US 20050158879A1

a2 Patent Application Publication (o) Pub. No.: US 2005/0158879 A1l

a9 United States

Klaerner et al.

43) Pub. Date: Jul. 21, 2005

(549) POLYMER BRUSHES FOR IMMOBILIZING
MOLECULES TO A SURFACE AND HAVING
WATER-SOLUBLE OR
WATER-DISPERSIBLE SEGMENTS
THEREIN AND PROBES BONDED THERETO

(75) Inventors: Gerrit Klaerner, Campbell, CA (US);
Ralph B. Nielsen, San Jose, CA (US);
Paul Mansky, San Francisco, CA (US);
Didier Benoit, San Jose, CA (US);
Dominique Charmot, Los Gatos, CA
(US); Bernd Jandeleit, Sunnyvale, CA
(US); Laura T. Mazzola, Redwood
City, CA (US)

Correspondence Address:

SENNIGER POWERS LEAVITT AND
ROEDEL

ONE METROPOLITAN SQUARE
16TH FLOOR

ST LOUIS, MO 63102 (US)

(73) Assignee: Symyx Technologies, Inc., Santa Clara,
CA

(21) Appl. No.: 11/012,416
(22) Filed: Dec. 15, 2004

Related U.S. Application Data

(63) Continuation of application No. 09/911,683, filed on

Jul. 24, 2001, now Pat. No. 6,833,276, which is a
continuation of application No. 09/609,461, filed on

Jul. 3, 2000, now Pat. No. 6,692,914, which is a
continuation-in-part of application No. 09/347,606,
filed on Jul. 2, 1999, now abandoned, and which is a
continuation-in-part of application No. 09/347,607,
filed on Jul. 2, 1999, now abandoned, and which is a
continuation-in-part of application No. 09/347,608,
filed on Jul. 2, 1999, now abandoned, and which is a
continuation-in-part of application No. 09/347,609,
filed on Jul. 2, 1999, now Pat. No. 6,472,486.

(60) Provisional application No. 60/177,879, filed on Jan.
24, 2000. Provisional application No. 60/146,936,
filed on Jul. 31, 1999.

Publication Classification

(51) TNt CL7 oo C12Q 1/68
(52) US.CL oo 436/532
(7) ABSTRACT

Sensors for determining the presence and concentration of
bio-molecules in a biological sample are provided in the
form of polymer brushes, which comprise a substrate having
a surface that is modified with a water-dispersible or water-
soluble polymer segment having functional groups that bind
probes. The method of synthesis of such sensors preferably
includes use of controlled free radical polymerization tech-
niques, and in particular the use of an iniferter initiator,
which allows for controlled architecture polymers to modify
the surface of the substrate. In this manner functional groups
in the polymer chain are removed from the surface, which
allows for solution chemistry to be more realistically repro-
duced with the benefits of a solid bound probe.

INCREASE GRAFTING DENSITY

T ¥ § »

S X s X 25S

[
~——

SRARUBYG

avoe Bmwe AR

INCREASE CHAIN LENGTH

ey
-

S




Patent Application Publication Jul. 21,2005 Sheet 1 of 7 US 2005/0158879 A1

SRR B

= X5 %255

INCREASE GRAFTING DENSITY

:
:
%
4

i

HLONIT NIVHO ISVYIHON

T ¥ § »

Y-

FIG. 1




US 2005/0158879 Al

Patent Application Publication Jul. 21,2005 Sheet 2 of 7

4 . . . -

ajensqns // K , |
N = -

A ¢ ~——— 31BNsqns

Pl S~ /A\ o A\\,\ u

| | - HO H HO

SOIS-2EHO-0—FHO- U
£1018%(*H0)—0

HDIS-2ACHD)-O-CHD -]

¢ ‘Old




Patent Application Publication Jul. 21,2005 Sheet 3 of 7 US 2005/0158879 A1

Init.

- (CHy)s

Si

/N

O O

| 777
[/ 1235/ []])] < substrate




Patent Application Publication Jul. 21,2005 Sheet 4 of 7

FIG. 4

Init.

US 2005/0158879 Al

>
[as ]
B
o)
2
~ O_/

= N
_ RN
- = m\o rd
O*‘/
o
8
[}
2
/
0 © A

o3 ol

5 S W\Oﬁ/
o+~
/




US 2005/0158879 Al

Patent Application Publication Jul. 21,2005 Sheet 5 of 7

srensqn
WAS—~—0- | 13Ke]

2229,

:
.
4

LV

TN
)

1owA[od _ _ (1sA1e38)) “Towouoy
. HO /~Ho HO
~ HO"\ HO HO

HO_ © N, .
Z\m N \O 9PINO[IU-{-0
. , Iowouop N
° ° e

/

V \ \ \ P ~————oensqng
~.

T 13fe

101e1IU]

Vﬁ _ :10jenIuf UonNjos

5O



Patent Application Publication Jul. 21,2005 Sheet 6 of 7 US 2005/0158879 A1

.
-
[&]
i
lw)
&
/p)
(&)
o
N
()
of
~
(@
\
7]
(&}
=
\V
fun)
C6h
od
N
N
7))
\o
I5]
B
wy
© 5 £
E o w2
. s
=
O £0
I J



US 2005/0158879 Al

Patent Application Publication Jul. 21,2005 Sheet 7 of 7

NOILYZIAIMGAH 1394V .L ONIAVO] 3904d
40 AON3IDI443 J1awos 40 AON3IOI443

\

DO

e

7/

HOLVILINI §£'0 &N

dOLVILINI0S 0 &2

HOLVILINI €2'0 {111
Ollvd HOLVILINI G210 =3

ALISNIA NIVHO "'SA >OZm:O_u_n_m_ ZO_._.<N_D_mm>I "ONIAQVOT

OllvH HO.LVIJ.INI GZ2'0 OL A3ZINvINHON
IYNDIS FONIOS3IOHNTS '

Lzt

L "Old



US 2005/0158879 Al

POLYMER BRUSHES FOR IMMOBILIZING
MOLECULES TO A SURFACE AND HAVING
WATER-SOLUBLE OR WATER-DISPERSIBLE
SEGMENTS THEREIN AND PROBES BONDED
THERETO

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of, and claims
priority from, U.S. application Ser. No. 09/911,683 (filed
Jul. 24,2001), which is a continuation of, and claims priority
from, U.S. application Ser. No. 09/609,461 (filed Jul. 3,
2000), which is a continuation-in-part of U.S. application
Ser. Nos. 09/347,606, 09/347,607, 09/347,608 and 09/347,
609 (all of which were filed on Jul. 2, 1999 and which are
now abandoned) and which claims the benefit of priority
therefrom as well as from U.S. Provisional Application Nos.
60/146,936 (filed Jul. 31, 1999) and 60/177,879 (filed Jan.
24, 2000). All of these related applications are incorporated
by reference herein.

BACKGROUND

[0002] This invention relates to a polymer brush that
features a polymer layer on a substrate surface, the polymer
layer being composed of a number of polymer chains each
of which include a water-soluble or water-dispersible seg-
ment having two termini, one terminus being free and the
other being bound to the substrate surface. In one embodi-
ment, the present invention is directed to a sensor wherein
probes for biological molecules are attached to these water-
soluble or water-dispersible segments. Sensors of this type
are particularly useful for analyzing aqueous samples that
contain biological materials. The present invention further
relates to methods of synthesizing such sensors. In preferred
embodiments, the polymers have controlled molecular
architectures that allow for tuning the concentration or
accessibility of the probes, and thus, for tuning properties
(e.g., sensitivity) of the sensor.

[0003] Sensors for analyzing biological samples typically
have the ability to process samples accurately and rapidly in
an aqueous environment. This, in turn, looks to the presence
of multiple probes on a single substrate surface capable of
selectively interacting with components of the sample. For
example, nucleic acid hybridization assays use multiple
oligonucleotide probes bound to the substrate surface at
pre-selected sites. The oligonucleotide probes, in turn, are
available to participate in a hybridization reaction with
selected nucleic acid components of the sample. Generally,
this interaction of probe and sample relates to the utility of
the components of the biological sample, such as the iden-
tity, concentration, purity or form of the components being
sensed. There are generally many types of probes known, for
example, antibodies that may immunoreact with a desired
protein in a diagnostic assay, other protein binding assays,
and dyes that change color to indicate the concentration of
a desired protein, enzyme, small organic molecule, or inor-
ganic molecule such as calcium or lithium.

[0004] Attaching probe molecules to surfaces is often
difficult because the surfaces lack functional groups that are
uniquely reactive in an aqueous system or are readily
accessible to the probe molecules as a result of factors such
as surface crowding or steric hindrance. This problem
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becomes particularly acute as the number of functional
groups per unit area of surface increases. In addition, once
probes are bound to the surface, they must remain accessible
to components of the biological sample. Here, too, factors
such as steric hindrance may hamper accessibility. Molecu-
lar crowding (i.e., density) becomes a critical issue as well,
particularly in systems where fluorescence quenching can be
an issue.

[0005] Controlled free radical polymerization methods
with living-type kinetics have been used to covalently bond
polymers to the surfaces of substrates and thereby form
“polymer brushes.” Husseman et al., Macromolecules 1999,
32, 1424-31, for example, describes a variety of polymer
brushes prepared using such methods. The resulting brushes,
however, were not water-soluble or water-dispersible and
thus were not suitable for applications involving aqueous
samples such as biological samples. Additionally, Husseman
et al. fail to address the importance of controlling the
grafting density of, or spacing between, the polymer chains
attached to the substrate surface, in order to optimize both
the number of probes which may be attached for a given
application, as well the efficiency of those probes, once
attached, to interact with the target molecules.

[0006] Accordingly, a need to continues to exist for a
polymer brush, as well as a process for the preparation
thereof, having polymer chains of a controlled molecular
architecture (i.e., composition, functionality, molecular
weight, polydispersity, etc.), as well as spacing or grafting
density on the substrate surface, such that the attachment of
probe molecules of a given size or type can be optimized.
Additionally, a need continues to exist for a sensor (i.e., a
polymer brush having probe molecules attached thereto), as
well as a process for the preparation thereof, having a
controlled structure, such that probe accessibility to the
target biological molecules can be optimized.

SUMMARY

[0007] Thus it is an object of this invention to provide a
platform for selectively interacting with biomolecules, such
as sensors for biomolecule recognition and bioseparations,
among other applications. In preferred applications, it is an
object of the invention to provide a sensor comprising a
substrate surface, polymers associated with the surface, and
probes attached to the polymers, where each of the polymers
have at least a water-soluble or water-dispersible segment
having functional groups capable of bonding to the probes.
In some contexts, these sensors may be considered to be
“polymer brushes.”

[0008] 1t is also an object of this invention to provide
biosensors that feature controlled-architecture polymers
bound to a surface of a substrate that include water-dispers-
ible or water-soluble segments to which probes for biologi-
cal molecules are covalently bound via functional groups
found on the segments.

[0009] Although the invention is more specifically
described herein in the context of a biosensor, it is to be
understood that the invention is not necessarily to be limited
to such applications.

[0010] Tt is another object of this invention to provide
polymer modified surfaces or articles.

[0011] Tt is yet another object of this invention to provide
a method of making polymer-modified surfaces using free
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radical polymerization, preferably controlled free radical
polymerization having living-type kinetics.

[0012] This invention provides the advantage of careful
control of the identity, surface grafting density or spacing,
and molecular architecture of the functionalized polymer
chains. Accordingly, use of this invention provides the
ability to prepare a functionalized surface that, in terms
relative to the accessibility of surface-bound functional
groups to probe molecules, and probe molecules to biologi-
cal sample components, approximates that of an aqueous
solution. At the same time, the probes are tethered to the
surface, thereby facilitating analysis following contact with
a biological sample.

[0013] This invention provides functionalities that bind
probes, which are not attached to a flat surface. This means
that solution chemistry is more closely simulated, surface
effects are reduced, and as a result the sensors of this
invention provide increased sensitivity, increased signal,
increased signal to noise ratios and increased dynamic range.

[0014] In addition, those of skill in the art are able to
choose monomers that yield functionalized surface brushes
that display a low fluorescent background due to the lack of
non-specific binding of the bio-molecule in the sample.

[0015] Overall sensitivity of the sensor is also improved,
it is believed, due to the spacing of the functional groups that
bind the probes from the surface of the substrate. In other
words, increased sensitivity has been observed, which is
believed to result from the fact that the functional groups
that bind the probes are now attached to a polymer chain
thereby distancing the probes (and hence the related bio-
chemistry) from the surface of the substrate, reducing, if not
completely eliminating, surface effects.

[0016] Briefly, therefore, the present invention is directed
to a polymer brush for binding a molecule in an aqueous
sample in an assay. The polymer brush comprises a substrate
having a surface, and a layer on the substrate surface
comprising polymer chains. The polymer chains have at
least two termini and a water-soluble or water-dispersible
intermediate portion between the termini, one terminus
being free and the other terminus being bound to the
substrate surface. The terminus of each polymer chain that
is bound to the substrate surface comprises a residue of a
surface bound initiator having the formula

Cq G
\
Cr—/L—Y—S
Ct S

[0017] wherein: C is a moiety on the surface of the
substrate; L is a linker group capable of bonding to at least
one C moiety; g, r and t are independently O or 1, provided
the sum of q+r+t is at least 1; Y is a residue capable of
initiating free radical polymerization upon homolytic cleav-
age of the Y—S bond; S is sulfur; and, G is a nitrogen or an
oxygen heteroatom. Additionally, the intermediate portion
of each polymer chain has a weight average molecular
weight of at least about 1000, is substantially free of
crosslinks to an intermediate portion of another polymer
chain, contains repeat units derived from an acrylamide-
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based monomer and at least one other monomer, and con-
tains functionalized sites which have been formed in their
active state (reacting directly with the probe molecules, as
further described herein).

[0018] The present invention is further directed to a
method for detecting a biological molecule in an aqueous
sample comprising contacting a polymer brush of the
present invention with said sample, and thereafter analyzing
said polymer brush for the presence or quantity of said
biological molecule.

[0019] The present invention is still further directed to a
method for preparing a sensor for detecting a biological
molecule in an aqueous sample. The method comprises
bonding an iniferter initiator to a substrate surface at one or
more points to form a derivatized surface, said iniferter
initiator comprising an initiator-control agent adduct having
the formula:

Cq G
\
Cr—/L—Y—S
Ct S

[0020] wherein: C is a moiety on the surface of the
substrate; L is a linker group capable of bonding to at least
one C moiety; q, r and t are independently O or 1, provided
the sum of q+r+t is at least 1; Y is a residue capable of
initiating free radical polymerization upon homolytic cleav-
age of the Y—S bond; S is sulfur; and, G is a nitrogen or an
oxygen heteroatom. The derivatized surface is then con-
tacted with a composition comprising a water-soluble or
water-dispersible free radically polymerizable monomer
mixture, the mixture containing an acrylamide-based mono-
mer and at least 1 other monomer, under reaction conditions
to form bound polymer chains comprising a water-dispers-
ible segment having a weight average molecular weight of
at least about 1000 and one or more active functionalized
sites thereon, the active site(s) reacting directly with a probe
selective for the biological molecule. Unbound polymer is
separated and then a probe is bonded to the bound polymer
chains through the active functionalized sites.

[0021] The present invention is further directed to polymer
brushes prepared by the methods of the present invention.

[0022] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0023] FIG. 1 is a schematic drawing showing the effect
of increasing grafting density and increasing polymer chain
length on a hypothetical surface to which polymer chains are
bound.

[0024] FIGS. 2-5 are schematic drawings showing a
method for forming surface-bound polymers having water-
soluble or water-dispersible segments bearing functional
groups available for bonding to various probe molecules.
[0025] FIG. 6 is a schematic drawing between chain
spacing, S, radius of gyration, Rg, and chain grafting den-
sity, n, and a critical chain grafting density, n_, at which
chain entanglements begin.

e
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[0026] FIG. 7 is a bar graph illustrating efficiency of
oligonucleotide loading and hybridization as a function of
chain density.

DETAILED DESCRIPTION
[0027] Accessibility Considerations

[0028] The invention provides platforms for selectively
interacting with molecules, in general, and biomolecules, in
particular. Although the invention is more specifically
described herein in the context of a biosensor, it is to be
understood that the invention is not necessarily to be limited
to such applications.

[0029] In preferred applications, the invention provides a
sensor for detecting various molecules in a biological
sample, the sensor featuring controlled-architecture poly-
mers bound, and more preferably covalently bound, to a
surface of a substrate. More specifically, the invention
provides a polymer brush, suitable for binding biological
molecules, comprising a substrate having a surface, a layer
on the substrate surface which comprises a plurality of
polymer chains, each chain containing at least one water-
dispersible or water-soluble segment to which biological
probes are bound, preferably covalently bound, via func-
tional groups found on these segments. As further described
herein, in order to enable the accessibility of the biological
probes to approach the accessibility of probes which are in
solution, the water-soluble (or water-dispersible) segments
to which they are attached are preferably free of covalent
crosslinking, have a weight average molecular weight of at
least about 1,000, and at least have two termini with one
terminus being free and the other being bound, and prefer-
ably covalently bound, to the substrate surface. Probe mol-
ecule accessibility to biomolecules, including in some cases
biopolymers, in an aqueous sample is further enhanced by
the water-soluble or water-dispersible nature of the seg-
ments to which they are attached, the segments providing an
environment that is compatible with the sample in which the
analysis is performed.

[0030] Functional Group Accessibility

[0031] The nature of the problem associated with func-
tional group accessibility is generally illustrated in FIG. 1,
which depicts a hypothetical surface to which a number of
polymer chains are bound. As further described in greater
detail below, without being held to a particular theory, it is
generally believed that, for polymers of a given composition
and chain length, as the average chain grafting density (i.e.,
the average number of bound chains per unit area) increases,
the number of accessible functional groups (i.e., the number
of functional groups on the polymer chains which are
capable of attaching to a molecule of a given size) increases.
However, as the grafting density continues to increase,
eventually chains are close enough to become entangled and
otherwise sterically hinder the functional group-bearing
sites, thereby limiting the ability to attach a probe molecule
to the polymer chain at these sites; that is, as the grafting
density continues to increase, eventually a point may be
reached where the number of accessible functional groups
begins to decrease due to increased steric hinderance, a
reduction of total free volume, a reduction of the mesh size,
and a hindered diffusion of the biomolecules, even though
the total number of functional groups continues to increase.
If the grafting density increases further, the polymer chains
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can become so tightly packed or so entangled that essentially
the only functional groups accessible to a probe are located
at or near to the chain ends (e.g., near the surface below
which the grafting density essentially approaches zero).

[0032] A similar phenomenon is believed to occur as chain
length increases for a given grafting density. If the segments
are short enough so that the average coil diameter is sig-
nificantly less than the average distance between attachment
points, then there is no overlap between the segments. As the
segments are made longer, the size of the coils which they
form increases until they overlap. With further increase in
the chain length, the chains begin to stretch away from the
substrate. Once the chains are stretched, further increase in
the chain length at a fixed grafting density leads primarily to
an increase in the “wet thickness” of the brush, but does not
lead to significant further increases in the average polymer
concentration within the brush or a reduction of the mesh
size. Mesh sizes may be determined, for example, by means
analogous to those described in U.S. Pat. No. 5,126,021.
Accessibility issues are also graphically displayed in FIG. 6,
where it is shown that there exists a critical chain density, n,
which is the point at which surface bound polymer chains
begin to entangle. As described herein, this density may be
controlled to control the accessibility of the functional
groups on the polymer as desired for a particular embodi-
ment.

[0033] The present invention addresses the problem of
functional group accessibility by disclosing how to control
various aspects of the preparation methods, including for
example the density of available functional moieties on the
surface (controlled, for example, by various surface treat-
ments, as described herein and in the literature), the chain
lengths (e.g., molecular weight), chain grafting density, and
the type and/or number of functional group-containing
monomers, thus enabling those of skill in the art to design
a sensor with a desired number of available or accessible
functional groups present. Stated another way, the present
invention discloses how to control the manner by which
surface-bound polymers having water-soluble or water-dis-
persible segments are prepared to enable functional group
accessibility to be adjusted which, in turn, enables the
polymer-modified surface to be tailored for a given appli-
cation to optimize subsequent probe attachment and probe
availability for sample screening.

[0034] In this way the invention provides the ability to
control the number of functional groups that are available
for binding probes of a biosensor, and ultimately thereby to
control or tune the sensitivity and other properties of the
biosensor. More specifically, depending on the volume occu-
pied by the probe molecules in a particular solution (e.g.,
aqueous), the grafting density of the polymer chains can be
tuned to accommodate such probe molecules to avoid sur-
face crowding and optimized accessibility of the probe
molecules to the bio-process. It is believed that increased
numbers of functional groups, along with minimizing sur-
face effects as discussed above, advantageously provides
improved sensitivity of the probe in a bio-process, along
with increasing signal, increasing signal to noise ratios and
increasing dynamic range (i.e., increasing ability to detect
decreasing numbers of target molecules in the sample, as
further described herein).

[0035] Referring to FIGS. 2-5, in one embodiment of the
present process, a radical initiator is bound to the surface of
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a substrate to form a derivatized substrate surface (e.g.,
FIGS. 2, 3 and 4), which is subsequently contacted with one
or more monomers to form surface-bound polymer chains
(e.g., FIG. 5) which extend from the substrate surface
generally in a direction normal to the substrate surface. In
one embodiment, the polymer chains are not substantially
crosslinked to other strands, covalently or otherwise, thus
permitting a range of movement substantially independent
of other polymer chains. According to one approach (and as
further described herein), it can be assumed that substan-
tially all functionalities originally on the surface are bound
to either an initiator or initiator-control agent adduct or, in
some embodiments, a dummy molecule (i.e., a molecule
which does not participate in a subsequent polymerization
reaction). The monomers are chosen to provide desired
functional groups (e.g., hydroxyl, carboxyl, amino, thiol,
etc. groups) on the polymer. Desired probes are then
attached to the functional groups to complete the sensor.

[0036] The average distance between the polymer chains
depends, at least in part, upon the size of the probes to be
attached as well as the sensoring process to be employed.
Typically, however, the average distance between the poly-
mer chain attachment points is less than about 10 times the
radius of gyration (Rg) of polymer chain under the condi-
tions of the assay being employed, preferably less than about
4 times Rg, and more preferably less than about equal to
twice the Rg of the polymer chain. Without being held to a
particular theory, it is generally believed that about twice the
radius of gyration or more is preferred because, if the
polymer chains are further apart than their diameter, then
there will be an unnecessary amount of space between them;
that is, if the polymer chains are further apart than their
diameter there will be empty areas which could be filled with
additional polymer chains without causing any significant
additional chain overlap and crowding.

[0037] Those of skill in the art will also understand that
grafting density and molecular weight may be expressed in
terms of a “mesh size,” which relates to the size of the
molecule that may diffuse into, or access, the free volume or
space between the polymer chains. Stated another way, for
a polymer brush of a given grafting density and molecular
weight, a molecular volume or size threshold exists, below
which molecules may diffuse into the free volume or space
between the chains, while above which the molecules are
repelled or prevented from entering this free volume (instead
remaining at or near the surface of the polymer layer
comprised of the polymer chains). Accordingly, the mesh
size of the polymer brush in some embodiments should be
sufficient to allow diffusion of the analyte molecule (e.g., the
probe molecule to be attached to the segment functional
groups or the target molecule which is to bind with the
probe) into this free volume between the surface-bound
polymer chains, and preferably in a commercially practical
period of time. If there are multiple target analytes, then the
mesh should be at least as large as the largest target analyte.
Typically, therefore, the mesh size may range from greater
than about 0.1, 0.2, 0.5 or even 1 times the radius of gyration
of the analyte molecule, up to greater than about 1, 2, 4 or
even 5 times the radius of gyration of the analyte molecule.
In other contexts, this theory is discussed in U.S. Pat. No.
5,126,021, which is incorporated herein by reference.
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[0038] Examples of anlyte molecules commonly of inter-
est in the art include:

[0039] Single-strand DNA: As determined by means com-
mon in the art (in this case, Atomic Force Microscopy; see,
e.g., Weisenhorn et al., Scanning Microscopy, 4(3), 1990, pp.
511-516), the spacing between Dbases in a single-strand DNA
segment is roughly about 5 A. Because the single-strand
DNA is very flexible and can coil upon itself, the width or
thickness of a coiled 25mer is about 6 A, while the average
contour length is about 50 A.

[0040] Additionally, common radii of gyration (Rg) of
single-strand DNA of various sizes known in the art (see,
e.g., Chan et al., Biophysical Journal, 69, 2243-55 (1995)),
include:

Size (# of bases) (Rg (A)
6 10
30 40
160 250
2686 1190
4373 1600

[0041] Double-strand DNA: As determined by means
common in the art (see, e.g., L. Stryer, Biochemistry, W. H.
Freeman, pp. 76-77 (1988)), a double-strand DNA has a
regular structure which is more rigid than the single-strand
counterpart, and a length which has been calculated to be
about 3.2 A per base pair. Therefore, a double-strand 25mer
would have a length of about 80 A, with a helical diameter
of about 20 A, and an estimated radius of gyration of about
45 A.

[0042] Proteins: As determined by means common in the
art (see, e.g., Hendrickson et al., PNAS 86, 1989), Strepta-
vidin (SA) has a molecular Welght of about 60 kDaltons,
with dimensions of about 54x58x48 A, which equals about
150, 336 A>, and a radius of gyration of about 30 A.
Similarly, Phycoerythrin (PE) has been found to have a
molecular weight of about 240 kDaltons, with an estimated
molecular volume of about 600,000 A3 and a radius of
gyration of about 50 A. The SA-PE conjugate molecular
volume is about 750,000 A (see, e.g., Glazer, A. Ann., Rev.
Microbiol., 36, pp. 173-198 (1982)), and a radius of gyratlon
of about 50 A

[0043] Related to the concept of free volume between the
water-soluble (or water-dispersible) segments bound to the
substrate surface is another parameter, referred to herein as
the “swelling ratio.” Briefly, this is the ratio of the solvated
brush thickness to the dry film thickness, and indicates both
the degree of expansion of the brush as well as the “free
volume” fraction in the solvated brush. The solvated film
thickness, as further described herein, may be measured
using techniques standard in the art, including neutron
scattering and reflectivity, the surface force apparatus, and
scanned probe microscopy (such as AFM).

[0044] In general, brushes with equivalent dry thickness,
but with different molecular weight and grafting density,
may demonstrate a significant variation in the degree of
swelling and the height of the solvated brush as a function
of polymer chain molecular weight. For example, for a 10 A
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thick dry film, the solvated thickness is 123 Afora Mw=10,
000 polymer, 573 A for a Mw=100,000 polymer, and 2660
A for a Mw=1,000,000 polymer. Thus although the total
amount of polymer present per unit area is the same in both
cases (expressed, for example, as mass per unit area), the
higher molecular weight polymer becomes distributed over
a much larger volume, and at much lower concentration,
than the lower molecular weight polymer.

[0045] Similarly, it can be seen that for the same dry film
thickness, the solvated brush made up of a higher molecular
weight polymer has a much larger mesh size than a lower
molecular weight polymer. For example, for a 40 A thick dry
film, the calculated mesh sizes for solvated brushes having
three different molecular weights are 20 A, 64 A, and 204 A,
for molecular weights of 10,000,100,000, and 1,000,000
gm/mole, respectively. As was discussed above regarding
the brush height and density, the same number of monomers
or the same mass of polymer is distributed in a much more
open and accessible way when the polymer has the form of
a smaller number of very long segments, versus a larger
number of shorter segments.

[0046] In general, mesh size depends largely on the abso-
lute grafting density (expressed in picomoles per square
centimeter), and not so much on the molecular weight or the
dimensionless grafting density. That is, a brush with a
specified mesh size can be made to include a larger total
volume and total number of binding sites by increasing the
molecular weight while keeping the chain grafting density,
n, essentially fixed.

[0047] The brush structure may be optimized with respect
to both sensitivity and kinetics of attachment by always
choosing the highest possible molecular weight, and tuning
the mesh size and entanglement lifetime via the grafting
density. By extending a brush with a very open structure
(large mesh size) a great distance away from the substrate,
it may be possible to achieve sensitivity much higher than is
attainable with brushes commercially available to-date
while maintaining a mesh size which is much larger than the
size of the biomolecules of interest, thereby permitting very
rapid diffusion of the biomolecules throughout the brush and
possibly faster kinetics of attachment.

[0048] Regardless of the manner by which the “openness”
of the brush is defined (i.e., by a swelling ratio, grafting
density or mesh size), the important factor to be noted is the
free movement of the polymer segments and the ability of
molecules of a particular size (e.g., probe or target mol-
ecules) to diffuse into the polymer layer comprised of these
segments. Accordingly, as mentioned herein, the substantial
absence of permanent crosslinks (e.g., covalent crosslinks),
and preferably all types of crosslinking, between these
segments is preferred so that any entanglements (i.e.,
obstructions to segmental motion and molecular diffusion or
movement) are short lived, thus maximizing the “openness”
or mobility of the polymer brush.

[0049] The total number of functional groups for the
attachment of probe is, at least in part, a function of polymer
chain molecular weight, the number of functional groups per
polymer chain and the grafting density of polymer chains on
the substrate surface. Because of steric hindrance and/or
polymer chain overlap, not all functional groups will nec-
essarily be accessible to probe. The number of accessible
functional groups may be determined by means common in
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the art. For example, the number of accessible functional
groups, in a given area or volume, may be determined by
adding dye molecules to the polymer-coated substrate of the
present invention which bind to the accessible functional
groups of the polymer chains. Once attached, the dye
molecules may then be cleaved from the surface, collected
and measured to determine the number of molecules that
were attached to the surface, which in turn corresponds to
the number of functional groups accessible to the dye
molecules. The number of attached, or “cleavable,” dye
molecules also corresponds to the number of functional
groups that would be accessible to probe molecules of a size
similar to that of the dye molecules used in the analysis.

[0050] While the number of accessible function groups for
a given brush configuration will vary with the size of the dye
molecules utilized in the test (or, alternatively, the size of the
probe molecules to be attached), generally speaking the
number of accessible functional groups or sites for small
molecules (e.g., small dye molecules having a size of, for
example, less than about 10 A) will typically range from
about 20, 25 or even 30 picomoles/cm?, up to about 5x10%,
5x10°, or even 5x10° picomoles/cm? (as determined by the
cleavable dye analysis methods described herein). However,
as the size of the molecule to be attached increases, these
ranges may also change. For example, if the molecule to be
attached is a protein (which in some cases may have a
molecular volume 100 times greater than the dyes molecules
referenced above), the number of accessible functional sites
for the same surface may range from about 1, 5 or even 10
picomoles/cm? up to about 1x10*, 1x10°, or even 1x10°.
Sizes of common molecules which may be attached to the
accessible functional sites include, for example:

[0051] Approximate Dye or Probe Size
[0052] Fluorescein: D~10 A
[0053] Dansyl choloride: D~10 A
[0054]
[0055]
[0056]
[0057]
[0058]
[0059]
[0060]

[0061] where D is diameter (used herein for molecules
which have a well-defined structure), Rg is radius of gyra-
tion (used herein for molecules which do not have a well-
defined structure, such as molecules having a random coil
structure), ss is single strand and ds is double strand.

[0062] 1t is to be noted that which the Cleavable Dye
Analysis may be used to determine the number of accessible
functional groups, alternative methods known in the art may
also be used to determine the total or actual number of
functional groups in the polymer brush. For example, one
method involves the use of radioactive or labeled monomers
in the polymerization process. Once the polymer chains
have been grown, analysis will provide the total number of
monomer units which have been incorporated into the brush,
which directly correlates to the number of functional groups
present.

8 mer ss oligo: Rg~10 A

25 mer ss oligo: Rg~30 A
50mer ss oligo: Rg~100 A
Streptavidin (SA): D~55 A
IgG antibody: D~65 A
Phycoerythrin (PE): D~100 A
SA-PE conjugate: D~120 A
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[0063] Substrates

[0064] A substrate is generally a material having a defined
surface (e.g., rigid or semi-rigid surface). In many embodi-
ments, at least one surface of the substrate will be substan-
tially flat, although in other embodiments small beads,
pellets, porous, etched substrates or irregular objects may
provide the surface. The substrate may be organic or inor-
ganic. Examples of suitable substrates include glass (e.g.,
silica glass), quartz, fiber optic threads, silicon (including
silicon dioxide), inorganic and organic microspheres, plastic
and polymer-coated substrates. The substrate may also take
any desired size or shape, such as a square or round flat chip
or a sphere. The substrate may also be a composite material
or a multi-layer material with one or more materials pre-
sented at the surface.

[0065] As is generally known in the art, the surface of the
substrate will contain functional groups (e.g., such as
hydroxyl groups). The density of these functional groups is
a function of the type of substrate material and any treatment
steps applied to that substrate. For example, using known
techniques, such as acid treatment (e.g., using a commercial
product called Nochromix (Godax Laboratories)), the sur-
face can be cleaned and left in a hydrophilic state. Polymer
substrates may have functional groups intrinsic to the poly-
mer or may have surface functional groups introduced by
chemical treatment, corona discharge, plasma treatment, etc.
Those of skill in the art may also use established methods for
determining the density of the functional groups on the
surface of substrates, such as titration, ellipsometry, X-ray
photoelectron spectroscopy, fluorescent labeling, surface
energy and contact angle measurements, and the like. Deter-
mining the concentration of functional groups per unit area
on the surface of the substrate to be modified with the
polymer chains discussed herein may be important to deter-
mining the grafting density of the polymer chains, as dis-
cussed herein. In many cases, knowledge of the surface
being used will allow those of skill in the art to estimate or
assume the number of functional groups per unit area,
thereby providing a reasonable estimate of the amount of
reagents to use in order to obtain a desired chain density per
unit area. For example, an excess of reagent may be used
when it is desired to attach polymer chains to all available
surface functionalities. Substrates that do not contain acces-
sible functional groups can also be used in the sensors of this
invention, provided that they are first coated with a coating
that provides such functional groups (as discussed herein).

[0066] Polymers Attached to the Surface of the Substrate
[0067] Water-Dispersible/Water-Soluble Segments

[0068] In accordance with the present invention, a layer is
formed on the surface of a substrate, the layer comprising a
plurality of polymer chains. Each of these polymer chains
has two termini and a water-soluble or water-dispersible
intermediate portion between the termini, one terminus
being free and the other terminus being bound to the
substrate surface. The water-soluble or water-dispersible
intermediate portion typically has a weight average molecu-
lar weight of at least about 1,000, and depending upon the
particular assay, it may preferably have a weight average
molecular weight of at least about 10,000, 50,000, 100,000,
200,000, 300,000, 400,000, 500,000 or even at least about
750,000. In addition, the intermediate portion contains func-
tionalized sites for the attachment of a probe for binding the
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molecule and is substantially free of crosslinks to the
intermediate portion of other polymer chains. As a result,
one terminus of each of the chains is free to extend into an
aqueous environment and the other terminus is bound to the
substrate surface, either directly (including, for example,
where the end of the water-soluble or water-dispersible
segment is bound to a portion of the initiator, or linker-
initiator, molecule attached to the substrate surface, as
further described herein) or indirectly (including, for
example, (i) where an intervening, hydrophobic segment of
polymer is present between the water-soluble or water-
dispersible segment and the substrate surface, or (i) where
a triblock copolymer is formed, the central block being for
example hydrophobic and attached or associated with the
substrate surface in some way).

[0069] In this regard it is to be noted that, as used herein,
“terminus” generally refers to end regions of the polymer
chain, within which various polymer architectures may be
present (e.g., linear chains, branched chains, etc.); that is, it
is to be understood that, as used herein, “terminus” does not
necessarily refer to the last atom at each end of the principal
polymer chain.

[0070] 1t is to be further noted that, as mentioned herein,
in order to maximize the “solution-like” character of the
probes, it is preferred that these water-soluble or water-
dispersible segments be substantially free (ie., less than
about 50%, 25%, 10%, 5%, or even about 1%) of covalent
crosslinking, and more preferably substantially free of all
types of physical crosslinking as well.

[0071] Generally speaking, the polymer brushes of the
present invention may be prepared by one of two general
approaches, (i) the “grafting from” approach, whereby the
polymer chain is grown from the substrate surface, and (ii)
the “grafting onto” approach, whereby a preformed polymer
chain is linked onto the substrate surface. The “grafting
from” approach includes the attachment of an initiating
moiety onto a substrate capable of starting the polymeriza-
tion of monomers. Possible polymerization techniques
include radical, cationic, anionic, and metathesis, as well as
insertion-type chain growth mechanisms. In one embodi-
ment, the radical polymerization process is preferred due to
its robustness towards aqueous environments and the large
range of functional monomers available for this type of
polymerization. Radical polymerizations can be imple-
mented in a number of different ways known in the art, each
having as a common feature that a radical forming species
is linked to the substrate surface through the functional sites
available on the surface. Standard radical initiators include,
for example, azo and peroxide initiators, as well as redox
systems which lead to uncontrolled polymerizations.

[0072] Uncontrolled free radical polymerizations usually
produce broader molecular weight distributions, and more-
over the number of chain keeps growing as the reaction
proceeds, as opposed to controlled polymerization where
ideally all the chains are formed at the beginning of the
reaction. To a first approximation, the number of grafted
chains is equal to the sum of the initiation events, which
depend upon the half-life of the bound initiators and the
initiator efficiency. “Initiator efficiency™ refers to the fraction
of the radicals which, once formed, actually generate a new
chain. When implementing uncontrolled free radical poly-
merization, reaction conditions are chosen in order to con-
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trol the chain density and the molecular weight. For
example, in one embodiment, uncontrolled polymerization
is carried out so as to decompose all the bound initators
(achieved by selecting the proper combination of reaction
time and temperature). More specifically, if t, , is the half-
life of the bound initators at a given temperature, then the
reaction time is preferably 5*t, .. The chain density is then
the density of initiators bound on the surface, weighted by
the initiator efficiency.

[0073] For uncontrolled free radical polymerizations, it is
difficult to control the chain length because the radical
concentration is not uniform in the polymerization mixture.
Here, the non-covalently attached radicals on the surface can
diffuse away from the substrate and, as a result, the local
radical concentration will be extremely low, leading to
uncontrollably high molecular weights. One way to address
both the control of chain density as well as the control of
molecular weight is to implement living free radical poly-
merization (LFRP) techniques. In the case of LFRP, the
control of molecular weight is enabled through a control
agent which reversibly deactivates the propagating radical.
Living free radical polymerization techniques include, for
example, nitroxide mediated polymerization, degenerative
transfer (such as reversible addition/fragmentation transfer),
atom transfer radical polymerization, among other tech-
niques known to people skilled in the art. In one specific case
the initiator and the control agent are combined in one
molecule which is referred to as a initiator-control agent
adduct. To gain control of molecular weight it is necessary
to control the radical concentration at the vicinity of the
surface. One way to address this issue is to add both extra
initiators and/or adducts, as well as control agents into the
polymerization mixture.

[0074] Various combinations of initiating moieties, con-
trol agents and adducts, as well as the manner by which they
are employed (e.g., in solution, bound to the surface, or
both), may be used in the preparation of the polymer brushes
of the present invention including, for example:

Approach Surface Solution
1 Initiator —
2 Initiator initiator
3 Initiator Control agent
4 Adduct adduct
5 Adduct control agent
6 Adduct —

[0075] In one embodiment, an initiator-control agent
adduct is attached to the surface via the initiator moiety and
non-surface bound adduct is added to the polymerization
mixture. This approach leads to the formation of both
polymer bound to the substrate surface as well as polymers
in solution (which enable valuable information to be learned
about the resulting surface because the molecular weight,
monomer incorporation and molecular weight distribution
are believed to be identical for both polymers). This tech-
nique leads to excellent molecular weight control, narrow
polydispersities and allows one to monitor the polymer
brush growth by measuring the properties of the solution
grown polymer. In another preferred embodiment, the
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adduct is also attached to the substrate surface, but here only
the control agent (instead of the adduct) is added to the
polymerization mixture.

[0076] In yet another embodiment, no adduct is used but
the control agent is added at a concentration similar to the
steady-state concentration achieved in the above embodi-
ment wherein adduct is both bound to the substrate surface
and present in solution. Hence, the radicals that are found
stem mostly from the bound initiator/bound initiator-control
agent adduct. The control over molecular weight is ensured
by the stable free radical purposely added in the polymer-
ization reaction. As the polymerization proceeds mainly
from the surface, virtually no polymer is formed in the
solution. Polymer growth is monitored by measuring the
polymer layer thickness (e.g. by ellipsometry). Since no
polymer is formed in solution, this approach has the advan-
tages of providing (i) a lower viscosity reaction mixture,
which facilitates the recovery of monomer and isolation of
the modified substrate, and (ii) a lower cost of manufactur-
ing, since no solution adduct is used.

[0077] The “grafting onto” approach provides for the
preparation of the present polymer brushes from pre-formed
polymer chains having water-soluble or water-dispersible
segments, the polymer chains having functional groups that
react with the substrate surface. A variety of chain coupling
techniques are useful to attach the pre-formed polymer
chains to the substrate surface, either by covalent bonding or
physical interaction. Covalent coupling is, for example,
achieved by chemical reaction between electrophilic entities
(such as, for example, acyl halides, isocyanates, sulfonyl
halides, activated esters and the like) and nucleophilic
entities (such as, for example, hydroxyl, amine, thiol and the
like), the nucleophilic or electrophilic groups being present
either on the water-soluble or water-dispersible segment or
the substrate surface. Many other techniques known by
those skilled in the art, which result in bond formation
between carbon atoms, heteroatoms, metals and combina-
tion thereof are also applicable. The immobilization of
blocks copolymers or graft copolymers is also an efficient
way to prepare polymer brushes, whereby these block/graft
copolymers comprise (i) water-soluble or water-dispersible
segments at their termini (as defined herein), or as pendant
entities, and (ii) one or more other segments which exhibit
some affinity towards the substrate surface. Such segmented
macromolecules can be anchored through, for example,
hydrophobic interaction, hydrogen bonding or coulombian
interaction. Segmented polymers can be chosen among the
following examples: polystyrene-b-polyethyleneoxide,
polyethyleneoxide-b-polypropyleneoxide-b-polyethyl-
encoxide,  polymethylmethacrylate-b-polyethyleneoxide,
polystyrene-b-poly(meth)acrylic acid, polystyrene-b-poly-
vinylpyridine, polydimethysiloxane-b-polyethyleneoxide,
poly-dimethylaminoethylmethacrylate-b-polymethacrylic
acid and the like. According to another method, polymer
brushes can also be built from polymer particles stabilized
by hydrophilic polymers that are deposited on the surface
and allowed to fuse in a coherent film by the action of
drying.

[0078] The grafting process occurs gradually over time
periods of hours to days, and the grafted layer is built up
continuously. The rate of grafting also increases with the
concentration of dissolved polymer. Generally, a limiting
value of the brush thickness is approached at long times, but
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by stopping the grafting process at an earlier selected time
it is possible to control the ultimate grafting density, so long
as this is less than the ultimate limiting value. While this
makes it impossible to access very high grafting densities,
because the grafting process is self-limiting, as discussed
herein high grafting densities are typically unsuitable, as
they lead to reduced accessibility of the binding sites. It will
be understood by those of skill in the art that “grafting” is
used in multiple ways in this specification, and that “grafting
density” does not require use of the “grafting onto” approach
to surface preparation.

[0079] Surface-Bound Initiators/Spacer Molecules

[0080] The above-noted polymer segments may be bound
to the surface through covalent bonding or non-covalent
bonding (such as, for example, electrostatic, hydrophobic or
affinity binding interactions). In other embodiments, there
may be a functional group attached to the polymer segment
that is designed to interact with the surface to bind the
segment to the surface. For example, the polymer segment
may include an —SH group that will interact with certain
surfaces, such as gold, to bind it to the surface; other
embodiments include Langmuir-Blodgett films, lipid mono-
layers and lipid bilayers, for the attachment of the polymers.

[0081] However, in one embodiment, the polymer seg-
ments are attached to the surface functionalities by means of
a surface bound initiator which is suitable for free radical
polymerization; that is, the polymer segment is attached as
a result of, for example, the reaction of monomer with an
initiator (such as one suitable for free radical polymeriza-
tion) that has first been attached to the surface functional-
ities. The initiator for the free radical polymerization of the
polymer attached to the surface may be any known initiator
for water-soluble or water-dispersible monomers. Known
initiators include peroxides and the like. In other embodi-
ments, a free radical control method is employed, such as a
reversible chain transfer process, atom transfer radical poly-
merization or stable free radical controlled polymerizations.
In the specific case of the use of nitroxide control agents, the
nitroxide may serve as a control agent or as a chain transfer
agent to control molecular weight.

[0082] When a surface bound initiator is employed, pref-
erably the initiator is covalently bound to the surface of the
substrate and is capable of initiating a free radical polymer-
ization reaction with living-type kinetics. A surface-bound
initiator may be characterized by the general formula:

C‘l
R
o} LYON/
\
z R

Cy

[0083] wherein: C is a functional moiety on the surface of
the substrate; L is a linker group capable of bonding to at
least one C moiety; q, 1, and t, independently, are 0 or 1; z
is O or, preferably, 1; O is oxygen, N is nitrogen; and, R is
a substituent, as further described herein. The remainder of
the structure (i.e., —Y—O—NR,) is an initiator-control
agent adduct, described in greater detail below. When bound
to the surface, at least one of g, r or t must be 1. The C moiety
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is a portion of the surface functionality and is typically
oxygen because, as shown in FIG. 2, hydroxyl groups are
typically found on the surface of commonly used substrates
such as silicon wafers and glass. However, it is possible to
bond the initiator to other surface moieties as well. The
above formula show the initiator-control agent adduct
attached to the substrate surface. For addition to the surface,
the starting molecule takes the form (L),—Y—O—NR,,
with the same definitions for L, Y, R and z.

[0084] The linker group, L, is optional; that is, the initiator
may be directly bound to the substrate surface. However, in
some embodiments a linker may be preferred because it
helps space the polymer chains away from the substrate
surface, which may enhance the accessibility of functional
groups on the polymer chains. The length and identity of the
linker group is selected depending on the type of surface to
which the initiator will be bound and the identity of the
particular initiator. In addition, the linker group moieties
preferably do not substantially interfere with the polymer-
ization reaction.

[0085] As generally indicated above, linkers have an end-
group capable of binding to the surface of the substrate, and
may be selected from the group consisting of substituted
alkyl, heteroalkyl and polyethylene glycol. When substi-
tuted alkyls are used, it is preferred that one end of the alkyl
chain is substituted with a silyl group.

[0086] In a particularly preferred embodiment, wherein Si
or a Si0, based surface are used (e.g., such as silicon, silica,
fused silica glass, quartz or other silicon based glasses), it is
especially desirable for the linker group to include a silicon
atom, as shown in FIGS. 2-4, because silicon bonds readily
to such surface hydroxyl groups. Additional spacing may be
provided by an alkyl or alkoxy group separating the silicon
atoms from the initiator-control agent adduct. Linear alkyl
and alkoxy groups are preferred because they do not inter-
fere with the subsequent free radical polymerization. To
maximize the stability of the bond between the surface
hydroxyl groups and the silicon atom, it is desirable to
include at least three atoms, and preferably up to about eight
atoms, in the group separating the silicon atom from the
initiator-control agent adduct.

[0087] As shown in FIGS. 3 and 4, the initiator is bonded
to the substrate surface through the linker atom through at
least one attachment site, but preferably to two or (as shown
in the figures) three sites of attachment. As further illustrated
below (see, e.g., “Stability Test”), bonding to multiple
surface moieties advantageously increases stability by
ensuring that the initiator will remain tethered to the sub-
strate even if one or more bonds between the linker atom and
the surface moieties were to break. Although covalent bond-
ing of the polymer to the surface (e.g., via the linker, L and
initiator fragment, Y) is the preferred embodiment, in other
embodiments, the polymer is associated with the surface
through bonding other than covalent bonding. Alternative
non-covalent binding techniques can be selected from
among ion pair association, hydrophobic interaction, metal-
lic complexes, multiple H-bonding systems and other host-
guest interactions.

[0088] In order to control, adjust or optimize the accessi-
bility of functional groups on water-soluble (or water-
dispersible) segments of the surface-bound polymer chains
to probe molecules, it is important to control the surface
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grafting density of these segments. As described in more
detail below, the desired grafting density, or spacing
between these segments, is at least in part a function of the
size of the probes to be attached to the functional groups, the
grafting density decreasing as the probe size increases in
order to prevent, for example, steric hinderance from imped-
ing probe attachment. One useful way of accomplishing this
objective is through the use of “dummy” or “spacer” mol-
ecules bound to the surface, as shown in FIG. 4. In one
embodiment, these surface-bound spacer molecules are very
similar to the surface-bound initiator molecules, so that the
chemistry of the polymerization reaction is not substantially
affected. In some embodiments the spacers are characterized
by the formula:

Cq
Q%L%Q
o)

[0089] where C is a functional moiety on the surface of the
substrate (as defined above); q, r, and t, independently, are 0
or 1; L is a linker group (as defined above) that is capable
of bonding to at least one C moiety; zis O or 1; and Q is a
group that is substantially incapable of initiating free radical
polymerization. Q can, for example, be selected from the
group consisting of alkyl, substituted alkyl, alkoxy, substi-
tuted alkoxy, aryl, substituted aryl, and combinations
thereof. When bound to a surface, at least one of g, ror t is
1. The above formula shows the spacer or dummy molecules
attached to the surface. Thus, the spacer or dummy mol-
ecules may be added to the surface by using a molecule that
fits the formula (L),-Q, with the same definitions for L, Q
and z.

[0090] Because these surface-bound dummy or spacer
molecules are incapable of reacting with a monomer or
otherwise binding a water-soluble (or water-dispersible)
segment as described herein, they perform the role of neutral
space-holders, thereby allowing control of the grafting den-
sity of the water-soluble (or water-dispersible) segments on
the surface. In some embodiments, this control is important
to prevent the grafting density of these surface-bound seg-
ments from becoming so high the functional groups are not
accessible for binding probes and/or the probes are not
accessible to the sample components (i.e., the “target”
molecules of the sample). The relative concentration of
surface-bound initiator (or surface-bound initiator-control
adduct) to surface-bound spacer molecules can be selected
based upon the surface grafting density desired or needed for
a particular application. For example, in some embodiments
the concentration of surface-bound spacer molecules
exceeds that of the surface-bound initiators (or initiator-
control adducts), the ratio ranging from about 1000:1 to
about 1:1 (i.e., about 1000:1, 500:1, 100:1, 50:1, 25:1, 10:1,
5:1, ete.), while in other embodiments the concentration of
surface-bound initiators exceeds that of the surface-bound
spacer molecules, the ratio ranging from about 100:1 to
about 1:1 (i.e., about 100:1, 50:1, 25:1, 10:1, 5:1, 3:1, etc.).
In other words, in some embodiments the dummy to initiator
ratio can range from 100 mol % initiator (i.e., no dummy
molecules present) to 0.001 mol % initiator. Typically,
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however, the dummy to initiator ratio ranges from about
95% initiator/5 mol % dummy to about 1 mol % initiator/99
mol % dummy. Depending upon the molecular weight of the
polymer chains attached to the substrate surface and the
molecular size of, for example, the probe to be attached, this
ratio may range from about 75 mol % initiator/25 mol %
dummy to about 10 mol % initiator/90 mol % dummy.

[0091] The surface density of initiator or initiator-control
adducts can be expressed as a normalized value representing
the ratio of the available substrate surface functionalities
having an initiator (or initiator control adduct) attached
thereto to the total number of such available substrate
surface functionalities. For example, when substantially all
of the available substrate surface functionalities have an
initiator (or initiator control adduct) attached, then the
surface is considered to have a polymer chain population
distribution of about 1 (assuming each surface bound ini-
tiator acts as a site for the initiation of a polymer chain).
Further, when about 50% of the available surface function-
alities have an initiator (or initiator control adduct) attached
and the remainder of the surface functionalities have a
dummy molecule attached, then the surface is considered to
have a polymer chain population distribution of about 0.5.
Similarly, when about 25% of the available surface func-
tionalities have an initiator (or initiator control adduct)
attached and the remaining 75% of the surface functional-
ities have a dummy or spacer molecule attached, then the
surface is considered to have a polymer chain population
distribution of about 0.25. Moreover, the population distri-
bution of initiator or initiator-control adducts may be esti-
mated, as a first approximation assuming equally competi-
tive binding, based on the relative amount of dummy or
spacer molecules to, when present, the amount of initiator
(or initiator-control adduct) in the polymerization mixture.
In this manner, those of skill in the art will appreciate how
to adjust the population distribution of the polymer chains
on the substrate surface, as may be desirable for a particular
sensor or application. The chain population distribution,
based on the fraction of initiator on the surface to the total
number of surface sites (assuming all are occupied by either
initiator or dummy molecules), may range from about 0.01
to about 1, more typically from about 0.2 to about 0.8.

[0092] In this regard it is to be noted that, as further
described herein (see, e.g., discussion below under the
heading “Density Calculation”), grafting density may also
be calculated based on the molecular weight of the polymer
chain segments and the thickness of the polymer layer on the
substrate surface. Generally speaking, segment grafting den-
sity may range, for at least some embodiments, from greater
than about 0.001, 0.01, 0.1 or event 1 picomole/cm’ to
greater than about 100 picomoles/cm® or more. Typically,
however, the segment grafting density will range from less
than about 1 picomole/cm® to about 100 picomoles/cm?,
from about 2 to about 75 picomoles/cm?, from about 5 to
about 55 picomoles/cm?®, from about 10 to about 45 pico-
moles/cm?, or from about 15 to about 35 picomoles/cm>.

[0093]

[0094] As noted above, and as shown in FIGS. 2-5, in one
embodiment the initiator is preferably capable of initiating
free radical polymerization with living-type kinetics. Useful
molecules for this purpose are initiator-control agent adducts
that decompose in situ to yield a control agent and a free

Initiators
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radical initiator. Control agent is generally used herein to
refer to a molecule that comprises a free radical that cannot
initiate a polymerization under polymerization conditions,
which are discussed herein. The initiator-control agent
adduct can be characterized by the general formula:

Y—O—N

[0095] where Y is a residue capable of initiating a free
radical polymerization upon cleavage of the Y—O bond
(and is more fully defined below) and each R, which may be
the same or different, is independently selected from the
group consisting of hydrocarbyl and substituted hydrocar-
byl. Optionally, the two R groups may be joined together;
that is, each R may be linked to the other by, for example,
a hydrocarbylene or heterohydrocarbylene moiety, forming
a heterocyclic ring structure with the nitrogen atom. Many
free radical control initiators of this type have been disclosed
previously, for example, in U.S. Pat. No. 4,581,429, WO
98/30601, WO 96/24620, and WO 99/03894, each of which
is incorporated herein by reference. Again, the above for-
mula shows the initiator-control agent adduct without the
linker. For addition to the surface with a linker, the starting
molecule takes the form (L),—Y—O—NR,, with the same
definitions for L, Y, R and z.

[0096] More preferably, the control agents used in this
invention are nitroxide control agents having an alpha-
destabilizing moiety, with alpha-hydrido nitroxide control
agents being particularly preferred. Particularly preferred
control agent-initiator adducts capable of generating these
control agents can be characterized by the general formula:

R?> R!

X
Y—O—N

R3

[0097] where each of R?, R* and R® may be the same or
different, independently selected from the group consisting
of hydrogen, straight chain, branched or cyclic substituted or
unsubstituted hydrocarbyl groups, including, for example,
alkyl, substituted alkyl, cycloalkyl, substituted cycloalkyl,
heteroalkyl, heterocycloalkyl, substituted heterocycloalkyl,
aryl, substituted aryl, heteroaryl, substituted heteroaryl,
alkoxy, aryloxy, silyl, boryl, phosphino, amino, thio, seleno,
and combinations thereof. R! and R* may be joined together
in a cyclic ring structure; likewise, R and R® may be joined
together in a cyclic ring structure that may have fused with
it another saturated or aromatic ring. It is to be noted that the
above formula shows the initiator-control agent adduct
without the linker. For addition to the surface with a linker,
the molecule takes the form (L),—Y—O—NR?*(CR'R*X),
with the same definitions for L, Y, R', R?, R?, X and z.

[0098] X is a moiety that is capable of destabilizing the
free radical such as, for example, a hydrogen or phosphate
group. In this regard it is to be noted that by “destabilizing
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moiety” or “capable of destabilizing” it is meant that the
moiety, “X”, allows the free radical to destabilize, decom-
pose, destroy, or otherwise remove itself from the reaction
(e.g. spontaneously or by interaction with another such
control agent), or to be destabilized, be decomposed, be
destroyed or be removed from the reaction by the addition
of a reagent.

[0099] T1tis to be noted, however, that when X is hydrogen,
preferably the R® moiety is selected from among the group
such that, relative to the nitrogen atom, no alpha hydrogens
are present in R>. Stated another way, with regard to the
preferred nitroxide control agent-initiator adducts, generally
represented by the above structure, it is preferred that only
one hydrogen atom is alpha to the nitrogen atom. Accord-
ingly, when R? is alkyl, for example, it is preferred that R>
be a tertiary alkyl moiety. Furthermore, when X is hydrogen,
it is preferred that R* and R? be other than hydrogen, as well.

[0100] For the aqueous solution polymerization, it is pre-
ferred that one of the R groups (R', R* or R?) includes a
water-solubilizing group, such as sulfonate, sulfate, car-
boxylate, hydroxyl, amino, ammonium and the like, to
enhance the solubility of the control agent. The presence of
monomer in the reaction mixture can, in some cases, also
enhance the solubility of the control agent.

[0101] In more specific embodiments, each R*, R* and R>
is independently selected from a group consisting of alkyl,
substituted alkyl, cycloalkyl, substituted cycloalkyl, het-
eroalkyl, substituted heteroalkyl, heterocycloalkyl, substi-
tuted heterocycloalkyl, aryl, substituted aryl, heteroaryl,
substituted heteroaryl and silyl. Specific examples of R*, R*
and R? are methyl, ethyl, propyl, butyl, cyclopentyl, cyclo-
hexyl, cyclooctyl, phenyl, benzyl, trimethylsilyl, those spe-
cific moieties listed in the above definitions and the like. In
alternative embodiments, R*, R? or R® may include a water-
solubilizing group, such as SO;G, where G is Na, K and the
like. In a preferred embodiment, R' is an aryl (such as
phenyl), R* is an alkyl (such as isopropyl) and R? is either
an alkyl or a heteroalkyl (such as tert-butyl or
Me;SiOCH,(CH,),C). In an alternative preferred embodi-
ment, R is aryl (such as phenyl), R? is a cycloalkyl (such as
cyclohexyl or cyclopentyl) or a tertiary alkyl (such as
tert-butyl) and R* is either a tertiary alkyl or a heteroalkyl
(such as tert-butyl or Me;SiOCH,(CH,),C). In still another
preferred embodiment, R is a substituted alkyl (such as
NC(CH,),C) and R*CNR? form a cyclic ring structure.

[0102] Y is a residue capable of initiating free radical
polymerization upon homolytic cleavage of the Y—O bond,
including, for example, alkyl, substituted alkyl, alkoxy,
substituted alkoxy, heteroalkyl, substituted heteroalkyl, aryl,
and substituted aryl residues. Use of such adducts can
eliminate concerns about the speed of initiation of polymer
chains, effectively initiating all polymer chains at substan-
tially the same time upon addition of the adduct to the
monomer under polymerization conditions. The adducts
may be prepared by methods known in the art, such as those
disclosed in WO 99/03894, which is incorporated herein by
reference. In another such embodiment, the control agent is
generated in situ from the nitrone precursor, as is also
discussed in WO 99/03894. The adducts are, for polymer-
ization in aqueous solution, preferably water soluble, or at
least water soluble in the presence of the monomer.

[0103] In another embodiment, the adducts useful in this
invention encompass compounds having a monomer, oligo-
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mer or polymer disposed between the Y residue and the
oxygen atom of the adduct, as shown in the formula below.
Thus, embodiments including compounds of the structure
shown in this formula are within the definition of “adduct”
as that term is applied to the invention; that is, the growing
polymer chain, as well as the “capped” chain, can them-
selves be considered adducts (with Y'-(M),— being consid-
ered the Y moiety). An adduct comprising an oligomer or
polymer of this invention may be characterized by the
formula:

[0104] where R', R?, R® and X have the above-recited
meanings and scope, and Y' can be the same as Y as recited
above; M is one or more monomer units selected from the
monomers described herein, and n is zero, 1, or greater than
1. Thus, for example, when n is zero, the compound of the
formula collapses to the compound of the previous formula.
When n equals 1, the compound of this formula can be
considered a first-monomer adduct. When n is 2 or more, the
compounds of this formula are considered to be oligomer
adducts or polymer adduct. All of such various adducts are
capable of initiating the free radical polymerizations of the
invention. The above formula shows the initiator-control
agent adduct without the linker. For addition to the surface
with a linker, the molecule takes the form (L), -Y—o(M) —
ONR?(CR'R*X), with the same definitions for L, Y, R*, R?,
R?, X and z. If attached to the surface, the previously defined
C would be added to this formula.

[0105] TItis frequently convenient to generate the Y (or Y')
radical in the presence of monomer and control agent, and
to isolate an adduct where n ranges from 1 to about 5, is
preferably 2 or 3, and is more preferably 1. These are
isolable compounds that can be easily purified and used in
subsequent polymerization processes of the invention.

[0106] The Polymerization Process

[0107] Inapreferred embodiment of the present invention,
the polymerization reaction is a controlled, living free radi-
cal polymerization reaction of the type generally described
in Husseman et al., Macromolecules 1999, 32, 1424-31, the
contents of which are hereby incorporated by reference.
More specifically, the substrate surface is analyzed to esti-
mate or specifically determine the amount of surface func-
tionalities that are available for binding the polymer chains
via one of the methods discussed herein. If necessary, the
surface is modified to adjust the amount (e.g., concentration
per unit area or location on the surface) and type of surface
functionality, for example by acid treatment or coating the
surface. After the surface is prepared, in accordance with
various embodiments of the present invention, the initiators,
initiator-control adducts and/or dummy or spacer molecules
may be attached to the surface via the surface functional-
ities; that is, once the substrate surface has been prepared,
one or more of these may be attached to the surface or,
alternatively, added in solution at some point during the
polymerization process (as further described in detail below
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in the general procedure portion of the example section). In
those embodiments wherein the surface is to be further
modified, typically before doing so the desired surface
grafting density of the polymer chain segments is deter-
mined.

[0108] In those embodiments wherein the substrate sur-
face is further modified prior to initiation of polymerization,
such as by the attachment of initiators or initiators-control
adducts and/or dummy molecules to the substrate surface,
the substrate surface is generally referred to herein as a
“derivatized surface.” Subsequently, the derivatized surface
is placed into a polymerization system that contains the
desired monomers. As discussed below, unbound or “free”
initiators or initiator-control adduct, which generally refers
to initiators or initiator-control adducts that are not bound to
the substrate surface, can also be included in the polymer-
ization system. Accordingly, in one embodiment the poly-
merization system includes at least the desired monomers,
the derivatized surface and the unbound initiators or initia-
tor-control adducts under polymerization conditions, while
in a second embodiment no unbound initiators or initiator-
control adducts are present in the polymerization system.

[0109] For controlled radical polymerizations generally,
when present, the number of unbound initiators or initiator-
control adducts may be greater than the number of bound
initiators or initiator-control adducts. The addition of
unbound initiators or initiator-control adducts, therefore,
creates an overall concentration of control agent in the
polymerization system which is believed to control the
growth of both bound (insoluble) and unbound (e.g., typi-
cally soluble) polymer chains. In general, depending on the
surface and the method used to polymerize the polymer, a
useful range for the ratio of the number of unbound initiator
or initiator-control agent adduct to number of surface bound
initiator or initiator-control agent adduct is from about
zero:1 to about 1x107:1. Thus, when the ratio is zero, there
is no unbound initiator or initiator-control agent adduct. In
those embodiments wherein unbound initiator or initiator-
control agent adduct is present, preferably this ratio is not
less than about 10:1, where the unbound initiator or initiator
adduct is at least 10 times greater than the bound initiator or
initiator adduct.

[0110] By having both bound and unbound adducts, poly-
merization results in the formation of both bound and
unbound polymers. The unbound polymer can then be
removed, e.g., by washing the derivatized substrate with
water or other solvent to yield the article. As discussed
elsewhere, the bound polymer chain ends may be modified,
for example to remove the control agent and replacement of
the same with a functionality. Also, it will be appreciated by
those of skill in the art that only the derivatized surface, or
a portion thereof, needs to be exposed to the polymerization
system. In other embodiments, the entire substrate may be
immersed in the polymerization mixture.

[0111] Using both bound and unbound adducts overcomes
the problem associated with many surface polymerizations
of not being able to form a sufficient number of polymer
chains bonded to the surface. Moreover, because both the
bound and unbound polymers are formed under the same
conditions, they can have substantially the same composi-
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tion. Accordingly, the unbound polymer can be analyzed to
determine properties such as molecular weight, extent of
branching, etc. and thereby provide a convenient way of
determining the properties of the bound polymer without
disturbing the bound polymer. Furthermore, the molecular
weight of the unbound polymer can be correlated with the
thickness of the polymer layer on the surface. The amount of
incorporated functional group containing co-monomer can
be determined by *H NMR spectroscopy of the unbound
polymer.

[0112] Ttis to be noted, however, that “free” initiator is not
required and, in some cases, may preferably be absent from
the polymerization system. When free initiator is not
present, the polymerization reaction may be controlled by
using an unbound control agent in the polymerization mix-
ture such as, for example, a nitroxide radical control agent
having the general formula:

R? R!
X
oO_
R3
[0113] In this approach, polymer growth is monitored by

measuring the polymer layer thickness (e.g. by ellipsom-
etry). The molecular weight may then be calculated from the
thickness of a substrate with a known density of initiating
sites. The appropriate concentration of the stable free radical
to be added to the polymerization mixture may be deter-
mined empirically, or it may be deduced from ESR experi-
ments performed.

[0114] Conducting the present process in this manner (i.e.,
in the absence of free initiator) is advantageous for a number
of reasons. For example, because initiator is not present in
solution, essentially no polymer is formed therein, which
facilitates the washing procedure; that is, because essentially
no polymer is formed in the solution, repeated washings are
not required to remove the “free” polymer from the surface.
In addition, the approach is comparably more cost effective
as a result of the fact that significantly less of what is
typically very expensive polymerization initiator can be
used.

[0115] When no “free” initiator or initiator-control agent
adduct is used, chain length may be tuned by the concen-
tration of control agent in solution and the reaction time. For
example, high concentrations of control agent will need
longer reaction times in order to grow polymers of a given
molecular weight. In general, depending upon the surface
and the polymerization method used, a useful range of
control agent concentration is 1x107% mol/L to about 1x10™*
mol/L. The control agent is preferably the nitroxide radical
control agent depicted above. However, other methods may
be employed, such as ATRP or iniferter, where the control
agent is generally a ligated metal at a high oxidation state or
a dithio compound, respectively. When using the iniferter
process, the surface-bound initiator has a general formula:
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Cq G
\
Cr—/L—Y—S
Ct S

[0116] wherein S is sulfur and L, Y, C, g, r and t are as
defined herein. Additionally, G is nitrogen or oxygen (such
as in the case of NR?, and OR?, respectively, R and R®
being as defined herein but typically being hydrocarbyl).
The control agent has the general formula:

[0117] wherein G is as defined above. The reaction is
triggered by UV initiation. Such an approach is further
described herein with reference to nitroxide-mediated living
free radical polymerizations.

[0118] If desired, one or more accelerators may be added
to the reaction mixture. Examples of suitable accelerators
include alkylating and acylating agents, Lewis Acids,
ketones, aldehydes, anhydrides, acid esters, imides, oxidants
and reducing agents. Specific accelerators include acetic
acid, acetic anhydride, camphor sulfonic acid, other sulfonic
acids, acetole (1-hydroxyacetone) and the like. Other accel-
erators useful herein are recited in Hawker et al., “Devel-
opment of a New Class of Rate-Accelerating Additives for
Nitroxide-Mediated ‘Living’ Free Radical Polymerization,
?Tetrahedron, Vol. 53, No.45, pp. 15225-15236 (1997),
which is incorporated herein by reference.

[0119] Polymerization reaction conditions may be
adjusted to control the polymer length and architecture.
Polymerization conditions include a temperature in the
range of from about minus 40° C. to about 300° C.,
preferably between about 25° C. and about 200° C., more
preferably between about 50° C. and about 150° C., and
most preferably between about 70° C. and about 130° C.
Alternatively, the temperature may be between about room
temperature and 250° C. Polymerization conditions also
include a pressure between about ambient pressure up to
about 100 atmospheres. The atmosphere may also be one of
the polymerization conditions, and the atmosphere may be
air, nitrogen, argon or another suitable atmosphere. Poly-
merization conditions also include the time for reaction,
which may be from about 0.5 hours to about 72 hours,
preferably in the range of from about 1 hour to about 24
hours, more preferably in the range of from about 2 hours to
about 12 hours. The ratios of components (e.g., initiators/
control agents, monomers and accelerators) in the polymer-
ization mixture may be important. The initiator to free
radical control agent ratio (with the assumption that the
amount of initiator is approximately equivalent to the num-
ber of radicals produced) is typically in the range of from
about 1:0.1 to about 1:4, more preferably the range of from
about 1:0.3 to about 1:2 and most preferably the range of
from about 1:0.4 to about 1:1.6. Another ratio that may be
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controlled is the monomer to initiator (or initiator-control
adduct) ratio, which typically is in the range of from about
10:1 to about 10,000:1, more preferably the range of from
about 100:1 to about 10,000:1 and most preferably the range
of from about 100:1 to about 1000:1. When an accelerator is
present the ratio of free radical control agent to accelerator
is typically in the range of from about 1:0.1 to about 1:4,
more preferably the range of from about 1:0.3 to about 1:2
and most preferably the range of from about 1:0.4 to about
1:1.6.

[0120] Tt is to be noted here that, in the case of living-type
polymerizations when an excess of unbound initiator or
initiator-control agent (as discussed above) is used, it is this
excess of unbound initiator or initiator-control agent that
determines the monomer to initiator ratio, and thus the
molecular weight of the polymer chain in solution as well as
on the surface.

[0121] A single substrate may have more than one type of
polymer chain, including polymer chains with different
types, numbers and spacing of functional groups, polymer
chains with different molecular weights, etc. In addition,
different areas of the substrate surface may feature different
arrangements and/or densities of polymer chains. In this
way, a single substrate can, if desired, perform multiple
analytical operations, making the derivatized substrates par-
ticularly useful for complex nucleic acid hybridization stud-
ies.

[0122] The polymer architecture (including, for example,
the identity and length of the polymer chains; the extent, if
any, of branching within the chain; the concentration of
functional groups, the thickness of the resulting polymer
layer, etc.) may be carefully controlled and selected depend-
ing on the desired characteristics of the end product. Within
these parameters, a large degree of design flexibility is
available. The polymers, for example, can be homopolymers
or copolymers prepared from two or more different mono-
mers. The copolymers, in turn, can be random copolymers,
block copolymers or graft copolymers. To improve the
stability of the water-soluble (or water-dispersible) segment
attachment to the surface (or to the linker), a first part of the
polymer chain containing the water-soluble (or water-dis-
persible) segment can be crosslinked and then linear chains
may be grown from the crosslinked base. In order to perform
this crosslinking a bifunctional monomer may be used.

[0123] 1t is to be noted in this regard, however, that if
crosslinking is employed, the crosslinking sites should be
spaced sufficiently far from the water-soluble or water-
dispersible segments and near the substrate surface in order
to ensure maximum mobility of these segments.

[0124] As used herein, “block copolymer” refers to a
polymer comprising at least two segments of differing
composition; having any one of a number of different
architectures, where the monomers are not incorporated into
the polymer architecture in a solely statistical or uncon-
trolled manner. Although there may be three, four or more
monomers in a single block-type polymer architecture, it
will still be referred to herein as a block copolymer. In some
embodiments, the block copolymer will have an A-B archi-
tecture (with “A” and “B” representing the monomers).
Other architectures included within the definition of block
copolymer include A-B-A, A-B-A-B, A-B-C, A-B-C-A,
A-B-C-A-B, A-B-C-B, A-B-A-C (with “C” representing a
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third monomer), and other combinations that will be obvious
to those of skill in the art. In another embodiment, the block
copolymers that may be used in the sensors of this invention
include one or more blocks of random copolymer together
with one or more blocks of single monomers. Thus, a
polymer architecture of A-J, A-J-B, A-B-J, A-J-B-J-C, J-J'-J,
etc. is included herein, where J and J' are random blocks of
monomers A and B or of monomers B and C. Moreover, the
random block can vary in composition or size with respect
to the overall block copolymer. In some embodiments, for
example, the random blocks J or J' will account for between
5 and 80% by weight of the mass of the block copolymer. In
other embodiments, the random blocks J or J' will account
for more or less of the mass of the block copolymer,
depending on the application. Furthermore, the random
block may have a compositional gradient of one monomer to
the other (e.g., A:B) that varies across the random block in
an approximately algorithmic fashion, with such algorithm
being either linear having a desired slope, exponential
having a desired exponent (such as a number from 0.1-5) or
logarithmic. The random block may be subject to the same
kinetic effects, such as composition drift, which would be
present in any other radical copolymerization and its com-
position, and size may be affected by such kinetics, such as
Markov kinetics. Any of the monomers listed elsewhere in
this specification may be used in the block copolymers. A
“block” within the scope of the block copolymers of this
invention typically comprises about 10 or more monomers
of a single type (with the random blocks being defined by
composition and/or weight percent, as described above). In
preferred embodiments, the number of monomers within a
single block is about 15 or more, about 20 or more or about
50 or more. However, in an alternative embodiment, the
block copolymers of this invention include blocks where a
block is defined as two or more monomers that are not
represented elsewhere in the copolymer. This definition is
intended to encompass adding small amounts of a second
monomer at one or both ends of a substantially homopoly-
meric polymer. In this alternative embodiment, the same
copolymer architectures discussed above apply. This defi-
nition is therefore intended to include telechelic polymers,
which include one or more functional end groups capable of
reacting with other molecules. Thus, generally, a telechelic
polymer is a block copolymer within the definitions of this
invention. The functional groups present at one or both ends
of a telechelic polymer may be those known to those of skill
in the art, including, for example, hydroxide, aldehyde,
carboxylic acid or carboxylate, halogen, amine and the like,
which have the ability to associate or form bonds with
another molecule.

[0125] The polymer chains may be linear or non-linear.
Examples of non-linear molecules include branched and star
polymers. The star molecules typically have anywhere
between 2 and 12 arms growing from a common core,
although structures having more than 12 arms can also be
prepared. Branched polymer chains include polymer mol-
ecules in which there are side branches of linked monomer
molecules protruding from various central branch points
along the main polymer chain. Hence a branched polymer
molecule can include two or more polymeric segments
covalently bonded to each other at a point other than their
common ends—either directly (e.g., through functional
groups on side chains thereof), or indirectly through a
linking moiety. The various “branches” of branched poly-



US 2005/0158879 Al

mers can include polymeric segments having substantially
the same or different repeat units, and can themselves be
homopolymers or copolymers. The extent of branching is
selected based upon the particular application for which the
surface-bound polymers are intended.

[0126] With respect to crosslinking it is to be noted that,
it is typically preferred for the water-soluble (or water-
dispersible) segment to have a single point of attachment to
the substrate surface (i.e., having a single terminus, as
defined herein, attached to the surface) and be substantially
free of covalent crosslinking, and preferably all crosslinking.
Compared to the permanent entanglements present in a
chemically crosslinked gel layer, for example, the entangle-
ments present in a brush composed of singly attached
polymer are relatively short lived. These entanglements
constantly form and dissipate, so that any loop in the
polymer layer which blocks the motion of a biomolecule in
a particular direction is temporary. In contrast, in a chemi-
cally crosslinked gel, a loop or other obstructing entangle-
ment can act as a permanent impediment or barrier to the
movement of a biomolecule through the layer. Thus, in the
case of a singly end-grafted brush, penetration of large
biomolecules into the brush is facilitated by the dissipation
of these entanglements in advance of the moving biomol-
ecule. Therefore, a polymer layer comprised of singly end-
attached, non-crosslinked water-soluble (or water-dispers-
ible) segments offers many advantages in comparison to the
alternative structures, such as cross linked gel layers or
polymer pseudo-brushes where each chain has multiple
points of attachment.

[0127] The polydispersity index of the polymer can gen-
erally range from about 1 to about 100. The polydispersity
may be adjusted depending on the application. In the case of
living polymerizations, it typically ranges from about 1 to
about 2.5, while under certain conditions it may be less than
about 2 (range from about 1 to about 2), with values of less
than about 1.8,1.6,1.5,1.4, 1.3, 1.2, or even about 1.1 being
attainable. Hence, it is possible to control process conditions
to achieve a polydispersity index ranging from about 1 to
about 1.8, from about 1 to about 1.6, or from about 1 to about
1.5. In a controlled polymerization, the polydispersity typi-
cally is less than about 2.

[0128] The molecular weight of the polymer chains is
adjusted to suit the needs of a particular sensor or applica-
tion, as discussed in connection with FIG. 1. In general, the
molecular weight is adjusted to be sufficiently high such that
the functional group-bearing segments (i.e., the water-
soluble or water-dispersible segments) are spaced from the
surface to the point where they simulate the behavior of a
polymer chain in solution with respect to the ability to bond
probe molecules to the functional groups. As discussed
herein, the polymer chain preferably has a water-soluble or
water-dispersible segment that has a molecular weight of at
least about 1,000, but can also have a molecular weight of
not less than about 2,000, not less than about 10,000, not less
than about 50,000, or not less than about 100,000. The
incorporation of the functional-group containing monomer
may also be calculated relative to other monomer(s) present
in the polymer chain. In this context, the relative mole
percent of the functional-group containing monomer to other
monomer(s) present in the polymer chain may be in the
range of from about 1 to 100, more specifically about 2 to
50, without regard to the specific polymer architecture.
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[0129] Unless otherwise specifically noted, the molecular
weight values recited herein are weight-average molecular
weights (as determined by size-exclusion chromatography,
SEC, performed on polymer chains formed in solution
during the polymerization process), based on correlation to
narrow linear polystyrene standards. For example, a SEC-
observed Mw value of 100,000 means that the measured
polymer has the same hydrodynamic volume as the poly-
styrene of the molecular weight 100,000 under the condi-
tions used for both calibration and characterization (DMF+
0.1% TFA) of all samples.

[0130] It is to be noted, however, that the actual molecular
weight of the polymer may differ from the observed molecu-
lar weight, as determined by SEC. For example, in some
cases the actual molecular weight may vary from the
observed molecular weight of the polymer by at least about
+/-10%, 25%, 50% or more. The actual molecular weight,
as used herein, means the weight-average of the actual
weight of polymer molecules in the polymer based on the
actual atomic structure thereof. Because of the inherent
difficulties in determining actual molecular weight, how-
ever, the actual molecular weight can be approximated by
other suitable means. For example, for purposes of the
present invention, the actual molecular weight can be
approximated as the target molecular weight. The target
molecular weight refers to the estimated molecular weight
based on the total amount (e.g., moles) of monomer to be
incorporated into polymer during the polymerization reac-
tion, as determined by the amount (e.g., moles) of initiator,
and the monomer to initiator ratio, assuming that each
initiator starts one chain, and that all monomer is incorpo-
rated. In situations where initiator efficiency is about 0.9 or
less, and/or monomer conversion is less than about 95%,
then adjustments for the target molecular weight are made
based on initiator efficiency and/or monomer conversion,
respectively.

[0131] Inother embodiments, characterization of the poly-
mer bristle can be accomplished via cleaving the polymers
from the surface of the substrate and subsequent analysis, as
described above, including chromatography or nuclear mag-
netic resonance (NMR). The usefulness of this technique
depends on the type of surface and the overall amount of
polymer available from the cleavage step.

[0132] The resulting surface-bound polymer chains
include water-soluble or water-dispersible segments having
amolecular weight of at least 1,000, preferably at least 2,000
and even more preferably a molecular weight that is adjusted
according to the desired length of the polymer chains,
which, as discussed elsewhere herein, depends upon, inter
alia, the application of the sensors. These segments may be
located anywhere along the polymer chain, although they
are preferably located at or near the free termini of the
chains. These segments further contain functional groups to
which probe molecules, described in greater detail, below,
can be covalently or non-covalently bonded. Examples of
useful functional groups for this purpose include —OH,
—COOH, —NH,, —SH, —SCN, —C(O)H, combinations
thereof and the like. The selection of useful functional
groups is dependent on the application of the sensor, gen-
erally, and can be adjusted with the proper selection of
monomers. In order to adjust the number of functional
groups on the bound polymers, the appropriate concentra-
tion of functional group containing monomer is added to the
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polymerization system, discussed above. Typically, the ratio
of functional group containing monomer to non-functional
group containing monomer is adjusted to a predetermined
ratio prior to adding monomer to the polymerization system.
Useful ranges of functional group containing monomer
relative to the total amount (volume, mass or moles) of
monomer added to the polymerization system include about
0.5% to about 99% function group containing monomer,
more specifically from about 10% to about 90%, even more
specifically about 15% to about 50% and most specifically
about 15% to about 30%.

[0133] The polymers may be prepared from a variety of
monomers. A particularly useful class of water-soluble or
water-dispersible monomers features acrylamide monomers
having the formula:

R4

CH,=C

[0134] where R* is H or an alkyl group; and R® and R®,
independently, are selected from the group consisting of
hydrogen, alkyl, substituted alkyl, cycloalkyl, substituted
cycloalkyl, heteroalkyl, heterocycloalkyl, substituted het-
erocycloalkyl, aryl, substituted aryl, heteroaryl, substituted
heteroaryl, alkoxy, aryloxy, and combinations thereof; R®
and R® may be joined together in a cyclic ring structure,
including heterocyclic ring structure, and that may have
fused with it another saturated or aromatic ring. An espe-
cially preferred embodiment is where R® and R®, indepen-
dently, are selected from the group consisting of hydroxy-
substituted alkyl, polyhydroxy-substituted alkyl, amino-
substituted alkyl, polyamino-substituted alkyl and
isothiocyanato-substituted alkyl. In preferred embodiments,
the polymers include the acrylamide-based repeat units
derived from monomers such as acrylamide, methacryla-
mide, N-alkylacrylamide (e.g., N-methylacrylamide, N-tert-
butylacrylamide, and N-n-butylacrylamide), N-alkyl-
methacrylamide (e.g., N-tert-butylmethacrylamide and N-n-
butylmethacrylamide), N,N-dialkylacrylamide (e.g., N,N-
dimethylacrylamide), N-methyl-N-(2-
hydroxyethyl)acrylamide, N,N-dialkylmethacrylamide,
N-methylolmethacrylamide, N-ethylolmethacrylamide,
N-methylolacrylamide, N-ethylolacrylamide, and combina-
tions thereof. In another preferred embodiment, the poly-
mers include acrylamidic repeat units derived from mono-
mers selected from N-alkylacrylamide,
N-alkylmethacrylamide, N,N-dialkylacrylamide and N,N-
dialkylmethacrylamide. Preferred repeat units can be
derived, specifically, from acrylamide, methacrylamide,
N,N-dimethylacrylamide, and tert-butylacrylamide.

[0135] Copolymers can include two or more of the afore-
mentioned acrylamide-based repeat units. Copolymers can
also include, for example, one or more of the aforemen-
tioned polyacrylamide-based repeat units in combination
with one or more other repeat units. The monomers are
selected such that the resulting copolymer contains water-
soluble or water-dispersible segments. Examples of other
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such repeat units include those derived from monomers
suitable for forming copolymers such as styrene, substituted
styrene, alkyl acrylate, substituted alkyl acrylate, alkyl
methacrylate, substituted alkyl methacrylate, acrylonitrile,
methacrylonitrile, isoprene, butadiene, ecthylene, vinyl
acetate and combinations thereof. Functionalized versions of
these monomers may also be used. Specific examples
include methyl methacrylate, ethyl methacrylate, propyl
methacrylate (all isomers), butyl methacrylate (all isomers),
2-ethylhexyl methacrylate, isobornyl methacrylate, meth-
acrylic acid, benzyl methacrylate, phenyl methacrylate,
methacrylonitrile, a-methylstyrene, methyl acrylate, ethyl
acrylate, propyl acrylate (all isomers), butyl acrylate (all
isomers), 2-ethylhexyl acrylate, isobornyl acrylate, acrylic
acid, benzyl acrylate, phenyl acrylate, acrylonitrile, styrene,
glycidyl methacrylate, 2-hydroxyethyl methacrylate, 2-hy-
droxyethyl methylacrylate, hydroxypropyl methacrylate (all
isomers), hydroxybutyl methacrylate (all isomers), N,N-
dimethylaminoethyl methacrylate, N,N-d iethylaminoethyl
methacrylate, triethyleneglycol methacrylate, itaconic anhy-
dride, itaconic acid, glycidyl acrylate, 2-hydroxyethyl acry-
late, hydroxypropyl acrylate (all isomers), hydroxybutyl
acrylate (all isomers), N,N-dimethylaminoethyl acrylate,
N,N-diethylaminoethyl acrylate, triethyleneglycol acrylate,
vinyl benzoic acid (all isomers), diethylaminostyrene (all
isomers), a-methylvinyl benzoic acid (all isomers), diethy-
lamino a-methylstyrene (all isomers), p-vinylbenzene sul-
fonic acid, p-vinylbenzene sulfonic sodium salt, trimethox-
ysilylpropyl methacrylate, triethoxysilylpropyl
methacrylate, tributoxysilylpropyl methacrylate,
dimethoxymethylsilylpropyl methacrylate, diethoxymethyl-
silylpropyl methacrylate, dibutoxymethylsilylpropyl meth-
acrylate,  diisopropoxymethylsilylpropyl  methacrylate,
dimethoxysilylpropyl methacrylate, diethoxysilylpropyl
methacrylate, dibutoxysilylpropyl methacrylate, diisopro-
poxysilylpropyl methacrylate, trimethoxysilylpropyl acry-
late, triethoxysilylpropyl acrylate, tributoxysilylpropyl acry-
late, dimethoxymethylsilylpropyl acrylate,
diethoxymethylsilylpropyl acrylate, dibutoxymethylsilyl-
propyl acrylate, diisopropoxymethylsilylpropyl acrylate,
dimethoxysilylpropyl acrylate, diethoxysilylpropyl acrylate,
dibutoxysilylpropyl acrylate, diisopropoxysilylpropyl acry-
late, maleic anhydride, N-phenylmaleimide, N-butylmale-
imide, butadiene, isoprene, chloroprene, ethylene, vinyl
acetate, 2-(2-oxo-1-imidazolidinyl)ethyl 2-methyl-2-prope-
noate, 1-[2-[[2-hydroxy-3-(2-propyl)propyl)]amino Jethyl]-
2-imidazolidinone, N-vinyl pyrrolidone, N-vinyl imidazole,
crotonic acid, vinyl sulfonic acid, and combinations thereof.

[0136] 1t is to be noted that the attachment of probes or
other molecules to the water-soluble or water-dispersible
segment of the polymer chain may be achieved by a number
of ways including, for example: (i) post-polymerization
activation and derivatization (wherein the probe molecules
react with the functional moieties on the segments after
polymerization, and after the moieties have been activated,
as further described herein); (ii) post-polymerization deriva-
tization (wherein the probe molecules react directly with
active functional moieties, the moieties having been formed
in their active state as part of the polymerization process);
and, (iii) the monomers are modified so as to include the
probe molecules prior to polymerization. Alternatively,
however, it is to be further noted that these water-soluble or
water-dispersible segments can be derived from hydropho-
bic polymers prepared from hydrophobic monomers, these
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polymers subsequently being made water-soluble or water-
dispersible by means of, for example, alkylation, phospho-
rylation, carboxylation, amination, sulfonation, sulfatation,
metallation and the like.

[0137] After the polymerization reaction, in preferred
embodiments with living-type polymerizations, the polymer
chain end that carries the control agent can be modified, with
for example, a reduction step that yields a functional chain
end or in a radical exchange step to introduce other func-
tionalities. Probes may be attached to these modified chain
ends.

[0138] As shown in part of FIG. 5, the polymer-modified
surface may be referred to as having a “polymer layer” on
top of the surface. The depiction in FIG. 5 actually shows
the substrate (e.g., a wafer), an initiator layer (e.g., bound
initiator or initiator-control adduct), a “polymer layer” and
then some polymer chains on top of the polymer layer. The
polymer chains on top of the polymer layer are part of the
polymer layer and are shown for illustration purposes to
show what the polymer layer comprises in the embodiment
shown in FIG. 5. Generally, the polymer-modified surface
will have a determinable thickness. The thickness of the
polymer layer, measured from the substrate surface, is
selected based upon the particular application. In general,
however, dry thickness of the polymer layer ranges from
about 20 to about 2000 angstroms, while in some embodi-
ments this thickness may range from about 30 to about 1500
angstroms, or from about 50 to about 1000 angstroms, all of
which are useful for analyzing biological samples of various

types.

[0139] It is to be noted that the thickness is measured as a
dry thickness, in the absence of solvent, by ellipsometry as
known to those of skill in the art. See, e.g., “A User’s Guide
to Ellipsometry”, by Harland G. Tompkins (Academic Press
(owned/published by Harcourt Brace Jovanovich), 1993),
which is incorporated herein by reference. Also, depending
on the chain molecular weight and grafting density, as well
as the solvent, the polymer chains can also be measured
when in the presence of a solvent. This “wet thickness”
might be many times the dry thickness. The polymer chain
conformation in solvent can also be measured by means
known to those of skill in the art (as further described
herein).

[0140] Probes

[0141] A wide wvariety of biological probes can be
employed in connection with the present invention. In
general, the probe molecule is preferably substantially selec-
tive for one or more biological molecules of interest. The
degree of selectivity will vary depending on the particular
application at hand, and can generally be selected and/or
optimized by a person of skill in the art.

[0142] The probe molecules can be bonded to the func-
tional group-bearing polymer segments using conventional
coupling techniques (an example of which is further
described herein below under the heading “Application”).
The probes may be attached using covalently or non-
covalently (e.g., physical binding such as electrostatic,
hydrophobic, affinity binding, or hydrogen bonding, among
others). For example, one technique is the in situ synthesis
of probes onto the polymer. See, e.g., Sundberg et al., U.S.
Pat. No. 5,919,523 which is incorporated herein by refer-
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ence. Another technique is the covalent attachment of pre-
formed probes (e.g., spotting of probes), which can be
achieved as long as a functionality for covalent attachment
(such as an amine, hydroxyl, thiol, etc.) is present. Spotting
techniques are generally known (see, for example, U.S. Pat.
Nos. 5,424,186, 5,677,195, and, 5,744,305, which are incor-
porated herein by reference for all purposes). In an alterna-
tive embodiment, the probes can be bonded, preferably
covalently bonded to the monomer units (before polymer-
ization), and then incorporated into the substrate-bound
polymer during the polymerization reaction.

[0143] Typical polymer brushes functionalities that are
useful to covalently attach probes are chosen among
hydroxyl, carboxyl, aldehyde, amino, isocyanate, isothiocy-
anate, azlactone, acetylacetonate, epoxy, oxirane, carbonate
sulfonyl ester (such as mesityl or tolyl esters), acyl azide,
activated esters (such as N(hydroxy)succinimide esters),
O-acyliso-urea intermediates from COOH-carbodiimide
adducts, fluoro-aryle, imidoester, anhydride, haloacetyl,
alkyliodide, thiol, disulfide, maleimide, aziridine, acryloyl,
diazo-alkane, diazo-acetyl, di-azonium, and the like. These
may be provided by copolymerizing functional monomers
such as  2-hydroethyl(meth)acrylate,  hydroxyethyl-
(meth)acrylamide, hydroxyethyl-N(methyl) (meth)acryla-
mide, (meth)acrylic acid, 2-aminoethyl(meth)acrylate,
amino-protected monomers such as maleimido derivatives
of amino-functional monomers, 3-isopropenyl, c,a-dimeth-
ylbenzyl isocyanate, 2-isocyanato-ethyl methacrylate, 4,4-
dimethyl-2-vinyl-2-oxazoline-5-one, acetylacetonate-ethyl-
methacrylate, and glycidylmethacrylate.

[0144] Post derivatization of polymer brushes proves also
to be efficient. Typical methods include activation of —OH
functionalized groups with, for example phosgene, thio-
phosgene, 4-methyl-phenyl sulfonylchoride, methylsulfo-
nylchloride, and carbonyl diimidazole. Activation of car-
boxylic groups can be performed using carbodiimides, such
as 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide hydro-
chloride, or 1-cyclohexyl-3-(2-morpholinoethyl) carbodiim-
ide, among others. Aldehyde groups can be synthesized from
the periodate-mediated oxidation of vicinal —OH, obtained
from hydrolysis of epoxy functional brushes. Alternatively,
aldehyde groups are attached by reaction of bis-aldehydes
(e.g, glutaraldehyde) onto amino-modified polymer brushes.
Amino-functional brushes can also be prepared by reacting
di-amino compound on aminoreactive brushes, such as
N(hydroxy)succinimide esters of carboxylates brushes.
(Other state-of-the-art coupling chemistries, such as
described in Bioconjuguate Techniques, Greg. T. Herman-
son, Academic Press, 1996, are also applicable and are
incorporated herein by reference.)

[0145] One useful class of probes is nucleic acid-contain-
ing probes, such as nucleic acid polymers. As used herein,
a “nucleic acid” of the nucleic-acid containing probe
includes DNA, RNA, and derivatives thereof. For example,
the nucleic acid can be DNA or RNA-based molecules
containing bases other than adenine, cytosine, guanine,
thymine, or uracil (e.g., bromothymine or azaguanine),
sugars other than deoxyribose or ribose (e.g., arabinose,
2'-O-methylribose, xylulose, or hoexose), or modified phos-
phate backbones. A modified phosphate backbone can
include, for example, phosphorothioate, phosphorodithioate,
phosphoramidothioate, phosphoramidate, phosphordiami-
date, methylphosphonate, alkyl phosphotriester, and formac-



US 2005/0158879 Al

etal linkages, or analogs thereof. In addition, the nucleic
acid-containing probe can be a peptide nucleic acid
(“PNA”), or an uncharged or possibly positively charged
nucleic acid derivative that contains a pseudopeptide back-
bone. Peptide nucleic acids can be produced using standard
techniques as described, for example, in U.S. Pat. No.
5,539,082, which is hereby incorporated by reference.

[0146] Nucleic acid polymer probes are typically at least
six nucleotides in length, and can range in size up to the
length of an entire chromosome. Typically, nucleic acid
probes are oligonucleotides that are 8 to 100 nucleotides in
length (e.g., 15 to 30, 40, 50 nucleotides) or complementary
DNA fragments (“cDNA”) that are partial or complete (e.g.,
having 100 to 5,000 nucleotides).

[0147] Nucleic acid probes can be synthesized by standard
methods known in the art such as, for example, by use of an
automated nucleic acid synthesizer of the type commercially
available from Biosearch and Applied Biosystems. Phos-
phorothioate oligonucleotides can be synthesized according
to the method of Stein et al. (Nucleic Acids Res., 1988, 16:
3209-3221), which is hereby incorporated by reference.
Methylphosphonate oligonucleotides can be prepared by use
of controlled pore glass polymer supports, as described by
Sarin et al. (Proc. Natl. Acad. Sci. USA, 1988, 85(20):
7448-7451).

[0148] Nucleic acid probes also can be isolated from
genomic DNA, total cellular RNA, or messenger RNA
(“mRNA”) using standard methods known in the art. For
example, the nucleic acid probes may be obtained from
microdissected RNA, a clone set from a genome of interest
(e.g., a set of expressed sequence tags (“ESTs”) or a cDNA
library), a restriction enzyme fragment, or a polymerase
chain reaction (“PCR”) product. PCR refers to a procedure
or technique in which target nucleic acids are amplified.
Generally, sequence information from the ends of the region
of interest or beyond is employed to design oligonucleotide
primers that are identical or similar in sequence to opposite
strands of the template to be amplified. PCR can be used to
amplify specific sequences from DNA as well as RNA
(reverse-transcriptase PCR), including sequences from total
genomic DNA or total cellular RNA. Primers are typically
14 to 40 nucleotides in length, but can range from 10
nucleotides to hundreds of nucleotides in length. These
primers can be used to incorporate chemical “hooks™ for
attaching the probe to the activated polymer (e.g., by incor-
porating a terminal amine, thiol, or biotin moiety). PCR is
described, for example, in PCR Primer: A Laboratory
Manual, ed. by C. Dieffenbach and G. Dveksler, Cold Spring
Harbor Laboratory Press, 1995.

[0149] Amino acid polymers, such as polypeptides, rep-
resent a second class of useful probes. As used herein,
“amino acid polymers” or interchangeably, “polypeptide,”
refers to a chain of amino acids, regardless of length and
regardless of functionality. Typically, the polypeptide is at
least 5 amino acid residues in length and can range up to a
full-length protein. Short polypeptides can be created using
automated synthesis, nearly identical to the above descrip-
tion for DNA with Applied Biosystems instrumentation.
Moreover, the polypeptide can have a known or suspected
functionality or partial functionality (e.g., as a component of
a functionally active moiety). Non-limiting examples of
polypeptides include enzymes, receptors, and antibodies. As
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used herein, the term “antibody” includes polyclonal anti-
bodies, monoclonal antibodies, humanized or chimeric anti-
bodies, single chain antibodies, Fab fragments, and F(ab),
fragments. Polyclonal antibodies are heterogeneous popula-
tions of antibody molecules that are contained in the sera of
immunized animals. Monoclonal antibodies, which are
homogeneous populations of antibodies with affinity for a
particular epitope of an antigen, can be prepared using
standard methodology. In particular, monoclonal antibodies
can be obtained by any technique that provides for the
production of antibody molecules by continuous cell lines in
culture such as described by Kohler et al. (Nature, 256: 495
(1975)); the human B-cell hybridoma technique (Kosbor et
al., Immunology Today, 4: 72 (1983) and Cole et al., Proc.
Natl. Acad. Sci. USA, 80: 2026 (1983)); and the EBV-
hybridoma technique (Cole et al., “Monoclonal Antibodies
and Cancer Therapy,” Alan R. Liss, Inc., pp. 77-96 (1983)).
Such antibodies can be of any immunoglobulin class includ-
ing IgG, IgM, IgE, IgA, IgD, and subclasses thereof. A
hybridoma producing the monoclonal antibodies can be
cultivated in vitro or in vivo. As those of skill in the art will
understand, the immobilization of proteins has been linked
to the loss of secondary structure, and thus the overall
activity in non-aqueous environments; it is believed that the
present invention provides a pathway to enable a sensor
using protein probes that have sufficient activity of the
immobilized proteins. Applications involving such polypep-
tide probes (e.g., antibodies) can be used, for example, as
biosensors in diagnostic assays, as well as separation media
for bioseparations (e.g. affinity chromatography).

[0150] A chimeric antibody is a molecule in which differ-
ent portions are derived from different animal species, such
as those having a variable region derived from a murine
monoclonal antibody and a human immunoglobulin con-
stant region. Chimeric antibodies can be produced through
standard techniques.

[0151] Single chain antibodies are formed by linking the
heavy and light chain fragments of the Fv region via an
amino acid bridge, resulting in a single chain polypeptide.
Single chain antibodies can be produced using standard
techniques as described, for example, in U.S. Pat. No.
4,946,778.

[0152] Antibody fragments can be generated using known
techniques. For example, such fragments include F(ab'),
fragments that can be produced by pepsin digestion of the
antibody molecule, and Fab fragments that can be generated
by reducing the disulfide bridges of F(ab'), fragments. Alter-
natively, Fab expression libraries can be constructed as
described, for example, in Huse et al., Science, 246: 1275
(1989).

[0153] The probe can also be a cell. The cells can be
naturally occurring or modified cells. In some embodiments,
the cells can be genetically modified to express surface
proteins (e.g., surface antigens) having known epitopes or
having an affinity for a particular biological molecule of
interest. Examples of useful cells include blood cells, liver
cells, somatic cells, neurons, and stem cells. Other biological
polymers can include carbohydrates, cholesterol, lipids, etc.

[0154] While biological molecules can be useful as probes
in many applications, the probe itself can be a non-biological
molecule. In one case, the dye probe can be used for
selective biomolecule recognition, as generally described
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herein. Non-biological probes can also include small organic
molecules that mimic the structure of biological ligands,
drug candidates, catalysts, metal ions, lipid molecules, etc.
Also, dyes, markers or other indicating agents can be
employed as probes in the present invention in order to
enable an alternative detection pathway. A combination of
dyes can also be used. Dyes can also be used, in another
case, as a substrate “tag” to encode a particular substrate or
a particular region on a substrate, for post-processing iden-
tification of the substrate (polymer probe or target).

[0155] The sensors can also be utilized in a multi-step or
“sandwich” assay format, wherein a number of biomolecule
targets can be applied or analyzed in sequential fashion. This
approach may be useful to immobilize a protein probe for
the desired biomolecule target. It may also be applied as a
form of signal enhancement if the secondary, tertiary, etc.
biomolecules serve to increase the number of signal reporter
molecules (i.e., fluorophores). For example, an attached
probe may bind a protein target A through affinity binding or
covalent attachment. Some portion of protein A then acts as
a probe to immobilize protein target B through affinity
binding or covalent attachment. Some portion of protein B
then acts as a probe to immobilize protein target C through
affinity binding, and so on. A similar assay may be per-
formed using duplex and triplex DNA, RNA, PNA and/or
some combination thereof.

[0156] The sensors can be used to analyze biological
samples such as blood, plasma, urine, saliva, tears, mucuous
derivatives, semen, stool samples, tissue samples, tissue
swabs and combinations thereof. For example, where the
probes are nucleic acids, the resulting sensor can be used to
monitor expression levels of genes or to identify mutations
or polymorphisms, or to detect the genetic material related
to a disease state. In either case, target nucleic acids (i.e.,
free nucleic acid molecules) typically are labeled and
hybridized to the tethered nucleic acid probes. For example,
the target nucleic acid molecules can be fluorescently
labeled and hybridized with the tethered probes under suit-
able conditions. Fluorescence from target nucleic acids that
hybridize at discrete locations on the sensor surface can be
detected by a fluorescence reader (e.g., such as a laser
scanning device, a CCD camera, a confocal scanning device
or plate reader, etc.). Hybridization of target nucleic acids
that are labeled with a radioisotope can be detected by
phosphor-imaging. Alternative methods of detection include
electronic signal detection in which positive hybridization
events are detected by electron transfer reactions (e.g., as
described in U.S. Pat. No. 5,824,473), by the use of mass
spectrometry (e.g., as described in U.S. Pat. No. 5,872,003),
by electrical charge, or by magnetic detection techniques,
among others.

[0157] Hybridization conditions can be tailored for par-
ticular applications. For example, hybridization conditions
may differ based on length or base composition of the probes
and target nucleic acids. Standard blocking agents such as
Denhardt’s reagent and sheared salmon sperm DNA can be
used to minimize background hybridization as described, for
example, in Southern et al., Nature Genet., supplement,
1999, 21: 5-9 and Cheung et al., Nature Genet., supplement,
1999, 21: 15-19.

[0158] Sensors in which the tethered probes are polypep-
tides can be used, for example, to screen or characterize
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populations of antibodies having specific binding affinity for
a particular target antigen or to determine if a ligand had
affinity for a particular receptor, according to procedures
described generally in Leuking et al., Anal. Biochem., 1991,
270(1): 103-111. Target polypeptides can be labeled, e.g.,
fluorescently or with an enzyme such as alkaline phos-
phatase, or radio labeling for easy detection.

[0159] Analyses/Measurements
[0160] Density Calculation

[0161] The present invention enables the “tailoring” of the
surface of a polymer brush in order to achieved a desired
number of accessible functional groups on its surface. As
previously noted, one factor which must be controlled as
part of the tailoring process is the grafting density of the
water-soluble (or water-dispersible) segments on the sub-
strate surface. One method for determine segment grafting
density is by calculation based on the molecular weight of
the polymer chains grown in solution (M) during the
polymerization process (as a result of initiator being present
both on the substrate surface and in the polymerization
solution or system), and the polymer layer thickness, as
determined by ellipsometry (t) measurements of the polymer
layer on the modified substrate surface. This calculation is
achieved using the following formula:

Grafting Density=(1*10**p/M,,)

[0162] wherein grafting density is expressed in picomoles/
cm?, t is expressed in Angstroms, p is specific gravity and is
expressed in grams/cm® and molecular weight M,.) is
expressed in g/mole. This formula is used in Experiments
1-8, below, in order to calculate segment grafting density.

[0163] In those instances wherein no free initiator is used
in the polymerization process, no polymer forms in solution.
As a result, polymer brushes molecular weights cannot be
measured directly. Therefore, in order to calculate the
molecular weight, the polymer thickness (t) is measured
from a substrate with a known density of polymer chain
initiating sites (which directly correlates to the grafting
density). Based on this information, the molecular weight
(Mg, g/mole) can then be calculated using the above
formula (i.e., Mgpc=1*104*t*p/grafting density).

[0164] Cleavable Dye Test

[0165] This method may be used to quantify the number of
functional groups generally accessible to a probe or target
biomolecule which are about the same size as the dye
molecule being used, to optimize small molecule modifica-
tion (i.e., activation), and to quantify covalently attached
oligonucleotides/probes (e.g., DNA). Generally speaking,
the functional groups on the polymer chain segments are
quantified by attaching a dye molecule of a given size to
each of the functional sites which are accessible to mol-
ecules of that size, washing the substrate to remove excess/
unbound dye, cleaving the bound dye molecules, collecting
the cleaved dye molecules, and then measuring the amount
of dye collected for a given surface area, using HPLC
analysis with a fluorescence detector.

[0166] The amount or concentration of dye in the solution
is calculated from the fluorescence signal using a calibration
curve obtained from a model reaction. From this concentra-
tion data, the number of dye molecules can be determined,
which then can be directly correlated to the number of
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functional groups on the water-soluble (or water-dispersible)
segments that were accessible to molecules of a size about
equal to, or less than, the size of the dye molecules employed
in the test. If the surface arca of the brush is known, a
number of accessible functional groups per unit area may
then be calculated. This test method can also be used in a
similar manner to quantify the number of accessible func-
tional groups for the probe or other molecule directly, by
attaching a dye molecule to the probe that is to be attached.

[0167] Stability Test

[0168] The present invention enables the preparation of
substrates (both planar and non-planar surfaces) having
water-soluble (or water-dispersible) segments attached
thereto, and optionally probes attached to these segments,
which are highly stable. More specifically, the present
invention enables the attachment of these segments to the
substrate surface, and likewise the attachment of probes to
the segments, in a manner which prevents their detachment
upon exposure to subsequent processing steps. For example,
experience to-date has shown that biosensors prepared in
accordance with the present process may be heated to a
temperature above about 40° C., preferably ranging from
about 40 to about 60° C., in an aqueous solution for about
16 hours (conditions commonly employed in gene expres-
sion tests) with less than about a 20% loss of probes from the
segments, or segments from the substrate surface. In fact, in
some cases loss may be less than about 15%, less than about
10%, or even less than about 5%. In contrast, existing
sensors, such as those comprised of a glass substrate to
which is attached a DNA probe by means of a silane linker,
commonly experience a loss of up to about 90% of the
linkers which connect the probe to the substrate surface (and
therefore the probes themselves), rendering the sensor sig-
nificantly less sensative.

[0169] Film Thickness Measurements

[0170] Polymer layer or film thickness may be measured
as a dry thickness (i.e., in the absence of solvent) by, among
other methods known to those of skill in the art, ellipsom-
etry. (See, e.g., “A User’s Guide to Ellipsometry”, by
Harland G. Tompkins (Academic Press, owned/published by
Harcourt Brace Jovanovich, 1993), which is incorporated
herein by reference.) Briefly, the thickness is determined by
reflecting polarized light from the film surface and analyzing
the change in the polarization state which results from the
reflection. This can be related to the film thickness and index
of refraction by comparing the results of the measurement
with the results of a model calculation, which incorporates
thickness and index as variable parameters.

[0171] Also, depending on the chain molecular weight and
grafting density, as well as the solvent, the polymer chains
can also be measured when in the presence of a solvent (i.e.,
in the “swollen” state). This “wet thickness” might be many
times the dry thickness depending on the segment molecular
weight, the segment persistence length, and the segment
grafting density. The polymer chain conformation in solvent
might be measured with neutron reflectivity or with contact
methods such as by Atomic Force Microscopy (“AFM”—
which provides a measure of compliance, which is similar to
elasticity of the polymer on the surface; film thickness may
also be measured, providing you can determine a baseline or
edge within the scan), or by Surface Force Apparatus.
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[0172] Applications

[0173] Once the functional group-bearing polymer chains
have been grown on the substrate surface, it may be neces-
sary to “activate” the functional groups prior to probe
coupling. Various activation and coupling techniques are
known in the art. These techniques may vary depending
upon the particular application. Accordingly, while the fol-
lowing procedures are intended for illustrative purposes,
those of skill in the art would be able to use these proce-
dures, or procedures similar thereto, in order to achieve the
desired results.

[0174] Carbonyldiimidazole(CDI) Activation of
Hydroxyl-Functionalized Polymers on Glass Slides:

[0175] Glassware used in the procedure are all oven dried
at 150° C. and placed inside a dry glove box while warm. All
measurements and weighings are done inside the dry box, as
well. Glass slides used as substrates are dried in vacuum
oven at 40° C. (24 in Hg) overnight.

[0176] In a glove box, a hydroxyl-functionalized polymer
brush, bound on a glass slide, is placed in a 20 ml glass vial,
which is then filled with a 0.5 M stock solution of carbon-
yldiimidazole in anhydrous acetonitrile. The vial is sealed
tight and wrapped with electric tape (to ensure the seal). The
vial is removed from the dry box and placed on horizontal
shaker for 24 hrs. The vial is opened at the end of the 24 hr
period in ambient air, and then the glass slide is washed with
anhydrous Acetonitrile several times. After air drying, the
slide is stored in a dry, dark place until needed.

[0177] Coupling of Amine-Functionalized Oligonucle-
otide Probes onto CDI-Activated Polymer Brush:

[0178] Printing and coupling of oligonucleotide probes
onto the CDI-activated polymer brushes is achieved as
follows: to begin, three different stock solutions (100, 50 and
25 uM) of a 50mer oligonucleotide (amine functionality in
3' position and Cy3 dye in 5' position), were prepared with
a total concentration of 150 mM sodium phosphate (pH=
8.5). The oligonucleotides were then spotted onto the glass
slide using a 1 uL pipette in varying amounts on different
regions of the substrates in a array format, for purposes of
comparison.

[0179] After spotting was complete, the slides were incu-
bated in a glass chamber at room temperature for 18 hrs. A
blocking solution containing 50 mM ethanolamine, 0.1 M
Tris and 0.1 weight percent SDS (pH=9) was then prepared.
The modified slides were washed with the blocking solution
at room temperature for 1 hr. and subsequently rinsed with
water and air dried.

[0180] Activation of Carboxylate-Functionalized Poly-
mers and Coupling of Amine-Functionalized Oligonucle-
otide Probes:

[0181] A carboxylate-functionalized (COOH) polymer
can be activated, and amine-functionalized probes can be
coupled, via the commonly-known technique of carbodiim-
ide activation. For example, using EDC [1-ethyl-3-(3-dim-
ethylaminopropylcarbodiimide], an amine-functionalized
probe can be coupled to the activated polymer by a single-
step condensation via the amine-reactive intermediate,
O-acylisourea. This intermediate is unstable in aqueous
solution and must be immediately reacted with the amine-
functionalized probe. (see, e.g., Williams & Ibrahim, JACS,
103, 1981, p. 7090-7095.)
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[0182] Alternatively, the amine-terminated probe can be
coupled in two steps by using EDC and NHS [N-hydrox-
ysuccinimide]. In this method, the polymer functional sites
retain a stable, amine-reactive NHS ester functionality in the
presence of water, which can later be coupled with the
amine-functionalized probe. (see, e¢.g., Grabaraek &
Gergely, Anal. Biochem., 185, 1990, p. 131-135))

[0183] General Technique for Hybridization and Scanning
Oligonucleotide (and cDNA) Arrays:

[0184] Once the polymer brush has been successfully
activated and the probes attached, the resulting “biosensor”
may be used in scanning procedures common in the art (see,
e.g., Lockhart et al., Nature Biotechnology (14), 1996, pp.
1675). A scanning procedure such as the following may also
be used.

[0185] The above-referenced probe-activated brushes
were immerse in either (i) a 4xSSC target solution (i.e., a
solution comprising 30 mM sodium chloride, 3 mM sodium
citrate and 0.1% SDS; pH 8.0), or (ii) a 6xSSPE target
solution (i.e., a solution comprising 0.9 M sodium chloride,
60 mM NaH,PO,, 6 mM EDTA and 0.005% Triton X-100;
pH 7.6), both of which additionally contained RNA or DNA
target molecules. In one embodiment, the hybridization can
be performed by exposing the whole slide to the target
solution, in this case by immersing or otherwise placing
about 24 to 100 OL of the target solution on the array under
a 22 mmx22 mm glass cover slip (used in order to limit the
amount of solution which evaporates during the process).
Hybridization may also be achieved by exposing the array to
a much larger amount of the target solution (e.g., about 500
microliters to about 500 milliliters of solution, but this
typically requires some form of flow cell, and/or agitation of
the bulk solution).

[0186] Hybridization was then achieved by heating each
of the probe-attached brushes at about 40 to about 65° C. for
a period of time (ranging from about 4 to about 24 hrs,
depending on target molecule being studied). If a biotiny-
lated target molecule is used, the hybridized brush is addi-
tionally incubated with 2 [lg/ml fluorescenated streptavidin
or streptavidin-phycoerythrin (SAPE) in the hybridization
buffer at about 40° C. for 5-10 min.

[0187] To scan the resulting hybridized brushes in solu-
tion, they are first rinsed or gently agitated with fresh
hybridization buffer for about 5-10 minutes, and then they
are scanned for surface fluorescence using a confocal
microarray scanner (such as, for example, a Hewlett Packard
GeneArray scanner).

[0188] To scan the resulting hybridized brushes dry, they
are first rinsed or agitated in a solution comprising a 1xSSC
solution (i.e., the above-referenced 4xSSC solution being
dilutioned by a factor of 4), the cover slip being removed if
necessary, after which the brushes are removed and blotted
dry. The rinse step is repeated twice, each time using a more
dilute solution (i.e., the above 1xSSC solution first being
diluted by a factor of 5, and then a factor of 20). The brushes
are then spun dry by centrifugation in a slide rack (Beckman
GS-6 tabletop centrifuge at 600 RPM for 2 mins.), after
which the brushes are scanned for surface fluorescence using
a microarray scanner (such as, for example, an AXON
GenePix or GSI Lumonics ScanArray scanner).
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[0189] Advantageously, the brushes may be used to accu-
rately call in excess of 90%, 95%, 97%, 98%, or 99% of the
targets in an analyte-containing solution.

[0190] Definitions

[0191] As used herein, the phrase “characterized by the
formula” is not intended to be limiting and is used in the
same way that “comprising” is commonly used. The term
“independently selected” is used herein to indicate that the
R groups, e.g., R', R* and R? can be identical or different
(e.g. RY, R? and R® may all be substituted alkyls or R* and
R® may be a substituted alkyl and R®> may be an aryl, etc.).
A named R group will generally have the structure that is
recognized in the art as corresponding to R groups having
that name. For the purposes of illustration, representative R
groups as enumerated above are defined herein. These
definitions are intended to supplement and illustrate, not
preclude, the definitions known to those of skill in the art.

[0192] The term “alkyl” is used herein to refer to a
branched or unbranched, saturated acyclic hydrocarbon radi-
cal. Suitable alkyl radicals include, for example, methyl,
ethyl, n-propyl, i-propyl, n-butyl, t-butyl, i-butyl (or 2-me-
thylpropyl), etc. In particular embodiments, alkyls have
between 1 and 200 carbon atoms, between 1 and 50 carbon
atoms, or between 1 and 20 carbon atoms.

[0193] The term alkenyl is used herein to refer to a
branched or unbranched acyclic hydrocarbon radical having
at least one carbon-carbon double bond. Exemplary alkenyl
radicals include, for example, 2-propenyl (or allyl), vinyl,
etc. In particular embodiments, alkenyls have between 1 and
200 carbon atoms, between about 1 and 50 carbon atoms, or
between about 1 and 20 carbon atoms. In addition, this term
embraces radicals having both “cis” and “trans” orienta-
tions, or alternatively, “E” and “Z” orientations.

[0194] The term akynyl is used herein to refer to a
branched or unbranched acyclic hydrocarbon radical having
at least one carbon-carbon triple bond. In particular embodi-
ments, alkynyls have between 1 and 200 carbon atoms,
between about 1 and 50 carbon atoms, or between about 1
and 20 carbon atoms.

[0195] “Substituted alkyl,”“substituted alkenyl” and “sub-
stituted alkynyl” refer to the alkyl, alkenyl and alkynyl
radicals, respectively, as just described in which one or more
hydrogen atoms to any carbon of these radicals is replaced
by another group such as a heteroatom, halogen, aryl,
substituted aryl, cycloalkyl, cycloalkenyl, substituted
cycloalkyl, substituted cycloalkenyl and combinations
thereof. Exemplary substituted alkyls include, for example,
benzyl, trifluoromethyl and the like.

[0196] The term “heteroalkyl,”“heteroalkenyl” and “het-
eroalkynyl” refer to the alkyl, alkenyl and alkynyl radicals,
respectively, described above in which one or more of the
carbon chain atoms of these radicals is replaced by a
heteroatom selected from the group consisting of N, O, P, B,
S, Si, Se and Ge. The bond between the carbon atom and the
heteroatom may be saturated or unsaturated. Thus, an alkyl
substituted with a heterocycloalkyl, substituted heterocy-
cloalkyl, heteroaryl, substituted heteroaryl, alkoxy, aryloxy,
boryl, phosphino, amino, silyl, thio, or seleno is within the
scope of the term heteroalkyl. Suitable heteroalkyls include
cyano, benzoyl, 2-pyridyl, 2-furyl, Me,SiOCH,(CH;),C—
and the like.
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[0197] The term “cycloalkyl” is used herein to refer to a
saturated cyclic non-aromatic hydrocarbon radical having a
single ring or multiple condensed rings. Exemplary
cycloalkyl radicals include, for example, cyclopentyl, cyclo-
hexyl, cyclooctanyl, bicyclooctyl, etc. In particular embodi-
ments, cycloalkyls have between 3 and 200 carbon atoms,
between 3 and 50 carbon atoms or between 3 and 20 carbon
atoms.

[0198] The term “cycloalkenyl” is used herein to refer to
a partially unsaturated (i.e., having at least one carbon-
carbon double bond), cyclic non-aromatic hydrocarbon radi-
cal having a single ring or multiple condensed rings. Exem-
plary cycloalkenyl radicals include, for example,
cyclopentenyl, cyclohexenyl, cyclooctenyl, etc. In particular
embodiments, cycloalkyls have between 3 and 200 carbon
atoms, between 3 and 50 carbon atoms or between 3 and 20
carbon atoms.

[0199] “Substituted cycloalkyl” and “substituted cycloalk-
enyl” refer to cycloalkyl and cycloalkenyl radicals, respec-
tively, as just described wherein one or more hydrogen
atoms to any carbon of these radicals is replaced by another
group such as a halogen, alkyl, alkenyl, alkynyl, substituted
alkyl, substituted alkenyl, substituted alkynyl, aryl, substi-
tuted aryl, cycloalkyl, cycloalkenyl, substituted cycloalkyl,
substituted cycloalkenyl, heterocyclo, substituted heterocy-
clo, heteroaryl, substituted heteroaryl, alkoxy, aryloxy,
boryl, phosphino, amino, silyl, thio, seleno and combina-
tions thereof. Exemplary substituted cycloalkyl and
cycloalkenyl radicals include, for example, 4-dimethylami-
nocyclohexyl, 4,5-dibromocyclohept-4-enyl, and the like.

[0200] The term “aryl” is used herein to refer to an
aromatic substituent that may be a single aromatic ring or
multiple aromatic rings which are fused together, linked
covalently, or linked to a common group such as a methyl-
ene or ethylene moiety. The common linking group may also
be a carbonyl as in benzophenone or oxygen as in diphe-
nylether or nitrogen in diphenylamine. The aromatic ring(s)
may include phenyl, naphthyl, biphenyl, diphenylether,
diphenylamine and benzophenone among others. In particu-
lar embodiments, aryls have between 1 and 200 carbon
atoms, between 1 and 50 carbon atoms or between 1 and 20
carbon atoms.

[0201] “Substituted aryl” refers to aryl as just described in
which one or more hydrogen atom to any carbon is replaced
by one or more functional groups such as alkyl, alkenyl,
alkynyl, substituted alkyl, substituted alkenyl, substituted
alkynyl, cycloalkyl, cycloalkenyl, substituted cycloalkyl,
substituted cylcoalkenyl, heterocyclo, substituted heterocy-
clo, halogen, alkylhalos (e.g., CF;), hydroxy, amino, phos-
phino, alkoxy, thio and both saturated and unsaturated cyclic
hydrocarbons which are fused to the aromatic ring(s), linked
covalently or linked to a common group such as a methylene
or ethylene moiety. The linking group may also be a carbo-
nyl such as in cyclohexyl phenyl ketone. Specific examples
of substituted aryls include perfluorophenyl, chlorophenyl,
3,5-dimethylphenyl, 2,6-diisopropylphenyl and the like.

[0202] The term “heterocyclo” is used herein to refer to
saturated, partially unsaturated and unsaturated cyclic radi-
cals (including, for example, cycloalkyl and cycloalkenyl
radicals as described), wherein one or more or all carbon
atoms of the radical are replaced by a heteroatom such as
nitrogen, phosphorus, oxygen, sulfur, silicon, germanium,
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selenium, or boron. Additionally, the term “heteroaryl” as
used herein refers to a specific example of a class of
unsaturated cyclic radicals wherein one or more carbon
atoms of an aromatic ring or rings are replaced by a
heteroatom(s) such as nitrogen, oxygen, boron, selenium,
phosporus, silicon or sulfur. Heteroaryl refers to structures
that may be a single aromatic ring, multiple aromatic ring(s),
or one or more aromatic rings coupled to one or more
nonaromatic ring(s). In structures having multiple rings, the
rings can be fused together, linked covalently, or linked to a
common group such as a methylene or ethylene moiety. The
common linking group may also be a carbonyl as in phenyl
pyridyl ketone. As used herein, rings such as thiophene,
pyridine, isoxazole, phthalimide, pyrazole, indole, furan,
etc. or benzo-fused analogues of these rings are defined by
the term “heteroaryl.” Other exemplary heterocyclo radicals
include, for example, piperazinyl, morpholinyl, tetrahydro-

pyranyl, tetrahydrofuranyl, piperidinyl, pyrrolidinyl,
oxazolinyl, and the like.
[0203] “Substituted heterocyclo” and “substituted het-

eroaryl” refer to heterocyclo and/or heteroaryl radicals as
just described wherein one or more hydrogen atom to any
atom of the radical is replaced by another group such as a
halogen, alkyl, substituted alkyl, aryl, substituted aryl, het-
eroaryl, substituted heteroaryl, alkoxy, aryloxy, boryl, phos-
phino, amino, silyl, thio, seleno and combinations thereof.
Exemplary substituted heteroaryl radicals include, for
example, 4-N,N-dimethylaminopyridine. Other exemplary
substituted heterocyclo radicals include, for example, N-me-
thylpiperazinyl, 3-dimethylaminomorpholine, and the like.

[0204] “Hydrocarbyl” refers to univalent hydrocarbyl
radicals containing 1 to about 30 carbon atoms, preferably 1
to about 24 carbon atoms, most preferably 1 to about 12
carbon atoms, including branched or unbranched, saturated
or unsaturated species, such as alkyl groups, alkenyl groups,
aryl groups, and the like. The term “lower hydrocarbyl”
intends a hydrocarbyl group of one to six carbon atoms,
preferably one to four carbon atoms. The term “hydrocar-
bylene” intends a divalent hydrocarbyl moiety containing 1
to about 30 carbon atoms, preferably 1 to about 24 carbon
atoms, most preferably 1 to about 12 carbon atoms, includ-
ing branched or unbranched, saturated or unsaturated spe-
cies, or the like. The term “lower hydrocarbylene” intends a
hydrocarbylene group of one to six carbon atoms, preferably
one to four carbon atoms. “Substituted hydrocarbyl” refers
to hydrocarbyl substituted with one or more substituent
groups, and the terms “heteroatom-containing hydrocarbyl”
and “heterohydrocarbyl” refer to hydrocarbyl in which at
least one carbon atom is replaced with a heteroatom. Simi-
larly, “substituted hydrocarbylene” refers to hydrocarbylene
substituted with one or more substituent groups, and the
terms “heteroatom-containing hydrocarbylene” and “hetero-
hydrocarbylene” refer to hydrocarbylene in which at least
one carbon atom is replaced with a heteroatom.

[0205] The term “alkoxy” is used herein to refer to the
—OZ radical, where Z* is selected from the group consist-
ing of alkyl, substituted alkyl, cycloalkyl, substituted
cycloalkyl, heterocylcoalkyl, substituted heterocycloalkyl,
silyl groups and combinations thereof as described herein.
Suitable alkoxy radicals include, for example, methoxy,
ethoxy, benzyloxy, t-butoxy, etc. Arelated term is “aryloxy”
where Z' is selected from the group consisting of aryl,
substituted aryl, heteroaryl, substituted heteroaryl, and com-



US 2005/0158879 Al

binations thereof. Examples of suitable aryloxy radicals

include phenoxy, substituted phenoxy, 2-pyridinoxy,
8-quinalinoxy and the like.
[0206] As used herein the term “silyl” refers to the

—SiZ 7?73 radical, where each of Z', 72, and Z> is inde-
pendently selected from the group consisting of alkyl, sub-
stituted alkyl, cycloalkyl, heterocycloalkyl, heterocyclic,
aryl, substituted aryl, heteroaryl, substituted heteroaryl,
alkoxy, aryloxy, amino, silyl and combinations thereof.

[0207] As used herein the term “boryl” refers to the
—BZ Z* group, where each of Z* and Z* is independently
selected from the group consisting of alkyl, substituted
alkyl, cycloalkyl, heterocycloalkyl, heterocyclic, aryl, sub-
stituted aryl, heteroaryl, substituted heteroaryl, alkoxy, ary-
loxy, amino, silyl and combinations thereof.

[0208] As used herein, the term “phosphino” refers to the
group —PZ", where each of Z" is independently selected
from the group consisting of hydrogen, oxygen, substituted
or unsubstituted alkyl, cycloalkyl, heterocycloalkyl, hetero-
cyclic, aryl, heteroaryl, silyl, alkoxy, aryloxy, amino and
combinations thereof, where n is z to 4 depending on the
phosphorus oxidation state.

[0209] The term “amino” is used herein to refer to the
group —NZ'Z?, where each of Z* and Z? is independently
selected from the group consisting of hydrogen, alkyl,
substituted alkyl, cycloalkyl, substituted cycloalkyl, hetero-
cycloalkyl, substituted heterocycloalkyl, aryl, substituted
aryl, heteroaryl, substituted heteroaryl, alkoxy, aryloxy, silyl
and combinations thereof.

[0210] The term “thio” is used herein to refer to the group
—SZ', where Z' is sclected from the group consisting of
hydrogen, alkyl, substituted alkyl, cycloalkyl, substituted
cycloalkyl, heterocycloalkyl, substituted heterocycloalkyl,
aryl, substituted aryl, heteroaryl, substituted heteroaryl,
alkoxy, aryloxy, silyl and combinations thereof.

[0211] The term “seleno” is used herein to refer to the
group —SeZ!, where Z* is selected from the group consist-
ing of hydrogen, alkyl, substituted alkyl, cycloalkyl, substi-
tuted cycloalkyl, heterocycloalkyl, substituted heterocy-
cloalkyl, aryl, substituted aryl, heteroaryl, substituted
heteroaryl, alkoxy, aryloxy, silyl and combinations thereof.

[0212] The term “saturated” refers to lack of double and
triple bonds between atoms of a radical group such as ethyl,
cyclohexyl, pyrrolidinyl, and the like.

[0213] The term “unsaturated” refers to the presence one
or more double or triple bonds between atoms of a radical
group such as vinyl, acetylenyl, oxazolinyl, cyclohexenyl,
acetyl and the like.

[0214] The phrase “living-type kinetics” refers to a poly-
merization where substantially all chains are reactive and
propagating throughout the course of the polymerization
reaction, and where a plot of chain length versus conversion
is approximately linear.

[0215] The phrase “water-soluble” when used in connec-
tion with a polymer chain or a polymer chain segment which
is soluble in an aqueous solution under some conditions
(including, for example, aqueous solutions at a selected pH
or in the presence of one or more selected buffers, etc.).
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Additionally, the phrase “water-dispersible” refers to a poly-
mer chain which includes some entity which is not solvated
by water.

[0216] The term “radius of gyration” or “Rg” refers to
one-half the mean square end-to-end distance of a linear
chain molecule in solution.

[0217] The sensors of this invention provide increased
sensitivity of measurements as well as lower signal to noise
ratios, as compared to known surface bound sensors. The
invention will now be described further by way of the
following examples.

EXAMPLES

Example 1

[0218] The following example illustrates one approach for
the preparation of a monomer suitable for use in the present
invention for polymer brush preparation.

I. Synthesis of
N-Methyl,N-(2-hydroxyethyl)acrylamide

A. Synthesis of
N-Methyl,N-2-(1-Trimethylsiloxy)ethylacrylamide

[0219]

1. CISi(CHy);, CHCl,, 0° C., 11
2. o)

x
N 2
M N Non

1

0°C. tor.t.,
2h

Cl

1\|/Ie
N
(H3C)3Si0/\/ W(\
[e]
3

[0220] An ovendried 4 L three-necked flask equipped with
an overhead mechanical stirrer, a 250 mL dropping funnel
and an adapter to an argon line was charged under an
atmosphere of argon with 113 g (1.5 mol, 121 mL) 2-(me-
thylamino)ethanol (1), commercially available from Sigma-
Aldrich, 1500 mL of anhydrous dichloromethane, and 334 g
(460 mL, 3.3 mol) of triethylamine. The solution was chilled
to ca. 0° C. (icebath) and 171 g (1.58 mol, 200 mL) of
chlorotrimethylsilane (TMSCI) were added dropwise. Upon
completion of the exothermic reaction (ca. 1 h), the reaction
mixture is cooled again to ca. 0° C. (icebath) and acryloyl
chloride (2) (136 g, 1.5 mol, 122 mL) were added dropwise
and the reaction mixture was stirred for ca. 2 h with warming
to room temperature. The pH of the reaction mixture should
be established at ca. 9. The reaction was quenched by careful
addition of 2 L of water. After thoroughly mixing, the
aqueous layer was decanted off and the procedure was
repeated twice (2x1000 mL). After thoroughly mixing, the
aqueous layer was separated and the solution was dried
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(Na,SO,) and the solvent removed under reduced pressure
to yield an orange-yellow product 3 of sufficient purity
(>95% by 'H NMR) which can be used without further
purification in the next step. In the case of triethylammo-
nium chloride impurities the washing protocol is repeated
and the crude product was freed from excess triethylamine
in high vacuo.

[0221] 'H NMR (300 MHz, CDCl, room temp., (EY/(Z)-
isomers): 0] 6.53 (dd, J=16.8, 2.4 Hz, 1H, CH=CHH), 6.48
(dd, J=16.5, 2.4 Hz, 11, CH=CHH), 6.26-6.13 (2dd, super-
imposed, 2x1H, CH=CHH), 5.62-5.46 (2xdd, superim-
posed, 2x1H, CH=CHH), 3.60 (t, J=63 Hz, 2H,
CH,CH,0), 3.55 (t, J=6.3 Hz, 2H, CH,CIL,0), 3.40 (t, J=6.3
Hz, 2H, CIL,CH,0), 3.35 (t, J=6.3 Hz, 2H, CH,CIL0), 3.03
(s,3H,NCH,), 2.91 (s, 3H, NCH,), -0.01 (2s, superimposed,
2x9H, Si(CH,)5), both diastereoisomers) ppm.

B. Synthesis of
N-Methyl,N-2-(1-hydroxy)ethylacrylamide:

[0222]

1\|/Ie MeOH, cat. (H3C)SiCl,
AN pH3-4,2h
(H;0)3Si0 Y\
s 0
1\|/Ie
N
w0 TS
o}
4

[0223] An ovendried 3 L round-bottomed flask equipped
with a magnetic stir and an adapter to an argon line was
charged under an atmosphere of argon with the crude
product 3 obtained in step B and dissolved in 1.5 L of
anhydrous methanol. Chlorotrimethylsilane was added
dropwise the reaction mixture till the pH reached 3-4 (ca. 10
mL). The reaction mixture turns from orange to yellowish
upon cleavage. Upon completion of the reaction, the solvent
was removed under reduced pressure to yield 169 g (87%)
of 4 as an orange crude product of sufficient purity which
can be used without further purification in the following
polymerization step.

[0224] R; 025 (EtOAc/MeOH=40:1). 'H NMR (300
MHz, DMSO-d®, room temp., (E)/AZ)-isomers): (1 6.76 (dd,
J=16.5, 10.2 Hz, 1H, C(=0)CH=CHIH), O 6.73 (dd,
J=16.5, 10.8 Hz, 1H, C(=0)CH=CHH), 6.08 (dd, J=16.8,
2.7 Hz, 1H, C(=0)CH=CHH), 6.06 (dd, J=16.5, 2.4 Hz,
1H, C(=0)CH=CHH), 5.65 (dd, J=10.5, 2.7 Hz, 1H,
C(=0)CH=CHH), 5.60 (dd, J=105, 2.4 Hz, 1H,
C(=0)CH=CHH), 4.80 (1, J=5.1 Hz, 1H, OH), 4.67 (1,
J=5.4 Hz, 1H, OH), 3.53-3.45 (m, 2H, CH,CH,OH, both
diastereoisomers), 3.45-3.37 (m, 2x2H, CH,CH,OH, both
diastereoisomers), 3.06 (s, 3H, NCHs), 2.88 (s, 3H, NCH,)
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C. N-Dansylcystamine (10):
[0225]

HzN\/\S/S\/\ NH,

50,1 x2 HCI 9

K,CO;

H,O/acetone, room temp.

10

[0226] A 250 mL round-bottomed flask equipped with a
magnetic bar and a 100 mL addition funnel was charged with
cystamine dihydrochloride (9) (4.95 g, 22 mmol), K,CO,
(7.28 g, 52.8 mmol) and 50 mL of deionized water. Dansyl
chloride (8) (1.00 g, 3.7 mmol) was dissolved in 20 mL of
acetone and was added dropwise to the aqueous solution by
means of the addition funnel. The reaction mixture turned
from slight orange to yellow-green in two hours. Upon
completion of the reaction, acetone was removed under
reduced pressure. The reaction mixture was extracted with
ethyl acetate (2x100 mL). The organic extracts were com-
bined and washed with brine and dried over MgSO,,. After
filtration and evaporation, the crude product was further
purified by MPLC (silica gel, EtOAc/MeOH=2:1) to yield
670 mg (47%) of a yellow-green solid.

[0227] Rf: 0.48 (EtOAc/MeOH=1:1, stained with 2% nin-
hydrin). "H NMR (300 MHz, CDCl,, room temp.): 8 8.51 (d,
J=8.7 Hz, 111, Ar—H), 8.25 (dd, J=8.7 Hz, 211, Ar—H),
7.57-747 (m, 2H, Ar—H), 7.16 (d, J=7.5 Hz, 1H, Ar—H),
3.22(t, J=6.3 Hz, 2H, CH,CH,NHSO,), 2.86 (s, 8H, NCIL,
CH,CH,NIL), 2.62 (t, J=6.3 Hz, CILSSC IL,), 2.57 (1,
J=6.3 Hz, CH,SSC H,) ppm.

[0228] General Procedures: Examples 2-14 using “Free”
Initiator/Initiator-Control Adduct

[0229] Surface modifications were carried out on 2x3 and
1x3 inch fused silica glass wafers and 1 inch round silicon
wafers. The wafers were cleaned with acetone and dichlo-
romethane prior to use. The initiator-control agent adducts
were tethered to the wafer surface via a short alkyl spacer
(five carbon atoms) using silane chemistry following the
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procedure described in Husseman et al., Macromolecules
1999, 32, 1424-31. The corresponding chloromethyl adduct
was treated with 1-pentenol using sodium hydride in dim-
ethylformamide (DMF). Subsequent hydrosilylation with
trichlorosilane/chloroplatinic acid in 1:1 ethanol/dimethoxy-
ethane yielded the surface-active initiator-control agent
adduct.

[0230] Treatment of this initiating moiety with the surface
silanol groups of the fused silica and/or silicon wafers was
catalyzed by triethylamine in toluene to provide covalently
modified initiating substrate surfaces (i.e., derivatized sur-
faces). In each of the below examples (i.e., examples 1-8),
the total amount of trichlorosilyl-substituted initator-control
agent adduct (and dummy molecules where applicable) was
5x107* mol per 2x3 inch wafer. Depending on the desired
chain surface grafting density on the surface, the ratio of
linker-modified initiator-control agent adduct to dummy
molecule was adjusted. The surface bound initiator-control

agent adduct was either

o—N ~N

; ; O
O% O§
ClLsSi ClSi

[0231] with the Si attached to the surface, as is known. The
unbound initiator-control agent in all the examples was

Y

or
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[0232] Also in each example, free radical nitroxyl was
added, which had the composition

>

[0233] The inactive “dummy” molecule was

CLSi ,

[0234] which was synthesized following the same proce-
dure, but starting from benzylchloride.

[0235] The surface grafted initiator-control agent adducts
were used to form surface-bound polymers as follows. All
polymerizations were carried out in a 500 mL sealable vessel
with an argon inlet. The total volume of the polymerization
reaction mixture was 350 mL. This volume ensured that the
wafers were fully covered by the polymerization mixture.
Three to six initiator-control agent modified wafers were
positioned upright in the reaction vessel leaning against a
central Teflon core at a 45° angle. The positioning of the
wafer was designed to allow the site to be modified to be
fully exposed to the reactants. A small silicon wafer was
added to serve as a probe for thickness measurements. The
initiator to monomer ratio was controlled by the amount of
unbound initiator-control agent adduct in the polymerization
reaction mixture. 2-5 mol % of free a-hydrido-nitroxide
relative to non-surface-attached initiator-control agent
adduct was added in order to control the propagation of
monomer, as well as to substitute the TEMPO radical when
TEMPO-containing surface-bound adduct was used.

[0236] The polymerizations were carried out in bulk or in
50 to 90 weight percent aqueous solutions. The water-
soluble monomers were N,N-dimethylacrylamide and
N-methyl-N-(2-hydroxyethyl)acrylamide; the latter pro-
vided hydroxyl functionality. The monomers were degassed
by subjecting them to three freeze-pump-thaw cycles prior
to use.
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[0237] Size Exclusion Chromatography was performed
using an automated “Accelerated GPC” system as described
in U.S. patent application Ser. Nos. 09/285,363; 09/285,333;
09/285,335; or 09/285,392; each of which was filed on Apr.
2, 1999 and each of which is incorporated herein by refer-
ence. In the current apparatus, dimethylformamide contain-
ing 0.1% of trifluoroacetic acid at a flow rate of 2 ml/min.
and a series of three 30 cmx7.5 mm linear columns cali-
brated using narrow polystyrene standards. The concentra-
tion of the polymer in the eluent was monitored using an
evaporative light scattering detector. All of the molecular
weight results obtained are relative to linear polystyrene
standards. Thickness of the polymers was determined by
ellipsometry measurements on the substrate surface. Thick-
ness measurements were made using a Gaertner L 116A
rotating analyzer ellipsometer, which uses a HeNe laser
(A=632.8 nm) and an incidence angle of 700.

Example 2

[0238] This example describes the preparation of a sur-
face-bound copolymer having a target molecular weight of
50,000 daltons and 10 mol % of N-methyl-N-(2-hydroxy-
ethyl)-acrylamide and 90 mol % N,N-dimethylacrylamide.
Three fused silica wafers and one silicon wafer were used in
this experiment. It was assumed that each surface contained
hydroxyl functionalities typically in the picomole per square
inch range. In order to add an initiator-control ageht adduct
to each surface hydroxyl functionality, 5x10™* mol of the
trichlorosilyl-substituted initiator-control agent adduct was
used per 2x3 in. wafer. Thus, the surface in this example is
considered to have a fraction of chain initiator to the total
number of reactive sites on the substrate surface of about 1.

[0239] Unbound initiator-control agent adduct (1.9 g) was
dissolved in 291 mL of N,N-dimethylacrylamide, 37.9 g of
N-methyl-N-(2-hydroxyethyl)acrylamide, 32 mg of a-hy-
dridonitroxide, and 30 mL of water. The reaction vessel was
sealed under argon and heated at 130° C. for 48 h. After the
polymerization reaction, the wafers were placed in a DMF
bath and heated at 50° C. for 12 h to remove non-covalently
attached polymer chains, which were then analyzed by SEC,
as described above. After washing with water and acetone,
the wafers were air-dried and analyzed via ellipsometry to
determine the thickness of the surface-bound copolymer
film. SEC molecular weight (M, calibration versus poly-
styrene standards): 72,000; Film Thlckness 275 A. Addi-
tionally, utilizing the method of determining grafting density
described above (see, e.g., “Density Calculation™), the chain
grafting density of the resulting polymer brush was found to
be about 38 picomol/cm?.

Example 3

[0240] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 50,000 daltons and 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide.

[0241] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified with the
trichlorosilyl-substituted initiator/control agent adduct to
provide a fraction of chain initiator to the total number of
surface functionalities of about 1. 1.9 g of unbound initiator-
control agent adduct was dissolved in 232 mL of N,N-
dimethylacrylamide, 90.8 g of N-methyl-N-(2-hydroxyethy-
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Dacrylamide, 32 mg of a-hydridonitroxide, and 30 mL of
water. The reaction vessel was sealed under argon and
heated at 130° C. for 48 h. After the polymerization reaction,
the wafers were placed in a DMF bath and heated at 50° C
for 12 h to remove non-covalently attached polymer that was
then analyzed by SEC, as described above. After washing
with water and acetone, the wafers were air dried and
analyzed via ellipsometry to determine the thickness of the
surface-bound copolymer film. SEC molecular weight (Mw,
calibration versus polystyrene standards): 66,000; Film
Thickness: 290 A; and, Chain Density: ~44 picomol/cm?.

Example 4

[0242] This example describes the preparation of a sur-
face-bound copolymer having a target molecular weight of
10,000 daltons and 10 mol % incorporation of N-methyl-
N-(2-hydroxyethyl)acrylamide.

[0243] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified with the
trichlorosilyl-substituted initiator-control agent adduct to
provide a fraction of chain initiator to the total number of
surface functionalities of about 1. 9.5 g of unbound initiator-
control agent adduct was dissolved in 291 mL of N,N-
dimethylacrylamide, 37.9 g of N-methyl-N-(2-hydroxyethy-
Dacrylamide, 160 mg of a-hydridonitroxide, and 30 mL of
water. The reaction vessel was sealed under argon and
heated at 130° C. for 48 h. After the polymerization reaction,
the wafers were placed in a DMF bath and heated at 50° C
for 12 h to remove non-covalently attached polymer, which
was then analyzed by SEC. After washing with water and
acetone, the wafers were air dried and analyzed via ellip-
sometry to determine the thickness of the surface-bound
copolymer film. SEC molecular weight (Mw, calibration
versus polystyrene standards): 22,000; Film Thickness: 100
A; and, Chain Density: ~46 picomol/cm®.

Example 5

[0244] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 10,000 daltons and 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide.

[0245] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified with the
trichlorosilyl-substituted initiator-control agent adduct to
provide a fraction of chain initiator to the total number of
surface functionalities of about 1. 9.1 g of unbound initiator-
control agent adduct was dissolved in 232 mL of N,N-
dimethylacrylamide, 90.8 g of N-methyl-N-(2-hydroxyethy-
Dacrylamide, 160 mg of a-hydridonitroxide, and 30 mL of
water. The reaction vessel was sealed under argon and
heated at 130° C. for 48 h. After the polymerization reaction,
the wafers were placed in a DMF bath and heated at 50° C
for 12 h to remove non-covalently attached polymer that was
then analyzed by SEC, as described above. After washing
with water and acetone, the wafers were air-dried and
analyzed via ellipsometry to determine the thickness of the
surface-bound copolymer film. SEC molecular weight (Mw,
calibration versus polystyrene standards): 21,500; Film
Thickness: 120 A; and, Chain Density: ~56 picomol/cm?.

Example 6

[0246] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
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weight of 50,000 daltons and 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide.

[0247] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 50
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 50 mol % of the non-initiating benzylderivative
(ie., dummy molecule) to provide a fraction of chain
initiator to the total number of surface functionalities of
about 0.25. 1.9 g of unbound initiator-control agent adduct
was dissolved in 232 mL of N,N-dimethylacrylamide, 90.8
g of N-methyl-N-(2 hydroxyethyl)acrylamide, 32 mg of
a-hydridonitroxide, and 30 mL of water. The reaction vessel
was sealed under argon and heated at 130° C. for 48 h. After
the polymerization reaction, the wafers were placed in a
DMF bath and heated at 50° C. for 12 h to remove
non-covalently attached polymer that was then analyzed by
SEC. After washing with water and acetone, the wafers were
air dried and analyzed via ellipsometry to determine the
thickness of the surface-bound copolymer film. GPC
molecular weight (Mw, calibration versus polystyrene stan-
dards): 75,000; Film Thickness: 90 A; and, Chain Density:
~12 picomol/cm?.

Example 7

[0248] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 50,000 daltons and 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide.

[0249] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 25
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 75 mol % of the non-initiating benzyl derivative
which provided a fraction of chain initiator to the total
number of surface functionalities of about 0.25. 1.9 g of
unbound initiator-control agent adduct was dissolved in 232
mL of N,N-dimethylacrylamide, 90.8 g of N-methyl-N-(2-
hydroxyethyl)acrylamide, 32 mg of a-hydridonitroxide, and
30 mL of water. The reaction vessel was sealed under argon
and heated at 130° C. for 48 h. After the polymerization
reaction, the wafers were placed in a DMF bath and heated
at 50° C. for 12 h to remove non-covalently attached
polymer that was then analyzed by SEC. After washing with
water and acetone, the wafers were air dried and analyzed
via ellipsometry to determine the thickness of the surface-
bound copolymer film. SEC molecular weight (Mw, cali-
bration versus polystyrene standards): 68,000; Film Thick-
ness: 55 A; and, Chain Density: ~8 picomol/cm?.

Example 8

[0250] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 100,000 daltons and 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide.

[0251] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 50
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 50 mol % of the non-initiating benzyl derivative
to provide a fraction of chain initiator to the total number of
surface functionalities of about 0.5. 0.95 g of unbound
initiator-control agent adduct was dissolved in 291 mL of
N,N-dimethylacrylamide, 37.9 g of N-methyl-N-(2-hy-
droxyethyl)acrylamide, 16 mg of a-hydridonitroxide, and
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30 mL of water. The reaction vessel was sealed under argon
and heated at 130° C. for 48 h. After the polymerization
reactions, the wafers were placed in a DMF bath and heated
at 50° C. for 12 h to remove non-covalently attached
polymer, which was analyzed by SEC. After washing with
water and acetone, the wafers were air dried and analyzed
via ellipsometry to determine the thickness of the surface-
bound copolymer film. SEC molecular weight (Mw, cali-
bration versus polystyrene standards): 125,000; Film Thick-
ness: 100 A; and, Chain Density: ~8 picomol/cm?.

Example 9

[0252] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 100,000 daltons and 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide.

[0253] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 25
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 75 mol % of the non-initiating benzyl derivative
to provide a fraction of chain initiator to the total number of
surface functionalities of about 0.25. 0.95 g of unbound
initiator-control agent adduct was dissolved in 291 mL of
N,N-dimethylacrylamide, 37.9 g of N-methyl-N-(2-hy-
droxyethyl)acrylamide, 16 mg of a-hydridonitroxide, and
30 mL of water. The reaction vessel was sealed under argon
and heated at 130° C. for 48 h. After the polymerization
reaction, the wafers were placed in a DMF bath and heated
at 50° C. for 12 h to remove non-covalently attached
polymer that was then analyzed by SEC. After washing with
water and acetone, the wafers were air-dried and analyzed
via ellipsometry to determine the thickness of the surface-
bound copolymer film. SEC molecular weight (Mw, cali-
bration versus polystyrene standards): 1125,000; Film
Thickness: 65 A; and, Chain Density: ~5 picomol/cm®.

Example 10

[0254] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 50,000 daltons and 25 mol % incorporation of
acrylic acid.

[0255] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 75
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 25 mol % of the non-initiating benzyl derivative
which provided a fraction of chain initiator to the total
number of surface functionalities of about 0.75.

[0256] 2.1 g of unbound initiator-control agent adduct was
dissolved in 268 g of N,N-dimethylacrylamide, 50.5 g of
acrylic acid, 100 mg of a-hydridonitroxide, and 50 mL of
water. The reaction vessel was sealed under argon and
heated at 130° C. for 48 h. After the polymerization reaction,
the wafers were placed in a DMF bath and heated at 50° C.
for 12 h to remove non-covalently attached polymer that was
then analyzed by SEC. After washing with water and
acetone, the wafers were air dried and analyzed via ellip-
sometry to determine the thickness of the surface-bound
copolymer film. SEC molecular weight (Mw, calibration
versus polystyrene standards): 76,000.



US 2005/0158879 Al

Example 11

[0257] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 50,000 daltons and 25 mol % incorporation of
acrylic acid.

[0258] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 50
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 50 mol % of the non-initiating benzyl derivative
which provided a fraction of chain initiator to the total
number of surface functionalities of about 0.5.

[0259] 2.1 g of unbound initiator-control agent adduct was
dissolved in 268 g of N,N-dimethylacrylamide, 50.5 g of
acrylic acid, 100 mg of a-hydridonitroxide, and 50 mL of
water. The reaction vessel was sealed under argon and
heated at 130° C. for 48 h. After the polymerization reaction,
the wafers were placed in a DMF bath and heated at 50° C.
for 12 h to remove non-covalently attached polymer that was
then analyzed by SEC. After washing with water and
acetone, the wafers were air dried and analyzed via ellip-
sometry to determine the thickness of the surface-bound
copolymer film. SEC molecular weight (Mw, calibration
versus polystyrene standards): 76,000.

Example 12

[0260] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 50,000 daltons and 25 mol % incorporation of
acrylic acid.

[0261] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 25
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 75 mol % of the non-initiating benzyl derivative
which provided a fraction of chain initiator to the total
number of surface functionalities of about 0.25. 2.1 g of
unbound initiator-control agent adduct was dissolved in 268
g of N,N-dimethylacrylamide, 50.5 g of acrylic acid, 100 mg
of a-hydridonitroxide, and 50 mL of water. The reaction
vessel was sealed under argon and heated at 130° C. for 48
h. After the polymerization reaction, the wafers were placed
in a DMF bath and heated at 50° C. for 12 h to remove
non-covalently attached polymer that was then analyzed by
SEC. After washing with water and acetone, the wafers were
air dried and analyzed via ellipsometry to determine the
thickness of the surface-bound copolymer film. SEC
molecular weight (Mw, calibration versus polystyrene stan-
dards): 76,000.

Example 13

[0262] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 50,000 daltons and 25 mol % incorporation of
acrylic acid.

[0263] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 12.5
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 87.5 mol % of the non-initiating benzyl deriva-
tive which provided a fraction of chain initiator to the total
number of surface functionalities of about 0.125. 2.1 g of
unbound initiator-control agent adduct was dissolved in 268
g of N,N-dimethylacrylamide, 50.5 g of acrylic acid, 100 mg
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of a-hydridonitroxide, and 50 mL of water. The reaction
vessel was sealed under argon and heated at 130° C. for 48
h. After the polymerization reaction, the wafers were placed
in a DMF bath and heated at 50° C. for 12 h to remove
non-covalently attached polymer that was then analyzed by
SEC. After washing with water and acetone, the wafers were
air dried and analyzed via ellipsometry to determine the
thickness of the surface-bound copolymer film. SEC
molecular weight (Mw, calibration versus polystyrene stan-
dards): 76,000.

Example 14

[0264] This example describes the preparation of a sur-
face-bound copolymer brush having a target molecular
weight of 80,000 daltons and 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide.

[0265] Substantially following Example 2, three fused
silica wafers and one silicon wafer were modified using 75
mol % of the trichlorosilyl-substituted initiator-control agent
adduct and 25 mol % of the non-initiating benzyl derivative
which provided a fraction of chain initiator to the total
number of surface functionalities of about 0.75. 1.9 g of
unbound initiator-control agent adduct was dissolved in 232
mL of N,N-dimethylacrylamide, 90.8 g of N-methyl-N-(2-
hydroxyethyl)acrylamide, 32 mg of a-hydridonitroxide, and
30 mL of water. The reaction vessel was sealed under argon
and heated at 130° C. for 48 h. After the polymerization
reaction, the wafers were placed in a DMF bath and heated
at 50° C. for 12 h to remove non-covalently attached
polymer that was then analyzed by SEC. After washing with
water and acetone, the wafers were air dried and analyzed
via ellipsometry to determine the thickness of the surface-
bound copolymer film. SEC molecular weight (Mw, cali-
bration versus polystyrene standards): 88,000; Film Thick-
ness: 175 A; and, Chain Density: ~20 picomol/cm®.

[0266] After preparation of the slides was complete, each
was activated with carbonyldidimidazole as generally
described above (see, e.g., “CDI activation of Hydroxyl-
functionalized polymers on glass slides”). These were then
treated with N-Dansylcystamine, and reductively cleaved to
release the dye which was titrated with the HPL.C technique
as generally described above (see, e.g., Cleavable Dye Test).
More specifically, attachment of the cleavable dye is
achieved by submerging a brush in about 500 uM of a dye
solution for about 12 hours and then washing the brush with
anhydrous acetonitrile until the wash does not show any
fluorescence as measured by HPLC with a fluorescence
detector. The slides are then dried and stored in a dark, dry
place. The attached dye molecules are then cleaved off the
brush by reaction with 0.5 ml of 0.1 M dithiothreitol (DTT)
or other reducing agents in acetonitrile in a cleaving cham-
ber. The cleaved dye is then collected and quantified by
HPLC analysis. Separation is performed by reverse-phase
chromatrography using a Waters C,¢ bonded reverse-phase
column (150 mmx3.9 mm) with 4 um particle size. A
gradient method is nm using water and acetonitrile (water/
acetonitrile changing from 70/30 to 20/80 in 60 minutes),
and a 5 ul injection of the cleaved solution. Fluorescence is
measured with a Waters model 474 fluorescence detector
using a 530 nm band-pass emission filter and 450 nm
band-pass excitation filter in conjunction with a Xenon
fluorescence lamp.

[0267] The density of functional groups accessible to this
specific dye, N-Dansylcystamine, was 2.066x10> pmol/cm?
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(ie., about 86% of the total number of —OH functional sites
present on the surface). In terms of functional groups
density, these results indicate a significant improvement
over slides currently available commercially, which typi-
cally have a functional group density of about 25 pmol/cm®.

Examples 15-17

Addition of Control Agent But Not Initiator to
Solution

Example 15

[0268] This example describes the preparation of a sur-
face-bound copolymer brush with 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide ~ with  control
agent, but without sacrificial initiator-control agent adduct
present in the reaction mixture.

[0269] Substantially following Example 2, three 1x1 cm
silicon wafer were modified using 75 mol % of the trichlo-
rosilyl-substituted initiator-control agent adduct and 25 mol
% of the non-initiating benzyl derivative to provide a
fraction of chain initiator to the total number of surface
functionalities of about 0.75. 32 g (0.32 moles) of N,N-
dimethylacrylamide, 10.3 g (0.08 moles) of N-methyl-N-(2-
hydroxyethyl)acrylamide and 1.864 mg (8.5x10~> mmoles,
2x10~* M)of a-hydridonitroxide were placed in a 100 mL
flask together with the silicon wafers. The reaction vessel
was sealed under argon and heated at 130° C. for a total of
20 h. After 3, 6 and 20 h, respectively one of the wafers was
removed and washed with acetone for 2 h, air dried and
analyzed via ellipsometry to determine the thickness of the
surface-bound copolymer film. Film Thickness: 3h: 20 A
(mol. wt.~5236 g/mol); 6h: 31 A (mol. wt. ~8115 g/mol);
20h: 46 A (mol. wt. ~12,042 g/mol).

Example 16

[0270] This example describes the preparation of a sur-
face-bound copolymer brush with 25 mol % incorporation of
N-methyl-N-(2-hydroxyethyl)acrylamide ~ with  control
agent, but without sacrificial initiator-control agent adduct
present in the reaction mixture.

[0271] Substantially following Example 2, three 1x1 cm
silicon wafer were modified using 75 mol % of the trichlo-
rosilyl-substituted initiator-control agent adduct and 25 mol
% of the non-initiating benzyl derivative to provide a
fraction of chain initiator to the total number of surface
functionalities of about 0.75. 32 g (0.32 moles) of N,N-
dimethylacrylamide, 10.3 g (0.08 moles) of N-methyl-N-(2-
hydroxyethyl)acrylamide and 18.64 mg (8.5x107> mmoles,
2x107> M) of a-hydridonitroxide were placed in a 100 mL
flask together with the silicon wafers. The reaction vessel
was sealed under argon and heated at 130° C. for a total of
20 h. After 3, 6 and 20 h, respectively one of the wafers was
removed and washed with acetone for 2 h, air dried and
analyzed via ellipsometry to determine the thickness of the
surface-bound copolymer film. Film Thickness: 3h: 20 A
(mol. wt. ~5236 g/mol); 6h: 31 A (mol. wt. ~8115 g/mol);
20h: 39 A (mol. wt. ~10,209 g/mol).

Example 17

[0272] This example describes the preparation of a sur-
face-bound copolymer brush with 25 mol % incorporation of
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N-methyl-N-(2-hydroxyethyl)acrylamide ~ with  control
agent, but without sacrificial initiator-control agent adduct
present in the reaction mixture.

[0273] Substantially following Example 2, three 1x1 c¢cm
silicon wafer were modified using 75 mol % of the trichlo-
rosilyl-substituted initiator-control agent adduct and 25 mol
% of the non-initiating benzyl derivative to provide a
fraction of chain initiator to the total number of surface
functionalities of about 0.75. 32 g (0.32 moles) of N,N-
dimethylacrylamide, 10.3 g (0.08 moles) of N-methyl-N-(2-
hydroxyethyl)acrylamide and 0.1864 mg (8.5x10~* mmoles,
2x107> M) of a-hydridonitroxide were placed in a 100 mL
flask together with the silicon wafers. The reaction vessel
was sealed under argon and heated at 130° C. for a total of
20 h. After 3, 6 and 20 h, respectively one of the wafers was
removed and washed with acetone for 2 h, air dried and
analyzed via ellipsometry to determine the thickness of the
surface-bound copolymer film. Film Thickness: 3h: 16 A
(mol. wt. ~4188 g/mol); 6h: 22 A (mol. wt. ~5759 g/mol);
20h: 32 A (mol. wt. ~8377 g/mol).

Example 18
Addition of Control

Agent But Not Initiator to Solution

[0274] This example describes an approach similar to
Examples 15-17, above, in than no free initiator is present in
the polymerization mixture. However, unlike those
examples, here the iniferter technique is employed in place
of the nitroxide-mediated, controlled polymerization.

[0275] 1-Synthesis of the Initiator:

[0276] p-(Chloromethyl)phenyltrimethoxysilane (0.4 g,
1.62 mmol) and N,N-diethyl dithiocarbamate sodium salt
(0.370 mg, 2.17 mmol) were each dissolved separately in 3
mL of dry THF. The N,N-diethyl dithiocarbamate solution
was added slowly to the p-(Chloromethyl)-phenyltrimethox-
ysilane solution via a syringe. The solution was stirred for 7h
at room temperature. A white precipitate was formed almost
immediately (NaCl) and, during the reaction period, the
solution became more yellow. The mixture was then filtered
and the crude product was used without further purification.

[0277] 2-Surface Grafting of the Initiator:

[0278] The solution of initiator (0.2-0.3 M in dry THF or
dry toluene) was directly used on glass wafers as well as on
silicon wafers, prepared as described above with respect to
Examples 2-14. Typically each wafer is immersed one after
the other in 5 ml of solution for up to about 2 to 3 days at
room temperature, to allow the initiator to react with the
surface silanol groups. The surfaces were covered by 2-3
mm of solution each time. Then, the wafers were washed
with DMF and dried under a prepurified N, flow at room
temperature.

[0279] 3-Synthesis of Polymer Brushes:

[0280] Reactions were performed in a glove box with low
amount of oxygen (about 1 ppm or less). Each silicon wafer
was immersed in distilled dimethylacrylamide (1 ml). As
indicated by the table below, various concentrations of the
control agent, tetraethylthiuram disulfide (TEDS) were used
in each preparation. The surfaces were then placed about 10
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cm from a 365-366 nm UV lamp and irradiated for the
required time at room temperature. After polymerization, the
samples were immersed in 50 ml of dichloromethane over-
night to remove homopolymers that may have formed in
solution. Finally, the surfaces were dried under a prepurified
N, flow at room temperature. The surfaces were then char-
acterized by ellipsometry measurements.

Monomer Polymer
Control agent Irradiation conversion in thickness
(TEDS) time solution (%) (Angstroms)
none (*) 5 mn 1 0
None 5 mn 1 41
None 50 mn 3 333
0.001 M/L 50 mn 5.5 158
0.01 M/L 780 mn 80 58

(*): reference sample with no bound initiator

[0281] These experiments show that no polymerization
occurs on the wafer, and virtually no polymer is formed in
solution when no initiator is grafted on the surface. It also
shows a steady increase of the polymer thickness as the
irradiation time is prolonged. The addition of control agent
actually slows down the growth and provides additional
control.

Example 19

Performance Study

[0282] The polymer substrate can be evaluated as a bio-
sensor based on the ability of the polymer-bound probes to
capture biomolecules (e.g. target) from solution. This per-
formance can be evaluated in terms of the overall efficiency
and selectivity of target binding, ¢.g., by evaluating (1) the
total amount of target bound, (2) the ability to detect and
quantify the amount of specific target in solution, (3) the
ability to detect and quantify the amount of specific target
within a complex solution, (4) the ability to enhance the
dynamic range through detection of very low concentrations
of target, or (5) the combined ability to detect these signals
above the background and noise of the system.

[0283] This example illustrates a method for testing the
performance of the polymers as a substrate for oligonucle-
otide probe attachment and subsequent DNA target hybrid-
ization. In this example, oligonucleotide probes of 50-bases
(50mers) were immobilized to polymer substrates of varying
fractions of surface bound chain initiator to the total number
of surface functionalities (the fraction ranging from 0.125 to
0.75). Probe concentrations within a 0-200 micromolar
range were used to test the loading (chemical attachment)
efficiency of these probes to the activated polymer sub-
strates. Complex (gene expression) target solutions were
then applied to the probe arrays, where the solution included
“spiked” picomolar concentrations of particular targets to
test the efficiency of capturing/sampling very low target
populations within a complex hybridization solution. The
results are illustrated in FIG. 7.

[0284] All of the substrates demonstrated a loading capac-
ity that mimicked solution hybridization, suggesting that the
loading is not significantly limited or slowed by surface
effects or mesh-hindered diffusion. For the range of polymer
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densities tested, the polymer designed with 0.25 initiator
fraction reproducibly demonstrated the best performance in
loading capacity for the 50-base probes. This result is
consistent with the ~40 A mesh-size analysis of the polymer
architecture, suggesting that the polymer substrate can be
tailored to achieve an optimal loading capacity if the mesh
is roughly equivalent to half the radius of gyration of the
intended probes.

[0285] The same polymer (with 0.25 initiator fraction)
also reproducibly demonstrated the best performance in
target hybridization, presumably due to the increased probe
density and solution-like binding performance. For the poly-
mers designed with 0.25 to 0.75 initiator fraction, these
substrates significantly increased the dynamic range of the
hybridization performance, as shown by the ability to
hybridize and recognize (“call”) more of the targets present
at very low concentrations. In some cases, these substrates
accurately called 100% of the targets in the gene expression
solution.

[0286] 1t is to be understood that the above description is
intended to be illustrative and not restrictive. Many embodi-
ments will be apparent to those of skill in the art upon
reading the above description. The scope of the invention
should therefore be determined not with reference to the
above description, but should instead be determined with
reference to the appended claims, along with the full scope
of equivalents to which such claims are entitled.

[0287] The disclosures of all articles, patents and refer-
ences, including patent applications and publications, are
incorporated herein by reference for all purposes.

[0288] Other embodiments are within the following
claims.

We claim:
1. A polymer brush comprising:

(a) a substrate having a surface, and

(b) a layer on the substrate surface comprising polymer
chains having two termini and an intermediate portion
between the termini, one terminus being free and the
other terminus being bound to the substrate surface, the
intermediate portion being a copolymer and having a
weight average molecular weight of at least about
1,000, and being substantially free of crosslinks to the
intermediate portion of other polymer chains, the poly-
mer chains having a density of from about 1 picomole
per square centimeter to about 100 picomoles per
square centimeter of substrate surface area.

2. The polymer brush of claim 1 further comprising
functional sites on the intermediate portions of the polymer
chains and a probe attached to the functional sites for
binding a molecule, the functional sites having a density of
at least about 20 picomoles per square centimeter of sub-
strate surface area.

3. The polymer brush of claim 1 wherein said polymer
chains are non-linear polymers selected from the group
consisting of branched polymers, star polymers, and com-
binations thereof.

4. The polymer brush of claim 1 wherein said polymer
chains are terpolymers.
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5. The polymer brush of claim 1 wherein said density of
said polymer chains is from about 10 picomoles per square
centimeter to about 45 picomoles per square centimeter of
substrate surface area.

6. The polymer brush of claim 1 wherein said polymer
chains are random copolymers.

7. The polymer brush of claim 1 wherein said polymer
chains are block copolymers.

8. The polymer brush of claim 1 wherein said polymer
chains comprise units having the formula:

R4

CH,=C

wherein R is H or an alkyl group; and R® and R®, indepen-
dently, are selected from the group consisting of hydrogen,
alkyl, substituted alkyl, cycloalkyl, substituted cycloalkyl,
heteroalkyl, substituted heteroalkyl, aryl, substituted aryl,
heteroaryl, alkoxy, aryloxy, and combinations thereof.

9. The polymer brush of claim 1 wherein said polymer
chains form a layer on said surface having a dry thickness
ranging from about 10 angstroms to about 2000 angstroms.

10. The polymer brush of claim 1 further comprising
spacer molecules bound to said surface so that the ratio of
polymer chains to the sum of polymer chains and spacer
molecules is less than 1.

11. The polymer brush of claim 10 wherein said spacer

molecules bound to said surface are characterized by the
formula:

Cq
Q%WLQ
o)

where C is a moiety on the surface of said substrate; g, r, and
t, independently, are 0 or 1; L is a linker group capable of
bonding to at least one C moiety; z is 0 or 1; and Q is a group
incapable of initiating free radical polymerization that is
selected from the group consisting of alkyl, substituted
alkyl, alkoxy, substituted alkoxy, aryl, substituted aryl, and
combinations thereof.

12. The polymer brush of claim 1 wherein the interme-
diate portions are water-dispersible or water-soluble.

13. A polymer brush comprising:
(a) a substrate having a surface, and

(b) a layer on the substrate surface comprising polymer
chains having two termini and an intermediate portion
between the termini, one terminus being free and the
other terminus being bound to the substrate surface, the
intermediate portion being a copolymer and having a
weight average molecular weight of at least about
1,000,
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wherein an average number of polymer chain attachment
points per unit area of substrate surface, denoted by n,
is greater than n/25, where n, is the number of attach-
ment points per unit area at which the average distance
between attachment points is twice the radius of gyra-
tion of the polymer chains under the condition of the
assay.

14. The polymer brush of claim 13 wherein n is greater
than n /4.

15. The polymer brush of claim 13 wherein n is greater
than n._.

16. The polymer brush of claim 13 wherein the polymer
chains have a weight average molecular weight of at least
100,000 and n is greater than n_/4.

17. The polymer brush of claim 13 wherein said polymer
chains are non-linear polymers selected from the group
consisting of branched polymers, star polymers, and com-
binations thereof.

18. The polymer brush of claim 13 wherein said polymer
chains are terpolymers.

19. The polymer brush of claim 13 wherein said polymer
chains comprise units having the formula:

R
CH,=—=C
(|:=O
N
37 g

wherein R* is H or an alkyl group; and R® and R®, indepen-
dently, are selected from the group consisting of hydrogen,
alkyl, substituted alkyl, cycloalkyl, substituted cycloalkyl,
heteroalkyl, substituted heteroalkyl, aryl, substituted aryl,
heteroaryl, alkoxy, aryloxy, and combinations thereof.

20. The polymer brush of claim 13 wherein said polymer
chains form a layer on said surface having a dry thickness
ranging from about 20 angstroms to about 2000 angstroms.

21. The polymer brush of claim 13 further comprising
spacer molecules bound to said surface so that the ratio of
polymer chains to the sum of polymer chains and spacer
molecules is less than 1.

22. The polymer brush of claim 21 wherein said spacer
molecules bound to said surface are characterized by the
formula:

C‘l
CI%L%Q
feh

where C is a moiety on the surface of said substrate; g, r, and
t, independently, are 0 or 1; L is a linker group capable of
bonding to at least one C moiety; z is 0 or 1; and Q is a group
incapable of initiating free radical polymerization that is
selected from the group consisting of alkyl, substituted
alkyl, alkoxy, substituted alkoxy, aryl, substituted aryl, and
combinations thereof.



