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FIGURE 1

FT-IR of gluconamide modified silica
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FIGURE 2

FT-IR of maltonamide-modified silica
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FIGURE 11
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FIGURE 12
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FIGURE 14
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FIGURE 15
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FIGURE 16
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FIGURE 22
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PROTEIN COMPATIBLE METHODS AND
COMPOUNDS FOR CONTROLLING THE
MORPHOLOGY AND SHRINKAGE OF
SILICA DERIVED FROM
POLYOL-MODIFIED SILANES

FIELD OF THE INVENTION

The present invention relates to methods of preparing
biomolecule compatible siliceous materials, to the siliceous
materials prepared using these methods and to uses of the
siliceous materials, in particular as chromatographic sup-
ports, biosensors and/or to immobilize and stabilize proteins.

BACKGROUND OF THE INVENTION

(a) Utilization of Silica as Chromatographic Support

Silica in a variety of particulate forms has been exten-
sively utilized as a chromatographic support. Partition of
dissolved molecules between the hydrophilic siliceous sur-
face and a flowing solvent permits the separation of com-
pounds on many different scales (ng—kg scales). The effi-
ciency of separation in these systems is related to the surface
area of the silica to which the compound mixture is exposed.

The configuration of common separation systems utilizes
a cylindrical bed of particulate silica in a glass, metal or
polymeric cladding. A traditional approach to improving
separation efficiency (theoretical plates) with such systems
is to utilize longer columns of particulate silica of a given
particle size (or range of sizes). Alternatively, higher sepa-
ration efficiency is associated with the use of very small
particles with larger surface areas.

There is an important physical limitation to practical
separation with packed particulate systems. As the number
of theoretical plates increases there is an attendant increase
in backpressure on the column. There is, therefore, a trade
off between higher separation efficiency and practical oper-
ating pressures. High pressures have attendant danger, and/
or are impractical from the perspective of cost. Even with
highly efficient columns operating at high pressures, the
throughput that can be realized is often relatively low.!

Significant improvement in the surface area/back pressure
relationship can be realized by the use of self-supporting
monolithic silica columns.’* For example, styrene mono-
liths have been reported to be useful for polynucleotide
separation. The group of Tanaka, in particular, have reported
the preparation of silica monoliths.* Merck currently sells
monolithic silica columns under the Chromolith” label.® The
structure of these monoliths involves a series of distorted
silica spheres fused by a layer of silica. The presence of
macropores, between linked silica beads of a few microns
diameter, can be clearly seen by micrographic analysis and
may be more carefully established by other techniques. In
addition to macropores, the silica beads typically possess a
mesoporous structure (in the case of the Merck columns, a
total porosity of 80% is claimed, which is made up of macro-
and mesopores, the latter of which are on the order of 13 nm
in diameter).®

(b) Problems with Existing Monolithic Silica

Silica produced by a sol-gel process is prone to shrinkage.
Gelation is initiated in the presence of large quantities of
solvent and, frequently, other dopants (see below). Evapo-
ration of the solvent is accompanied by significant shrinkage
forces: Si(OEt),-derived gels can shrink in air up to 85%.°
This can be problematic in a number of ways when the
resulting silica is used as a chromatographic support. First,
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in extreme conditions, the column can fracture leading to
changes/degradation in separation performance. Second, the
monolith can pull away from the cladding material, provid-
ing an alternative elution pathway for the compounds to be
separated. This complicates, at best, the separation. In the
worst instance, the eluting mixture will bypass most of the
column surface area resulting in no separation.

Several strategies have been developed to reduce the
problem of shrinking. For example, use of a drying agent in
the original sol, such as DMF, helps in the silica annealing
process.” The most common means to deal with shrinking is
to accept that it will occur and to thermally cure the silica,
essentially to completion. Hydrothermal treatment can be
used to dissolve/re-precipitate the silica, which reduces the
cracking that is frequently observed upon shrinking.®®
Dopants like urea in the sol have been reported to facilitate
the dissolution/re-precipitation process.'® An alternative
strategy is to heat shrink the column cladding after shrinkage
has occurred to reform an effective interface between mono-
lith and cladding material. Finally, soluble polymers such as
poly(ethylene oxide) may be added to the sol. These have the
effect of increasing porosity of the monolith.'*

The use of sol-gel techniques provides an exceptional
degree of morphological control in the preparation of silica.
Thus, total porosity, pore size and shape, regularity of pore
distribution, etc., can be manipulated using a variety of
starting materials, reaction conditions and dopants.'* Many
of these conditions, however, are incompatible with the
incorporation of fragile compounds such as biomolecules,
proteins in particular. Either the synthetic conditions are
damaging to protein structure (e.g., pH conditions, the
presence of denaturants such as ethanol) or the final curing
conditions require elevated temperatures. It is of interest to
incorporate such biomolecules into silica to create materials
that serve as biosensors, immobilized enzymes or as affinity
chromatography supports.

(c) Applications of Monolithic Silicas to Bioaffinity Chro-
matography

Bioaffinity chromatography has been used widely for
sample purification and cleanup,13 chiral separations,'*
on-line proteolytic digestion of proteins,'® development of
supported biocatalysts,'® and more recently for screening of
compound libraries via the frontal affinity chromatography
method. = In all cases, the predominant method used to
prepare protein-loaded columns has been based on covalent
or affinity coupling of proteins to silica beads. However,
coupling of proteins to beads has several limitations, includ-
ing; loss of activity upon coupling (due to poor control over
protein orientation and conformation), low surface area,
potentially high backpressure (which may alter K, values'®),
difficulty in loading of beads into narrow bore columns,
difficulty in miniaturizing to very narrow columns (<50 um
i.d.), and poor versatility, particularly when membrane-
bound proteins are used.'®

In recent years it has been shown that a very mild and
biocompatible sol-gel processing method can be used to
entrap gctive proteins within a porous, inorganic silicate
matrix. In this method, a two-step processing method is
used wherein a buffered solution containing the protein is
added to the hydrolyzed silica sol to initiate gelation under
conditions that are protein-compatible.>! Numerous reports
have appeared describing both fundamental aspects of
entrapped proteins, such as their conformation,®*****
dynamics,?>2%*7 accessibility,>**® reaction kinetics,
activity,*® and stability,’! and their many applications for
catalysis and biosensing.>>*" A number of reports also exist

22,29
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describing sol-gel based immunoaffinity columns,>* and
enzyme-based columns®® although in all cases these were
formed by crushing protein-doped silica monoliths and then
loading the bioglass into a column as a slurry.

Very recent work on the development of protein-doped
monolithic sol-gel columns has appeared from the groups
headed by Zusman* and Toyo oka.?® Zusman s group have
developed columns using glass fibers covered with sol-gel
glass as a new support for affinity chromatography. Toyo oka
s group have used capillary electrochromatography (CEC) to
both prepare protein-doped sol-gel based columns and to
elute compounds. These monoliths were derived solely from
TEOS or TMOS using a very high water:silicon ratio,
resulting in a loosely packed monolith with large pores to
allow flow of eluent. While this is a significant advance, all
chromatography was done using electroosmotic flow (CEC),
which separates compounds on the basis of'a combination of
charge, mass and affinity, and is less compatible with MS
detection due to the necessarily high ionic strength of the
eluent. Also, these authors did not examine the interaction of
potential inhibitors with entrapped proteins on-column. This
is a particularly important issue given the emergence of high
throughput screening (HTS) methods based on immobilized
enzymes.17’18’36

The present inventors have previously described the
preparation of silica from a series of sugar alcohol, sugar
acid or oligo- and polysaccharide-derived silanes. These
starting materials offer a number of advantages over the
more classically used tetracthoxy- and tetramethoxysilanes
(TEOS and TMOS, respectively). Among these are mild
conditions, including a greater control of pH used in the sol
(ranges from 4-11.5 are possible), very low processing
temperatures, process reproducibility, reduced shrinking and
compatibility with the incorporation of a variety of dopants,
particularly proteins. However, there remains a need to
control the shrinkage of the resulting silica to avoid the
evolution of cracks. Furthermore, morphological control
needs to be available such that the materials can be tailored
for specific applications including chromatography, biosen-
sors, etc. Finally, an ability to improve the stability of the
entrapped biomolecule is needed.

SUMMARY OF THE INVENTION

Siliceous materials have been prepared under mild con-
ditions, the resulting materials showing reduced shrinkage
and, under certain conditions, form a monolith having a
bimodal meso/macroporous structure. Such materials are
useful in chromatographic applications and are especially
amenable to the entrainment of biomolecules.

Specific additives have been found by the present inven-
tors to control the morphology and to reduce the shrinkage
of siliceous materials obtained from the organic polyol
modified silanes previously described in their co-pending
patent application WO 03/102001.° For example, meso/
macroporous monolithic silica material was obtained by
combining a water soluble polymer (for example PEO and
derivatives thereof) with polyol-derived silica precursors
under conditions where a phase transition, or spinodal
decomposition, occurred before the material gelled. The
phase transition was marked by an increase in turbidity of
the precursor/polymer solution. Further, certain trifunctional
silanes, including water soluble polymers chemically modi-
fied to contain trifunctional silanes, provided silica having a
dramatic reduction in shrinkage properties. These trifunc-
tional silanes were also shown to enhance the stability of the
protein entrapped within the silica network when used in

10

15

20

25

30

35

40

45

50

55

60

65

4

combination with organic polyol silane precursors. In par-
ticular, Src kinase, luciferase, Factor Xa and urease, which
are far less stable in conventional sol gel materials derived
from tetraalkoxysilanes or polyolsilanes, have been
entrapped and the activity of these enzymes was preserved
over multiple uses. Water soluble polymers chemically
modified to contain trifunctional silanes also provided bimo-
dal meso/macroporous monolithic silica materials.

Accordingly, the present invention includes a method of
preparing siliceous materials comprising combining an
organic polyol silane precursor with one or more additives
under conditions suitable for hydrolysis and condensation of
the precursor to a siliceous material, wherein the one or
more additives are selected from one or more water-soluble
polymers and one or more trifunctional silanes of Formula
I:

OR!
R*—Si—OR?

OR?

wherein R', R? and R? are the same or different and represent
a group that may be hydrolyzed under normal sol-gel
conditions to provide Si—OH groups; and R* is a group that
is not hydrolyzed under normal sol-gel conditions.

The present invention further relates to a method of
preparing siliceous materials with enhanced protein stabi-
lizing ability comprising combining an organic polyol silane
precursor with one or more additives under conditions
suitable for hydrolysis and condensation of the precursor to
a siliceous material, wherein the one or more additives are
selected from one or more trifunctional silanes of Formula
I:

OR!
R*—Si—OR?

OR?

wherein R', R? and R? are the same or different and represent
a group that may be hydrolyzed under normal sol-gel
conditions to provide a Si—OH group and R* is polyol-
(linker)-.

The invention also includes the siliceous materials pre-
pared using the methods of the invention as well as the use
of these materials, for example, but not limited to, in
chromatographic applications (particularly with
macroporous materials), as bioaffinity supports, biosensors
and/or for immobilizing enzymes, in particular, the trifunc-
tional silanes of Formula I, where R* contains a polyol
moiety, have protein stabilizing activity. Further, the present
invention extends to analytical and other types of hardware
(for example chromatographic columns, microarrays, bioaf-
finity columns, sample cleanup devices such as in-tube solid
phase microextraction media, SPME films, ziptips, etc.)
comprising the materials prepared using the methods of the
invention.

The mild conditions under which the siliceous materials
are prepared using the methods of the present invention are
compatible with proteins and other biomolecules. This
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allows for these types of molecules to be readily incorpo-
rated into these siliceous materials for a wide variety of
applications. Also, the shrinkage of the materials prepared
using the methods of the present invention is significantly
reduced when compared to TEOS- or TMOS-derived mate-
rials (as well as polyol-silane derived materials which were
prepared under conditions previously reported®), which
again, provides a more stable environment for entrained
biomolecules.

The present inventors have also developed biomolecule
compatible, bimodal meso/macroporous silica materials
using the method of the present invention. It has been shown
that these materials can be used for protein entrapment and
that capillary columns based on these materials can be
prepared that are suitable for pressure driven liquid chro-
matography and compatible with MS detection.

Other features and advantages of the present invention
will become apparent from the following detailed descrip-
tion. It should be understood, however, that the detailed
description and the specific examples while indicating pre-
ferred embodiments of the invention are given by way of
illustration only, since various changes and modifications
within the spirit and scope of the invention will become
apparent to those skilled in the art from this detailed descrip-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in relation to the
drawings in which:

FIG. 1 shows the FT-IR spectra of gluconamide-modified,
DGS-derived silica;

FIG. 2 shows FT-IR spectra of malonamide-modified,
DGS-derived silica

FIG. 3 shows solid-state *C CPMAS NMR spectra of (a)
sample 8, (b) sample 15;

FIG. 4 shows solid-state °Si CPMAS NMR spectra: (a)
sample 8, (b) sample 15;

FIG. 5 is a bar graph showing the shrinkage data for
samples 6-15 over 45 days;

FIG. 6 is a bar graph showing the mobility measurements
of crushed particles from samples 6 to 11;

FIG. 7 is a graph showing the gel time of DGS doped with
different molecular weight and different concentration of
PEO solution. The open legend means transparent gel at gel
time, and the closed legend means phase separation before
gelation;

FIG. 8 shows electron micrographs of silica prepared
from DGS using both PPG-NH, and PEO as dopants show-
ing the change in morphology as the quantity of PPG-NH,
was increased; i) PEO/PPG-NH,=1000/1 ii) (b) PEO/PPG-
NH,=1000/5 and (iii) PEO/PPG-NH,=1000/10;

FIG. 9 shows electron micrographs of silica derived from
DGS/PEO A: where the phase separation was not allowed to
go to completion; B: after complete phase separation and
gelation; C: Close-up of B;

FIG. 10 shows TGA of silica monoliths, after washing and
freeze drying, derived from 1: DGS, and 2: DGS/PEO (from
0.5 g DGS/500 puL H,O/500 uL of 0.05 g/ml PEO 100,000
MW solution);

FIG. 11 shows DSC of silica derived from: A: DGS; B:
DGS+100000 MW PEO;

FIG. 12 shows silica gel prepared from DGS A: Using
polyNIPAM as dopant; B: Using PEO with terminal
Si(OEt), groups as dopant (see experimental section in both
cases);
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FIG. 13 shows UV-visible spectra of the washing solution
of FITC labelled HSA;

FIG. 14 shows Confocal Microscopy Images of the PEO/
DGS gel entrapped with fluorescent FITC-HSA after the 37
washing;

FIG. 15 shows a schematic of the apparatus used for
FAC/MS. A switch valve is used to switch from buffer to
buffer+analyte, allowing continuous infusion of analytes
onto the column. The column outlet is connected to a mixing
tee for addition of makeup buffer that flows directly into the
PE/Sciex API 3000 triple-quadrupole mass spectrometer.

FIG. 16 shows SEM images of a sol-gel derived column
containing DGS/PEO/APTES after 5 days of aging. Panel A:
image of monoliths formed in 1 mm capillaries that pulled
away from the capillary wall and were removed from the
capillary under flow; Panel B: magnified image of a mono-
lith in a 250 um capillary showing the meso and macro pore
distribution within the sol-gel derived monolith.

FIG. 17 shows brightfield images of a filled capillary (250
ng/m i.d.) after 3 months of aging in buffer (Panel A), and
after 24 hours of storage in a dessicator (Panel B).

FIG. 18 shows FAC/MS data showing the effects of
surface modification on non-selective adsorption. Panel A:
unmodified DGS/PEO monoliths; Panel B: DGS/PEO
monoliths containing 0.3% w/v DMDMS; Panel C: DGS/
PEO monoliths containing 0.03% w/v poly(allylamine) MW
17,000; Panel D: DGS/PEO monoliths containing 0.3% w/v
APTES. The order of elution for all chromatographs is:
Methotrexate, fluorescein, trimethoprim, pyrimethamine.

FIG. 19 shows typical FAC/MS traces obtained using
protein-loaded and blank DGS/PEO/APTES monolithic col-
umns. Panel A: blank columns containing no protein; Panel
B: column containing 50 pmol DHFR (initial loading); Panel
C: column containing an initial loading of 50 pmol of
heat-denatured DHFR; Panel D: columns containing and
initial loading of 50 pmol of HSA. Coumarin,
pyrimethamine, trimethoprim and folic acid were infused at
20 nM. Fluorescein was infused at 100 nM. All traces are
normalized to the maximum signal obtained after compound
breakthrough.

FIG. 20 shows the determination of K, and B, values for
DHEFR columns based on the effect of ligand concentration
on breakthrough volume. Panel A: Superimposed FAC/MS
traces at 4 different ligand concentrations relative to a blank
column; Panel B: Plot of V vs. [A]. Note that the data is
obtained from the first run performed on four individual
DHFR loaded columns and one blank column.

FIG. 21 shows the contributions to loss of column per-
formance due to leaching and denaturation of DHFR. Panel
A: Amount of fluorescein-labeled DHFR remaining within
macroporous monolithic columns after washing 450 bed
volumes through the column over 8 hours. Panel B: Effect
of incubation in 2 mM ammonium acetate (used as FAC/MS
running buffer) on DHFR activity.

FIG. 22 shows the column to column reproducibility for
elution of 5 compounds. Panels A and B show FAC/MS data
obtained for two different columns cut from one continu-
ously filled capillary. Columns were infused with a solution
containing 20 nM of coumarin, folate, trimethoprim and
pyrimethamine and 100 nM Fluorescein in 2 mM ammo-
nium acetate. The order of elution was coumarin (2.7 and 2.6
min), fluorescein (3.1 and 2.9 min), folate (8.9 and 8.4 min),
trimethoprim (37.2 and 41.4 min) and pyrimethamine (56.7
and 61.4 min).

FIG. 23 shows the run-to-run reproducibility and column
regeneration for a 5 day old DGS/PEO/APTES column
containing an initial loading of 50 pmol of DHFR. The order
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of elution for panel A (initial run) was coumarin, fluorescein,
folate, trimethoprim and pyrimethamine. After re-equilibrat-
ing the column with 2 mM ammonium acetate, 30 mM folate
was flowed through the column for 40 min to displace
tightly-bound affinity analytes in panel B. The column was
then re-equilibrated with 2 mM ammonium acetate before
FAC was repeated in panel C.

FIG. 24 shows TR-FRET spectra of Src PTK reaction
products, with or without the substrate (P1716) and the
inhibitor (Staurosporine).

FIG. 25 shows the effect of excitation wavelength on S/B
ratio in a solution containing bBENDpYINASL and detection
cocktail.

FIG. 26 shows the relative Src PTK phosphorylation
activity of different substrates in solution.

FIG. 27 shows the relative activity of Src PTK entrapped
in different sol-gel systems.

FIG. 28 shows the reusability of entrapped Src PTK. The
enzyme activity was tested using P1716 as substrate.

FIG. 29 shows the effect of increasing concentration of
PTK inhibitors on free and entrapped Src activity. a) Stau-
rosporin, [P1716]=8 M, [ATP]=40 M; b) Src Kinase Inhibi-
tor I, [P1716]=4 M, [ATP]=20 M; ¢) YIYGSFK, [P1716]=8
M, [ATP]=40 M.

FIG. 30 shows the relative activity of luciferase entrapped
in a variety of different sol-gel derived materials.

FIG. 31 shows the variation of catalytic efficiency with
the reuse of firefly luciferase entrapped in 0.2 M/M GLTES/
DGS gel.

FIG. 32 shows the sensitivity towards ATP of FL
entrapped in 0.2 mol:mol GLTES/DGS.

FIG. 33 shows the relative activity of Factor Xa entrapped
in a range of preparations.

FIG. 34 shows the variation of catalytic efficiency with
the reuse of Factor Xa entrapped in a 0.2 M/M GLTES/DGS
gel.

FIG. 35 shows the relative activity of urease entrapped in
a range of preparations.

FIG. 36 shows the effect of mol/mol ratio of MLTES/DGS
on urease activity.

FIG. 37 shows urease activity in a range of gels with
different mol/mol ratios of silinated sugars/DGS 7 days after
the first measurement.

DETAILED DESCRIPTION OF THE
INVENTION

(1) Methods of the Invention

The present inventors have developed methods to control
the morphology, shrinkage and protein stabilization charac-
teristics of siliceous materials derived from organic polyol
modified silanes. Specifically, it has been found that the
addition of higher molecular weight PEO, or other water
soluble polymers, to organic polyol-based sols under con-
ditions where a phase transition, or spinodal decomposition,
occurs before gelation, leads to meso/macroporous mono-
lithic silica material. Further, it has been found that the
addition of trifunctional silanes conjugated through an alkyl
amide linkage to sugar lactones (including gluconamide,
maltonamide and dextronamide), to organic polyol-based
tetrafunctional silanes, including as representative, non-
limiting examples, diglycerylsilane (DGS) and monosorbi-
tylsilane (MSS), provides siliceous materials having a dra-
matic reduction in shrinkage properties as well as dramatic
protein stabilization capabities. Similarly, PEO modified
with a trifunctional silane through a propyl ether linkage led
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to a reduction in silica shrinkage. Accordingly, a route to
siliceous materials that have reduced shrinkage compared to
TEOS-derived gels, which are readily formed over a wide
range of pHs, which may be prepared at ambient or slightly
higher (e.g., 37° C.) temperatures, without the necessity for
heat curing or air drying, and which have enhanced protein
stabilization characteristics, has been developed. As a result,
it is possible to dope these siliceous materials with a variety
of species, in particular biomolecules such as proteins.

Accordingly, the present invention relates to a method of
preparing siliceous materials comprising combining an
organic polyol silane precursor with one or more additives
under conditions suitable for hydrolysis and condensation of
the precursor to a siliceous material, wherein the one or
more additives are selected from one or more water-soluble
polymers and one or more trifunctional silanes of Formula
I:

OR!
R*—Si—OR?

OR?

wherein R', R? and R? are the same or different and represent
a group that may be hydrolyzed under normal sol-gel
conditions to provide Si—OH groups; and R* is group that
is not hydrolyzed under normal sol-gel conditions.

The water soluble polymer may be selected from any such
compound and includes, but is not limited to, one or more of:
polyethers, for example, polyethylene oxide (PEO); poly-
ethylene glycol (PEG); amino-terminated polyethylene gly-
col (PEG-NH,); polypropylene glycol (PPG); polypropy-
lene oxide (PPO); polypropylene glycol bis(2-amino-propyl
ether) (PPG-NH,); polyalcohols, for example, polyvinyl
alcohol; polysaccharides; poly(vinyl pyridine); polyacids,
for example, poly(acrylic acid); polyacrylamides e.g. poly
(N-isopropylacrylamide); (polyNIPAM); and polyally-
lamine (PAM). In an embodiment of the invention, the water
soluble polymer is selected from one or more of PEO,
PEO-NH,, PEG, PPG-NH,, polyNIPAM and PAM. In fur-
ther embodiments of the invention, the water soluble poly-
mer is selected from one or more of PEO, PEO-NH, and
polyNIPAM. By water soluble it is meant that the polymer
is capable of being formed into an aqueous solution having
a suitable concentration. It should be noted that the terms
oxide (as in polyethylene oxide) and glycol (as in polyeth-
ylene glycol) may be used interchangeably and the use of
one term over the other is not meant to be limiting in any
way.

In embodiments of the invention, OR*, OR? and/or OR?
are the same or different and are derived from organic
mono-, di-, or polyols. By polyol, it is meant that the
compound has more the one alcohol group. The organic
portion of the polyol may have any suitable structure rang-
ing from straight and branched chain alkyl and alkenyl
groups, to cyclic and aromatic groups. For the preparation of
biomolecule compatible silicas, it is desired that the organic
polyol to be biomolecule compatible. In an embodiment of
the invention, the groups OR', OR? and/or OR? are derived
from sugar alcohols, sugar acids, saccharides, oligosaccha-
rides or polysaccharides. Simple saccharides are also known
as carbohydrates or sugars. Carbohydrates may be defined as
polyhydroxy aldehydes or ketones or substances that hydrol-
yse to yield such compounds. The polyol may be a monosac-
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charide, the simplest of the sugars or carbohydrate. The
monosaccharide may be any aldo- or keto-triose, pentose,
hexose or heptose, in either the open-chained or cyclic form.
Examples of monosaccharides that may be used in the
present invention include, but are not limited to allose,
altrose, glucose, mannose, gulose, idose, galactose, talose,
ribose, arabinose, xylose, lyxose, threose, erythrose, glyc-
eraldehydes, sorbose, fructose, dextrose, levulose or sorbi-
tol. The polyol may also be a disaccharide, for example, but
not limited to sucrose, maltose, trehalose, cellobiose or
lactose. Polyols also include polysaccharides, for example,
but not limited to dextran, (500-50,000 MW), amylose and
pectin. Other organic polyols that may be used include, but
are not limited to glycerol, propylene glycol or trimethylene
glycol. In embodiments of the present invention, the group
OR!, OR? and/or OR? are derived from a polyol selected
from glycerol, sorbitol, maltose, trehalose, glucose, sucrose,
amylose, pectin, lactose, fructose, dextrose and dextran and
the like. In further embodiments of the present invention, the
organic polyol is selected from glycerol, sorbitol, maltose
and dextran.

1131 other embodiments of the invention, OR', OR? and
OR are the same and are selected from C,_,alkoxy, for
example, methoxy or ethoxy, aryloxy and arylalkyleneoxy.
In further embodiments of the invention, OR', OR? and OR?
are all ethoxy. It will be apparent to those skilled in the art
that other leaving groups such as chloride or silazane may
also be used for the formation of silica according to the
methods described in the invention.

The term aryloxy as used herein means phenoxy or
naphthyloxy wherein, the phenyl and naphthyl groups may
be optionally substituted with 1-5 groups, specifically 1-3
groups, independently selected from the group consisting of
halo (fluoro, bromo, chloro or iodo), C,_galkyl, C, _salkoxy,
OH, NH,, N(C,_salkyl),, NHC,_galkyl, C(O)C,_galkyl.
C(O)NH,, C(O)NHC,_salkyl, OC(O)C,_galkyl, OC(O)
OC, _salkyl, NHC(O)NHC,_,alkyl, phenyl and the like.

The term arylalkyleneoxy as used herein means aryl-
(C,_,)-oxy wherein aryl has the same meaning as in aryloxy.
Specifically, arylalkyleneoxy is a benzyloxy or naphthylm-
ethyloxy group (i.e. aryl-CH,—O).

It should be noted that the groups OR*, OR? and OR? are
capable of participating directly in the hydrolysis/polycon-
densation reaction. In particular, these functional groups are
alkoxy groups attached to the silicon atom at oxygen, i.e.,
Si—OR, which may be hydrolyzed to provide Si—O—H,
which can condense with other Si—O—H or Si—OR
groups to provide Si—O—Si linkages and eventually a
three-dimensional network within a gel. Trifunctional
silanes form silsesquioxanes upon hydrolysis and there is a
lower degree of crosslinking in systems derived therefrom,
in particular when compared with systems derived from
tetrafunctional silanes. The remaining group attached to the
silicon atom (R*) is a group that generally does not partici-
pate directly in the hydrolysis/polycondensation reaction.

R* is a group that is not hydrolyzed under normal sol-gel
conditions and preferably is stabilizing to biological sub-
stances, in particular proteins. In specific embodiments, R*
is selected from one of the following groups:

polyol-(linker)-;

polymer-(linker),,-; and
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OR!
R20—Si— (linker),-polymer-(linker), -,

OR?

wherein n is 0-1 and OR', OR? and OR? are as defined
above. The term polyol in R* has the same definition as
described above for the groups OR', OR? and OR?>. In an
embodiment of the invention, the polyol is derived from
glucose or maltose. The term polymer in R* refers to any
water soluble polymer, such as, but not limited to: poly-
ethers, for example, polyethylene oxide (PEO); amino-
terminated polyethylene oxide (PEO-NH,); polyethylene
glycol (PEG); polyethylene glycol bis(2-amino-propyl
ether) (PEG-NH,); polypropylene glycol (PPG); polypro-
pylene oxide (PPO); polypropylene glycol bis(2-amino-
propyl ether) (PPG-NH,); polyalcohols, for example, poly-
vinyl alcohol; polysaccharides; poly(vinyl pyridine);
polyacids, for example, poly(acrylic acid); polyacrylamides
e.g. poly(N-isopropylacrylamide) (polyNIPAM); or polyal-
lylamine (PAM). A linker group is required (i.e. n=1) when
a direct bond between the silicon atom and the polymer
would be hydrolyzed under normal sol-gel conditions. In
embodiments of the invention, the polymer is a water
soluble polyether such as PEO.

The sugar and polymer residues may be attached to the
silicon atom through any number of linkers. Such linkers
may be based on, for example, alkylene groups (i.e. —
(CH,),,—, m=1-20, specifically 1-10, more specifically
1-4), alkenylene groups (i.e. —(CH=CH),,,, m=1-20, spe-
cifically 1-10, more specifically 1-4), organic ethers, thio-
ethers, amines, esters, amides, urethanes, carbonates or
ureas. A person skilled in the art would appreciate that they
are numerable linkers that could be used to connect the
group, R*, to the silicon atom.

By biomolecule compatible it is meant that a substance
either stabilizes proteins and/or other biomolecules against
denaturation or does not facilitate their denaturation.

The terms biomolecule or biological substance as used
herein, are interchangeable and means any of a wide variety
of proteins, enzymes and other sensitive biopolymers
including DNA and RNA, and complex systems including
whole plant, animal and microbial cells that may be
entrapped in silica. The biomolecule may be dissolved in a
suitable solvent, for example an aqueous buffer solution,
such as TRIS buffer. In an embodiment of the invention, the
biological substance is in its active form.

By normal sol gel conditions it is meant the conditions
used herein to effect hydrolysis and condensation of the
organic polyol derived silanes. This includes, in aqueous
solution, at a pH in the range of 1-13, specifically in the
range 4-11.5, and temperatures in the range of 0-80° C., and
specifically in the range 0-40° C., and optionally with
sonication and/or in the presence of catalysts known to those
skilled in the art of room temperature vulcanization, includ-
ing acids, amines, dialkyltin esters, titanates, etc.

The terms a and an as used herein can mean one or more
than one.

Tustrative of compounds of Formula I of the present
invention, are two classes of the trifunctional silanes based
on saccharides which were prepared as described herein
below: monosaccharide-(compound 1) and disaccharide-
(compounds 2 and 3) based trifunctional silanes are shown
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in Schemes 1 and 2. Hydrolysis and condensation of these
species along with organic modified silanes (for example
diglycerylsilane) allows the incorporation of these species
into sol gel derived siliceous materials resulting in materials

that have non-hydrolyzable sugar moieties covalently bound 3

into the silica network. Such materials permanently incor-
porate protein stabilizing agents into the silica and retain
water in the silica matrix, avoiding denaturation of the
entrapped protein. Also prepared were polymeric bis(tri-
functional silanes) 5 (see Scheme 3).

Although in both of the saccharide examples shown in
Schemes 1 and 2, many different opportunities for modifi-
cation with silanes exist, it was chosen to modify the
anomeric hemiacetal centre at the terminus of the saccha-
ridic chains. Oxidation of any of the sugars converts the
anomeric hemiacetal into the lactone (Scheme 1). This could
then be opened by an amino-modified alkoxysilane to pro-
duce a sugar-modified coupling agent.>” The key functional
group tethering the two groups in this case is an alkylamide.
Examples of such sugar modified silanes prepared herein are
shown in Scheme 2.

HO
(0]
HOJ&%HO
I
OH 0 L
OHO KOH
i) IR 129 B(H")
iii) Iyophilization
OH %y ) Iyop
Maltose
HO
DMSO HZN\/\/ Si(OEt)3
HO
(0]
HOHO 1o
OH o OH H )
1O N\/\/ Si(OEt)3
OH D
2 (MaltonamideSi)
Scheme 2
HO
OH H .
HOHO N\/\/81R3
OH

¢}
1 (GluconamideSi)
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-continued
HO
(0]
Hof&ﬁ HO
OH o OH H .
HO P
OH 0
2 (Maltonamide-Si)
HO
HO o
HO
OH
o OH H ,
n HOHO N\/\/ SiR3
OH 0
3 (DextronamideSi)
SiR; = Si(OEt);

MW(Dextran) = 10000-510000
Illustrative of compounds of Formula I wherein R* is

OR!
R20—Si— (linker),-polymer-(linker), -,

OR?

wherein OR', OR? and OR? are as defined above, are
compounds 5 shown in Scheme 3. Compounds 5 can be
prepared, for example, by reacting poly(ethylene oxide),
first with allyl bromide (or any other suitable allylating
reagent), followed by reaction with a trialkoxy-, triarylalky-
leneoxy- or triaryloxysilane, in the presence of a catalyst,
such as a platinum-derived catalyst, as shown in Scheme 3.
When modified PEO polymers are used, for example the
compound of Formula 5, it is preferred that the starting PEO
have a MW of greater than about 2000 g/mol. In this
example the linker is an alkylene group, with m=3. Note
some allyl-terminated PEO polymers 4 are commercially
available. It would be apparent to one skilled in the art that
other levels of functionality can also be used to bind these
species to the siliceous matrix, such as: R_I;Si-linker-
polymer-linker-SiJ,R;_, and polymer-linker-SiJ,R;_, where
k=1-3 and J is a group that can participate in hydrolysis and
condensation with the silica network.

Scheme 3
Br
HO H AN
\V\ot Nall, THF
OR!
|
/ \
OR2

AN O\[‘/\ON

4 (a. p~4-5; b. p~13: c. p~45; ¢. p~227)

Pt (cat.)
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-continued
OR!
é' 0 OR?
1
R3O/| ~ N \["/\O‘]/\/\Sii
OR? P | Sors
OR!

5 (a. p~4-5; b. p~13; c. p~45; ¢. p~227)

As stated above, the organic polyol derived silane pre-
cursors have been described in the inventors co-pending
patent application (PCT patent application No. WO
03/102001)°, the contents of which are incorporated herein
by reference. The term polyol once again has the same
definitions as described above. Although a wide variety of
ratios of sugar/silicon are readily prepared (e.g., monosor-
bitylsilane (MSS), disorbitylsilane, trisorbitylsilane), as will
be appreciated by one skilled in the art, the cure behavior of
such compounds differs widely. The resulting polyol modi-
fied silanes listed below are particularly convenient for the
method of the invention: diglycerylsilane (DGS), monosor-
bitylsilane (MSS), monomaltosylsilane (MMS), dimaltosyl-
silane (DMS) or dextran-based silane (DS). More particu-
larly, diglycerylsilane (DGS) or monosorbitylsilane (MSS)
are used in the method of the invention. One of skill in the
art can readily appreciate that other molecules including
simple saccharides, oligosaccharides, and related hydroxy-
lated compounds can also lead to viable silica precursors.
Higher molecular weight polyols and polysaccarides, e.g.,
dextran and the like, do not completely leach from the silica,
once formed.

The preparation of silica from sugar-modified silanes such
as glycerol (DGS—diglycerylsilane; or MSS—monosorbi-
tylsilane) has been previously reported.® In those cases, all
silicon atoms contained in the resulting gel were tetrafunc-
tional, Q-type®® (four bonds to oxygen, Si(OR),). Co-hy-
drolysis of any of the water soluble polymers or compounds
of Formula I with DGS or MSS led to silica possessing very
different properties.

The hydrolysis and polycondensation of the organic
polyol derived silanes in the presence of one or more
additives typically occurred upon standing of the reagents in
aqueous solution or with sonication to assist in dissolution.
In embodiments of the invention, the additives are added as
solutions in suitable buffers. The aqueous solution may be
adjusted to a pH in the range of 4-11.5 (and may be tailored
to the biomolecule, if any is to be entrained in the matrix),
using a buffer, for example TRIS buffer, to initiate hydroly-
sis and condensation. In an embodiment of the invention, the
pH is adjusted so that it is in a range of about 4-10. The
resulting solution will eventually gel (lose the ability to
flow) and the material may be allowed to cure or age for
sufficient period of time. A person skilled in the art can
determine this time depending on the desired application for
the siliceous material. The term cure or age means the
continued evolution of the silica matrix upon aging of the
silica following gelation. Once the material is sufficiently
cured, it may be dried before use. The material may be
molded into any desired shape, for example, films, spots,
fibres, monoliths, pellets, granules, tablets, rods and bulk, as
the solution becomes viscous but before it becomes com-
pletely gelled.

It has been found that when the additive is a trifunctional
compound of Formula I, siliceous materials having reduced
shrinkage are produced. Accordingly, in embodiments of the
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invention, there is provided a method of preparing siliceous
materials with low shrinkage characteristics comprising:

(a) combining an aqueous solution of one or more com-

pounds of Formula I with an aqueous solution of an
organic polyol silane precursor

(b) adjusting the pH of the solution in (a) to about 4-11.5;

(c) allowing the solution of (b) to gel;

(d) aging the gel of (c); and

(e) partially drying the aged gel in air.

In further embodiments, the compound of Formula I is
selected from those wherein R* is selected from one of the
following groups:

polyol-(linker)-; and

OR!
R20— Si— (linker),-polymer-(linker), -,

OR?

wherein n is 0-1 and OR!, OR? and OR? are as defined
above.

A series of compounds derived from DGS combined with
gluconamide-Si(OEt), 1, maltonamide-Si(OEt);, 2 or PEO-
[Si(OEt);],, 5 respectively, were prepared. Gelation times
for the composites depended upon the ratio of starting
materials. In particular, there was a trend to slower curing
(gelling) with an increase in the proportion of the additive
(Table 1). These materials could be characterized by stan-
dard spectroscopic techniques including IR and NMR (See
FIGS. 1-4 and Table 2). The former, in particular, is diag-
nostic because of the amide linkages that appear in the
region between 1650 and 1700 cm™" (FIGS. 1-2).

The physical behavior of the siliceous materials prepared
by combining a organic polyol silane precursor with a
compound of Formula I was also studied. As stated above,
the most significant impact on the behavior of the resulting
products can be seen in the degree of shrinkage. Normally,
when allowed to rest in the open environment (i.e., not under
water), shrinkage of DGS gels occurs to a level of up to
approximately 66% (see sample 6, FIG. 5), much less than
TEOS-derived gels which shrink approximately 85%. By
contrast, incorporation of the sugar-modified trifunctional
silanes dramatically reduced shrinkage over the same time
period (45 days) to less than 15% (samples 8-11, 13-15, FIG.
5). Reduced shrinkage was also observed when DGS was
hydrolyzed and condensed in the presence of compounds 5.
Mobility measurements were undertaken in order to assess
the degree to which the trifunctional silanes modified the
behaviors of the resulting siliceous surfaces. These results
are shown in Table, FIG. 6. In all cases, the surfaces remain
anionic.

The hydrolysis of DGS or MSS (and related compounds)
leads to silica networks contaminated with polyol. These
networks shrink far less than silica prepared from TEOS and
are also more protein compatible as no denaturant is present
during gel formation. In addition, the pH used for the gel
synthesis can be adapted to the specific protein to be
entrapped since, as stated above, gel formation conveniently
occurs without supplemental catalysis over a pH range of
4-11.5. The addition of trifunctional compounds based on
sugar lactones or polymers significantly changed the behav-
ior of the resulting cure process, and most significantly
decreased shrinkage in the final material and increased the
protein stabilization properties.
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The present invention also includes siliceous materials
prepared using the method of the invention. Accordingly, the
invention relates to siliceous materials having reduced
shrinkage properties. By reduced shrinkage properties it is
meant that the siliceous material shrinks in the range of
about 5-15% (v/v) over a period of 45 days at in air room
temperature.

In other aspects of the present invention, meso/
macroporous silica monoliths were formed when the organic
polyol silane precursors were combined with one or more
water soluble polymers and/or compounds of Formula I,
wherein R* is group selected from polymer-(linker), - and

OR!
R20—Si—(linker),-polymer-(linker),-,

OR?

under conditions where the resulting sol undergoes a phase
transition before gelation.

Accordingly, the present invention includes a method of
preparing monolithic silica materials comprising combining
an organic polyol silane precursor with one or more addi-
tives selected from one or more water-soluble polymers and
one or more compounds of Formula I:

OR!
R*—Si—OR?

OR?

wherein R* selected from the group consisting of polymer-
(linker),- and

OR!
R?0—Si— (linker),-polymer-(linker),-

OR3

and n is 0-1, under conditions where a phase transition
occurs before gelation.
In embodiments of the invention R* is

OR!
R20— Si—(linker),-polymer-(linker),-.

OR?

In further embodiments of the invention, the linker group is
a C;_jalkylene group and n is 1. The selections for OR!,
OR™ and OR? are the same as those defined above.

The present invention also extends to the novel meso/
macroporous silica monoliths prepared using the method of
the invention. The invention therefore relates to a silica
monolith with improved shrinkage characteristics, that is
compatible with biomolecules and which is prepared at
ambient temperature.
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The conditions where a phase transition occurs before
gelation may vary depending mainly on the identity of the
water-soluble polymer (Table 4). When the water-soluble
polymer is PEO, the timing of the gelation was dependent on
both the PEO concentration and molecular weight (FIG. 7).
In order for phase transition to occur before gelation, it is
desirable that the non-functionalized PEO be of relatively
high molecular weight (MW), for example greater than
about 5000, specifically greater than about 7500, more
specifically greater than about 10,000 g/mol, most specifi-
cally greater than about 100,000 g/mol, and at relatively
high concentration, for example greater than about 0.005
g/mL of final solution, specifically greater than about 0.025
g/mL of final solution. Macroporous silica monoliths were
also formed when poly(N-isopropylacrylamide)
(polyNIPAM) was used as the water soluble polymer. The
molecular weight of the polyNIPAM may be greater than
about 5000, specifically greater than about 7500, more
specifically greater than about 10,000 g/mol, most specifi-
cally greater than about 100,000 g/mol, and its concentra-
tion, may be greater than about 0.005 g/mlL of final solution,
specifically greater than about 0.025 g/mL of final solution.
For amino-modified PEO (PEO-NH,) the molecular weight
may be greater than about 1000 g/mol, specifically greater
than about 2000 g/mol, more specifically greater than about
3000 g/mol and its concentration, may be greater than about
0.005 g/mlL. of final solution, specifically greater than about
0.025 g/mL of final solution.

The effect of different functional groups on the water
soluble polymer on cure characteristics was pronounced.
Non-functional PEO of 10,000 MW was optimal for phase
separation to occur before gelation. By contrast, poly(eth-
ylene oxide) bearing terminal amino groups (PEO-NH,)
could form macroporous structures with molecular weights
of only 3400, and PEO terminated with O(CH,);Si(OEt),
groups (PEO-TES,) could form macroporous structure with
molecular weights of greater than about 200.

Macroporous silica monoliths could also be prepared by
using a mixture of water soluble polymers. In this case, the
morphology of the resulting silica was affected by the
concentration, molecular weights, and character of the poly-
mers. For example, addition of various amounts of PPG-
NH, to a DGS-PEO sol led to silicas of very different
morphology (see FIG. 8; the base recipe consists of 0.2 g
DGS/200 pL H,0+60 pL of 0.5 g/ml PEO 10,000 MW, to
which was added a PPG-NH, solution comprised of PPG-
NH, 200 MW 0.5 g/mL such that the final PEO/PPG-NH,
ratios were 1) 1000/1 ii) 1000/5, and iii) 1000/10).

A person skilled in the art can readily determine when a
phase transition has occurred, for example, by observing the
evolution of turbidity in the sol. As used herein, the time
when the solution became totally opaque was recorded as
the phase separation time (t,,;) and the time with the opaque
phase lost its ability to flow was recorded as the gel time
(tgel)'

The silica formed as a result of gelation after phase
separation consists of small asymmetric beads fused
together to create an open structure. The way in which the
open structure evolves could be seen by washing unreacted
starting material or low molecular weight oligomers from
the gel prior to complete reaction of the alkoxysilane. The
evolution of the gel can be seen in FIG. 9. The size of the
aggregates is a function of the specific recipe used, and in
particular depends on the molecular weight and type and
weight percent of additive incorporated.
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The aggregated silica beads that comprise the monolith
are mesoporous in nature. This is clearly seen from the
nitrogen absorption data (Table 5) which shows average
pore sizes of 3.3 nm.

The silica macroporous monoliths formed using the
method of the invention contain significant quantities of the
organic polymer used to cause phase separation. Thermo-
gravimetric analysis (TGA) showed that significantly greater
quantities of organic material were found in the gels formed
from DGS and doped with polymers than those which
contained DGS and water in the absence of dopants (FIG.
10). Additional weight losses on heating due to evaporation
of water, on the order of 10-15%, were observed in gels
doped with polymer.

Further characterization of the nature of the sol-gel mono-
liths prepared using the method of the invention was avail-
able from calorimetry. Differential scanning calorimetry
(DSC) of the gel resulting from reaction of DGS, water and
PEO shows features associated with the glycerol (from
DGS) but not with the polymeric dopant. Thus, an unwashed
sample of silica derived only from DGS shows loss of
glycerol above 200° C. (FIG. 1A). By contrast, the washed
sample shows no glycerol in the first heating cycle and no
significant thermal events in the second heating cycle. The
melting point of pure PEO (MW 100,000) is 67° C. as seen
in FIG. 11B. In the silica prepared from DGS and PEO, DSC
shows no evidence of entrained domains of PEO or glycerol
in the gel after crushing, washing and drying the gel. The
peak in curve 2 corresponds to loss of some water (FIG.
11B). However, there is approximately 24% PEO remaining
in the gel after washing (FIG. 10). Thus, the data from these
gels is consistent with a silica structure containing dispersed
PEO as can be seen from Table 6.

Use of polymers other than PEO can result in a different
morphology in the resulting monolithic silica. These differ-
ences are readily visible in electron micrographs. A com-
parison of the silica prepared with PEO (FIG. 9B) with that
prepared in the presence of polyNIPAM (FIG. 12A) shows
very different aggregation behavior. The addition to DGS of
PEO, PPG-NH, and compounds of Formula I, wherein R* is
polymer-(linker),,- or

OR!
R?0— Si— (linker),-polymer-(linker),-

OR3

(with n=1), under conditions where a phase transition occurs
before gelation, changed the aggregate size and morphology
in a different manner (FIGS. 8 and 12B).

It was noted above that a particular advantage of the
methods of the present invention is that they are amenable
for the preparation of biomolecule-doped siliceous materi-
als. Accordingly, the present invention further relates to a
method of preparing siliceous materials comprising com-
bining an organic polyol silane precursor, a biomolecule of
interest and one or more additives under conditions suitable
for hydrolysis and condensation of the precursor to a sili-
ceous material, wherein the one or more additives are
selected from the group consisting of one or more water-
soluble polymers and one or more trifunctional silanes of
Formula I:
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OR!
R*—Si—OR?

OR?

wherein R', R? and R? are the same or different and represent
a group that may be hydrolyzed under normal sol-gel
conditions to provide a Si—OH group; and R* is group that
is not hydrolyzed under normal sol-gel conditions.

The present invention further relates to the siliceous
material comprising a biomolecule or biological substance
entrapped therein wherein the siliceous material is prepared
using the methods described hereinabove.

The incorporation of biomolecules into the silica mono-
liths prepared using the method of the present invention is
exemplified by the silica formed in the presence of the
surface active protein human serum albumin®® (HSA) or
lysozyme using a recipe incorporating 100,000 MW PEO as
a dopant (Table 7). It was possible to partially remove the
protein by extensive washing, as shown using fluorescently
labelled HSA: the more PEO in the original recipe, the less
protein remains in the column after washing. The washing
liquors from the PEO/DGS/FITC-labelled HSA silica were
examined by UV-visible spectroscopy. A very weak absorp-
tion signal could still be detected in the 3" washing (FIG.
13). However, the resulting gel still contained significant
quantities of HSA, as shown by the strong fluorescent signal
observed by confocal microscopy after 3 days total soaking
(FIG. 14). The addition of PPG-NH, to the sol changes the
ultimate degree of proteins retention. As shown in Tables 7
and 8, PPG-NH, is much more efficient than other polymers
in retaining proteins. Thus, in addition to morphological
changes provided by the addition of a water soluble polymer,
these polymers also play a role in controlling the total
protein content in the silica monolith.

The meso/macroporous monoliths prepared using the
methods of the invention undergo shrinkage, as is common
for sol-gel derived silica. However, the magnitude of shrink-
age of these materials is also significantly lower than that
observed with TEOS-derived gels. After one month in water,
the radial shrinkage of a 14 mm diameter cylinder of gel
prepared with DGS/PEO is about 10% after one month. This
is the same shrinkage for the pure DGS gel. If the gel is aged
in open system without water, the shrinkage is about 14% for
the DGS/PEO gel, 21% for the DGS gel and 43% for the
TEOS gel. Accordingly, the present invention relates to a
method of preparing a meso/macroporous silica monolith
with improved shrinkage characteristics.

Further illustration of the protein stabilization capabilities
of the materials prepared using the method of the present
invention is exemplified by the silica formed from diglyc-
erylsilane (DGS) combined with compound 1 or compound
2. Proteins entrapped in such materials include Src kinase,
luciferase, Factor Xa and urease. These proteins are typi-
cally unstable in conventional sol gel materials derived from
tetraalkoxysilanes or polyolsilanes. In fact, Src kinase
entrapped in sol gels derived from precursors such as
TMOS, TEOS and DGS provided no detectable enzyme
activity, highlighting the unexpected and remarkable protein
stabilizing ability of additives such as compounds 1 and 2
and the like. It was further demonstrated that materials
formed from such precursors are sufficiently porous to allow
accessibility of polypeptides containing up to 15 amino acid
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residues to the entrapped enzyme, and that phosphorylation
of'the peptides by entrapped Src kinase and inhibition of this
process by small molecules and short peptides can be
detected using a time-resolved fluorescence resonance
energy transfer method based on LANCE™ technology.*

Accordingly, the present invention provides a method of
preparing siliceous materials with enhanced protein stabi-
lizing ability comprising combining an organic polyol silane
precursor with one or more additives under conditions
suitable for hydrolysis and condensation of the precursor to
a siliceous material, wherein the one or more additives are
selected from one or more trifunctional silanes of Formula
I:

OR!
R*—Si—OR?

OR?

wherein R', R? and R? are the same or different and represent
a group that may be hydrolyzed under normal sol-gel
conditions to provide a Si—OH group and R* is polyol-
(linker)-. In embodiments of the invention, the polyol in R*
is derived from glucose or maltose and the linker is an
alkylene amide group. In still further embodiments of the
invention, the compound of Formula I is compound 1 or
compound 2. In other embodiments of the invention, the
protein is a kinase, luciferase, or urease or is Factor Xa.

When the protein entrapped in the sol gel material pre-
pared from DGS and compound was Src kinase, improve-
ments in the signal/background (S/B) ratio were obtained by
adding adenosine triphosphate (ATP) to the sol before the
encapsulation of the enzyme had taken place. Both ATP and
peptide competitive inhibitors were shown to inhibit the
activity of the entrapped Src kinase with IC;, values that
were very similar to those obtained in solution. Accordingly,
in an embodiment of the present invention, the method of
preparing siliceous materials with enhanced protein stabi-
lizing ability further comprises combining the organic
polyol silane precursor and one or more additives with a
substrate for the protein to be entrapped. When the protein
is a kinase, the substrate may be a source of phosphate, for
example, ATP.

The formation of silica by a sol-gel route involves a
complex series of hydrolyses and condensations.'> When
multidentate starting materials are used, such as silanes
derived from glycerol, sorbitol, mannitol, dextrans or other
sugar-derived materials, the number of equilibria involved
in the reaction cascade from starting materials to silica
increases significantly. During this process, low molecular
weight materials begin to oligomerize and polymerize. In
the absence of significant amounts of other dopants, the final
silica monolith forms an optically clear material that con-
tains water, alcohols and other added dopants. The entire
process occurs in one phase.

The expedient of adding water soluble polymers and other
additives, such as compounds of Formula I which can
participate in the sol gel chemistry, to the original sol
complicates the evolution of the silica. The situation is
reminiscent of dispersion polymerization where, after oli-
gomerization, the growing polymer nucleates particles.** In
this case, the growing silica polymer precipitates from the
sol while gelation continues. The specific timing, degree of
polymerization, ultimate morphology (including size of the
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primary particles and aggregates, thickness of the binding
silica layers, uniformity of the particle size, pore sizes and
porosity) is affected by the quantity, molecular weight and
specific molecular characteristics of the additives as shown
above.

There are distinctions between the work described here
and previous literature reports. These include the nature of
the silicon-based starting materials and the interactions of
the additives with them. First, the nature of the alkoxy
groups on the silane precursors of the present invention
gives these compounds very different pH cure profiles than
silanes derived from mono-hydroxysilanes; the residual
alcohols of the precursors of the present invention act to
plasticize the developing silica network. They also provide
an environment which is not destabilizing to entrapped
protein. Another distinction is the thermal dependence of the
reaction. Gelation occurs at ambient temperature over a wide
pH range, again facilitating the incorporation of proteins and
other biomolecules in the method of the present invention.
Finally, the shrinkage of these monoliths of the present
invention is significantly reduced when compared to TEOS-
or TMOS-derived materials, again providing a more stable
environment for entrained biomolecules.

Another distinction between materials containing com-
pounds of Formula I and previous materials reported in the
literature is that the covalently tethered functional group
(gluconamide, maltonamide, etc) cannot be removed upon
exhaustive washing, contrary to the findings for hydrolys-
able functional groups. This renders permanent sites in the
silica that can be used to retain water and ultimately to
maintain protein activity. As shown below, such materials,
when used to entrap biomolecules, allow for multiple reuses
of the entrapped protein even after many washing steps.

The use of different additives, of different MW and
quantities in the sol-gel silica recipe allows the possibility of
tuning surface area, total porosity, morphology and protein
retention of the resulting structure, and the magnitude of
shrinkage and strength over wide ranges prepared by the
sol-gel method from sugar alcohol and related silanes.
Another advantage with this combination of reagents over
traditional routes is the mild thermal conditions that can be
used for its manufacture. In particular, the synthetic route is
compatible with the incorporation of proteins and other
biomolecules.

(i1) Uses

The siliceous materials prepared using the methods of the
invention are novel accordingly, the present invention fur-
ther includes all uses of these materials, including, but not
limited to, their use in chromatography, biosensors, immo-
bilizing enzymes, affinity supports and the like. In many
applications for these materials, a biological substance has
been entrapped within its matrixes.

Accordingly, the present invention includes the use of a
siliceous material comprising an active biological substance
entrapped therein, as biosensors, immobilized enzymes or as
affinity chromatography supports. Therefore, the present
invention also includes a method for the quantitative or
qualitative detection of a test substance that reacts with,
binds to and/or whose reaction is catalyzed by an active
biological substance, wherein said biological substance is
encapsulated within a siliceous material, and wherein said
siliceous material is prepared using a method of the inven-
tion. The quantitative/qualitative method comprises (a) pre-
paring the siliceous material comprising said active biologi-
cal substance entrapped within a porous, silica matrix
prepared using a method of the invention; (b) bringing said
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biological-substance-containing siliceous material into con-
tact with a gas or aqueous solution comprising the test
substance; and (c¢) quantitatively or qualitatively detecting,
observing or measuring the change in one or more charac-
teristics in the biological substance entrapped within the
siliceous material or, alternatively, quantitatively or quali-
tatively detecting, observing or measuring the change in one
or more characteristics in the test substance. Such tests may
be performed in various morphologies that will be readily
understood by those skilled in the art. Without limitation,
these can include microarrays, such as would be achieved
using a pinspotter.*

In particular, the invention includes a method wherein the
change in one or more characteristics of the entrapped
biological substance is qualitatively or quantitatively mea-
sured by spectroscopy, utilizing one or more techniques
selected from the group consisting of UV, IR, visible light,
fluorescence, luminescence, absorption, emission, excitation
and reflection.

Also included is a method of storing a biologically active
biological substance in a silica matrix, wherein the biologi-
cal substance is an active protein or active protein fragment,
wherein the silica matrix prepared using a method of the
invention.

The meso/macroporous silica monoliths prepared using
the method of the invention are especially useful in chro-
matographic applications. For the preparation of a chro-
matographic column, the silica precursor (optionally in
hydrolyzed form) and one or more water-soluble polymer
(and other additives) may be placed into a chromatographic
column before phase transition and gelation occurs.

The present invention therefore relates to a method of
preparing a monolithic silica chromatographic column com-
prising placing a solution comprising an organic polyol
silane precursor and one or more additives selected from
water-soluble polymers and a compound of Formula I,
wherein R* is group selected from polymer-(linker) - and

OR!
R?20—Si—(linker),-polymer-(linker),-,

OR?

where n is 0-1, in a column under conditions suitable for a
phase transition to occur before gelation.

Other additives known in the art for use with sol gel
columns may also be used in the method of the invention.
This includes, for example, substances, such as aminopro-
pyltriethoxysilane (APTES), which provide cationic sites
that counterbalance the anionic charge of'the silica to reduce
non-selective interactions. Other amino-functional materials
described above PEG-NH,, PPG-NH, and/or PAM, can
similarly serve this role.

In embodiments of the invention the chromatographic
column is a capillary column. Conventional capillary col-
umns comprise a cylindrical article having an inner wall and
an outer wall and involve a stationary phase permanently
positioned within a circular cross-section tube having inner
diameters ranging from 5 pm to 0.5 mm. The tube wall may
be made of glass, metal, plastic and other materials. When
the tube wall is made of glass, the wall of the capillary
possesses terminal Si—OH groups which can undergo a
condensation reaction with terminal Si—OH or Si—OR
groups on the silica monolith to produce a covalent Si—O—
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Si linkage between the monolith and the capillary wall. This
provides a column with structural integrity that maintains
the monolith within the column. Due to the small dimen-
sions of a capillary column, the solutions comprising the
silica precursor and water soluble polymer may be intro-
duced into the capillary by the application of a modest
vacuum.

Some of the additives can be removed or eluted prior to
chromatography by rinsing with an appropriate solvent, such
as water and/or alcohol. The column may be further pre-
pared by methods such as supercritical drying or the use of
a reagent such as a silane or other coupling agent to modify
the surface of the exposed silica. The monolith may also be
stored with the additives interspersed within.

In embodiments of the invention, the silica monolith
prepared using the method of the invention is further deriva-
tized to allow tailoring of the monolith for a variety of
chromatographic separations. While the examples described
herein refer exclusively to the use of entrapped proteins for
affinity based separations, it should be apparent to those
skilled in the art that a variety of modifications can be made
to the column to effect separations using other types of
interactions. For example, a surface may be incorporated
into the monolith by entrapment of coated particles that is
useful for reverse phase chromatography without the need
for frits. Such surfaces may comprise long chain alkyl
groups or other non-polar groups. Alternatively, the silica
skeleton itself may be derivatized by reacting the Si—OH or
Si—OR groups on the silica with reagents that convert these
functionalities to surface linkages to other organic groups
such as alkyls, aryls or functional organic groups (e.g.
carboxylates or amines). Provided that the materials are not
calcined prior to derivatization the material is distinct from
that described by Nakanishi. Indeed, such material may
show different behaviour than the monolithic columns
described by Nakanishi since the non-calcined silica would
have a much higher proportion of Q2 and Q3 groups relative
to Q4 groups, which may aid in providing high surface
coverage for a derivatizing group. In still further embodi-
ments, other organic groups may include chiral molecules
that facilitate the separation of chiral compounds. These
derivatizations are known in the art and are included within
the scope of the present invention.

The present invention also includes chromatographic col-
umns comprising the silica monoliths prepared as described
herein. Accordingly the invention includes a chromato-
graphic column comprising a silica monolith prepared by
combining an organic polyol silane precursor and one or
more additives selected from one or more water-soluble
polymers and one or more compounds of Formula I, wherein
R* is group selected from polymer-(linker), - and

OR!
R20—Si— (linker),-polymer-(linker),-

OR?

and n is 0-1, under conditions where a phase transition
occurs before gelation.

In addition, the invention includes the use of a silica
monolith prepared using a method of the invention and
comprising an active biological substance entrapped therein,
as chromatographic columns, biosensors, immobilized
enzymes or as affinity chromatography supports. Therefore,
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the present invention relates to the use of a silica monolith
comprising an active biological substance entrapped therein
to quantitatively or qualitatively detect a test substance that
reacts with, binds to and/or whose reaction is catalyzed by
said encapsulated active biological substance, and wherein
said silica monolith is prepared using a method of the
invention.

Also included is a method for the quantitative or quali-
tative detection of a test substance that reacts with, binds to
and/or whose reaction is catalyzed by an active biological
substance, wherein said biological substance is encapsulated
within a silica monolith, and wherein said silica monolith is
prepared using a method of the invention. The quantitative/
qualitative method comprises (a) preparing a silica monolith
comprising said active biological substance entrapped
within a porous, silica matrix prepared using the method of
the invention; (b) bringing said biological-substance-com-
prising silica monolith into contact with a gas or aqueous
solution comprising the test substance; and (c) quantitatively
or qualitatively detecting, observing or measuring the
change in one or more characteristics in the biological
substance entrapped within the silica monolith or, alterna-
tively, quantitatively or qualitatively detecting, observing or
measuring the change in one or more characteristics in the
test substance.

In particular, the invention includes a method, wherein the
change in one or more characteristics of the entrapped
biological substance is qualitatively or quantitatively mea-
sured by spectroscopy, utilizing one or more techniques
selected from the group consisting of UV, IR, visible light,
fluorescence, luminescence, absorption, emission, excitation
and reflection.

(iii) Specific Application to Bioaffinity Chromatography

The present inventors have developed biocompatible,
meso/macroporous silica materials that can be used for
biomolecule (e.g. protein) entrapment and have shown that
capillary columns based on this material can be prepared
that are suitable for pressure driven liquid chromatography
and are compatible with mass spectral (MS) detection. The
columns were prepared using a mixture of the biomolecule-
compatible silica precursor diglycerylsilane (DGS),%***
polyethylene oxide (PEO, MW 10,000), which controls
morphology, aminopropyltriethoxysilane (APTES), which
provides cationic sites that counterbalance the anionic
charge of the silica to reduce non-selective interactions,>*
and a buffered solution of the biomolecule of interest to
provide bioaffinity sites within the column. The resulting sol
mixture was loaded into fused silica capillaries (150-250 pum
i.d.), whereupon phase separation of PEO occurred followed
by gelation of the silica. The phase separation of the polymer
from the silica resulted in a pore distribution which pro-
duced large macropores (>0.1 pm) to allow good flow of
eluent with minimal backpressure, and mesopores (ca. 3-5
nm diameter) that retained a significant fraction of the
entrapped protein.

Accordingly, the present invention relates to a method of
preparing a monolithic silica column having an active bio-
molecule entrapped therein comprising combining:

a) a polyol-silane derived silica precursor;

b) one or more additives selected from one or more water
soluble polymers and one or more compounds of
Formula I, wherein R* is group selected from polymer-
(linker), - and
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OR!
R20—Si— (linker),-polymer-(linker),-

OR?

and n is 0-1; and
¢) a biomolecule;

under conditions wherein a phase separation occurs before
gelation.

In embodiments of the present invention, the additive is
one or more water soluble polymers or compound of For-
mula I, wherein R* is

OR!
R20—Si— (linker),-polymer-(linker),-

OR?

and n is 0-1. In further embodiments, R', R* and R? are the
same or different and are selected from C,_,alkyl, in par-
ticular methyl or ethyl. In still further embodiments, linker
is a C,_,alkylene group, in particular a C,_;alkylene group
and n is 1. In still further embodiments, the water soluble
polymer and the polymer group in R* are both selected from
PEO, polyNIPAM and PEO-NH,.

In an embodiment of the invention, the organic polyol
silane silica precursor, one or more additives and biomol-
ecule are also combined with a substance which provides
cationic sites that counterbalance the anionic charge of the
silica to reduce non-selective interactions, for example,
aminopropyltriethoxysilane (APTES), PEG-NH,, PPG-NH,
and/or PAM, specifically APTES. In further embodiments of
the invention, the amount of a substance which provides
cationic sites that counterbalance the anionic charge of the
silica to reduce non-selective interactions is kept below
levels which cause retention of anionic species. This amount
can readily determined by a person skilled in the art. For
example, when this substance is APTES, an amount in the
range of about 0.2-0.4% (w/v), preferably about 0.3%, was
found to be optimal for minimizing non-selective retention.

In further embodiments of the present invention, the
monolithic silica is prepared directly in a chromatographic
column. The organic polyol silane silica precursor may be
hydrolyzed, for example, by dissolution in aqueous solution
with optional sonication, and optionally in the presence of
acid, for example 1M HCI, filtered to remove unwanted
particulates if necessary, and the hydrolyzed precursor may
then be combined with buffered solutions of the one or more
additives, biomolecule and any further additives. In particu-
lar the hydrolyzed precursor may be combined with buffered
solutions of one or more additives, biomolecule and a
substance which provides cationic sites that counterbalance
the anionic charge of the silica to reduce non-selective
interactions, for example, aminopropyltricthoxysilane
(APTES), PEG-NH,, PPG-NH, and/or PAM, specifically
APTES. The resulting mixture may then be transferred to a
column before phase separation and gelation occur. In a
further embodiment of the invention, the inner surface of the
column is pre-treated with a substance to promote adhesion
of the monolithic silica, for example aminopropyltriethox-
ysilane (APTES), PEG-NH,, PPG-NH, and/or PAM, spe-
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cifically APTES. In still further embodiments of the inven-
tion, the column is a capillary column.

As a specific application of the new bioaffinity columns,
the ability of small enzyme inhibitors to interact with an
entrapped enzyme, and thus be retained on the column, was
examined. The enzyme chosen for this study was the clini-
cally relevant protein dihydrofolate reductase (DHFR).
DHER catalyzes the NADPH-dependent reduction of dihy-
drofolate (DHF) to tetrahydrofolate, which is then used as a
co-factor in the biosynthesis of thymidylate, purines and
several amino acids.***®*” DHFR is an essential enzyme in
the cell and is the target for antifolate drugs.*® A key reason
for choosing this protein was that there are a large number
of known DHFR inhibitors that span 5 decades of affinity,
providing a useful model system for examining the binding
of inhibitors to the entrapped enzyme.*® This enzyme has
also been shown to remain active and can bind to inhibitors
when entrapped in DGS derived materials.*

Examination of ligand binding was done via frontal
affinity chromatography with mass spectrometric detection
(FAC/MS). This method has recently been promoted as a
potential high-throughput screening tool that is amenable to
compound mixtures.'” The basic premise is that continuous
infusion of a compound will allow for equilibration of the
ligand between the free and bound states, where the precise
concentration of free ligand is known. In this case, the
breakthrough time of the compound will correspond to the
affinity of the ligand for the immobilized biomolecule—
ligands with higher affinity will break through later. As
shown hereinbelow, DHFR loaded columns derived by the
sol-gel method are suitable for FAC/MS based screening of
ligand mixtures, and can be used to identify nanomolar
inhibitors of the immobilized protein.

Formation of columns within fused silica capillaries, for
example 150-250 um i.d. capillaries, provides a system that
requires only very small amounts of protein (50 pmol
loading, 12 pmol active protein) to produce a useful bioaf-
finity column. Such columns are suitable for pressure-driven
liquid chromatography and can be operated at relatively high
flow rates (up to 500 pL.min~') with low backpressures.
More importantly, the operation of these columns with low
ionic strength eluents allows direct interfacing to an elec-
trospray mass spectrometer, allowing direct identification of
small molecule identities using multiple reaction monitoring
mode. The ability to detect inhibitors present in compound
mixtures via retention time combined with MS detection can
be very powerful for high-throughput screening of com-
pound mixtures. The extension of FAC/MS technology to
entrapped proteins can improve the versatility of the FAC
method, particularly since a wide range of proteins, includ-
ing membrane-bound receptors,* can be entrapped in sol-
gel derived silica.

The present invention further relates to a chromatographic
column prepared by combining a polyol-silane derived silica
precursor with one or more additives, a biomolecule and,
optionally, a substance which provides cationic sites that
counterbalance the anionic charge of the silica to reduce
non-selective interactions, under conditions wherein a phase
separation occurs before gelation. Also included within the
scope of the present invention is the use of this column, for
example but not limited to, in methods for immunoaffinity
chromatography, sample cleanup, solid phase extraction or
preconcentration of analytes, removal of unwanted contami-
nants (for example by antibody binding), solid phase cataly-
sis or frontal affinity chromatography (with or without mass
spectral detection). The invention also includes a method of
performing immunoaffinity chromatography, sample
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cleanup, solid phase extraction or preconcentration of ana-
lytes, removal of unwanted contaminants (for example by
antibody binding), solid phase catalysis or frontal affinity
chromatography (with or without mass spectral detection)
comprising (a) applying a sample to a chromatographic
column prepared by combining a polyol-silane derived silica
precursor with one or more additives, a biomolecule and,
optionally, a substance which provides cationic sites that
counterbalance the anionic charge of the silica to reduce
non-selective interactions, under conditions wherein a phase
separation occurs before gelation; and (b) performing immu-
noaffinity chromatography, sample cleanup, solid phase
extraction or preconcentration of analytes, removal of
unwanted contaminants (for example by antibody binding),
solid phase catalysis or frontal affinity chromatography
(with or without mass spectral detection).

The following non-limiting examples are illustrative of
the present invention:

EXAMPLES
Materials and Methods for Examples 1-6

D-Gluconolactone (glulactone), D-maltose monohydrate,
iodine, silver carbonate, 3-aminopropyltriethoxysilane (Ald-
rich Chemical Co.), anhydrous methyl sulfoxide and dextran
(Sigma Chemical Co.) were used as received. The strong
cationic exchange resin Amberlite IR-120 (Aldrich Chemi-
cal Co.) was rinsed with distilled water before use. D-Mal-
tonolactone (maltolactone), dextran lactone (from dextran,
average MW 10200) and dextran lactone (from dextran,
average MW 43000) were prepared according to the litera-
ture.>® Poly(ethylene glycol) (average MW 200, 600, 2000,
10000) was purchased from Aldrich Chemical Co. Triethox-
ysilane, and allyl bromide were provided by Aldrich. Plati-
num-divinyltetramethyldisiloxane complex in vinyl-termi-
nated polydimethylsiloxane, provided by Gelest Inc., was
used as the Pt catalyst. Dichloromethane and pentane were
distilled from CaH, EtOH was distilled from Mg before use.

'H and '*C NMR were recorded at room temperature on
a Bruker AC-200 spectrometer; solid state >C and *°Si
CPMAS NMR spectra were recorded on a Bruker AC-300 at
75.47 and 59.62 MHz, respectively. FT-IR spectra were
obtained on a Perkin-Elmer 283 spectrometer, samples were
prepared as KBr pellets. Electrospray mass spectra were
recorded on a Micromass Quattro LC, triple quadruple MS.
Mean mobility data were recorded on a PALS Zeta Potential
Analyzer Ver. 3.19. Thermogravimetric analyses were
obtained using a Thermowaage Sta STA 409.

Example 1
Preparation of Silsesquioxane Precursors

GluconamideSi, 1. To a solution of D-gluconolactone
(0.91 g, 5.2 mmol) in DMSO (10 mL) and EtOH (5§ mL) was
added 3-aminopropyltriethoxysilane (1.11 g, 5.0 mmol). The
mixture was stirred at 60° C. for 20 h. The solvents were
evaporated under vacuum and oil residue was dissolved in
dichloromethane. Unreacted D-gluconolactone was filtered
off, the filtrate was concentrated and added to a large amount
of pentane. The white precipitate was collected and dried in
vacuo to give 1 as pale yellow solid, 1.83 g (92% yield). 'H
NMR (200.2 MHz, d;-DMSO): 8 0.50 (SiCH,), 1.12 (t, 9H,
J=6.98 Hz, SiOCH,CH,), 1.45 (m, br, 2H, SiCH,CH,), 3.04
(m, 2H, CH,NHCO), 3.74 (q, J=6.98 Hz, 6H, SiOCH,CH,),
3.40-5.32 (m, glucose ring CH and CH,, and OH), 7.61 (s,
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br.,, 1H, NHCO). >C NMR (50.3 MHz, d,-DMSO): 8 7.8
(SiCH,), 18.7-18.9 (SiOCH,CH,), 23.3 (SiCH,CH,), 41.5
(CH,NHCO), 58.3 (SiOCH,CH,, overlapped), 64.0, 70.7,
72.1,74.2, 73.0 (glucose ring CH and CH,), 172.9 (NHCO).
FT-IR (KBr): 1646 cm™ (v(C=0)). MS-ESI (ES™): 422.2
(M+Na, 100)*, 400.2 (M+1, 15)*, 354 (5), 236 (18).

MaltonamideSi, 2. To a solution of D-maltonolactone
(0.75 g, 2.2 mmol) in DMSO (10 mL) and EtOH (5§ mL) was
added 3-aminopropyltriethoxysilane (0.44 g, 2.0 mmol).
The mixture was stirred at 60° C. for 20 h. The solvents were
evaporated under vacuum and oil residue was dissolved in
dichloromethane. Unreacted D-maltonolactone was filtered
off; the filtrate was concentrated and added to a large amount
of pentane. White precipitate was collected and dried in
vacuo to give 2 as pale yellow solid, 0.98 g (87% yield). 'H
NMR (200.2 MHz, d,-DMSO): 3 0.49 (m, br., 2H, SiCH,),
1.08 (t, J=6.96 Hz, 9H, SiOCH,CH,), 1.43 (m, br., 2H,
SiCH,CH,), 3.70 (q, J=6.96 Hz, 6H, SiOCH,CH,), 3.05-
5.47 (m, CH,NHCO and maltose CH and CH,, and OH),
7.60 (NHCO) ppm. '>C NMR (50.3 MHz, d,-DMSO): 8 7.8
(SiCH,), 18.4~19.1 (SiOCH,CH,), 23.4 (SiCH,CH,), 41.3
(CH,NHCO), 56.6 (SiOCH,CH,, overlapped), 61.3, 63.4,
69.8, 72.5~73.8 (overlapped), 80.6, 101.4 (maltose CH and
CH,), 172.9 (NHCO) ppm. FT-IR (KBr): 1643 cm™
(v(C=0)). MS-ESI (ES™): 584.3 (M+Na, 30)*, 562.4 (M+1,
20)*.

DextronamideSi-10K, 3a. To a solution of dextranlOK-
lactone (2.0 g, 0.2 mmol) in DMSO (50 mL) and EtOH (10
ml.) was added 3-aminopropyltricthoxysilane (0.44 g, 2.0
mmol). The mixture was stirred at 60° C. for 48 h. The
mixture was concentrated and added to large amount of
dichloromethane. White precipitate was collected, washed
with dichloromethane, and dried in vacuo to give 3a as white
solid, 1.8 g.

DextronamideSi-40K, 3b. To a solution of dextran40K-
lactone (4.3 g, 0.1 mmol) in DMSO (50 mL) and EtOH (10
ml.) was added 3-aminopropyltriethoxylsilane (0.44 g, 2.0
mmol). The mixture was stirred at 60° C. for 48 h. The
mixture was concentrated and added to large amount of
dichloromethane. White precipitate was collected, washed
with dichloromethane, and dried in vacuo to give 3b as white
solid, 4.0 g.

Example 2
Preparation of PEO-Silyl Additives

[(CH,CH,0),(CH,CH=CH,),, 4a: The reaction was cat-
ried out under N, atmosphere to which a small amount of dry
air had been added. To a solution of poly(ethylene glycol)
(average MW 200, 10.0 g, 50 mmol) in THF (100 mL) at 0°
C. was added NaH (2.4 g, 100.0 mmol) slowly over 30 min.
The mixture was allowed to warm up to room temperature
and stirred for 2 h. The mixture was cooled down to 0° C.,
allyl bromide (12.1 g, 100.0 mmol) was added. The mixture
was warmed up to room temperature and stirred for further
15 h. White precipitate was filtered off and washed with THF
(3x10 mL). The combined filtrate and washing solution and
THF was evaporated to give pale yellow crude product. The
crude product was purified by chromatography (SiO,, 2%
MeOH in CH,Cl, as eluent) give allyl terminated poly
(ethylene glycol), 4a as colorless oil, 11.1 g, (ca. 76% yield).
'H NMR (200.2 MHz, CDCL,): § 3.54-3.62 (m, 18H, PEO
OCH,), 3.96 (dd, 1H, J=5.6 Hz, J=1.4 Hz, CH,—=CHCH,0),
3.97 (dd, 1H, J=5.6 Hz, J=1.4 Hz, CH,=CHCH,0), 5.14
(m, 4H, CH,=CHCH,0), 5.86 (m, 2H, CH,—=CHCH,0)
ppm. *C NMR (50.3 MHz, CDCl,): § 69.2, 70.4 (PEO
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OCH,), 72.0 (CH,=CHCH,0), 116.9 (CH,=CHCH,0),
134.6 (CH,=CHCH,O0) ppm. MS (EI), m/z, 275 (28, M,
n=4), 319 (100, M, n=5), 363 (80, M, n=6), 407 (13, M,
n=7), 451(5, M, n=8).

(CH,CH,0),(CH,CH=CH,),, ATPEO600: 4b: To a
solution of poly(ethylene glycol) (average MW 600, 6.0 g,
ca. 10 mmol) in THF (100 mL) at 0° C. was added NaH
(0.50 g, 20.8 mmol) slowly over 15 min. The mixture was
allowed to warm up to room temperature and stirred for 5 h.
The mixture was cooled down to 0° C., allyl bromide (2.42
g, 20.0 mmol) was added. The mixture was warmed up to
40° C. and stirred for further 3 h. White precipitate was
filtered off and washed with THF (3x10 mlL.). Combined
filtrate and washing solution, THF was evaporated to give
pale yellow crude product. The crude product was purified
by chromatography (SiO,, 10% ethyl acetate in hexane as
eluent) give allyl terminated poly(ethylene glycol), 4b as
colorless oil, 6.1 g, (ca. 90% yield). "H NMR (200.2 MHz,
CDCl,): 8 3.54-3.65 (m, 44H, PEO OCH,), 3.97 (dd, 2H,
J=5.6 Hz, J=1.1 Hz CH,=CHCH,0), 3.98 (dd, 2H, J=5.6
Hz, J=1.1 Hz CH,=CHCH,0), 5.19 (m, 4H,
CH,=CHCH,0), 5.88 (m, 2H, CH,=CHCH,0) ppm. >C
NMR (50.3 MHz, CDCL,): d 69.4, 70.5 (PEO OCH,), 72.2
(CH,=CHCH,0), 1171 (CH,=CHCH,0), 134.7
(CH,=CHCH,0) ppm. MS (maldi), m/z, 693 (5, M+Na*,
n=13), 671 (4, M+1, n=13), 649 (8, M+Na*, n=12), 627 (6,
M+1, n=12), 605(12, M+Na*, n=11), 583 (6, M+1, n=11),
561 (9, M+Na*, n=10), 539 (5, M+1, n=10), 517 (7, M+Na*,
n=9), 495 (5, M+1, n=9), 473 (6, M+Na*, n=8), 42.1 (100).

(CH,CH,0),,(CH,CH=CH,),, 4c: To a solution of poly
(ethylene glycol) (average MW 2000, 2.0 g, ca. 1 mmol) in
THF (20 mL) at room temperature was added NaH (0.050 g,
2.1 mmol). The mixture was stirred at 50° C. for 2 h. Allyl
bromide (0.24 g, 2.0 mmol) was added. The mixture was
stirred at room temperature for further 10 h. White precipi-
tate was filtered off and washed with THF (3x10 mL).
Combined filtrate and washing solution, THF was evapo-
rated to give pale brown crude product. The crude product
was purified by chromatograph (SiO,, CH,Cl, as eluent)
give allyl terminated poly(ethylene glycol), 4c as white
solid, 1.89 g, (ca. 91% yield). '"H NMR (200.2 MHz,
CDCl,): § 3.50-3.65 (m, 180H, PEO OCH,), 3.97 (dd, 2H,
J=5.6 Hz, J=1.3 Hz CH,=CHCH,0), 3.98 (dd, 2H, J=5.6
Hz, J=13 Hz CH,=CHCH,0), 5.16 (m, 4H,
CH,—=CHCH,0), 5.83 (m, 2H, CH,=—CHCH,0) ppm. '*C
NMR (50.3 MHz, CDCl,): d 69.2, 70.3 (PEO OCH,), 72.2
(CH,=CHCH,0), 1169 (CH,=CHCH,0), 134.5
(CH,=CHCH,0) ppm.

(CH,CH,0),(CH,CH=CH,),, 4d: To a solution of poly
(ethylene glycol) (average MW 10K, 10 g, ca. 1 mmol) in
THF (100 mL) at room temperature was added NaH (0.050
g, 2.1 mmol). The mixture was stirred at 50° C. for 2 h. Allyl
bromide (0.24 g, 2.0 mmol) was added. The mixture was
stirred at room temperature for further 10 h. White precipi-
tate was filtered off and washed with THF (3x20 mL).
Combined filtrate and washing solution, THF was evapo-
rated to give pale brown crude product. The crude product
was dissolved in dichloromethane (20 mL), added to large
amount of diethyl ether to give white precipitate. Repeated
precipitate procedure once more gave allyl terminated poly
(ethylene glycol), 4d as white solid, 7.9 g, (ca. 77% yield).
'"H NMR (200.2 MHz, CDCl,): 8 3.48-3.70 (m, 900H, PEO
OCH,), 3.96 (m, 4H, CH,=—CHCH,O), 5.18 (m, 4H,
CH,=CHCH,0), 5.84 (m, 2H, CH,=—CHCH,0) ppm. °>C
NMR (50.3 MHz, CDCL,): d 69.2-70.4 (PEO OCH,), 72.1
(CH,=CHCH,0), 1169 (CH,=CHCH,0), 134.6
(CH,=CHCH,0) ppm.
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(CH,CH,0),[(EtO);S1(C3Hy)],, 5a: To a mixture of 4a
(1.98 g, 7.1 mmol) and triethoxylsilane (2.33 g, 14.2 mmol)
one drop of Karstedt s Pt catalyst was added. The mixture
was stirred at room temperature for 2 h (the reaction was
monitored by 'H NMR). The volatile organics was removed
at 100° C. under vacuum. The residue was diluted with
CH,Cl, (50 mL), activated charcoal (0.5 g) was added, the
mixture was stirred at room temperature overnight. After
filtering through charcoal, CH,Cl, was evaporated off to
give Sa as colorless oil, 4.20 g, ca. 98% yield. FTIR (neat),
v (em™") 2975s, 2929s, 2885s, 1635w, 1443m, 1391s,
1366w, 1296w, 1262w, 1195m, 1167s, 1106s, 1082s, 959s,
793s, 694w; 'H NMR (200.2 MHz, CDCI,): 8 0.57 (m, 4H,
SiCH,), 1.17 (t, 18H, J=7.0 Hz, SiOCH,CH,), 1.60 (m, 4H,
SiCH,CH,CH,), 3.38 (m, 4H, SiCH,CH,CH,), 3.52-3.60
(m, 18H, PEO OCH,), 3.78 (dd, 4H, J=7.0 Hz, J=14.0 Hz,
SiOCH,CH;) ppm. *C NMR (50.3 MHz, CDCL,): 8 6.5
(SiCH,), 18.4 (SiOCH,CH,), 23.0 (SiCH,CH,CH,), 58.4
(SIOCH,CH,), 70.1, 70.7 (PEO OCH,), 73.7
(SiCH,CH,CH,) ppm.

(CH,CH,0), [(EtO);81(C;Hy)],, 5b: To a mixture of 4b
(2.1 g, ca. 3 mmol) and triethoxylsilane (1.2 g, 6.9 mmol)
one drop of Karstedt s Pt catalyst was added. The mixture
was stirred at room temperature for 1 h (the reaction was
monitored by "H NMR). The volatile organics was removed
at 110° C. under vacuum. The residue was diluted with
CH,CI, (50 mL), activated charcoal (0.5 g) was added, the
mixture was stirred at room temperature overnight. After
filtering through charcoal, CH,Cl, was evaporated off to
give 5b as colorless oil, 2.45 g, ca. 80% yield. FTIR (neat),
v (em™) 2975s, 2928s, 2884s, 2741w, 1741w, 1631w,
1459m, 1445m, 1391m, 1352w, 1297w, 1257w, 1107s,
1083s, 959m, 794m, 699w; 'H NMR (200.2 MHz, CDCl,):
d 0.61 (m, 4H, SiCH,), 120 (t, 18H, J=7.1 Hz,
SiOCH,CH,), 1.64 (m, 4H, SiCH,CH,CH,), 3.41 (m, 4H,
SiCH,CH,CH,), 3.57-3.63 (m, 56H, PEO OCH,), 3.80 (dd,
4H, J=7.1 Hz, J=14.0 Hz, SiOCH,CH,) ppm. *C NMR
(50.3 MHz, CDCl,): & 6.5 (SiCH,), 18.4 (SiOCH,CH,),
23.0 (SiCH,CH,CH,), 58.5 (SiOCH,CH,), 70.1, 70.7 (PEO
OCH,), 73.8 (SiCH,CH,CH,) ppm.

(CH,CH,0),[(EtO);Si(C3Hy)],, Sc: To a mixture of 4c
(2.0 g, ca. 1 mmol) and triethoxylsilane (0.36 g, 2.2 mmol)
in dichloromethane (20 mL) one drop of Karstedt s Pt
catalyst was added. The mixture was stirred under refluxing
for 3 h (the reaction was monitored by 'H NMR). The
solvent was evaporated and thereafter the volatile organics
was removed at 110° C. under vacuum. The residue was
diluted with CH,Cl, (50 mL), activated charcoal (0.5 g) was
added, the mixture was stirred at room temperature over-
night. After filtering through charcoal, CH,Cl, solution was
concentrated and thereafter added to large amount of diethyl
ether to give Sc as colorless solid, 2.1 g, ca. 88% yield. FTIR
(neat, KBr), v (cm™)

2975s, 2929s, 2885s, 1633w, 1459m, 1391s, 1366w,
1296w, 1262w, 1257w, 1194m, 1167s, 1106s, 1082s, 959s,
794s, 698w 'H NMR (200.2 MHz, CDCl,): § 0.89 (m, 4H,
SiCH,), 1.18 (t, 18H, J=7.1 Hz, SiOCH,CH,), 1.54 (m, 4H,
SiCH,CH,CH,), 2.65 (m, 4H, SiCH,CH,CH,), 3.49-3.72
(m, 188H, PEO OCH, and SiOCH,CHj;, overlapped) ppm.
3C NMR (50.3 MHz, CDCL): & 10.4 (SiCH,), 18.1
(SiOCH,CH,), 22.6 (SiCH,CH,CH,), 58.1 (SiOCH,CH,),
69.2-70.2, overlapped (PEO OCH, and SiCH,CH,CH,)
ppm.

(CH,CH,0),[(EtO);Si(C3Hy)],, 5d: To a mixture of 4 d
(5 g, ca. 0.5 mmol) and triethoxylsilane (0.18 g, 1.1 mmol)
in dichloromethane (50 ml) one drop of Karstedt s Pt
catalyst was added. The mixture was stirred refluxing for 5
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h (the reaction was monitored by 'H NMR). The solvent was
evaporated and thereafter the volatile organics was removed
at 110° C. under vacuum. The residue was diluted with
CH,CI, (100 mL), activated charcoal (1.0 g) was added, the
mixture was stirred at room temperature overnight. After
filtering through charcoal, CH,Cl, solution was concen-
trated and thereafter added to large amount of diethyl ether
to precipitate white solid. Repeated precipitation procedure
gave 5d as white solid, 2.7 g, ca. 50% yield. FTIR (neat,
KBr), v (cm™) 2974s, 2929s, 2885s, 1631w, 1454m, 1391s,
1364w, 1266w, 1257w, 1167s, 1082s, 959m, 794m, 698w,
'H NMR (200.2 MHz, CDCl,):  0.66 (m, 4H, SiCH,), 1.20
(m, 18H, SiOCH,CHj,), 1.56 (m, 4H, SiCH,CH,CH,), 2.65
(m, 4H, SiCH,CH,CH,), 3.20-3.90 (m, 910H, PEO OCH,
and SiOCH,CH,, overlapped) ppm. *C NMR (50.3 MHz,
CDClL): & 6.2 (SiCH,), 18.0 (SiOCH,CH,), 23.0
(SiCH,CH,CH,), 58.2 (SiOCH,CH,), 68.8-70.3, over-
lapped (PEO OCH, and SiCH,CH,CH,) ppm.

Example 3
Preparation of DGS/Modified PEO Gel

DGS (0.2648 g, 1.27 mmol) was mixed with (EtO),Si
(CH,);PEO(CH,);Si(OEt); (Example 3, 0.1274 g, 0.053
mmol) and added with water (600 L, 33.3 mmol). The
mixture was sonicated at 0° C. for 1.5 h during which time
a turbid solution formed. Then TRIS buffer (600 L, 50 mM,
pH=8.4) was added. The gel formed starting at the bottom of
the solution after 5 min.

Example 4
Preparation of Samples 6-15

All of the following samples were treated in the following
way after gelation:

Fresh sol-gels were aged in a closed container at 5° C. for
20 h, then further aged at room temperature for 7 or 20 days.
Aged hydrogels were washed with water 5x5 mL. This was
done by soaking the whole aged gel (1 mL initial volume)
in 5 mL water at room temperature for 4 h. The water was
replaced 4 times, the last time the gel was kept over 8 h, for
a total of 24 h. The gels were then allowed to dry at room
temperature in a opened container for 45 days. Shrinkage
was recorded against the initial volumes of the sample sols.
The results are shown in FIG. 5.

(a) Sample 6. To a solution of DGS (240 mg, 1.1 mmol)
in H,O (0.50 mL) was added Tris buffer (0.50 mL, 50 mM,
pH=8.4). The mixture left at room temperature to gel (Table
1). The hydrogel was then aged at 5° C. for 20 h in a closed
container, then further aged and dried in air at room tem-
perature for 6 days. The gel was washed with water, and then
allowed to dry at room temperature in an open container for
45 days. Shrinkage was then recorded. Freeze drying gave a
colorless solid.

(b) Sample 7. To a solution of DGS (240 mg, 1.1 mmol)
in H,O (0.50 mL) was added sorbitol (60 mg, 0.33 mmol in
0.50 mL (50 mM, pH=8.4) Tris Buffer). The mixture was left
at room temperature to gel (Table 1). The hydrogel was aged
at 4° C. for 20 h in a closed container, then further aged and
dried in air at room temperature for 6 days. The gel was
washed with water and then allowed to dry at room tem-
perature in an open container for 45 days. Shrinkage was
then recorded. Freeze drying gave a white powder.

(c) Samples 8-15: Prepared in a similar manner. The
reaction conditions are listed in Table 1.
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Example 5

Mobility Measurement

Zeta Potential

After freeze drying, samples 6-11 were ground into pow-
der. Colloidal dispersions were made by adding silica pow-
der to Tris buffer solution (as shown in Table), which were
transferred to a cuvette for mobility measurement.

Instrument parameters: wavelength=661.0 nm; field fre-
quency=5.00 Hz; voltage=10.00 volts; electric field=25.45
V/em. Results are shown in Table 3.

Example 6

Shrinkage and Swelling

The change in volume from the original sol volume of the
samples over 45 days was measured on a volume/volume %
basis. The results are shown in FIG. 5.

Materials and Methods for Examples 7-18

DGS  was synthesized using methods previously
reported. The poly(ethylene oxide) (PEO) used was pro-
vided by Aldrich and had an average MW of ca. 10,000 and
100,000, respectively. Poly(N-isopropyl acrylamide)
(pNIPAM) was provided by Polysciences, Inc. and had a
molecular weight of 17,000 and 65,000 poly(ethylene gly-
col) terminated by amino groups (PEG-NH,) was provided
by Nektar Therapeutics with molecular weight of 3400.
Poly(propylene glycol)bis(2-amino-propyl ether) was pro-
vided by Aldrich and had a molecular weight of 230 and 400,
respectively. The molecular weight determined by GPC was
104,000 (Mn, with polystyrene as calibrant). Human serum
albumin (HSA) was obtained from Sigma and was fluores-
cently labeled with FITC as previously described.>>>!
Human serum album (HSA), lysozyme and a Lowry protein
assay kit (P5656) were also provided by Sigma.

DSC

The differential scanning calorimeter (DSC) analysis was
carried out on a TA 2100 Modulated Differential Scanning
Calorimeter at a heating rate of 15° C./min under nitrogen
atmosphere.

TGA

Thermogravimetric analysis was performed using a
THERMOWAAGE STA409. The analysis was measured
under air, with flow rate of 50 cc/min. The heat rate was 5°
C./min starting at room temperature.

Porosity BET

The surface area, pore volume and pore radius were
measured with an Autosorb 1 machine from Quantachrome.
The samples were evacuated to 100 millitorr before heating.
The vacuum was maintained during the outgassing at 200°
C. with a final vacuum on the order of 10 millitorr (or less)
at completion of the outgassing. The samples were back-
filled with nitrogen for removal from the outgas station and
prior to analysis. BET surface area was calculated by BET
(Brunauer, Emmett and Teller) equation; the pore size dis-
tribution and pore radius nitrogen adsorption-desorption
isotherms was calculated by BJH (Barrett, Joyner and Hal-
enda) method. All the data were calculated by the software
provided with the instruments.
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Electron Microscopes

The sample was observed by JEOL 840 Scanning Elec-
tron Microscopy (SEM) and JEOL Transmission Electron
Microscope.

Confocal Microscopy Images to Examine HSA within the
Gels

Gels entrapped with FITC-labeled HSA solution were
made in vials and Petri dishes. After washing, very thin films
of the gels were used for confocal microscopy to examine
the areas of labeled HSA within the gels. The images were
taken with a Zeiss LSM 510 Confocal Microscope

UV-Visible Spectrophotometer

A gel was prepared with DGS/PEO/FITC-labeled HSA as
described above. The gel was washed with 0.05 M NaHCO,
and the washings were examined by a Cary 400 Bio UV-
visible Spectrophotometer after centrifugation to get rid of
the (gel) particulate.

Example 7
Preparation of DGS Gel

DGS (0.50 g, 2.40 mmol) was dissolved into water (500
L, 27.8 mmol) with sonication at 0° C. until it completely
dissolved. TRIS buffer (500 L, 10-50 mM, pH=8.35) was
added. The time when the solution lost its ability to flow was
recorded as gel time (t,,,).

Example 8
Preparation of DGS/PEO Gel

PEO (MW=100,000) was dissolved into TRIS buffer (1.0
ml, 10-50 mM, pH=8.35); solutions of different concentra-
tions were prepared. DGS (0.50 g, 2.40 mmol) was dis-
solved into water (500 L, 27.8 mmol), and sonicated at 0° C.
until it totally dissolved. The PEO solution (500 L) was
added. Macroporous gels arose when PEO solutions of
concentration 0.01-0.08 g/ml. were used to make the sol.
The time required for the solution to become totally opaque
was recorded as phase separation time (t,,), and the time
when the opaque phase lost its ability to flow was recorded
as gel time (t,,) (Table 1). After gelation, the gel was soaked
in water (5 mL) for 12 h and then stored in fresh water or
allowed to dry in air at room temperature. BET data is
provided in Table 10. FIG. 7 provides a graph showing the
gel time of DGS doped with different concentrations of PEO
prepared in an analogous manner as described in this
example.

Example 9
Preparation of DGS/PEO/PPG-NH, Gel

0.5 g PEO (MW=10,000) was dissolved into phosphate
buffer (1.0 mL, 5-10 mM, pH=7.5-8.5); 0.5 g PPG-NH,
(MW=230) was dissolved into phosphate buffer (1.0 mL, 5
mM, pH=7.5); solutions of different ratio of PEO/PPG-NH,
were prepared (see Table 9). DGS (0.50 g, 2.40 mmol) was
dissolved into water (500 L, 27.8 mmol), and sonicated at 0°
C. until it totally dissolved. 200 L. DGS solution was added
with 60 L PEO/PPG-NH, solution. The time required for the
solution to become totally opaque was recorded as phase
separation time (t,,), and the time when the opaque phase
lost its ability to flow was recorded as gel time (t,,,) (Tables
1 and 10). After gelation, the gel was soaked in water (5 mL)
for 12 h and then stored in fresh water or allowed to dry in
air at room temperature



US 7,375,168 B2

33
Example 10

Preparation of DGS/polyNIPAM Gel

polyNIPAM was dissolved into water (50 mg NIPAM/
1000 L H,O). DGS (0.50 g, 2.40 mmol) was dissolved into
water (500 L, 27.8 mmol) with sonication at 0° C. until it
was totally dissolved. The polyNIPAM solution (500 L) was
then added, and the solution mixed thoroughly to give a sol
containing 0.025 g/mL of polyNIPAM. After gelation, the
gel was soaked in water (10 mL) for 12 h and then stored in
fresh water or allowed to dry in air at room temperature.

Example 11

Preparation of DGS/PEO-NH, and
DGS/PEO/PPG-NH,

PEO-NH, (MW=3,400) was dissolved into Phosphate
buffer (1.0 mL, 5-50 mM, pH 7-8.5); solutions of different
concentrations were prepared. DGS (0.50 g, 2.40 mmol) was
dissolved into water (500 pl., 27.8 mmol), and sonicated at
0° C. until it totally dissolved. The PEO-NH, solution (500
ul) was added. Macroporous gels arose when PEO-NH,
solutions of concentration larger than 0.05 g/ml were used
to make the sol. The time required for the solution to become
totally opaque was recorded as phase separation time (t,,,),
and the time when the opaque phase lost its ability to flow
was recorded as gel time (t,,,). After gelation, the gel was
soaked in water (5 mL) for 12 h and then stored in fresh
water or allowed to dry in air at room temperature.

A similar process was used to prepare gels doped with
both PEO and PPG-NH,. Several stock aqueous solutions of
PEO and PPG-NH,, were prepared (Table 9). DGS (1.001 g)
was dissolved in DGS dissolved in distilled water (1 mL)
with sonication over about 20 minutes. To the DGS solution
(200 pl) was added the Polymer Mixture with stirring. The
sol was then allowed to gel (Table 10).

Example 12

Gels with Entrapped Protein

These gels were prepared as described in Examples 8,
10-12 except that the protein (HSA) was dissolved into the
polymer/buffer solution prior to addition to the DGS solu-
tion (10 mg HSA/1000 L solution, i.e. 0.5 g DGS, 5 mg
HSA, 25 mg PEO, 1000 L water).

Example 13

Calculating the Amount of PEO Left in Gels After
Washing Using Thermogravimetric Analysis

DGS and DGS/PEO monoliths were formed by pouring
off the excess liquid after phase separation and gelation had
occurred. The gels were washed 3 times by soaking in water,
each time with 20 ml. water, for 1 day. The gels could be
washed as a monolith, or after crushing to give comparable
results. The washed gels were dried in open air for 2 days,
then freeze-dried for more than one day. The sample was
first exposed to vacuum in a flask cooled with dry ice and
then at RT. Graphs indicate there is roughly 24% PEO left
in the gels after washing (FIG. 10).
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Example 14

Finding the Structure of PEO when in Gels by
Usage of a Differential Scanning Calorimeter

DSC was used to measure the thermal properties and
structures of the DGS and DGS/PEO gel (FIG. 11).

Example 15

Confocal Microscopy Images to Examine HSA
within the Gels

Gels prepared from DGS (0.5 g), water (0.5 mL), and
PEO (0.5 mL of a 0.05 g PEO/1 mL buffer (10 mM Tris
buffer) solution) and FITC-labelled HSA solution consisting
ot 0.750 mLL PEO and 0.250 mL labeled HSA) were made
in vials and in Petri dishes. After washing, the location of
labeled HSA within the gels was determined, in very thin
films of the gels prepared using a razor blade, by confocal
microscopy (FIG. 14).

Example 16
Preparation of Gels for Bet Analysis

Two gels prepared from TEOS (0.5 g), aqueous HC1 (pH
1.6, 0.5 mL of 0.024 M solution) and Tris buffer (0.5 mL,
pH=8.25) were made for BET analysis with gel times of 6.5
and 6 minutes, respectively.

Gels prepared from DGS (0.5 g), water (0.5 mL) and PEO
(MW 100,000, 0.5 mL of a 0.05 g/mL solution) were also
made for BET analysis with phase separation times of 3
minutes and gelation times of 7 minutes, respectively.

Example 17

Testing loss of HSA from Gels with UV-Visible
Spectrophotometer

A gel was prepared with DGS/PEO/FITC-labeled HSA as
described above (i.e. 0.5 g DGS, 500 L H 20, 750 L. PEO
solution [50 mg PEO Mw 100000/1000 L 10 mM Tris buffer
solution], 1000 L. FITC labeled HSA solution [10 mg
HSA/1000 L. 10 mM Tris buffer solution]). It phase sepa-
rated at 1.5 min and gelled at 3 min. The gel was washed 3
times with 20 mL 0.05 M NaHCO;, each time for 24 h, and
the washings were tested using UV spectroscopy. The inten-
sity of the peaks due to the FITC label on the HSA peaks
became much smaller with each subsequent washing. How-
ever, the washings were contaminated with particles, which
reduced the sensitivity of the method. Therefore, the Lowry
Method of protein detection was also used.’ Fluorescein
isothiocyanate (FITC, Aldrich) was used to label the pro-
teins. Labeling was carried out in pH 9.5 carbonate buffer
(0.05 M) for 2 h at 5° C. Dilutions of HSA with PEO and
HSA with Tris buffer were made to form an HSA standard
curve using fluorescein). The first set of gels contained 0.5
g DGS in 0.5 mL water, and 0.5 mL of an HSA/PEO solution
of 10 mg HSA and 1 mL varying concentrations of PEO
(MW 100,000). The gels were washed (with water) on the
day of gel preparation (1% Washin% , the day after gel
preparation (2"“ washing), and the 4” day after gel prepa-
ration (3™ washing). The protein content of the washings
was determined using the Lowry method as described below.

Determination of protein concentration by Lowry
method:

5.0-10.0 mg of protein was entrapped within gels pre-
pared with 0.5 g DGS. After gelation, 20 ml 5-10 mM
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phosphate buffer were added three times, soaking the gel.
The buffer is changed every 24 hours. All the washings and
gels were kept at 4° C. in a refrigerator. The washings were
measured by Lowry method with the reagents proved from
Sigma (Sigma Protein Assay Kit, procedure No. P5656). The
standard curves were plotted using HSA, BSA and lysozyme
as standards respectively. The measurements were per-
formed in 96-well plates using a TECAN Safire absorbance/
fluorescence plate reader operated in absorbance mode at
750 nm.

These data are reported in Tables 7 and 8 HSA and
lysozyme respectively, where it is evident that more protein
was washed out when the PEO concentration is high and that
PPG-NH, is much more efficient and retaining proteins than
other polymers.

Examples 18-20

Specific Application of the Silica Materials of the
Invention to Bioaffinity Chromatography (FAC/MS)

Materials and Methods for Examples 18-20

Chemicals

Tetraethylorthosilicate  (TEOS, 99.999%), dimeth-
yldimethoxysilane (DMDMS, 98%) and 3-aminopropyltri-
ethoxysilane (APTES) were obtained from Aldrich
(Oakville, ON). Diglycerylsilane precursors were prepared
from TEOS as described below. Human serum albumin
(HSA), trimethoprim, pyrimethamine, dihydrofolic acid
(DHF), reduced nicotinamide adenine dinucleotide phos-
phate (NADPH), folic acid, dithiothreitol (DTT) poly(eth-
yleneglycol) (PEG/PEO, MW 2 kDa to 100 kDa) poly
(allylamine) (MW 17 kDa) and fluorescein were obtained
from Sigma (Oakville, ON). Coumarin and 5-(and -6) car-
boxyfluorescein, succinimidyl ester were obtained from
Molecular Probes Inc. (Eugene, Oreg.). Recombinant dihy-
drofolate reductase (from E. coli), which was affinity puri-
fied on a methotrexate column, was provided by Professor
Eric Brown (McMaster University).>* Fused silica capillary
tubing (150-250 pum i.d., 360 um outer diameter, polyimide
coated) was obtained from Polymicro Technologies (Phoe-
nix, Ariz.). All water was distilled and deionized using a
Milli-Q synthesis A10 water purification system. All other
reagents were of analytical grade and were used as received.

Preparation of DGS

TEOS was distilled to remove any residual water and a
neat mixture of the anhydrous TEOS (2.08 g, 10.0 mmol)
and anhydrous glycerol (1.84 g, 20.0 mmol) was heated at
130° C. for 36 h, during which time EtOH was distilled off.
Complete removal of EtOH and unreacted starting materials
at 140° C. in vacuo gave DGS as a solid compound that was
not contaminated with residual ethanol.

Preparation of Columns

Prior to loading columns the inner surface of the fused
silica capillary was coated with APTES to promote electro-
static binding of the monolithic silica column. The capillary
was first washed with 3-4 volumes of: 1 M NaOH; H,O0; 1
M HCI; H,O and EtOH. At this point, 1 mL of 2% (v/v)
APTES in absolute EtOH was loaded into the column and
left to react for 12 hr at 110° C., after which the excess
APTES was washed out with water and the capillary was
dried for 12 hr at 110° C.

Silica sols were prepared by first mixing 1 g of DGS
(finely ground solid) with 990 ulL of H,O and, optionally, 10
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ul of 1 M HCI to yield ~1.5 mL of hydrolyzed DGS, after
15-25 min of sonication. The hydrolyzed DGS was filtered
through a 0.45 um syringe to remove particulates before use.
A second aqueous solution of 50 mM HEPES at pH 7.5 was
prepared containing 16% (w/v) PEO (MW=10 kDa) and
0.6% (v/v) APTES. This aqueous solution also contained ca.
20 uM of DHFR. 100 uL of the Buffer/PEG/APTES/DHFR
solution was mixed with 100 pL. of hydrolyzed DGS and the
mixture was immediately loaded via syringe pump into a
fused silica capillary (ca. 2 m long, 150-250 pm i.d.). The
final composition was of the solution was 8% w/v PEO (10
kDa), 0.3% v/v APTES and 10 uM DHFR in 25 mM HEPES
buffer. The mixture became cloudy due to spinodal decom-
position (phase separation) over a period of 1-3 sec about
2-3 min after silica polymerization (~10 min) to generate a
hydrated macroporous monolithic column containing
entrapped protein. Phase separation was easily visualized by
eye, while gelation time was determined by measuring the
loss of flow of the material. After loading of the sol-gel
mixture, the monolithic columns were aged for a minimum
of'5 days at 4° C. and then cut into 10 cm lengths before use.
In some cases, a final concentration of either 0.03% poly-
allylamine (PAM, MW 17,000) or 0.3% dimethyldimethox-
ysilane (DMDMS) was added to the columns instead of
APTES to examine the effects of surface derivatization on
non-selective retention.

Characterization of Silica Morphology

The morphology of the column was assessed using nitro-
gen adsorption porosimetry (for characterization of meso-
pores) or mercury intrusion porosimetry and scanning elec-
tron microscopy (SEM) for characterization of macropores.
Nitrogen porosimetry of completely dried monoliths was
performed on a Quantachrome Autosorb-1 surface area/
pore-size analyzer. Before analysis, the monoliths were
washed copiously to remove any entrapped glycerol, were
crushed to a fine powder, freeze-dried and outgassed at 120°
C. for 4 hours to remove air and bound water from the
surface of the powder. The pressure was measured as
nitrogen was adsorbed and desorbed at a constant tempera-
ture of —196° C. Using the desorption branch of the resulting
isotherm, the average pore-size and distribution of pore-
sizes was determined using the BJH (Barrett, Joyner and
Halenda) calculation.’* Samples were prepared in an iden-
tical manner for Hg intrusion porosimetry, and were mea-
sured using a Quantachrome PoreMaster 60 instrument. The
contact angle used was 140°. Both high and low pressure
data were obtained on the same sample, covering the pres-
sure range from 0.8 psia to 59,658 psia (265.5 um to 3.58 nm
pore diameter range). SEM analysis was done by cutting the
capillary to expose a fresh surface, which was then coated
with a gold film under vacuum to improve conductivity.
Imaging was performed at 10 kV using a JEOL 840 Scan-
ning Electron Microscope.

FAC/MS Studies

The frontal affinity chromatography system/mass spec-
trometer system is shown in FIG. 15. Syringe pumps (Har-
vard Instruments Model 22) were used to deliver solutions,
and a flow-switching valve was used to toggle between the
assay buffer and the solution containing the compound
mixture. This solution was then pumped through the column
to achieve equilibrium. Effluent was combined with suitable
organic modifiers to assist in the generation of a stable
electrospray and detectability of the sprayed components
using a triple-quadrupole MS system (PE/Sciex API 3000).
This configuration allows for maximum flexibility in com-
pound introduction. Full operation of FAC/MS methods
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requires frequent flow switching between two solutions
connected to the head of the column. An Upchurch micro-
injection valve allows syringe contents to be exchanged
during operation. Columns were interfaced to the FAC
system using Luer-capillary adapters (Luer Adapter, Ferrule
and Green Microtight Sleeve from Upchurch (P-659,
M-100, F-185X)). All other connections between compo-
nents were achieved using fused silica tubing.

Typical FAC/MS experiments involved infusion of mix-
tures of compounds containing 1-200 nM of each com-
pound, including coumarin and fluorescein as void markers,
folic acid (micromolar substrate) and pyrimethamine and
trimethoprim (nM inhibitors). Before the first run, the col-
umn was flushed with 0.05 M NH,OAc buffer (pH 6.6, 100
mM NaCl) for 30 min at different flow rates (from 1 to 5
L.min™") to remove any glycerol and non-entrapped protein
and then equilibrated with 2 mM NH,OAc for 30 min at
different flow rates (from 1 to 5 L.min™"). All compounds
tested were present in 2 mM NH,OAc and were delivered at
arate of 5 L.min™" using the syringe pump. The makeup flow
(used to assist in the generation of a stable electrospray)
consisted of methanol containing 10% (v/v) NH,OAc buffer
(2 mM) and was delivered at 5 L.min™", resulting in a total
flowrate of 10 uL.min' entering the mass spectrometer. The
mass spectrometer was operated in multiple reaction moni-
toring (MRM) mode with simultaneous detection of m/z 147
to m/z 103 (coumarin); m/z 249 to m/z 177 (py-
rimethamine); m/z 291 to m/z 230 (trimethoprim); m/z 333
to m/z 287 (fluorescein) and m/z 442 to m/z 295 (folic acid).

Characterization of Column Performance

Columns of 10 cm length were prepared containing no
protein (blanks); initial loadings of 50 pmol active DHFR; or
50 pmol of DHFR that was partially denatured by boiling
prior to use or 50 pmol of HSA (selectivity control). In all
cases FAC/MS measurements were performed using the five
compound mixture described above and the resulting frontal
chromatograms were used to evaluate non-selective inter-
actions of compounds with the column, the reversibility of
binding, the potential for regeneration of columns and the
level of leaching of entrapped protein.

Columns that contained active DHFR were further char-
acterized by monitoring the breakthrough volume (obtained
by multiplying flowrate by breakthrough time) as a function
of analyte concentration using either pyrimethamine or
trimethoprim. In each case, the data were fit to the following
equation:'”*

B

[A]l+ K4

V=Vy+ m

where V, is the void volume (uL), V is the retention volume
(uL), [A] is the analyte concentration (M), K, is the binding
constant of the ligand to the protein (uM) and B, is the total
picomoles of active protein in the column, based on one
active site per enzyme molecule.

Characterization of Protein Leaching

DHFR was fluorescently labeled using 5-(and -6) car-
boxyfluorescein, succinimidyl ester. A reaction mixture con-
taining 0.58 mM DHFR, 1.9 mM 5-(and -6) carboxyfluo-
rescein, succinimidyl ester and 150 mM sodium bicarbonate
was incubated at room temperature for 2 hours. The mixture
was then exhaustively dialyzed at 4 EC against 25 mM
HEPES (pH=7.5, 5x1000-fold excess over a 40 hour period)
to remove unbound fluorescein. Columns containing fluo-
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rescently-labeled DHFR were prepared as described above.
The running buffer used for FAC/MS was passed through the
column at a flow rate of 5 uL.min™' and fractions were
collected over a period of 1 hr for 8 hours. The fluorescence
emission intensity of each fraction was compared to a
standard curve of emission intensity vs. concentration of
fluorescently-labeled DHFR stock to determine the concen-
tration of DHFR present in the eluted buffer. After the 8 hour
elution experiment the monolith was dissolved by infusing
25 pl. of 1 M NaOH. The column contents were then
neutralized with 1 M Tris.HCl, pH 8.3 and the emission
intensity was compared to a calibration curve to determine
the concentration of DHFR remaining in the column. All
fluorescence measurements were made using a Tecan
Saphire microplate reader operated in top-read mode using
an excitation wavelength of 488 nm, an emission wave-
length of 515 nm with 5 nm bandpasses in both the excita-
tion and emission paths.

DHEFR Stability in 2 mM Ammonium Acetate

DHEFR was diluted to 40 nM in 2 mM ammonium acetate,
(which therefore contained 3 uM HEPES and 2 uM NaCl)
and was incubated for 8 hours. At 1 hour intervals 100 pL.
aliquots were mixed with 100 pL. of a solution containing 50
mM Tris.HCl pH=7.5, 2 mM DTT, 100 uM NADPH and 100
uM DHF. DHFR activity was measured by monitoring the
decrease in absorbance at 340 nm using a Tecan Saphire
microplate reader. Activity data is reported relative to the
activity obtained from a DHFR sample that was diluted in 50
mM Tris.HCI, pH 7.5, containing 2 mM DTT.

Example 18
Column Formation and Optimization

It was desirable that the bioaffinity columns be fabricated
using protein-compatible processes, thus several issues were
addressed to produce a viable monolithic bioaffinity column.
Goals to achieve when developing monolithic bioaffinity
columns were: 1) to produce a biocompatible column matrix
that entrapped biomolecules in an active form; 2) to have
spinodal composition occur after column loading but before
gelation of the silica phase to promote macroporosity; 3) to
avoid shrinkage and cracking of the column, which would
introduce unwanted flow channels; 4) to minimize protein
leaching after gelation of the silica, and; 5) to minimize
non-selective interactions between small molecules and the
silica matrix. A variety of parameters were optimized to
achieve this goal, including the silica precursor (TEOS vs.
DGS), silica concentration (1-10 mol %), gelation pH (5 to
8), ionic strength (0 to 100 mM), and PEO concentration
(2-12% w/v) and molecular weight (2 kDa-100 kDa). While
several compositions produced viable columns, the best
performance was obtained using a composition derived from
the protein compatible precursor DGS which contained an
initial level of 3.3 mol % SiO,. Lower levels led to columns
that would slowly dissolve in the mobile phase, while higher
levels gelled too quickly to allow facile column loading.
Optimal gelation conditions were achieved under mild con-
ditions at 4° C., pH 7 with an ionic strength of 25 mM.
Macroporosity could be obtained using a variety of PEO
concentrations and molecular weights (see below), however,
columns that contained 8% w/v of 10 kDa PEO were
selected. Phase separation occurred for molecular weight
values of 10 kDa or higher, and at levels of 2% w/v or higher
for 10 kDa or higher molecular weight PEO. An optimal
level of 8% w/v for 10K PEO was selected owing to the
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good homogeneity and reproducibility obtained for forming
columns using this composition, and because higher levels
or molecular weights of PEO produced solutions that were
too viscous to allow facile loading of the column.

Early versions of columns used untreated, NaOH, meth-
acryloxypropyl-trimethoxysilane or 3-glycidoxypropyltri-
methoxysilane-treated capillaries as supports. However, it
was often observed that the monolith could be pushed out of
the capillary at higher flow rates. To overcome this problem
the inner surface of the capillary was pretreated with
APTES, which provided electrostatic bonding between the
anionic silica monolith and the cationically modified capil-
lary surface. In such columns, flow rates as high as 500
pL.min could be achieved with no occurrences of monolith
detachment from the capillary.

Example 19
Column Characterization

FIG. 16 shows scanning electron microscopy images of
the DGS/PEO/APTES monolithic silica stationary phase.
Panel A shows an image of a 1.0 mm diameter column that
had been extruded from an uncoated capillary, and shows
that the silica forms a self-supporting monolith. Panel B
shows a high magnification image of a monolith within a
250 pm capillary, showing the macroporous nature of the
silica skeleton. The silica matrix appears to be composed
primarily of silica beads that are 1-2 pm in diameter and are
linked together to form a continuous monolith. The voids
(through-pore spaces) are on the order of a microns in
diameter (see mercury intrusion porosimetry data below),
and provide sufficient void volume to allow good flow of
liquids with low backpressure. Overall, the macroporous
morphology of the columns appears to be quite similar to
that reported by Tanaka for reversed phase columns (skel-
eton size of 1-2 um, through-pore diameter of 2-8 um'°%),
although it is important to note that in the case of Tanaka’s
columns the PEO was removed by pyrolysis before imaging.

Attempts to image monoliths within 150-250 um i.d.
capillary columns via SEM showed that the introduction of
the columns to ultrahigh vacuum (UHV) produced pullaway
of the monolith from the capillary wall. To avoid UHYV, the
monoliths were imaged using brightfield microscopy. FIG.
17 shows a brightfield image of a filled capillary (250 pum
i.d.) after 3 months of aging in buffer (Panel A), and clearly
shows that the monolith completely fills the capillary with
no pullaway. The lighter areas at the edges of the capillary
in this image are due to differences in light diffraction. This
was confirmed by testing the flow through 3 month old
columns, which was identical to that obtained from fresh
columns (data not shown). Panel B shows the same monolith
after 24 hrs of storage in a dessicator. Upon removal of
entrapped water, the silica monolith shrinks significantly and
exhibits cracking and pullaway. These results show that
columns should be stored in a wet state to maintain column
integrity. Such storage conditions are also desirable to
maintain the activity of entrapped proteins.

Mercury intrusion porosimetry was done on PEO-doped
samples to better assess the nature of the macropores in the
various materials. Table 11 shows the data obtained for
samples containing 8 wt % of 2 kDa, 10 kDa and 100 kDa
PEO. While all materials contained macropores, the size and
proportion of macropores was highly dependent on the
molecular weight of the PEO used. For 2 kDa PEO doped
samples, only 5% of the pore volume was occupied by
macropores with an average diameter of 1.2 pm. Columns
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formed from such materials did not show good flow prop-
erties, and thus were not examined further. Samples con-
taining 10 kDa PEO (which were used for subsequent
FAC/MS studies described below) had a much higher pro-
portion of macropores (23%) with an average pore diameter
of ~0.5 um. Increasing the molecular weight of PEO to 100
kDa led to a similar proportion of macropores (20%), but in
this case the average macropore diameter was much higher
than was observed with 10 kDa PEO (almost 3 um). While
such materials led to columns that showed good flow
properties, the material underwent phase separation and
gelation rapidly, which made it difficult to reproducibly fill
the columns.

BET measurements were performed on PEO-doped
samples to assess the morphology of the mesopores within
the silica skeleton (note: measurements were done only for
samples that were not pyrolyzed). Table 12 shows the mean
pore diameter, surface area and volume occupied by meso-
pores within the column. Although the drying process
decreases pore diameters by a factor of ca. 10-fold,>® the
differences in the pore sizes of the dried samples are likely
to reflect the relative pore size differences in the wet,
chromatographic matrix. While PEO is primarily respon-
sible for the formation of macropores in the present mate-
rials, it is evident that the addition of 10 kDa PEO, dramati-
cally alters the fraction of mesopores (2-50 nm diameter)
relative to micropores (<2 nm) in favor of mesopores,
although it leads to only minor decreases in surface area
relative to pure DGS. The addition of PEO also produces a
higher total pore volume and a slightly larger average
mesopore diameter, both of which should result in somewhat
better flow properties. When considered together with the
SEM and Hg intrusion porosimetry data, it is apparent that
the columns have the desired meso/macroporous morphol-

ogy.
Example 20

Bioaffinity Column Performance

A consideration in the development of bioaffinity columns
for FAC/MS applications is to minimize non-selective
adsorption of analytes to the column matrix while maximiz-
ing the retention of compounds owing to selective binding to
the entrapped protein. FIG. 18 shows frontal chromatograms
of unmodified columns relative to columns containing dim-
ethyldimethoxysilane, aminopropylsilane or poly(ally-
lamine)-derivatized silica. These additives allowed the
examination of charged and uncharged additives and to
modify the hydrophobicity of the column so as to modulate
interactions of analytes with the silica. As shown in Panel A,
the unmodified silica has a tendency to retain cationic
species (pyrimethamine and trimethoprim) but does not
retain either anionic or neutral species. Addition of either
DMDMS or PAM did not significantly alter the retention
properties, possibly owing to the low levels at which these
could be employed before reducing column performance.
However, even low levels of APTES led to almost complete
removal of interactions between the silica matrix and cat-
ionic analytes, while retaining the low degree of non-
selective adsorption of anionic and neutral species, in agree-
ment with previous observations by Zusman for sol-gel
based glass fiber affinity columns.>* Higher levels of APTES
caused retention of anionic species, and thus 0.3% APTES
was found to be optimal for minimizing non-selective reten-
tion. Recent studies using time-resolved fluorescence anisot-
ropy to probe adsorption of the charged fluorescent probes
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onto APTES modified silica surfaces confirms that 0.3%
(v/v) APTES effectively creates a zwitterionic surface with
no net attraction or repulsion of charged species.>® This level
of APTES is also the maximum amount that can be used
before flocculation of sols will occur. Importantly, this
surface maintained its ability to block non-selective reten-
tion over a period of months, indicating that the APTES
formed a stable surface coating that did not change in
composition with time.

FIG. 19 shows FAC/MS traces obtained for elution of
mixtures of DHFR inhibitors and control compounds
through DGS/PEO/APTES columns containing no protein,
active DHFR, partially denatured DHFR, or HSA, a protein
that does not bind DHFR inhibitors. The blank column
shows the expected breakthrough of all compounds in the
first few minutes, indicative of minimal non-selective inter-
actions, showing that normal-phase silica chromatography
had been suppressed. Panel B shows significant retention of
the two DHFR inhibitors, trimethoprim (K_~4 nM, elution
time of 39 min) and pyrimethamine (K_~45 nM, retention
time 55 min), less retention of a weak inhibitor (folic acid,
K,~11 pM, retention time=7 min) and no retention of
non-selective ligands (fluorescein, coumarin, retention
time=2 min). This result indicates that DHFR is active when
entrapped in the column, in agreement with recent results
from showing good activity of DHFR when entrapped in
DGS derived materials.*> Upon boiling DHFR prior to
entrapment, all DHFR-binding ligands show significantly
reduced retention times, consistent with partial denaturation
of the protein. It should be noted that DHFR is known to be
remarkably stable to thermal denaturation, and that thermal
unfolding of DHRF is partially reversible.®” Thus it is not
surprising that partial binding affinity is retained even after
heat denaturation. As a secondary control, a column con-
taining entrapped HSA was examined. As shown in Panel D
there is essentially no binding beyond that obtained in a
blank column. Thus, retention of the ligands is a conse-
quence of selective interactions between the ligands and
DHFR. The reversal in the expected elution times for
trimethoprim and pyrimethamine (based on their respective
K, values) is not fully understood at this time, but may be
related to differences in on and off rates, which are likely to
play a significant role in determining the overall retention
time of compounds on the column.

To further explore the properties of the DHFR-doped
columns, the effect of ligand concentration on elution time
was examined for both pyrimethamine and trimethoprim. As
the concentration of ligand increases, one expects the col-
umn to saturate more rapidly for a given flow rate, and thus
the compound is expected to breakthrough earlier. By plot-
ting elution volume against analyte concentration one can
determine the amount of protein immobilized (B,) and the
dissociation constant of the protein directly on the column.
FIG. 20 shows breakthrough curves for pyrimethamine at
various concentrations, and the resulting plot of V vs. [A].
From this data one extracts a total protein concentration of
12 pmol on the column, and a K, of 47 nM. The K, value is
essentially identical to that in solution (37 nM) and is in
excellent agreement with the value obtained for DHFR
entrapped in DGS derived materials (46 nM).*> The data
obtained from trimethoprim provided a K, value of 21 nM
and a B, value of 7 pmol (data not shown). The K, value for
trimethoprim in DGS is 3 nM, thus, the affinity of the
inhibitor is somewhat lower than previously reported, but is
still in the nM range and therefore would be considered a hit
in a high-throughput screen. The higher K, value for trime-
thoprim obtained by FAC/MS may be the result of the low
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ionic strength buffer used in these experiments. The B,
values indicate that only 15-25% of the initially loaded
protein remained active and accessible. The remainder (75-
85%) of the initial protein present was therefore either
denatured, inaccessible or removed from the column during
column conditioning. To distinguish between these possi-
bilities, two experiments were performed. To test protein
leaching, DHFR was fluorescently labeled and entrapped in
the column. The column was then washed with 2 mM
ammonium acetate buffer for 8 hours, and the amount of
protein remaining in the column each hour and at the end of
the 8 hour wash was determined. As shown in FIG. 21a, a
large fraction of protein leached in the first hour (corre-
sponding to the time used to condition the column), after
which leaching of protein occurred slowly. After 8 hours
there was still ~30% of the initial protein entrapped in the
column and leaching was minimal. Thus, leaching of protein
is not the main reason for the lack of reusability. In a second
experiment, the column was flushed for 8 hours with 2 mM
ammonium acetate (the running buffer) before the binding
assay. In this case there was a dramatic decrease in binding
performance (>80%), which was attributed to denaturation
of'the protein in the presence of the low ionic strength buffer.
This was confirmed by incubating the protein in 2 mM
ammonium acetate buffer and assaying enzyme activity
every hour. As shown in FIG. 215, the protein retained only
20% of its initial activity after this treatment. Taken together,
these experiments demonstrate that the use of low ionic
strength buffers, which are optimal for ESI-MS, result in
denaturation of DHFR, causing the loss of column perfor-
mance.

FIG. 22 shows the reproducibility between columns
within the same batch (i.e., cut from the same capillary). In
this case, three different 10 cm columns were cut from the
midsection of'a 1 m long capillary and were examined after
washing 30 bed volumes of buffer through the column over
a period of 1 hr to remove glycerol and any loosely adsorbed
protein. The data were all obtained for the first run of
compounds through the columns. It is clear that the columns
showed acceptable reproducibility, with the relative standard
deviation between columns being in the range of 5% or less.
Reproducibility between columns obtained from different
batches was slightly poorer, showing RSD values on the
order of 8% (data not shown). These data suggest that the
sol-gel composition and processing methods used to form
the column lead to reproducible column performance, and
make it possible to directly compare data obtained from
different columns. This is further supported by the data
shown in FIG. 20, where data obtained from four different
columns was combined to generate reliable K ; and B, values
with *>0.998.

FIG. 23 shows the reproducibility between runs (Panels A
and C) and the regeneration of the columns (Panel B) using
a weak affinity ligand (folic acid) to displace stronger
binding ligands (pyrimethamine and trimethoprim). The
displacement of tight binding ligands (panel A) by a known
weak binder (Panel B) can be used to confirm their speci-
ficity for the catalytically relevant site on the surface of the
target protein. The retention time for pyrimethamine
dropped from 60 min to 15 min while those for trimethoprim
dropped from 40 min to 7 min after column regeneration
(panels A and C). Thus even after washing the column with
an excess of a weak ligand to aid in displacement of stronger
ligands, the original column activity was not recovered. This
is consistent with the data presented above (FIG. 21), which
show that prolonged exposure of the entrapped protein to the
low ionic strength running buffer leads to irreversible dena-
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turation of the entrapped protein. It is also possible that
binding of the strong ligand led to partial irreversible
inhibition of the protein.

Discussion for Examples 18-20

Meso/macroporous sol-gel based monolithic bioaffinity
columns are ideally suited for the screening of compound
mixtures using frontal affinity chromatography with mass
spectrometric detection for identification of specific com-
pounds in the mixture. The ability to interface the capillary
columns directly to an electrospray (ESI) mass spectrometer
is a key advantage of the new columns, and can make them
suitable for HTS of compound mixtures using FAC/MS.
While direct comparison to bead-based columns was not
done in the present study, the monolithic columns clearly
provide advantages in terms of ease of column loading and
control over protein loading. Columns were formed simply
by mixing the hydrolyzed silane with the polymer and
protein-doped buffer and pumping the mixture into the
capillary prior to spinodal decomposition and gelation. This
one-step column fabrication method leads to good column-
to-column reproducibility. The monolithic columns retained
up to 25% of the loaded protein in an active form based on
the B, values reported above. The monolithic columns also
had low backpressures (due to the macroporous nature of the
material), which allows the use of a low-pressure syringe
pump for pumping of eluents. The ability to operate at low
pressures and low flowrates makes the monolithic columns
amenable to direct interfacing with ESI/MS, with no need
for flow splitting. This maximizes sensitivity and thus results
in an ability to use low levels of compounds and hence small
amounts of immobilized protein (ca. 10 pmol). This latter
point is of significant importance when expensive and/or
low abundance proteins are used as targets for FAC/MS
based screening. Library compounds may be equally valu-
able and available in small quantities, making this technique
more attractive.

One of the major advances in the development of the new
columns was the use of the biocompatible sol-gel precursor
DGS for column fabrication. Recent studies from the present
inventors have conclusively demonstrated that DGS and
related sugar-modified silanes are able to maintain the
activity of a wide variety of proteins, and in particular are
able to stabilize proteins that denature readily when
entrapped in materials derived form alkoxysilanes such as
tetraethylorthosilicate.  The evolution of glycerol as a
byproduct of DGS hydrolysis maintains the entrapped pro-
teins in an active state during column aging, yet is readily
removed from the column during the initial column flushing
step owing to its small size relative to the protein, avoiding
elution of glycerol into the mass spectrometer. The ability to
remove entrapped glycerol from DGS derived materials by
washing has been previously confirmed by thermogravimet-
ric analysis.**

A key issue that was examined as part of column opti-
mization was minimization of non-selective retention
mechanisms, which could result from interactions of com-
pounds with the silica matrix. Since silica is polar and
anionic, it is expected that interactions with polar and
cationic compounds might occur, as was observed in the
present work. Counterbalancing of the anionic charge using
the cationic silane APTES resulted in a remarkable reduction
in non-selective retention, while at the same time not pro-
ducing significant changes in entrapped protein behaviour.
APTES could be easily incorporated into the column by
adding it to a buffered PEO/protein solution, and the level
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could be adjusted simply by altering the APTES concentra-
tion in the starting buffer mixture.

While the current work has focused on entrapment of a
soluble enzyme, the sol-gel method employed herein is also
amenable to the entrapment of a wide range of important
drug targets, including membrane-bound enzymes and
receptors, and even whole cells.>® Furthermore, entrapment
into DGS derived materials allows immobilization of labile
enzymes, such as Factor Xa and Cox-1I, which are difficult
to immobilize by other methods.** Thus, the monolithic
columns may find use in screening of compound mixtures
against a wide variety of useful targets.

Overall, monolithic silica columns containing entrapped
proteins are shown to be amenable to bioaffinity based
screening of small molecule-protein interactions using fron-
tal chromatography in conjunction with mass spectrometric
detection. The new columns are formed using a biocompat-
ible one-pot processing method involving the addition of a
buffered aqueous solution containing polyethylene oxide
(PEO, MW 10 kDa) and the protein of interest to a hydro-
lyzed solution of DGS, followed by loading of the column.
The resulting material retains protein activity, and at the
same time provides the required pore distribution that is
needed to obtain good flow of eluent with low backpressure.
Inclusion of a small amount of APTES is shown to reduce
non-selective adsorption, resulting in a column that retains
compounds primarily as a result of bioaffinity interactions
with entrapped proteins. Formation of columns within 150-
250 um i.d. fused silica capillaries provides a system that
requires only very small amounts of protein (50 pmol
loading, 12 pmol active protein) to produce a useful bioaf-
finity column. Such columns are suitable for pressure-driven
liquid chromatography and can be operated at relatively high
flow rates (up to 500 pL.min~') with low backpressures.
More importantly, the operation of these columns with low
ionic strength eluents allows direct interfacing to an elec-
trospray mass spectrometer, allowing identification of small
molecules using the multiple reaction monitoring mode,
although such buffers do lead to relatively rapid denaturation
of the entrapped protein. The ability to detect inhibitors
present in compound mixtures via retention time combined
with MS detection can be very powerful for high-throughput
screening of compound mixtures.

Example 21

Activity and Inhibition of Src Protein Tyrosine
Kinase Entrapped Within Sugar-Modified Sol Gel
Derived Silica Gel

Materials: Diglycerylsilane (DGS) was prepared as pre-
viously reported®** and N-(3-triethoxysilylpropyl)glucona-
mide (GLTES) was prepared as described above (see
Example 1). Src kinase, human recombinant, expressed in
insect cells (product number S5439), adenosine triphos-
phate, trisodium salt (ATP), bovine serum albumin (BSA)
and dithiothreitol (DTT) were purchased from Sigma-Ald-
rich (Oakville, ON). Biotin(EEEEY),, (denoted in this study
as P44000), anti-phosphotyrosine(PY20)-cryptate and
XL665-conjugated streptavidin were purchased from CIS
Bio International (Bedford, Mass.). 384-well transparent
bottom black microplates with a well volume of 120 I were
acquired from BD Biosciences (Franklin Lake, N.J.). The
biotinylated peptides bE,Y (denoted here P1037), b(E,Y),
(P1716) and b(E,Y); (P2396) were synthesized by Bio-
source International. YIYGSFK, YIYGSFKb (P1104) and
bENDpYINASL were obtained from AnA Spect (La Jolla,
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Calif.). Staurosporin and Src Kinase inhibitor I (4-(4-phe-
noxyanilino)-6,7-dimethoxyquinazoline) were obtained
from EMD Biosciences (Darmstad, Germany). All reagents
were used as received without further purification. All
solutions were made with water that was distilled and
deionized through a Milli-Q Synthesis A10 4-stage water
purification system.

Methods:

(a) Encapsulation of Src: The sol was prepared by soni-
cating DGS (400 mg) and water (1000 L) (H,O:Si molar
ratio (R-value) of 13) at 0 ,C for 45 min to hydrolyze the
monomer. Equal portions of the resulting sol and 0.2 M
GLTES in 50 mM MOPS pH 7.8 containing 10 mM MgCl,,
0.4 mg.mL™' BSA and 1 mM DTT were mixed so as to
obtain a molar GLTES:DGS:water ratio of 0.2:2:100
(R=45). For studies involving P44000 the buffer used was 50
mM HEPES containing 10 mM MgCl,, 0.4 mg.mL™' BSA
and 1 mM DTT, since this buffer was recommended by the
supplier for use with the peptide. The buffer also contained
2 mM ATP, except for inhibition studies, where no ATP was
added. Immediately after mixing the solutions of DGS and
GLTES, a solution of Src (50 pM) in an identical buffer
system was added to reach a concentration in the sol of 5
pM. The final molar ratio of water to silica was 63. The sol
was briefly and carefully mixed to obtain rapid homogeni-
zation and loaded in portions of 20 L into a 384-well
microplate. Gelation of the sol generally occurred in less
than 1 min. Sols composed of DGS or DGS and PEO were
prepared using a similar procedure, except that GLTES was
substituted with a solution of 50 mM MOPS or 4 or 8 mM
PEO (10 KDa) in 50 mM MOPS. TEOS and TMOS based
gels were prepared as described elsewhere.?*>> The concen-
tration of the enzyme was identical in all sol-gel derived
materials.

Once filled, the microwell plates were covered with
Parafilm™ and over each well a small orifice was opened
with a syringe in order to allow slow drying of the gel. The
gel was aged at 4 ,C for 5 days before assays were per-
formed, unless otherwise stated. For reusability studies the
gels were stored at 4 EC in a minimal volume of buffer to
maintain hydration.

(b) Activity measurements: After aging, the gels were
carefully washed 3 times for 20 min per wash with 50 mM
MOPS, pH 7.8 to remove entrapped glycerol. Failure to
wash the gels resulted in poor activity for the entrapped
enzyme. After washing, 20 L. of a solution containing 1 mM
ATP and different concentrations of the biotinylated sub-
strates in 50 mM MOPS, pH 7.8 was loaded on top of the
gels and incubated for 16 h at 30 ,C (longer incubation times
did not increase the S/B ratio for detection of phosphory-
lated peptides). For inhibition studies, 10 L solutions of
inhibitors were loaded on top of the gels and preincubated
for 2 h before the reaction mixture was added. The sample
was then incubated for a further 16 h before activity mea-
surements were performed. The concentration of ATP and
P1716 used for these experiments is indicated in FIG. 29.
The reusability of the entrapped Src was examined by
washing the gel three times with MOPS buffer after mea-
suring the activity (20 min per wash) to remove the com-
ponents of the detection mixture and products of the reac-
tion, and then assayed again with the reaction mixture
containing ATP and biotinylated substrates. This operation
was repeated once a day for eight consecutive days. For
solution based assays the gel was replaced with 20 L of 5 pM
Src in 50 mM MOPS and activity was measured as described
for entrapped Src.
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The phosphorylation of the biotinylated peptides was
assessed by fluorescence resonance energy transfer coupled
with time resolved detection (TR-FRET).*** Immediately
after incubation with substrate was complete, 60 L. of a
mixture of anti-phosphotyrosine(PY20)-cryptate (Eu-la-
belled antibody) and X1.665-conjugated streptavidin (CyS5-
streptavidin) were added to achieve a final concentration of
4 nM and 200 nM, respectively (detection cocktail). The
plates with the detection cocktail were incubated for one
hour at room temperature and the fluorescence was mea-
sured from the bottom of the plates using an excitation
wavelength of 304 nm after a 50 ps delay with a TECAN
Safire microplate reader (TECAN, Austria GmbH). Longer
incubation times did not lead to improvements in S/B ratios.
The mean of three measurements was recorded from each
well. The relative quantity of phosphorylated peptides was
determined from the ratio of emission intensity values at 665
nm (Cy5) and 584 nm (Eu), in samples and negative controls
lacking the substrate or the enzyme. The results are
expressed as signal/background ratios (S/B), and are the
mean the standard deviation of two independent experi-
ments.

Results and Discussion

(a) The Detection System

Of the numerous methods to assay PTK activity, homo-
geneous time resolved fluorometry linked with fluorescence
resonance energy transfer (TR-FRET) is one of the most
specific and simple. The assay doesn t require the use of
radioactive isotopes and the whole procedure can be carried
out in solution without the need for washing steps. The
TR-FRET system used in this study to detect the formation
of phosphorylated peptides utilizes the reaction of the bioti-
nylated phosphopeptides with both a europium cryptate-
labeled anti-phosphotyrosine antibody and CyS5 labeled
streptavidin. When these two fluorophores come in close
proximity upon binding to the phosphopeptide, resonance
energy transfer between them can be detected after a lag
time of 50 s, providing a specific signal related to the
presence of a phosphorylated peptide. Use of delayed fluo-
rescence eliminates scattering and short lived fluorescence
signals, dramatically improving the S/B ratio. To avoid the
effect of differences in probe concentration or quenching
between samples it is common to measure the ratio between
the emission intensity of CyS5 labeled streptavidin at 665 nm
and europium cryptate at 620 nm.*° It was found, however,
that the ratio of emission intensities at 665 nm (Cy5) and 584
nm (Eu) provided a higher S/B, and thus used this ratio to
measure TR-FRET (FIG. 24). Excitation wavelengths
between 320 and 340 nm are commonly used for TR-FRET
using Europium cryptates.*® However, the measurement of
S/B at different excitation wavelengths in the present system
indicated that excitation at 304 nm provided the highest S/B
(FIG. 25). To test the feasibility of using TR-FRET for
heterogeneous systems containing both the gel and the
detection cocktail in solution, the S/B ratio of a solution
containing 20 L. of 100 nM Biotin-ENDpYINASL and 60 L.
of the detection cocktail was measured and then the mixture
was loaded on top of gels with different compositions (see
FIG. 27 for a list of gel compositions). The S/B ratio of the
solution of biotinylated phosphopeptide and detection cock-
tail loaded on top of the gels wasn t significantly different
from that of the solution itself (i.e., in the absence of the gel),
which indicates that the gels were transparent to the emis-
sion fluorescence and didn t affect the fluorimetric detection
of biotinylated phosphopeptides.
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(b) Performance of Entrapped Src Kinase

The most commonly used substrate for PTK studies is the
synthetic polypeptide b(EEEEY),, which has a molecular
weight of 44 KDa (denoted P44000 in this study). The
multiple tyrosine residues in this peptide facilitate both the
phosphorylation reaction and the binding of the anti-phos-
photyrosine antibody. However, the large size of this sub-
strate proved to be an obstacle for assaying the activity of
Src Kinase entrapped in sol-gel derived materials, because
the size of the pores (~10 nm diameter®") is too small to
allow the diffusion of such a large substrate to the sites
where the enzyme is encapsulated. To achieve better acces-
sibility of the substrates to the enzyme, shorter peptides with
a similar structure were designed (Table 13). Multiple
anionic glutamic acid residues were included in the peptide
to help minimize non-specific interactions of the peptide
with the anionic silica surface. In addition to the synthetic
substrates, the well known PTK substrate YIYGSFKb was
also included in the study (denoted as P1104).>°

The assay of these peptides in solution showed an slight
increase in the S/B ratio as the number of tyrosine residues
increased in the molecule from 1 to 3 (i.e., from P1037 to
P1716 to P2396) (FIG. 26), although it should be noted that
there are relatively large errors in the S/B values in all cases.
For P44000 this ratio was somewhat lower, which could be
due to a stoichiometrically insufficient quantity of antity-
rosine labeled antibody, considering the large number of
tyrosine residues in this peptide.

Src was then entrapped in a series of different sol-gel
derived materials, and signaling magnitude was optimized
using the material that provided the best Src activity (see
below). The signal magnitude over background for
entrapped Src was optimized in terms of both the concen-
tration of peptide and the amount of entrapped Src. Increas-
ing the concentration of the peptide substrates increased the
S/B ratio up to a saturation plateau of S/B=6. However,
above a concentration of ca. 10 uM of peptide, the S/B ratio
decreased due to an excessive quantity of phosphorylated
peptide in relation to the components of the detection
mixture. In such a situation there is a high probability that
the peptide will not bind to both the antibody and the
streptavidin, as these proteins are limiting reagents in the
mixture. Hence, the extent of TR-FRET will decrease as
peptide concentration increases beyond the stoichiometri-
cally optimal value. Increasing the concentration of the
enzyme in the gel also led to a higher S/B ratio, but again the
S/B ratio reached a plateau at an enzyme level of 5 ng/well
(5 pM in the gel), which is likely indicative of complete
substrate phosphorylation at this enzyme level.

The nature of the silica material also had a marked effect
on the S/B ratio obtained from fluorimetric assays of
entrapped Src, as shown in FIG. 27. Entrapment of Src in
TMOS, TEOS or DGS-derived materials did not lead to
significant signal above background. In the case of TMOS
and TEOS, it is possible that the high acidity and high
concentration of alcohol present in sols derived from these
precursors led to the denaturation of encapsulated Src.
However, the lack of substantial signal in DGS-derived
materials, which are formed under neutral conditions and
release the biocompatible molecule glycerol, suggests that
the activity is not dependent solely on the biocompatibility
of the starting material, but may also dependent on other
factors, such as the pore size or polarity of the final material.
DGS-derived materials have a pore diameter that is only
slightly larger that is obtained for TEOS derived materials
(3.1 nm for DGS vs. 2.6 nm for TEOS after drying).®
Addition of 10 K PEO, which creates macropores in sol-gel
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derived materials, did not improve the S/B ratio, possibly
owing to significant leaching of Src from the macropores
during the initial washing steps. Addition of PEO does not
have a major influence on the diameter of mesopores (pore
diameter is 3.5 nm for dried samples),** and thus it is
possible that Src entrapped in mesopores was not accessible
to the polypeptide analytes.

The addition of GLTES, which contains a gluconamide
moiety that is covalently attached to the silica surface
through a triethoxysilane group, at levels of up to 10 mol %
with respect to DGS, resulted in a significant improvement
in the S/B ratio. Inclusion of 1 mM ATP, a substrate for Src
Kinase, to GLTES doped glasses further improved the S/B
ratio to the point where it was almost equivalent to that in
solution. Further increases in the mole fraction of GLTES or
the concentration of ATP did not lead to further improve-
ments in the activity of entrapped Src. These results indicate
that all of the short peptides (P1037, P1716, P2396 and
P1104) were able to enter the glass and interact with
entrapped Src, while the large peptide P44000 was not.
Assays of the external solution after incubating a Src loaded
gel in buffer for 16 h showed no appreciable signal above
background, indicating that the fluorescence response was
not due to Src that had leached from the gel.

While the role of GLTES in improving the activity of
entrapped Src is not fully understood at this time, possible
reasons for this effect (while not wishing to be limited by
theory) include surface modification of the silica, resulting
in fewer anionic silanolate sites that are available for inter-
action with ATP and the anionic peptide substrates (which
could lead to analyte exclusion from the matrix)**-%%:*
alterations in protein hydration and/or excluded volume,
which prevent protein denaturation,®* or improved accessi-
bility of the entrapped enzyme to analyte owing to larger
mesopores (the pore diameter of 10% GLTES glasses was
7.3-0.3 nm after drying, while the pore diameter of DGS
derived glasses was 4.6-0.1 nm after drying). Increases in
pore sizes has previously been observed for sugar-doped
silica materials,®® providing support for the ability of sugars
to alter pore morphology.

Again, while not wishing to be limited by theory, the
improvement in Src activity upon addition of ATP to GLTES
doped DGS glasses is likely based on the known ligand-
stabilization effect that has been reported for several pro-
teins, both in solution®*%® and when entrapped in sol-gel
derived materials.®®:%” It is known that the dynamics of
protein are greatly restricted in sol-gel derived silica relative
to solution.®® However, for many enzymes the motion of a
large part of the molecule is desirable for achieving an active
conformation. For Src and other PTKs in particular, the
N-terminal lobe is moved away from the C-terminal lobe by
141 in the open (inactive) conformation when compared
with the lobes in the closed (active) conformation.> During
the process of encapsulation, when the gel is being shaped,
it is possible that some enzyme molecules can be trapped in
an inactive conformation. Then, depending on the interac-
tions between the silica and the protein these molecules may
not be able to undergo the required conformational rear-
rangement that leads to an active conformation. If ATP is
added after entrapment of Src, it must diffuse through the
pores of the silica, reach the Src and phosphorylate it to
generate the active conformation. However, the rearrange-
ment of the enzyme into an active conformation is likely
hindered by the surrounding silica matrix. By adding ATP
prior to the formation of the gel, the enzyme is able to adopt
an active conformation before entrapment, which likely
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increased the number of Src molecules encapsulated in an
active conformation, producing a higher overall activity.

FIG. 28 shows the S/B ratio of repeated assays of the
entrapped Src, and shows that the enzyme retains approxi-
mately 30% of its initial activity after eight assay cycles.
Analysis of the activity of the external solution indicated
that the loss of activity with reuse was not due to protein
leaching. Thus, the loss of activity is consistent with slow
denaturation of the entrapped protein with repeated use.
Assaying of entrapped Src that had been stored in ATP
loaded silica for long periods at 4 EC indicated that the
entrapped enzyme remained fully active for at least 90 days,
thus the loss of activity upon reuse is not due to aging time,
but rather is related to repeated assaying of the enzyme.

An unexpected finding was that the observed S/B ratio
obtained upon assaying entrapped Src was reproducibly
higher in the second assay cycle than in the initial cycle.
Such behaviour has been observed previously for enzymes
such as Factor Xa, dihydrofolate reductase and y-glutamyl
transpeptidase when entrapped in DGS derived materials.*?
While the origin of this effect is not fully understood and
while not wishing to be limited by theory, it is possible that:
1) the long incubation used in the first cycle removed any
residual glycerol, improving enzyme performance; 2) the
introduction of the substrates in the initial assay cycle
caused a higher fraction of the entrapped enzyme to adopt an
active conformation; or, 3) the substrates remained in the gel
after the first assay, leading to a higher amount of phospho-
rylated substrate for binding to the proteins in the detection
cocktail.

(¢) Inhibition of Entrapped Src Kinase

One of the most important applications of immobilized
enzymes is their use as targets for the screening of potential
inhibitors. In this study, three common inhibitors of PTK
activity, staurosporin, an ATP competitive inhibitor,
YIYGSFK, a peptide competitive inhibitor and Src Kinase
inhibitor I, which is both an ATP and peptide competitive
inhibitor, were tested against Src both in solution and when
the enzyme was entrapped in the GLTES/DGS derived silica
matrix. As shown in FIG. 29, increasing concentrations of
these inhibitors reduced the activity of entrapped Src in a
manner that was essentially identical to that observed in
solution. As shown in Table 14, the IC,, values obtained in
the silica matrix are close to the values obtained in solution,
indicating that entrapped Src can be useful for inhibitor
screening. These results are in agreement with recent results
for other enzymes entrapped in DGS-derived materials,
where it was observed that inhibition constants for binding
of inhibitors to various entrapped enzymes were within error
of the solution values.*

In the case of the peptide based inhibitor, it is possible that
the observed decrease in S/B at higher inhibitor levels could
simply be due to competition between phosphorylated
YIYGSFK and biotinylated phosphopeptide for the anti-
phosphotyrosine antibody in the detection cocktail. To prove
that this was not the case, a reaction mixture containing only
YTYGSFK with Src was prepared under identical conditions
and after 16 h, a 200 nM solution of Biotin-ENDpYINASL
was added to the reaction mixture. Increasing concentrations
of YIYGSFK in the reaction did not affect the TR-FRET
signal produced by Biotin-ENDpYINASL, indicating that
YIYGSFK did not interfere with signal development.
Hence, the observed decrease in the S/B ratio in the presence
of this peptide shows that it effectively inhibits the phos-
phorylation reaction of entrapped Src when a biotinylated
substrate (P1716) is present in the solution.
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Overall, these results show that encapsulated PTKs can be
used to study both phosphorylation reactions and inhibition
of such reactions, and demonstrate that significant potential
exists for the development of sol-gel based biosensors and
HTS systems aimed at detection of PTK substrates and
inhibitors

Example 22

ATP Detection Using Firefly Luciferase Entrapped
in Sol-Gel Derived Silica Containing
Non-Hydrolyzable Sugar Moieties

In this work, sol-gel precursors that are based on covalent
linkage of D-gluconolactone or D-maltonolactone to ami-
nopropyltriethoxysilane to form N-(3-triethoxysilylpropyl)
gluconamide (GLTES-1) or N-(3-triethoxysilylpropyl)mal-
tonamide. (MLTES-2) were prepared. Diglycerylsilane
(DGS), GLTES, MLTES and allylgluconamide (allyGL)
were prepared by methods described above. For DGS based
sol-gel preparations, sols were prepared by sonicating DGS
(400 mg, 1.34 mM) and water (1000 L) at 0,C for 45 min to
hydrolyze the monomer. The resulting sol was mixed with
equal portions of Tricine buffer (25 mM, pH 7.8) containing
5 mM MgSO,, 0.1 mg.mL~' BSA, 0.5 mM DTT and 0.5
mM EDTA. The buffer also contained either 0.2 M allylGL
or a range of concentrations of GLTES or MLTES, respec-
tively, to obtain a sugar/DGS molar ratio of 0.05, 0.1, 0.15,
0.2 or 0.25. Immediately after vortexing the sol, a solution
of Firefly luciferase from Photinus pyralis was added at a
volume ratio of 30:1 sol:enzyme solution. The sol was very
briefly and carefully mixed to obtain a homogeneous solu-
tion and was then loaded in portions of 62 L into a 96-well
white microplate. The total quantity of protein per well was
200 ng (3 pM). TEOS-derived materials were prepared using
a similar procedure, except that DGS was replaced by a
TEOS-derived sol that was prepared by sonicating with a
diluted hydrochloric acid, as described elsewhere.>* The
concentration of the enzyme in all gels was the same. TEOS
was also prepared by a procedure in which the hydrolyzed
sol containing TEOS was combined with an equal volume of
deionized water and rotoevaporated until the volume was
reduced to half,”® with the aim of removing the ethanol
liberated during the hydrolysis. The obtained sol was then
mixed with the buffer solution and the enzyme as described
above. Sodium silicate-based gels were prepared from 0.9
mL sodium silicate solution and 4 mL of water. This solution
was agitated for 1 min with 2.0 g Dowex S0WX8-100 resin
and vacuum filtered consecutively through a filter paper in
a Buchner funnel and a 0.45 M membrane filter with the aid
of a syringe.”* The resulting sol was then combined with the
buffer and the enzymes in the same proportions as for
previous sols. In all cases, the plates were covered with
Parafilm™ and over each well a small orifice was opened
with a syringe in order to allow slow drying of the gel. The
gel was aged at 4,C for 5 days forming a glass disk that
adhered to the bottom of the wells.

To compare the activity of the enzyme in different sol-gel
preparations, 50 L. of 0.6 mM ATP in Tricine buffer of the
same composition as used for gel preparation was added to
each well and the reactions were started by adding 50 L of
100 M luciferin in Tricine buffer. The supernatants after the
first washing were loaded in separated wells in order to
measure the activity of leached enzyme. Kinetic constants
were determined in relation to Luciferin and ATP, fixing the
concentration of ATP at 0.3 mM (for determination of
luciferin K, , and k_,, values) and fixing the concentration of
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Luciferin at 50 M (for determination of ATP K,, and k_,,
values). The reusability of the enzyme was tested as above
for several consecutive cycles: the silica disks were washed
once and stored at 4 ,C for 1 week between cycles. Deter-
mination of ATP was done using 80 L of 200 M luciferin and
20 L of aqueous ATP solutions in the range between 1 and
100 pM.

The activity of the enzyme was determined by measuring
integrated light emission over a 100 ms span, 5 min after the
reaction started, using an ANALYST HT platereader (Mo-
lecular Devices Co., California). ATP detection assays were
performed in a TR717 Microplate Reader (PE Applied
Biosystems, CA) with an integration time of 30 s. All the
results are reported as the mean +SD of three independent
samples.

FIG. 30 shows the relative activity of FL in materials
derived from TEOS, evaporated TEOS, sodium silicate,
DGS, DGS:GLTES and DGS:MLTES, respectively. No
activity was detected in any of the commonly used, unmodi-
fied silica-derived materials, including DGS derived glasses.
However, there was substantial enzymatic activity observed
for sugar-modified sol-gel derived silica containing a 0.1-
0.25 mole ratio GLTES or MLTES. It must be noted that
such materials are the first sol-gel based bioencapsulates to
show any appreciable FL. activity. The covalent incorpora-
tion of gluconamide or maltonamide into the silica matrix
results in a material that shows less shrinkage, higher
retention of water, larger pores and higher enzyme activity
than alkoxysilane or DGS-derived materials, as described
above (see FIG. 5).

To demonstrate the desirability of covalently tethering the
sugar to the silica, assays were performed in TEOS and DGS
derived materials that had free allylGL (0.1 mole ratio); such
materials did not show any enzymatic activity. The results
suggest that the ability of the matrix to retain water coupled
with the lower degree of crosslinking leads to less pore
collapse and thus maintains the entrapped protein in a more
hydrated and hence solution-like environment. It is also
likely that the coverage of the silica pore surface with
non-hydrolyzable sugars may reduce adsorption of protein
onto the silica surface, thus reducing the tendency for
protein denaturation. Importantly, the use of a biocompatible
precursor, such as DGS, without the non-hydrolyzable
sugar, did not provide improved stability for entrapped FL.
This indicates that the enzyme activity is as much dependent
on the nature of the final material as it is on the processing
method used to form the silica.

The K,, values of the enzyme entrapped in 0.2 mol:mol
GLTES:DGS materials in relation to luciferin and ATP were
4.9°1.3 and 5.2+0.4 M respectively, just slightly higher than
the corresponding values in solution, 2.4+0.2 and 3.4+£0.1M.
This result shows that the accessibility of substrates to the
enzyme in the sugar-modified sol-gel derived silica was
relatively high. The present results also demonstrate higher
accessibility of the substrates to the enzyme in relation to the
data reported for other immobilization methods. For
example, the K,, values for luciferin and ATP in a system
where the FL. was covalently immobilized in agarose beads
were 12.5 and 177.3 M, respectively;’? in epoxy metacrylate
the values were 89 and 6.6 M;”® and in sepharose 5.5 and
300 M respectively.”

The kinetic parameters of the entrapped enzyme were
highly stable after reusing the gel in catalytic reactions over
5 cycles (FIG. 31). Measuring the enzymatic activity in the
washing solution prior the assay of the activity in the gel
produced <1% of the activity in the gel, which rules out
leaching of the enzyme from the gel as the source of the
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activity. It is significant that the catalytic efficiency of the
encapsulated enzyme dramatically increased after the first
use. This phenomenon is a unique finding related to activity
measurements in sol-gel derived glasses.*> While this phe-
nomenon is not completely understood and while not wish-
ing to be limited by theory, it is possible that during the
drying of the gel, part of the enzyme became highly
adsorbed to the silica surface. The interaction with at least
one of the substrates during the first catalytic cycle may
change the conformation of the enzyme releasing it to the
void volume of the pores and making the protein available
for both substrates in the second catalytic cycle.

The FL-DGS-GLTES system was used as a sensor with
high sensitivity towards ATP detection. We were able to
measure a concentration as little as 1 pM ATP (FIG. 32),
which means a quantity of 20 amol ATP in our initial volume
of 20 L (note: the value of the blank was 760-5 RLU). This
level of ATP corresponds to the total quantity found in about
20 cells. This is significantly lower than the values of ATP
detectign reported elsewhere using immobilized FL (ca. 1
fmol). " Furthermore, this is the first time FL has been
encapsulated in a sol-gel system in a reusable format,
highlighting the advantages of silica materials with
covalently bound sugars for entrapment of proteins. This
work paves the way for further development of devices
based on FL doped silica that can allow for continuous
detection of biowarfare agents or determination of contami-
nants in food or pharmaceutical products with high sensi-
tivity.

Example 23

Factor Xa Entrapped in Sol-Gel Derived Silica
Containing Non-Hydrolyzable Sugar Moieties

Diglycerylsilane (DGS), and N-(3-triethoxysilylpropyl)
gluconamide (GLTES), N-(3-triethoxysilylpropyl)maltona-
mide (MLTES) and allylgluconamide were prepared by
methods described in the above experiments. S2222 was
acquired from Chromogenix (Italy). Tris-HCl 50 mM pH
8.3, containing also 0.5 M NaCl and 5 mM CaCl, was used
to prepare the gels and to carry out the reactions. A solution
of Factor Xa was added to reach a concentration in the sol
0f'0.56 g/mL (13 nM). 96-well transparent microplates were
used. To test the relative activity in different sol-gel prepa-
rations a solution of 82222, 400 M in buffer was added on
top of the gel and absorbance at 405 nm was measured in a
microplate reader (TECAN Safire). A total of 45 readings
were taken from each well over a total time of 8 min.

After aging for 5 days, the gels were carefully washed 3
times for 20 min per wash with 50 mM Tris-HCI buffer pH
8.3. Then 200 L of 82222 (0, 100, 133, 200, 250, 400, 600,
800 M) were loaded on top of the gels and absorbance at 405
nm was measured in the microplate reader. A total of 45
readings were taking from each well during a total time of
8 min.

The values of absorbance were transformed to moles with
the aid of a calibration curve previously determined for
p-nitroaniline. For all assays the rate of product formation
was evaluated from at least 20 data points after the first three
minutes of reaction where the slope of the curve was still
linear. The K, and k_,, values were calculated by generating
double reciprocal (Lineweaver-Burke) plots.

After the measurements, the silica monoliths were washed
once with 150 L of 50 mM Tris-HCI for 20 min and the
plates were covered with parafilm and stored at 4,C for
further use. The measurements were repeated every 7 days.
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To determine the kinetic constants in solution S2222
solutions in the same range of concentrations used in the gels
were loaded on top of 60 L 0.56 g/mL solution of the
enzyme.

Factor Xa was tested in a range of preparations (see FIG.
33). While none of the immobilized Factor Xa samples
showed activity that was equivalent to solution, it was
observed that of all the immobilized enzyme samples, the
highest activity was obtained from DGS derived samples
that contained either GLTES or MLTES. Interestingly, addi-
tion of GLTES to TEOS derived materials also provided
some improvement in activity relative to undoped TEOS
materials. However, the activity was still lower than that
obtained from DGS/GLTES samples. To ensure that the
increased activity in such samples was due solely to
entrapped enzyme, the leaching of enzyme from the mate-
rials was examined. In all cases, the leaching of the enzyme
from gels, measured in the supernatant after the first washing
of the gel, was always less than 1% of the activity of the
enzyme in the gel.

The reusability of Factor Xa is shown in FIG. 34. In
general, the K,,, value of the enzyme remained constant over
at least 6 assay cycles, carried out over 5 weeks, when
entrapped into GLTES doped DGS samples. The k_,, value
decreased by slightly more than a factor of two over 6 assay
cycles, resulting in an overall decrease in catalytic efficiency
of ca. 60%. DGS samples that did not contain GLTES
showed lower initial activity, but also showed a decrease in
catalytic efficiency on the order of 80%. Hence, addition of
GLTES resulted both in higher initial activity and better
long-term stability for entrapped Factor Xa.

Example 23

Urease Entrapped in Sol-Gel Derived Silica
Containing Non-Hydrolyzable Sugar Moieties

To further assess the ability of GLTES and MLTES to
stabilize entrapped proteins, the activity of urease was
examined within a variety of sol-gel derived materials.
Urease was chosen for these studies as it has proven to be a
particularly difficult enzyme to entrap in an active form in
sol-gel derived materials. Urease (from Jack Beans) was
tested in a range of preparations (see FIG. 35). Leaching of
the enzyme from gels, measured in the supernatant after the
first washing of the gel was always less than 1% of the
activity of the enzyme in the gel. As expected, the entrap-
ment of urease into TEOS, sodium silicate and DGS derived
materials resulted in essentially not activity. Incorporation of
GLTES into either TEOS or DGS also produced no appre-
ciable activity. However, addition of MLTES resulted in
approximately 20% of the activity observed in solution.
These results are interesting as they suggest that specific
sugar-modified silanes provide better stabilization of
enzymes than others, depending on the enzyme under study.
In the present case, the disaccharide maltonamidyl triethox-
ysilane provides better stabilization of urease than does the
monosaccharide gluconamidylsilane. Thus, it is likely that
assessment of a range of sugar-modified silanes will opti-
mize the activity of specific enzymes.

The effect of M/M ratio of MLTS/DGS on initial urease
activity is shown in FIG. 36. In this case there does not
appear to be a strong dependence on the concentration of
MLTES. Interestingly, no activity was detected for urease
entrapped in similar GLTS/DGS preparations. On the other
hand, the activity of urease after 7 days of storage (following
the initial activity assay) showed a concentration depen-
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dence for MLTES, with activity increasing and then pla-
teauing as the concentration of MLTES increased (FIG. 37).
The MLTES samples also showed higher overall activity
after 7 days than was observed on day 1. In addition, after
7 days the activity of GLTES doped DGS materials
increased significantly. These results, while not fully under-
stood, may suggest that the initial assay cycle conditions the
glass for further assays. In any event, the data show that
activity does not decrease over a span of a week, even with
reuse of the sample.

While the present invention has been described with
reference to the above examples, it is to be understood that
the invention is not limited to the disclosed examples. To the
contrary, the invention is intended to cover various modifi-
cations and equivalent arrangements included within the
spirit and scope of the appended claims.

All publications, patents and patent applications are
herein incorporated by reference in their entirety to the same
extent as if each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated by reference in its entirety. Where a term in the
present application is found to be defined differently in a
document incorporated herein by reference, the definition
provided herein is to serve as the definition for the term.
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1451 i} ;8 ; 8??3 Pore Volume Data (cm®g) Total pore volume 0.4585
: - 60 (d < 193.03 nm)
Pore Size Data Average pore 3.329

2Although no trialkoxysilane was present, there was a 4:1 ratio of DGS:
sorbitol.

PRefers to the time when the solution ceases to flow after addition of the
buffer solution, as judged by repeatedly tilting a test-tube containing the
sol until gelation occurred

°Although no trialkoxysilane was present, there was a 16:1 ratio of DGS:
Maltose.
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diameters (nm)

0.5 g DGS/500 pL. H,0/500 pL PEO solution (0.05 g/1000 L)

The sample was crushed, then washed three times with water for 3 days
(each time more than 20 mL water). The sample was freeze dried over 24
hours, then degassed at 100° C. for 6 hours before measurement.
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TABLE 6

Residual PEO in DGS-derived silica

PEO/Sol PEO wt. % PEG/Sol PEO wt. % PEO/Sol PEO wt. %

(2K9gml Cal® TGA® (10K%gml Cal. TGA (100 K¥)g/ml Cal. TGA

0.05 24.1 25 0.025 14.2 17 0.005 33 8
0.15 454 34 0.035 20.5 23 0.015 9.1 12
0.25 55.0 39 0.05 24.2 29 0.025 140 19
0.35 60.8 23 0.15 45.2 33 0.035 180 21
0.45 64.4 32 0.25 54.6 34 0.05 23.6 25

*Refers to MW of the PEO;
bCalculated based on PEO added;
“Measured using thermogravimetric analysis

TABLE 7 TABLE 9
Protein removed by washing silica gel after cure: 20
Gel entrapped with HSA Solutions used to prepare gels from DGS/PEO and PPG-NH,
1*washing 2" washing 3™ washing N
Additive to DGS sol (ug/mL) (ug/mL) (ng/mL) PEO (10K%)
5 g dissolved in 0.5 g PPG-NH, 200" 0.1 g PPG-NH, 400?
PEO 10K 77.3 54.6 7.26 25 i )
PEO 100K 98.7 454 0.15 Vial 10 mL PBS (molecular weight)/ (molecular weight)/
PEO-NH, 117 283 1.34 # (pH 8.00, 10 mM)/pl 1 mL water/ul 1 mL water/pl
PEO 10K/PPG-NH, 200 0 0 0
PEO 10K/PPG-NH, 400 0 0 0
PEO 10K/PAM 17K 49.4 0 0 1 1000 1 -
PEO 10K/PAM 65K 482 0 0 300 1000 5 —
Gluconamide-Si 0.270 0.156 0.113 3 1000 10
Methyltriethoxysilane 0.135 0.0754 0.0704 o
Phenyltriethoxysilane 0.428 0.0903 0.102 4 1000 — 10
5 1000 — 50
35 6 1000 — 100
TABLE 8

. . . *refers to molecular weight
Protein removed by washing silica gel after cure: £

Gel entrapped with Lysozyme

1 washing 2" washing 3™ washing 40 TABLE 10
Additive to DGS sol (ng/mL) (ug/mL) (ng/mL)
Gels prepared from DGS/PEO and PPG - DGS recipe.
PEO 10K 348 348 1.38
PEO 100K 6.43 0.41 0.77 Polymer mixture (refer
PEO-NH, 23.0 6.11 1.26 Vial Table 9 above) pl Gel time
PEO 10K/PPG-NH, 200 0 0 0 45
PEO 10K/PPG-NH, 400 0 0 0 1 60 ~60 m%n
PEO 10K/PAM 17K 1.59 0.14 0 2 60 ~40 min
PEO 10K/PAM 65K 1.17 0.16 0 3 60 ~13 min
Gluconamide-Si 0.181 0.124 0.0828 4 60 ~42 min
Methyltriexthoxysilane 0.199 0.102 0.100 5 60 ~6 min
Phenyltriethoxysilane 0.231 0.156 0.085 50 6 60 ~2 min
TABLE 11
Mercury intrusion porosimetry data for macroporous silica samples used for
column development. All samples contain 8 wt % of polymer.
Total Bulk Average
Pore  Throughpore (Particle)  Interparticle  Intraparticle Macropore
Volume Volume Density Porosity Porosity diameter
Sample (cm?) (em?) (g/em®)  (Throughpores) (Mesopores) (pm)
DGS + 2.28 0.15 0.35 5.0% 75.0% 1.22
PEO

2 kDa
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column development. All samples contain 8 wt % of polymer.

Mercury intrusion porosimetry data for macroporous silica samples used for

Total Bulk Average
Pore  Throughpore (Particle)  Interparticle  Intraparticle Macropore
Volume Volume Density Porosity Porosity diameter

Sample (cm?) (em®) (g/em®  (Throughpores) (Mesopores) (pm)

DGS + 1.74 0.55 0.43 23.5% 51.2% 0.49

PEO

10 kDa

DGS + 2.25 0.62 0.36 20.5% 59.9% 2.91

PEO 100

kDa

We claim:
TABLE 12 1. A method of preparing bimodal meso/macroporous
BET data for several silica combositions 2 s%hceous matenals. comprising comblpl.ng an organic p.o.lyol
silane precursor with one or more additives under conditions
DGS+  DGS+ suitable for hydrolysis and condensation of the precursor to
Precursor DGS  PEO 2000 PEO 10K a siliceous material and for phase separation to occur before

Surface  Single point BET area 581 565 560 gelation, wherein the one or more additives are one or more

Area Multi-point BET area 596 575 574 »5 water-soluble polymers and wherein the conditions com-

Data Langmuir surface area 1668 1633 1915 rise combining the organic polyol silane precursor with the

(m?/g) Micro pore area 473 418 268 p ) . 12 p N Yy p
Meso pore area 124 157 305 one or more additives at a pH in the range of about 4 to 10.
Cumulative adsorption 393 303 S48 2. The method according to claim 1, wherein the one or
surface area e
Cumulative desorption 586 520 648 more additives are water soluble polymers selecteq from one
surface area 30 or more of polyethers, polyalcohols, polysaccharides, poly

Pore Total pore volume 0.467 0.476 0.506 invl idi 1 id 1 lamid: d polvally-

Volme (<562 (<512 (<543 fvm.y pyridine), polyacids, polyacrylamides and polyally

Data nm) nm) nm) amine.

(em¥g)  Cumulative adsorption 0.422 0.399 0.459 3. The method according to claim 2, wherein the one or
pore volume dditi Tubl I 1 d fi
(r=30-1nm) 35 more additives are water so uble polymers se ected from one
Cumulative desorption 0.430 0.414 0.506 or more of polyethylene oxide (PEO), polyethylene glycol
pore volume (PEG), amino-terminated polyethylene oxide (PEO-NH,),
(r =30 - 1 nm) amino-terminated polyethylene glycol (PEG-NH,), polypro-
Micro pore volume 0.342 0.306 0.210 .

Pore Average pore radius 1.56 1.65 1.76 pylene glyCOl (PPG)’ pqupropylene oxide (PPO)’ pOlypI‘O-

Size 40 pylene glycol bis(2-amino-propyl ether) (PPG-NH,), poly-

Data vinyl alcohol, poly(acrylic acid), poly(vinyl pyridine), poly

(nm) (N-isopropylacrylamide) (polyNIPAM) and polyallylamine

(PAM).
4. The method according to claim 3, wherein the one or
TABLE 13 45 more additives are water soluble polymers selected from one
Substrates tested with Src PTK encapsulated in a sol-gel matrix. or more of PEO, PEO-NH,, PEG, PPG-NH,, polyNIPAM
and PAM.
Substrate MW (Da) 5. The method according to claim 3, wherein the one or
BiotinEEEEY 1037 50 more additives are water soluble polymers selected from one
Biotin(EEEEY), 1716 or more of PEO, PEO-NH, and polyNIPAM.
Biotin(EEEEY), 2396 . . .
Biotin(EEEEY). 14000 6. The .n.letho.d according to claim 5, wherein the one or
YIYGSFKBiotin 1104 more additives is PEO.
7. The method according to claim 6, wherein the PEO has
55 a molecular weight that is greater than about 10,000 g/mol.
TABLE 14 8. The method ac.cording to claim 7, wherein the PEO is
used at a concentration of greater than about 0.005 g/mL of
IC4, values for PTK inhibitors. final solution.
ICo o 2 The method according to claim 5, wherein the one or
more additives is PEO-NH,.
Inhibitor Solution Entrapped in Silica 10. The method according to claim 9, wherein the PEO-
Staurosporine 300-500 nM 500-700 nM NH, has a molecular weight that is greater than about 3,000
Sre Kinase Inhibitor T 500-700 oM 600-800 nM g/mol and is used at a concentration of about 0.005 g/mL of
YIYGSFK 0.8-1.2 mM 1-1.4 mM ¢s final solution.

11. The method according to claim 5, wherein the one or
more additives is poly(N-isopropylacrylamide).
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12. The method according to claim 11, wherein the
poly(N-isopropylacrylamide) has a molecular weight that is
about 10,000 g/mol and is used at a concentration of about
0.005 g/mL of final solution.

13. The method according to claim 1, wherein the one or
more additives is a mixture of water soluble polymers.

14. The method according to claim 13 wherein the mix-
ture of water soluble polymers comprises PEO and PEO-
NH,.

15. The method according to claim 1, wherein the organic
polyol silane precursor is selected from the group consisting
of diglycerylsilane (DGS), monosorbitylsilane (MSS),
monomaltosylsilane (MMS), dimaltosylsilane (DMS) and
dextran-based silane (DS).

16. The method according to claim 1, wherein the con-
ditions comprise combining the organic polyol silane pre-
cursor with the one or more additives in aqueous solutions
and with optional sonication to assist in dissolution.

17. A siliceous material prepared using the method
according to claim 1.

18. The method according to claim 1, further comprising
combining the organic polyol silane and one or more addi-
tives in the presence of one or more biomolecules.

19. A method of preparing siliceous materials with low
shrinkage characteristics comprising:

(a) combining an aqueous solution of one or more com-

pounds of Formula I:

OR!
R*—Si—OR2,

OR?

wherein OR', OR? and OR? are the same or different and
represent a group that is hydrolyzed under normal sol-gel
conditions to provide Si—OH groups; and R* is group that
is not hydrolyzed under normal sol-gel conditions, with an
aqueous solution of an organic polyol silane precursor;

(b) adjusting the pH of the solution in (a) to about 4-11.5;

(c) allowing the solution of (b) to gel;

(d) aging the gel of (c); and

(e) drying the aged gel in air.

20. The method according to claim 19, wherein OR*, OR?
and OR? are the same or different and are derived from
organic di- or polyols.

21. The method according to claim 20, wherein OR*, OR?
and OR? are the same or different and are derived from sugar
alcohols, sugar acids, saccharides, oligosaccharides or
polysaccharides.

22. The method according to claim 20, wherein OR', OR?
and OR? are the same or different and are derived from
allose, altrose, glucose, mannose, gulose, idose, galactose,
talose, ribose, arabinose, xylose, lyxose, threose, erythrose,
glyceraldehydes, sorbose, fructose, dextrose, levulose, sor-
bitol, sucrose, maltose, cellobiose, lactose, dextran (500-50,
000 MW), amylose, pectin, glycerol, propylene glycol or
trimethylene glycol.

23. The method according to claim 22, wherein OR*, OR?
and OR? are the same or different and are derived from
glycerol, sorbitol, maltose, trehalose, glucose, sucrose, amy-
lose, pectin, lactose, fructose, dextrose and dextran.

24. The method according to claim 22, wherein OR', OR?
and OR? are the same or different and are derived from
glycerol, sorbitol, maltose or dextran.
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25. The method according to claim 19, wherein OR', OR?
and OR? are the same or different and are selected from
C,_,alkoxy, aryloxy and arylalkyleneoxy.

26. The method according to claim 25, wherein OR', OR?
and OR? are the same or different and are selected from
C,_,alkoxy, phenyloxy, naphthyloxy and benzyloxy.

27. The method according to claim 26, wherein OR*, OR?
and OR? are the same or different and are selected from
C,_,alkoxy.

28. The method according to claim 27, wherein OR', OR?
and OR? are all ethoxy.

29. The method according to claim 19, wherein R* is
selected from the group consisting of:

polyol-(linker)-;

polymer-(linker),,-; and

OR!
R20—Si— (linker),-polymer-(linker), -,

OR?

wherein n is 0-1.

30. The method according to claim 29, wherein the polyol
is an organic di- or polyol.

31. The method according to claim 30, wherein the polyol
is selected from the group consisting of a sugar alcohol,
sugar acid, saccharide, oligosaccharide and polysaccharide.

32. The method according to claim 31, wherein the polyol
is a selected from the group consisting of allose, altrose,
glucose, mannose, gulose, idose, galactose, talose, ribose,
arabinose, xylose, lyxose, threose, erythrose, glyceralde-
hydes, sorbose, fructose, dextrose, levulose, sorbitol,
sucrose, maltose, cellobiose, lactose, dextran, (500-50,000
MW), amylose, pectin, glycerol, propylene glycol and tri-
methylene glycol.

33. The method according to claim 32, wherein the polyol
is selected from the group consisting of glycerol, sorbitol,
maltose, trehalose, glucose, sucrose, amylose, pectin, lac-
tose, fructose, dextrose and dextran.

34. The method according to claim 33, wherein the polyol
is selected from the group consisting of glycerol, sorbitol,
glucose, maltose and dextrose.

35. The method according to claim 29 wherein the poly-
mer is a water soluble polymer.

36. The method according to claim 35, wherein the
polymer is selected from the group consisting of polyeth-
ylene oxide (PEO), polyethylene glycol (PEG), amino-
terminated polyethylene oxide (PEO-NH,), amino-termi-
nated polyethylene glycol (PEG-NH,), polypropylene
glycol (PPG), polypropylene oxide (PPO), polypropylene
glycol bis(2-amino-propyl ether) (PPG-NH,), polyvinyl
alcohol, poly(acrylic acid), poly(vinyl pyridine), poly(N-
isopropylacrylamide) (polyNIPAM) and polyallylamine
(PAM).

37. The method according to claim 36, wherein the water
soluble polymer is selected from the group consisting of
PEO, PEO-NH,, PEG, PPG-NH,, polyNIPAM and PAM.

38. The method according to claim 37, wherein the
polymer is PEO.

39. The method according to claim 29, wherein the linker
is selected from the group consisting of C,_,jalkylene,
C,_soalkenylene, organic ethers, thioethers, amines, esters,
amides, urethanes, carbonates and ureas.

40. The method according to claim 29, wherein the
compound of Formula I is selected from one or more of:
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GluconamideSi (Compound 1);
MaltonamideSi (Compound 2);
DextronamideSi (Compound 3);
(CH,CH,0),[(EtO);S1(C3Hy)],, p~4-5, average MW 200
(Compound 5a);

(CH,CH,0),[(EtO);S1(C3Hy)],, p~13, average MW 600
(Compound 5b);

(CH,CH,0),[(EtO);Si(C;Hy)] . p~44, average MW 2000
(Compound 5c¢); and

(CH,CH,0),[(EtO);Si(C;Hy)],, p~227, average MW
10,000 (Compound 5d).

41. The method according to claim 19, further comprising
combining the organic polyol silane and one or more addi-
tives in the presence of one or more biomolecules.

42. A method of preparing monolithic bimodal meso/
macroporous silica materials comprising combining an
organic polyol silane precursor with one or more additives
selected from one or more water-soluble polymers and one
or more compounds of Formula I:

OR!
R*—Si—OR2,

OR?

wherein OR', OR? and OR? are the same or different and
represent a group that is hydrolyzed under normal sol-gel
conditions to provide Si—OH groups, R* is group selected
from polymer-(linker),,- and

OR!
R?0—Si— (linker),-polymer-(linker),-

OR3

and n=0-1, under conditions suitable for hydrolysis and
condensation of the precursor to a siliceous material and for
phase transition to occur before gelation, wherein the con-
ditions comprise combining the organic polyol silane pre-
cursor with the one or more additives at a pH in the range
of about 4 to 10.

43. The method according to claim 42, wherein R* is

OR!
R?0—Si—(linker),-polymer-(linker),-.

OR?

44. The method according to claim 43, wherein the linker
group is a C,_,alkylene group and n is 1.
45. The method according to claim 43, wherein OR*, OR?
and OR? are the same and are selected from C,_, ,alkoxy.
46. The method according to claim 43, wherein the
polymer is PEO.
47. The method according to claim 42 wherein the com-
pound of Formula 1 is selected from the group consisting of:
(CH,CH,0),[(EtO);Si(C;Hy)] 5. p~4-5, average MW 200
(Compound 5a);
(CH,CH,0),[(EtO);Si(C3Hy)],, p~13, average MW 600
(Compound 5b);
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(CH,CH,0),[(BtO);Si(C3Hy)],, p~44, average MW 2000
(Compound 5c¢); and

(CH,CH,0),[(BtO);Si(C3Hg)],, p~227, average MW
10,000 (Compound 5d).

48. The method according to claim 42, wherein the water
soluble polymer is selected from one or more of PEO,
PEO-NH, and poly(NIPAM).

49. A meso/macroporous silica monolith prepared using
the method according to claim 42.

50. The method according to claim 42, further comprising
combining the organic polyol silane and one or more addi-
tives in the presence of one or more biomolecules.

51. A method for the quantitative or qualitative detection
of a test substance that reacts with, binds to and/or whose
reactivity is catalyzed by an active biological substance,
wherein said biological substance is encapsulated within a
siliceous material, comprising:

(a) preparing the siliceous material comprising said active
biological substance entrapped within a porous, silica
matrix using a method according to claim 50;

(b) bringing said biological-substance-containing sili-
ceous material into contact with a gas or aqueous
solution comprising the test substance; and

(c) quantitatively or qualitatively detecting, observing or
measuring the change in one or more characteristics in
the biological substance entrapped within the siliceous
material and/or, alternatively, quantitatively or qualita-
tively detecting, observing or measuring the change in
one or more characteristics in the test substance.

52. The method according to claim 51, wherein the
change in one or more characteristics of the entrapped
biological substance is qualitatively or quantitatively mea-
sured by spectroscopy, utilizing one or more techniques
selected from UV, IR, visible light, fluorescence, lumines-
cence, absorption, emission, excitation and reflection.

53. A method of storing a biologically active biological
substance in a silica matrix, wherein the biological sub-
stance is an active protein or active protein fragment,
wherein the silica matrix prepared using a method according
to claim 50.

54. A method of preparing a bimodal meso/macroporous
monolithic silica chromatographic column comprising plac-
ing a solution comprising an organic polyol silane precursor
and one or more additives selected from one or more
water-soluble polymers and one or more compounds of
Formula I:

OR!
R*—Si—OR2,
OR®
wherein OR', OR? and OR? are the same or different and
represent a group that is hydrolyzed under normal sol-gel

conditions to provide a Si—OH group; R* is group selected
from polymer-(linker), - and

OR!
R20—Si— (linker),-polymer-(linker),-

OR?
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and n=0-1, in a column under conditions suitable for
hydrolysis and condensation of the precursor to a siliceous
material and for a phase transition to occur before gelation,
wherein the conditions comprise combining the organic
polyol silane precursor with the one or more additives at a
pH in the range of about 4 to 10.

55. The method according to claim 54, wherein the
solution further comprises one or more substances, which
provide cationic sites that counterbalance an anionic charge
of the silica to reduce non-selective interactions.

56. A chromatographic column comprising a bimodal
meso/macroporous silica monolith prepared by combining
an organic polyol silane precursor and one or more additives
selected from one or more water-soluble polymers and one
or more compounds of Formula I:

OR!
R*—Si—OR2,

OR?

wherein OR', OR? and OR? are the same or different and
represent a group that is hydrolyzed under normal sol-gel
conditions to provide Si—OH groups; R* is group selected
from polymer-(linker),,- and

OR!
R?0—Si— (linker),-polymer-(linker),-

OR3

and n=0-1, under conditions suitable for hydrolysis and
condensation of the precursor to a siliceous material and for
phase transition to occur before gelation, wherein the con-
ditions comprise combining the organic polyol silane pre-
cursor with the one or more additives at a pH in the range
of about 4 to 10.

57. A method of preparing a bimodal meso/macroporous
silica column having an active biomolecule entrapped
therein comprising combining:

a) a polyol-silane derived silica precursor;

b) one or more additives selected from one or more water

soluble polymers and one or more compounds of

Formula I:
I
OR!
R*—Si—OR2,
OR?

wherein OR', OR? and OR? are the same or different and
represent a group that is hydrolyzed under normal sol-gel
conditions to provide Si—OH groups, R* is group selected
from polymer-(linker), - and
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OR!
R20—Si— (linker),-polymer-(linker),-

OR?

and n is 0-1; and
¢) a biomolecule;

under conditions suitable for hydrolysis and condensation of
the precursor to a siliceous material and for phase separation
to occur before gelation, wherein the conditions comprise
combining the organic polyol silane precursor with the one
or more additives at a pH in the range of about 4 to 10.

58. The method according to claim 57, wherein the one or
more additives is one or more water soluble polymers or one
or more compounds of Formula I, wherein R* is

OR!
R20—Si— (linker),-polymer-(linker),-.

OR?

59. The method according to claim 57, wherein the
organic polyol silane silica precursor, one or more additives
and biomolecules are also combined with a substance which
provides cationic sites that counterbalance an anionic charge
of the silica to reduce non-selective interactions.

60. The method according to claim 59, wherein the
substance which provides cationic sites that counterbalance
an anionic charge of the silica to reduce non-selective
interactions is aminopropyltriethoxysilane (APTES), PAM,
PPG-NH, and/or PEG-NH,.

61. A chromatographic column prepared using a method
according to claim 57.

62. A method of performing immunoaffinity chromatog-
raphy, sample cleanup, solid phase extraction or preconcen-
tration of analytes, removal of unwanted contaminants, solid
phase catalysis or frontal affinity chromatography compris-
ing:

(a) applying a sample to a column according to claim 61:

and

(b) performing immunoaffinity chromatography, sample
cleanup, solid phase extraction or preconcentration of
analytes, removal of unwanted contaminants, solid
phase catalysis or frontal affinity chromatography.

63. A method of preparing siliceous materials with
enhanced protein stabilizing ability comprising combining
an organic polyol silane precursor with one or more addi-
tives under conditions suitable for hydrolysis and conden-
sation of precursor to a siliceous material, wherein the one
or more additives is selected from one or more trifunctional
silanes of Formula I:

OR!
R*—Si—OR?

OR?
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wherein OR', OR? and OR? are the same or different and
represent a group that is hydrolyzed under normal sol-gel
conditions to provide a Si—OH group and R* is polyol-
(linker)-.

64. The method according to claim 63, wherein the polyol
in R* is derived from sugar alcohols, sugar acids, saccha-
rides, oligosaccharides or polysaccharides.

65. The method according to claim 64, wherein the polyol
in R* is derived from allose, altrose, glucose, mannose,
gulose, idose, galactose, talose, ribose, arabinose, xylose,
lyxose, threose, erythrose, glyceraldehydes, sorbose, fruc-
tose, dextrose, levulose, sorbitol, sucrose, maltose, cello-
biose, lactose, dextran (500-50,000 MW), amylose, pectin,
glycerol, propylene glycol or trimethylene glycol.

66. The method according to claim 65, wherein the polyol
in R* is derived from glycerol, sorbitol, maltose, trehalose,
glucose, sucrose, amylose, pectin, lactose, fructose, dextrose
ort dextran.

67. The method according to claim 66, wherein the polyol
in R* is derived from glycerol, sorbitol, glucose, maltose or
dextran.
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68. The method according to claim 67, wherein the polyol
in R* is derived from glucose or maltose.

69. The method according to claim 63 wherein the one or
more additives is GluconamideSi (Compound 1) and/or
MaltonamideSi (Compound 2).

70. The method according to claim 63, wherein the
protein is a kinase, luciferase, or urease or is Factor Xa.

71. The method according to claim 70, wherein the
protein is Src protein tyrosine kinase.

72. The method according to claim 63, further comprising
combining the organic polyol silane precursor and one or
more additives with a substrate for the protein to be
entrapped.

73. The method according to claim 72, wherein the
protein is a kinase and the substrate is a source of phosphate.

74. The method according to claim 73, wherein the
substrate is ATP.



