration
device, wherein the filtration filter 1s coated with the surface coating of the present invention,
The filter could accommodate high volume blood flow and capture a biological substance for
a diagnostic or therapeutic purpose. To access the patient’s blood or body fhind, a catheter
can be jnseried futo the patient’s vein or fistula and the patient’s blood flows through the
CTC filtration device, wherein the surface coating on the filters captures the CTCs. The

filtered blood flows back to the patient.

Example 8: Canture CTCs through a biotinviated FpAb4-1 Antibody

{60127} The binding specificity of biotinylated OC9801 antibody, biotinylated EpAb4-1
antibody and biotinylated EpCam antibody (commercially available from R&D system, USA)

were exanioed using the HCT116 (colorectal) CTCs and SAS (tongue) CTCs.

[80128] The CTCs were spiked in a buffer schution (sbout 10° CTCs/ ml)., The CTC-
spiked buffer solution was introduced to the surface coatings with the following bioactive
composition: biotinvlated OC9801 antibody, biotinylated EpAb4-1 antibody, biotinylated

EpCarm antibody and TgG antibody.

[66129] The CTC binding specificy of the antibodies was determined by colorirpetric
method, by measuring the absorption optical density at 490 nm. Fig. 20 shows biotinylated

EpAb 4-1 1s effective in capturing HCT1H6 CTCs and SAS CTCs.

N2
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WHAT IS CLAIMED 18

i A surface coating for the capture of a circulating rare cell, said surface

coating comprising:

ay a nonfouling composition; and
b a bicactive composition which is selective for said circulating rare cell.
2. The surface coating in accordance with claim 1, wherein the

nonfouling composition attaches to the bioactive composition by an interaction comprising an
electrostatic nteraction, a hydrophilic-hydrophilic interaction, a polar-polar interaction, a

complimentary DNA binding, a reagnetic force, or a combination thereof,

3 The surface coating in accordance with clairo 1, further comprising a
linker composition, which attaches the non-fouling composition to the bioactive composition
and comprises functional groups capable of covalent, non-covalent, or a combination of
covalent and non-covalent attachment to the non-fouling composition and to the bicactive

cormposition.

4. The surface coating in accordance with claim 3, wherein said Hnker
composition comprises functional groups (prior to covalent attachment) selected from the
group consisting of hydroxy groups, amine groups, carboxylic acid or ester groups, thioester

groups, aldehyde groups, epoxy or oxirane groups, hydrazine groups and thiol groups.

n

5. The surface coating in accordance with claira 3, wherein said finker
composition comprises functional groups (prior to non-covalent attachment) which are first
members of a binding patr, selected from the group consisting of biotin, avidin, streptavidin,
DNA, RNA, ligand, receptor, antigen, antibody and posttive- negative charges, cach of which
is selected to bind to a second member of the binding pair which is present on the nontouling

composition or the bicactive composition.

6. The surface coating in accordance with claim 3, wherein said Hnker

composition coraprises a cleavable functional group.

7. The surface coating in accordance with claira 1, wherein said non-
fouling composition reduces the binding of non-specific biological material relative to
compositions without nonfouling compositions, and is selected from the group consisting of:

a lipid or lipid mixture, polypeptides, polyelectrolyte multilayers, polyvinyl alcohol, PEG,
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hydrogel polvmers, extracellular matrix proteins, polymer brushes, zwitterionic material,

carbohydrates, small organic compound and a combinations thereof.

8. The surface coating in accordance with claim 7, wherein said lipid or

lipid nuxture 15 a lipid taver.

9. The surface coating in accordance with claim 7, wherein said PEG has

g molecular weight from about 100 to about 100,000,

18, The surface coating in accordance with claim 7, wherein said
polvelectrolyte multilayer comprises poly-L-lysine/poly-L-ghitamic acid, or poly-L-

ysine/poly-L-aspartic acid

i1 The surface coating in accordance with claira 7, wherein said polymer
brush comprises [2-(acrylovioxyethyl] trimethyl ammoniurm chloride/2-carboxy ethyl

acryiate) copoiyvmer.

i2. The surface coating in accordance with claim 7, wherein said

zwitterionic material 18 poly(sulfobetaine) (pSB) and poly{carboxybetaine).

i3 The surface coating in accordance with claim |, wherein the
nonfouling composition comprising a functional group {prior to covalent attachment) selected
from the group consisting of hydroxy groups, amine groups, carboxylic acid or ester groups,
thioester groups, aldehyde groups, epoxy or oxirane groups, hydrazine groups and thiol

groups.

14. The syrface coating in accordance with claims 1 or 3, wherein the
nonfouling composition compriscs functional groups {prior to non-covalent attachment)
which are first members of a binding pair, selecied from the group consisting of biotin,
avidin, streptavidin, DNA, RNA, ligand, receptor, antigen, antibody and positive-negative
charges, each of which is selected to bind 1o a second member of the binding pair which is

present on the Hnker composition or the bioactive composition.

15, The surface coating in accordance with claim 1, wherein said bioactive
composition comprises a functional group {prior to covalent attachment) elected frowm the
group consisting of hydroxy groups, amine groups, carboxylic acid or ester groups, thioester

groups, aldchyde groups, epoxy or oxirane groups, hydrazine groups and thiol groups.
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16, The surface coating in accordance with clairas 1 or 3, wherein said
bioactive composition comprises functional groups (prior to non-covalent attachment) which
are first members of a binding pair, selected from the group consisting of biotin, avidin,
streptavidin, DNA, RNA, higand, receptor, antigen, antibody and positive-uogative charges,
each of which is selocted to bind to a second member of the binding pair which is present on

the linker composition or the nonfouling composition.

17. The surface coating in accordance with claim 1, wherein said bioactive
composition has a binding motety selected from the group counsisting of synthetic polymers,
molecular imprinted polymers, extracellular matrix protemns, binding receptors, DNA, RNA,

antibodies, antigens, surface markers and aptamers.

i8. The surface coating in accordance with claim 17, wherein the binding

moiety is anti-EpCAM membrane protein antibody or anti-HER2,

1%, The surface coating 1n accordance with claim 18, wherein the anti-

EpCAM mermbrane protein antibody is EpAb4-1.

28 The surface coating in accordance with claims 1 or 3, further

comprising a solid substrate.

21 The surface coating in accordance with claim 20, wherein the solid
substrate is attached to the surface coating by one of the following interactions: covalent
bounding, hydrogen bounding, clectrostatic interaction, hydrophilic-hydrophilic interaction,
polar-polar interaction, complimentary DNA binding, magnetic force, or a combination

thereof.

22. The surface coating in accordance with claim 26, further comprising a

surface tinker which attaches the surface coating to the solid substrate.

23. The surface coating in accordance with claim 22, wherein said surface

linker comprises a cleavable functional group.

24. The surface coating in accordance with claim 22, wherein said surface
linker comprises a functional group (prior to covalent attachment) selected from the group
consisting of hydroxy groups, amine groups, carboxylic acid or ester groups, thioester groups,

&

aldehyde groups, epoxy or oxtrane groups, hydrazine groups and thiol groups.
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35 The surface coating in accordance with claira 22, wherein said surface
linker comprises functional groups {prior to non-covalent attachment) which are first
members of a binding patr, selected from the group consisting of biotin, avidin, streptavidin,
DNA, RNA, ligand, receptor, antigen, antibody and posttive-negative charges, each of which
is selected to bind to a second member of the binding pair which is present on the solid

substrate or the nonfouling composition.

26. A surface coating for the capture and purification of a biological
substance, said surface costing comprising:

ay a releasable composition for releasing non-specific cells and blood
components; and

b} a bioactive composition which is selective for said biological

substance.

27. The surface coating in accordance with claim 26, wherein the
releasable composition attaches to the bioactive composition by an interaction comprising an
electrostatic interaction, a hydrophilic-hydrophilic interaction, a polar-polar interaction, a

complimentary DNA binding, a reagnetic force, or a combination thereof.,

38 The surface coating in accordance with claim 26, further coroprising a
linker composition which attaches the non-fouling composition to the bicactive composition
and comprises functional groups capable of covalent, non-covalent, or a combination of
covalent and non-covalent attachment to the non-fouling composition and to the bivactive

corpposition.

29. The surface coating in accordance with claim 28, wherein said linker
composition comprises functional groups {(prior to covalent attachment) selected from the
group consisting of hydroxy groups, amine groups, carboxylic acid or ester groups, thioester

groups, aldehyde groups, epoxy or oxirane groups, hydrazine groups and thiol groups.

38 The surface coating in accordance with claira 28, wherein said linker
composition coraprises functional groups (prior to non-covalent attachment) which are first
members of a binding pair, selected from the group consisting of biotin, avidin, streptavidin,
DNA, RNA, ligand, receptor; antigen, antibody and positive- negative charges, each of which
is selected to bind to a second member of the binding pair which is present on the bicactive or

the releasable composition.

a2
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31 The surface coating in accordance with claira 28, wherein said linker

composition coraprises a cleavable functional group.

32 The surface coating in accordance with claim 26, wherein said
releasable coraposition enhances the removal of the non-specific cells and blood components
from its surface relative to surface coatings without releasable compositions and s selected
from the group consisting oft g lipid or lipid mixture, polypeptides, polyvelectrolyte
multilayers, polyviayl alcohol, PEG, hydrogel polymers, extracellular matrix proteins,
polymer brushes , zwitterionic material, carbohydrates, small organic compound and a

combinations thereof

33 The surface coating in accordance with claima 32, wherein said lipid or

fipid mixture is a supported lipid layer.

34 The surface coating in accordance with claim 32, wherein said PEG

has a molecular weight from about 100 to about 100,000,

35, The surface coating in accordance with claim 32, wherein said
polyelectrolvie mulitlayer comprises poly-L-lysine/poly-L-glutamic acid or poly-L-

lysine/poly-L-aspartic acid.

36. The surface coating in accordance with claim 32, wherein said polymer
brush comprises [2-(acryloyloxy)ethyl] trimethyl ammonium chloride/2-carboxy ethyl

acrylate) copolymer.

37. The surface coating in accordance with claira 32, wherein said

zwitterionic material is poly(sulfobetaine} and poly{(carboxybetaine).

38. The surface coating in accordance with clairn 26, wherein the
releasable coraposition comprises a functional group (prior to covalent attachment) selected
from the group counsisting of hydroxy groups, amine groups, carboxylic acid or ester groups,
thioester groups, aldehyde groups, epoxy or oxirane groups, hydrazine groups and thiol

ZEOUDS.

34 The surface coating in accordance with claims 26 or 28, wherein the
releasable composition cornprises functional groups (prior to non-covalent attachment) which
are tirst members of a binding pair, sclected from the group consisting of biotin, avidin,

streptavidin, DNA, RNA, ligand, receptor; antigen, antibody and positive-negative charges
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cach of which is selected to bind to a second member of the binding pair which is present on

the bioactive composition or the linker composition.

44, The surface coating in accordance with claim 26, wherein said
bicactive composition comprises a functional group (prior to covalent attachment) selected
from the group consisting of hyvdroxy groups, amine groups, carboxylic acid or ester groups,
thioester groups, aldehyde groups, epoxy or oxirane groups, hydrazine groups and thiol

groups.

41. The surface coating in accordance with clairns 26 or 28, wherein said
bioactive composition coraprises functional groups (prior to non-covalent attachment) which
are first members of a binding pair, selected from the group consisting of biotin, avidin,
streptavidin, DNA, RNA, higand, receptor, antigen, antibody and positive-uegative charges

each of which 1s selected to bind to a second member of the binding pair which is present on

the releasable composition or the linker composition.

42. The surface coating in accordance with claim 26, wherein said
bioactive composition has a binding motety selected from the group consisting of synthetic
polvmers, molecular imprinted polymers, extracellular matrix proteins, binding receptors,

DNA, RNA, antibodies, antigens, surface markers and aptamers,

43 The surface costing in accordance with claim 42, wherein the binding

moiety is anti-EpCAM membrane protein antibody or anti-HER2,

44. The surface coating in accordance with claim 43, wherein the anti-

EpCAM membrane protein antibody is EpAb4-1.

45, The surface coating in accordance with claim 26, further comprising a

solid substrate.

46. The surface coating in accordance with claim 45, wherein the solid
substrate is attached to the surface coating by one of the following interactions: covalent
bouding, hydrogen bonding, electrostatic interaction, hydrophilic- hydrophilic interaction,

polar-polar interaction, complimentary DNA, or maguetic foree.

47. The surface coating in accordance with claim 45, further coroprising a

surface finker which attaches the surface coating to the solid substrate.

29
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438 The surface coating in accordance with claira 47, wherein said surface

linker comprises a cleavable functional group.

49. The surface coating in accordance with claim 47, wherein said surface
linker comprises fanctional groups {prior to covalent attachment) selected from the group
consisting of hydroxy groups, amine groups, carboxylic acid or ester groups, thioester groups,

aldehyde groups, epoxy or oxirane groups, hydrazine groups and thiol groups.

58. The surface coating in accordance with claim 47, wherein said surface
linker comprises functional groups (prior to non-covalent attachment) which are first
members of a binding pair, selected from the group consisting of biotin, avidin, streptavidin,
DINA, RNA, ligand, receptor, antigen, antibody, and positive-negative charges cach of which
is selected to bind to a second member of the binding pair which is present on the releasable

composttion or the solid substrate.

51 A microfluidic chip, comprising
{a} two solid substrates, wherein one or both solid substrates have
microstructures as shown in Figure 7H on the surface; and

{(b) an adhesive means to bind the two solid substrates.

52. The microfhndic chip in accordance with claim ST, wherein the sohd

substrate is coated with a surface coating of any of claims 1-24.

53, The nucrofluidic chip in accordance with clairn S1, wherein the solid

substrate is coated with g surface coating of any of clatms 25-49,

84. A method of manufacturing a surface coating of claim 1, comprising:
{a} forming the nonfouling composition; and

{b) attaching the nonfouling composition to the bicactive cormposition.

35, A raethod of manufacturing a surface coating of claim 3, comprising:
{(a) forming the nonfouling composition; and
(b} attaching the linker composition to the nonfouling composition and the

bioactive composition.

56. A method of capturing and releasing a biological substance,

comprising:
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{(a) contacting blood, body fluid, or solutions of biclogical samples with a
surface coating of any of claims 1-25; and

{b) releasing the biological substance from the surface coating.

57. The method 1o accordance with claim 56, further comprising rinsing
the surface coating with a buffer to remove non-specifically bound materials prior to

releasing the biological substance from the surface coating.

S8. The method in accordance with claim 56, wherein the shear stress of

e . . ; 2
the buffer rinsc is less than about 58 dyne/om”.

58, The method in accordance with claim 538, wherein the shear stress of

the buffer rinse is about 2.5 to about 10 dyne/cnt’.

6. The method in accordance with claim 3%, wherein the biological
substance is refeased by one of the following mechanisms: the introduction of air bubbles,
ultraviolet irradiation, the absence of the magnetic force, clectro pulse mechanism or

breaking the electrostatic interaction,

61. A roethod of capturing a circulating tumor cell using a biotinvlated
EpAb4-1 antibody, wherein said antibody comprises:

(a} a heavy chain sequence, wherein said heavy chain sequence s SEQ ID

NO:1; and

(b a light chain sequence, wherein said Hght chain Sequence is SEQ ID
N2

62. The method of claim 61, wherein said antibody is monoclonal
antibody.

63.  The method of claim 61, wherein said antibody is humanized antibody.
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Fig. 16
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