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(57) Abstract

New polyacrylamide matrices, based on new R1
acrylamide of formula (I) in which R represents hy- / i
drogen or CH3 and R and R, independently between CHz = C -~ C -~ N ()
them, represent hydrogen, or a group of the formula - | i N
[(CH2)sOlp-H, where n=3 or > 3 and p=1-5, preferably R O Roy

1, with the proviso that at least one, between R, and

R2, should be different from hydrogen, are described.

Such matrices present the following advantages: a) a marked resistance to alkaline hydrolysis (i.c. at the typical pH values of zone eiec-
trophoresis); b) a high hydrophilicity; ¢) a higher porosity.
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The present invention refers to novel

polvacryvlamide matrices, which present the following

properties:

a) extreme resistance to alkaline hyvdrolysis:

b) good resistance to acid hydrolysis;

c) high hydrophilicity, impeding hydrophobic

interaction with macromolecules;
4a) higher porosity (either due to the use of monomers

with higher molecular mass, or due to the use of

laterally—-aggregating agents).

Matrices possessing the above characteristics
are obtained according to the present invention by
polymerization or co-polymerization of N-mono- or di-
substituted acrylamides, according to methods also
covered Dby the present invention. Included 1in the
present invention are also matrices obtained with
mixtures of polymers (or co-polymers) of the
above acrylamide monomers, or with mixtures of said
polymers or co-polymers with agarose.

Additionally, the following subjects are covered by
the present invention:

a) new monomers (in particular 3-(N-acryloyl)—-amino-1-
propancl, AAP and 4-(N-acrvloyl)amino-l-butanol,
AABR), prepared at sub-zero temperatures, in
aprotic solvents, in very high vields (>98%)
coupled to very high product purity (>98);

b) a novel method of production of short-chain
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Poly(AAP) and POoly(AAB), coupling chain
transfer agents (e.qg., lsopropanol) to high
temperatures;
C) a novel method for coating fused silica
5 capillaries, consisting in substituting the

10

15

20

25

30

bifunctional agent Bind Silane with the reagent

acryloyl chloride, which serves as an anchoring

agent of poly(AAP) [or(pecly(AAB)] chains to the
caplllary wall.

Polyacrylamide matrices, for separations by 2zone
electrophoresis, were introduced already in 1959 by
Raymond and Weintraub (Science 130, 1959, 711-712) and
subsequently promoted for disc electrophoresis by Davis
(Ann. N.Y. Acad. Sci. 121, 1964, 404-427), Ornstein
(Ann. N.Y. Acad. Sci. 121, 1964, 321-349) e Hjertén (J.
Chromatogr. 11, 1963, 66-70). Thelir popularity as
electrophoretic supports stems from some fundamental
properties, such as: a) optical transparency, including
the ultraviolet; b) electrical neutrality, due to the
absence of charged groups; C) possibility of
synthesizing gels in a wide interval of porosities.
During the vyears, the couple of monomers which has
attained the greatest popularity has been acrylamide
coupled to a cross-linkers, N,N'-methylene bisacryvlamide
(P.G. Righetti, J. Biochen. Biophys. Methods 19, 1989,
1-20). However, several defects of such a matrix have
been noticed wupon prolonged use. The most dramatic
drawback is its instability at alkaline PH values: after
an electrophoretic run (most electrokinetic separations
occur at alkaline pHs for both proteins ang nucleic

acids), the dangling amido bonds are pPartly hydrolyzed,
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originating carboxylic groups, which stay covalently

bound to the polymer, which is thus transformed into a

polyacrylate. This phenomenon generates strong
electroendo-osmosils, with matrix swelling and
considerable distortions. In practice, after only a

single electrophoretic run, the polyacrylamide matrix
cannot be re-used. This strongly 1limits 1its use 1n
large—-scale projects, such as the sequencing of the
human genome, where the availability of re-usable
matrices would greatly shorten the analysis time and
allow for a quick progress of such a project around the
world. Stable matrices would be also quite useful 1in
capillary zone electrophoresis (CZE), where the gel
cannot be extruded form the capillary when partially
hydrolyzed or malfunctioning.

Another common problem is the 1limited range of
molecular sizes which can be efficiently sieved by
polvacrylamides. Such porosity range encompasses pore
sizes from a few (2-3 nm) to ca. 20-30 nm in highly
diluted matrices. This limits the use of polyacrylamldes
to protein separations, whereas agarose gels are today
almost exclusively used for separation of nucleic acid
fragments. Highly porous polyacrylamide matrices would
thus allow fractionation also of nucleic acids 1in some
intervals of length.

A third problem is the limited hydrophilicity of
the monomers currently under use (the couple
acrylamide/N,N'-methylene bisacrylamide): the production
of monomers having higher hydrophilicity would allow an
optimal use of such matrices, especially 1in protein

separations, where hydrophobic interactions often
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produce irreversible adsorption of such macromoleciules.

In recent times, several groups have proposed novel
monomers which might obviate some of these problems.
Thus Boschetti (in: Dean P.D.G., Johnson, W.S. e Middle,
F.A., eds., Affinity Chromatography, IRL Press, Oxford
1985, pp. 11-15) has proposed the use of Trisacryl (N-
acryloyl-2-amino-2-hydroxymethyl-1, 3 propandiol) has a
novel monomer for producing chromatographic matrices
either neutral or ion-exchangers (e.g., carboxymethyl-,
diethyl amino ethyl Trisacryl). This monomer offered two
distinct advantages: extreme hydrophilicity, coupled
with more porous gels, due to the higher molecular mass
of trisacryl. Notwithstanding these advantages,
Trisacryl was found to be tinted by a fundamental
defect: at alkaline pH values, it degrades with zero-—
order kinetics (C. Gelfi, P. De Besli, A. Alloni e P.G.
Righetti, J. Chromatogr. 608, 1992, 333-341), which
impedes its use as an electrophoretic matrix. As an
alternative to this monomer, Kozulic (European Patent
No. 88.10717.4, 1988) has proposed acrylamido sugars
(e.g., N-acryloyl (or methacryloyl)-1l-amino-1-deoxy-D-
glucitol or the analogous derivative with D-xvlitol.
However, acrylamido sugars have the same advantages and
disadvantages of Trisacrvl: extreme hydrophilicity and
high porosity as a polymeric matrix, but zero-order
degradation kinetics of the monomers at alkaline pPH. In
fact also this class of compounds has found no
applications in electrophoresis and chromatography.

In another application (Shorr, R. and Jain, T.,
European Patent No. 89107791.9, April-28-1989) a broad

class of N-mono- and di-substituted acryvlamido monomers

L 4
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has been proposed as electrophoretic support media.

However, out of this wvast c¢lass of potential monomers,
Shorr and Jain have enucleated (and commercialized) only

two preferred mixtures, as follows (verbatim gquotation):

"in one preferred embodiment, the polymers are formed by
cross-linking polymerization of N,N-dimethylacrylamide
with ethyvlenglycol methacrylate. In another preferred
embodiment, the polymers are formed by cross-linking
polymerization of N,N~-dimethylacrylamide and
hydroxyvethyl-methacrylate with N,N-dimethylacrylamide®.
Also these formulations do not appear to be optimal.
N,N-dimethylacrylamide, and similar alkyl-substituted
acrylamides, are too hydrophobic, while the various
methacrvlate cross-linkers are too prone to hydrolysis
and hydrophobic as well. As a result of this, the
commercialized product containing these formulations

(Hydrolink) has to contain detergents to help in

solubilizing the monomers. The corresponding emulsion

often flocculates. These problems (high hvdrophobicity
and 1irreversible adsorption of proteins) have Dbeen

evidence by Chiari et al. (Electrophoresis 15, 1994,

177-186). Thus, two classes o0f monomers have Dbeen

proposed so far:

A) on the one hand, monomers (such as Trisacryl and
acrylamido sugars) of extreme hydrophilicity, but
highly susceptible to alkaline hydrolysis;

B) on the other hand, monomers (such as N, N~
dimethyvlacrylamide) highly resistant to alkaline
hvdrolysis, but much too hydrophobic.

Thus, the fundamental problem o©f how to find a

novel class of monomers combining both high
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6
hydrophilicity to high resistance to hydrolysis was far

from being solved.

In 1991 Righetti (Italian patent No. R191 A-003271,
1991; European Patent PCT 92/0177) proposed a novel
monomer which seemed to offer the solution to the above
problems: N-acryloyl amino ethoxy ethanol (AAEE), a
novel compound able to produce matrices [POly(AAEE) ]
highly hydrophilic and extremely resistant to alkaline
hydrolysis. In a series of applications (e.g., Chiari et
al., Electrophoresis 15, 1994, 177-186; ibid. 15, 1994,
616~622) this novel monomer has given a unigque
performance both in electrophoresis and 1in the
production of chromatographic beads. However, it was
noted that this new monomer had a peculiar tendency to
auto-polymerize and to auto-reticulate even in the
absence of cross-linker. Due to this noxious property,
it was not possible to produce short-chain 1liquid
sieving polymers, which have a widespread use in
capillary zone electrophoresis (CZE), for instance in
separation of DNA fragments. This tendency to auto-
polymerize has been found to be due to a mechanism of
"1l-6 abstraction", which provokes the formation of free
radicals on both C, and Cg- This abstraction (of a
proton, by the C, at the expenses of the C6) l1s favoured
by the presence of the ether group (07) adjacent to Cg -
When a critical concentration of such radicals 1s
reached, the monomer solution spontaneously auto-
polymerizes and auto-reticulates.

In the present invention, novel formulation are
proposed which obviate to the above problems, by

producing a novel class of monomers possessing:

=
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a) high hydrophilicity;

b) very high resistance to hydrolysis;

C) resistance to auto-polymerization, as exemplified
by the "1-6 abstraction”.

This novel class o0f monomers offers results in
electrokinetic and chromatographic separations decidedly
superior, as shown below.

Such formulations are obtained via polymerization

or co-polymerization o¢f monomers having the following

formula (I):

R O N R,
in which R represents hydrogen or CH3 and Rl and sz
independently between them, represent hydrogen, or a
group of formula - (CH,) n-OH, where n=3 or >3
with the Proviso that at least one, Dbetween

R, and R,, should be different from hydrogen, or
by co-polymerization of monomers of type (I) with other

(meth)acrylamides. The preferred monomers of formula (I)

are 3-(N~acryvyloyl)amino-l-propanol (AAP) and 4- (N~
acryloyl)amino-1-butanol (AAB) or their di-substituted
monomers 3-[N-(3-hydroxypropyl)-N-{(acryloyl)lamino-1-
propanol and 4-[N-(4-hydroxypropyl)-N-(acryloyl)]lamino-
1-butanol. In particular the polymers (or copolymers)
formed with AAP and AAB offer the desired
characteristics of good  hydrophilicity, very high
resistance to hydrolysis and increased porosity. These
characteristics are to be found also in mixed bed
formulations (e.qg., agarose/polyacrylamide matrices

obtained with the AAP and AAB monomers).
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The invention includes also synthetic procedures for
obtaining said monomers at high yields (>98%) and at high
purity (>98%) , as well as polymerization processes
yielding short-chain poly(AAP) and poly(AAB), both for
filling capilla:;:ies and for mixing to agarose and
polyacrylamide matrices. The invention extends also to the
use of the novel AAP and AAB monomers for preparing gel
slabs or pre-cast gels for long term storage either in
presence of a solvent or dried and for preparing
chromatographic beads and membranes to be employed in all
chromatographic, filtration and electrokinetic
methodologies and processes for industrial applications as
well as for research and analytical purposes. The
electrokinetic methodologies include DNA sequencing and
capillary 2zone electrophoresis either in slabs or gel
cylinders. The matrices of the present invention can also
be used for determining proteins’ Mr by electrophoresis in
sodium dodecyl sulphate. The matrices may also be used
for all 1isoelectric focusing methodologies including
immobilized pH gradients. Also included in the present
invention are methods for producing matrices of poly (AAP)
and poly(AAB) laterally-aggregated (with the help of pre-
formed polymers 1in solution) and thus macroporous, as well
photopolymerization methods already applied in the
previous patent application (P.G. Righetti, Italian Patent

No. R191 A—-003271) for poly(AAEE) matrices.

These laterally-aggregated agents can be polymers of
the polyethylene glycol family, in particular the 10kDa

and 20kDa sizes.
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When the matrices are used as membranes they can be
used alone or deposited onto other supporting membranes.
They can be isoelectric and buffering membranes used in
multicompartment ' electrolyzers for protein purification,
for pyrogen, nuc.leic acid fragments and viral particles
removal from the proteins, the membranes being in general
deposited onto tear-resistant supports.

The matrices of the present invention can be obtained
by chemical or by photo(co)polymerization of monomers of
the formula (I) with riboflavin or with methylene blue in
presence of the redox couple. Na toluene sulphonate and
diphenyl iodonium chloride.

The acrylamides of the formula (I) are also for the
preparation of chromatographic beads either alone or as a
coating of plastic or glass beads, or mixed with agarose
or other polymers.

The advantages of the present matrices, as compared
to the ones reported up to date, are reported below.

Mono- and di-N-substituted polvacrylamide matrices

The example of Fig. 1 shows the hydrolysis kinetics
of standard acrylamide and N-mono- and di-substituted
acrylamides. The free monomers, dissolved in 0.1N NaOH,
were incubated at 70°C for the times indicated, then
neutralized and analyzed by capillary electrophoresis
with mandelic acid as an 1nternal standard. Peak
integration was obtained with the Beckman System
Gold. It 1s seen that all monomers exhibit first-order

degradation kinetics, except for trisacryl, which




CA 02235274 1998-04-17

WO 97/16462 PCT/EP96/04463

10

15

20

25

30

S
degrades with zero-order kinetics, thus demonstrating an

intrinsic stability associated with this type of
structure. Among the N-substituted acrvlamides, which
theoretically should be more stable than acrylamide, N-
acryvloyl morpholine shows, on the contrary, a more rapid
degradation kinetic. The novel monomer here proposed,
although degrading too with first order kinetics, shows
a hydrolysis constant (K=0.008 L mol—1 min“l) 8 times
smaller than that of acryvlamide (K=0.05 L mol—1 min‘l).
The difference in stability is even more pronounced
if the monomers, instead of being free in solution, are
incorporated into a polymer matrix. In the example of
Fig. 2, the stability of standard and substituted
acrylamides 1is compared when incorporated into polymer
beads. After hvdrolysis 1in O0.1N NaOH for the times
indicated, the hydrolysis of the polymer 1s measured by
direct titration of the free carboxvls liberated. It is
seen that, in the case of poly(acrylamide) 30% of the
amid groups are hydrolyzed in only 2 hours of
incubation, and 15% 1in the case of polv{(Trisacryvl). On
the contrary, the two matrices formed with N-substituted
monomers, polv(dimethyl acrylamide) and poly (AAP)
exhibit extreme resistance to hyvdrolysis: the first
degrades by only 1.5% in 48 hours, whereas poly(AAP)
reaches this extent of hydrolysis (1.5%) in 60 hours of
hydrolysis. The excellent behaviour of poly(AAP) is also
shown under drastic hydrolysis conditions (1 N NaOH,
100°C): in 8 hours, the extent of hvydrolysis was only
6.5%, vs. 8% in the case of poly(AAEE) (Fig. 3). Under
these conditions, a polv(acryvylamide) gel quickly

disintegrated. The very high resistance of the poly(AAP)
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monomer 1s also shown under acidic conditions: in 0.1 N

HCl at 70°C (Fig. 4) the hydrolysis is only 0.5% in 12
hours, vs. 1% for poly(DMA) and 6% for poly(acrylamide).
Under drastic conditions (1 N HC1, 100°C) the
differences are even more pronounced: 40% hydrolysis for
poly(AAP) in 8 hours, vs. 70% in only 4 hours for both
poly(DMA) and poly(acrylamide) (Fig. 5).

In the example of Fig. 6, the resistance to
hydrolysis of poly(AAP) is demonstrated in an
isoelectric focusing (IEF) experiment. Two gel slabs,
ocne o0f poly(acrylamide) and one of poly(AAP) are
Prepared and incubated in 0.1 N NaOH at 70°C for 20 min.
After washing for eliminating excess NaOH, the gels are
dried and reswollen in 2% Ampholine pH 3-10. After IEF,
the pH gradient between anode and cathode is measured on
gel slices at 5 mm increments. It is seen that in
POly(AAP) gels the pH gradient is unaffected by the NaOH
treatment, whereas in poly(acrylamide) gels the pH
gradient is completely acidified. This last phenomenon
1s to be attributed to the presence of free carboxyls
(PK 4.6, responsible for the acidification of the pH
gradient and for a strong electrosmotic flow (P.G.
Righetti, Isoelectric Focusing: Theory, Methodology and
Applications, Elsevier, Amsterdam, 1983). Whereas also
poly(DMA) matrices exhibit the same behaviour of
poly (AAP), the former cannot be used in any
electrophoretic separation of proteins, due to their
stfong hydrophobicity (see below).

While we have seen that, from a point of view of
resistance to hydrolysis, both POoly(AAP) and poly(DMA)

exhibit a unique stability, we still have to demonstrate

b
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their relative characteristics of hyvdrophilicity, a most

wanted property for separation of macromolecules. To
that aim, agueous solutions of these monomers have been
subjected to partitioning against n-octanol. After
partitioning, the aqueous phase 1is analyzed by capillary
electrophoresis and the molar ratio of the wvarious
monomers in the two phases determined. Fig. 7 shows the
various partition coefficients P: it 1is seen that
Trisacryl 1s by far the most hydrophilic molecule,
whereas  other N-substituted acrylamides are more
hydrophobic. However, the P value of AAP 1is excellent,
since it is twice as hydrophilic as acrylamide. Also AAB
has a hydrophilicity <close to that of acrylamide
(P=0.24). The maximum value of P for obtaining a
hvdrophilic gel cannot be much greater than P=0.3: above
this value, the polymer exhibits hydrophobic
interactions with proteins and, above P=0.5, the polymer
cannot any 1longer reswell 1in protic solvents. Thus a
poly(DMA) matrix, although exhibiting unique resistance
to hvdrolysis, cannot be proposed for separation of
macromolecules, due to 1ts high hydrophobicity.

Such matrices, resistant to hydrolysis and
hvdrophilic, are also very useful for coating the fused
silica wall of capillaries in CZE for suppressing the
electrosmotic flow (EEO). Quenching of EEO is
fundamental in capillary IEF, since the pH gradient
would be destroved by the charges on the wall, and for
separation of macromolecules, since proteins would be
strongly adsorbed to ionized silanols. One of the most
popular coatings 1is the one proposed by Hiertén (J.

Chromatogr. 347, 1985, 191-198): the capillary 1is

-
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treated with a bifunctional agent (e.g., Bind Silane, 3-

methacryloxypropyl trimethoxy silane), to which
polyacrylamide strings (in the absence of cross—linker)
are covalently bound. However, such a coating is very
sensitive to an alkaline milieu: when performing IEF,
the EEO flux appears already after 5 runs. On the
contrary, if the capillary is coated with 1linear
pPoly(AAP) chains, the EEO flow is still not appreciable
after 30 runs. The link between the fused silica wall
and Bind Silane is of the type -81-0-8Si-, which is also
unstable to alkaline conditions. An alternative is to
use the method of Cobb et al. (Anal. Chen. 62, 1990,
2478-2483), which utilizes a Grignard reagent to form a
direct Si-C= 1link between the silica wall and the
bifunctional agent. With this last method, and with a
poly(acrylamide) coating, the stability of the coating
increases only from 5 to 10 runs, due to the instability
of the acrylamide monomer. On the contrary, when this
cross—-linker 1is coupled to poly(AAP) coating, the EEO
flux is still not appreciable after 100 runs.

Part of the present invention is also a new method
of anchoring the polymer to the silica wall, while
avoiding agents of the Bind Silane type, which not only
form an unstable -Si-0-Si- 1link, but also generate, by
hydrolysis of the tri-methoxy moiety, additional free
silanols which further contribute to the EEO fiow. An
alternate method is to attach to the wall acryloyvl
chloride, thus forming an ester bond with the Si of the
wall: this link is more stable than the siloxane bridge;
additionally, this reagent, being monofunctional, does

not produce free silanols upon binding to the wall. If

ot
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to this acryvloyl residue, reacted with the wall,

polyv(AAP) [or poly(AAB)] strings are attached, the
coating is stable also for >100 electrophoretic runs.

It is part of the present invention also a new
method for synthesizing AAP (or AAB), able to produce,
in a single synthetic step, an essentially pure product
(>98%) with equivalent vyields (>98%). The synthetic
method proposed by us in the previous patent on AAEE
consisted in a standard Schotten-Baumann reaction
(acryloyl chloride admixed with amino ethoxy ethanol 1in
2 N NaOEH at 0-5°C in agqueous solvent). This reaction had
very low vields (15%) and a high degree of contamination
from free acrylic acid. In the present invention, a new
synthetic approach 1s described, by which acryloyl
chloride and amino propanol (or amino butanol) are
reacted at -30°C till -70°C, preferably at -40°C, 1in
absolute ethanol and in a 2X molar excess of amino
propanol (or amino butanol), instead of triethyl amine
or NaOH, for neutralizing the HCl produced 1n the
condensation reaction. The product thus obtained (Fig.
8) 1is ©pure by gas-chromatographic analysis (upper
panel). Mass spectra (Fig. 8, lower panel) confirmed the
product identity, as also proven by NMR spectra (Fig.
9).

It 4is also part of the present invention the
production of short-chain poly(AAP) [or poly(AAB)] for
sieving proteins and nucleic acids 1in CZE or as
additives in agarose and poly(acrylamide) matrices, for
modulating the porosity of said matrices. The production
of short-chain polymers is extremely useful for £filling

and emptving capillaries, due to the low viscosity of

S
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such chains, and also for greatly improving the sieving

of smaller size nucleic acids (e.g., oligonucleotides
and DNA fragments from 100 to 500 bp). The synthesis of
such chains occurs by a simultaneous treatment with high
temperatures (60-70°C) and with chain transfer
additives, such as 2-propanol. This synthesis has never
been possible with the AAEE monomer, since, during this
process, auto-reticulation and gel formation occurred.
Example No. 1

Synthesis of 3~(N-acryloyl)amino-l-propanol. In a
3-necked flask, equipped with a thermometer, a funnel
and an Argon flushing tube, 0.1 M acryloyl chloride are
added. After refrigerating at -40°C, 150 mL of absolute
ethanol, also kept at -40°C, are added. 0.2 M 3~-amino-1-
propanol, dissolved in ethanol, is then added dropwise
whlile keeping the temperature at -45 to -40°C. Stirring
is continued, after the last addition, for two hours at
-40°C and then for additional 5 hrs at 5°C. The solvent
1s evaporated and the residue dissolved in acetone.
After eliminating the propanol amine chloridrate by
filtration, the monomer solution is passed on a silica
column (1:30 ratio product/silica), developed with
acetone. The eluent 1is evaporated at 0°C with a
mechanical pump. The pure product (98% vield) is
dissolved in water (1:1 ratio, v/v) and analyzed by gas

chromatography mass spectra (Fig. 8) and by NMR (Fig.

9). The use of other solvents in this synthesis (e.g.,
methanol, acetone, chloroform) as well as of other
amines (e.g., triethyl amine) generates lower vields and

a number of different contaminating products.
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Example No. 2

Synthesis of short-chain poly(AAP). Short-chain
poly(AAP) was synthesized in presence of 2-propanol at
high temperatures, in order to control the molecular
mass of the product. Ten percent AAP is prepared in
water containing 3% 2-propanol. The solution is degassed
and then equilibrated undery Argon. After adding
catalysts (10 pL of 10% ammonium persulphate and 1 uL of
pure TEMED per mL o0of gelling solution), polymerization
is allowed to proceed for 2 hrs at 70°C in a
thermostatic bath. The polymer 1is precipitated with
ethanol, washed and lyvophilized. For using it in CZE for
DNA fragment separation, 6% to 10% polymer is dissolved
in standard TBE buffer (89 mM Tris, 89 mM borate and 2
mM EDTA, pH 8.3). Its analysis on molecular sieves has
given a Mw value of ca. 200000 Da, as opposed to »>2
million Da for the same polymer prepared under standard
conditions. Fig. 10 shows the separation of marker V
(DNA fragments from 18 to 500 bp) in TBE buffer in
presence of 8% short-chain poly(AAP): one can notice the
separation between the 123 and 124 Dbp fragments,
tyvypically not obtainable with any other sieving system.

Example No. 3

Coating of the <capillary wall. Fused silica
capillaries are first treated with warm methanolic KXOH
for 1 h under continuous fluxing, in order to activate
the silanols. After treating with 1 N HC1l for 10 min and
several washing steps with water, then with acetone, the
capillary is dried in the oven at 170°C while flushing
with nitrogen. The capillary is subsequently treated for

ten cyvcles first with anhydrous triethylamine (5 min,

o
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while flushing) then with acryloyl chloride (5 min,

under flushing). After these treatments, the capillary
is filled with a solution of 5% AAP monomer (in the
absence of cross-linker), previously degassed and added
with TEMED and persulphate, as described above.
Polymerization occurs at low temperatures (10°C, in
order to favour growth of long-chain polymer) and at
controlled pH (pH 7, in order to avoid hydrolvtic
processes during the coating) overnight. The capillary
ls emptied by pressure, flushed with water and then
employed for electrophoretic separations. Fig. 11 gives
the EEO of a control capillary, of a capillary coated
with poly(AAP) in presence of Bind Silane and of a
capillary coated with poly(AAP) with acrvlovyl chloride
as a bifunctional agent. For these last two capillaries,
the EEO 1s measured after 60 electrophoretic runs.

Legends

Figure 1

Kinetics of hydrolysis of different mono- and di-
substituted monomers, as compared with unsubstituted
acrylamide. Forced degradation under milg (0.1 N NaOH)
alkaline conditions. Hydrolysis was assessed by
quantifying the residual amount of intact monomery by
capillarvy zone electrophoresis in presence of an
internal standard. Note  the excellent performance of
AAP. Abbreviations: AAP = 3-(N-acryloyl)amino-1-
propanol; AAB = 4-(N-acryloyl)amino-l-butanol, AAEE = 2-

[2-(N-acryloyl)amino]Jethoxy-ethanol; 2—-AAR = 3~ ( N-—
acryloyl)amino-3-methyl-l1-propanol: Acr = acrylamide;: 3-
AAHP = N-acryloyl-3-hydroxy-piperidine, 4-AAHP = N-

acryloyl—-4-hydroxy-piperidine.
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Figure 2

Hydrolysis kinetics of different monomers after
incorporation in a gel matrix. Conditions: 0.1 N NaOQOH,
70°C, for up to 60 h. The extent of hydrolysis was

evaluated by measuring the equivalents of acrylic acid

liberated in the polymer beads by frontal analysis.
These equivalents were then transformed into a % valuse
of total amide groups hydrolized in the polymer. Note

that there 1is a b500-fold difference in reactivity
between polyv(acrylamide) on the one side and poly(AAP)
and poly(DMA) on the other side (DMA = N,N-dimethyl-
acrylamide). |
Figure 3 |

Hydrolysis kinetics o0f poly(AAEE) and poly(AAP)
under harsh alkaline conditions (1 N NaOH, 100°C). All
other conditions as in Fig. 2.
Figure 4

Hydrolysis kinetics of poly(acrylamide), poly(DMA)
and polv(AAP) under mild acidic conditions (0.1 N HC1,
70°C). All other conditions as 1n Fig. 2.
Figure 5

Hvdrolysis kinetics of poly(acrylamide), poly(DMA)
and poly(AAP) under harsh acidic conditions (1 N HC1,
100°C). All other conditions as in Fig. 2.
Figure 6

Electrophoretic analysis of hvydrolysis of
polyv(acrylamide) and poly(AAP) gels. Both gels were cast
on a glass slab and subjected to hydrolysis in 0.1 N
NaOH at 70°C for 20 min. After washing and drving, the
gels were reswollen in 2% carrier ampholytes pH 3-10 and

subjected to isoelectric focusing for 2 hrs at 1500 V,

-
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Hydrophobicity scale of acryvlamide and N-
substituted derivatives. Each monomer was dissolved in
aqueous solution (3.5 mL) at a concentration of 2 mM and
mixed with an equal volume of n-octanol for 2 min. After
phase separation, the aqueous solution is centrifuged
for 75 min at 2000 rpm. All operations at 25°C. The
solution, after dilution, is added with internal
standard (2.5 mM of pK 9.3 Immobiline) and analyzed by

CZE. For abbreviations see Fig. 1. Other abbreviations:

MMA : N-(mono-methyl Jacrylamide; ACM: N-acryvlovyl
morpholine; TrisA: trisacryl; DD-Tris: dideoxy
trisacryvl.
Figure 8

Identification of reaction products in the

synthesis of novel N-substituted acrylamides by gas
chromatography-mass spectra. Reaction conditions : -40°C,
ethanol as solvent and a two-fold molar excess of
propanol amine. Upper panel: GC pProfile; lower panel:
mass spectrum of AAP. Note that only under these
reaction conditions an essentially pure product is
obtained.

Figure 9

ly-NMR spectra for 1identification of the desired
AAP reaction product. Spectra were recorded with a
Bruker AC-200 instrument by using CDCl,; as solvent. The
numbers 1-6 refer to identification of the various

groups in the molecule, whose formula is given above the

-
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spectrum. The -OH group gives the smeared signal just to

the right of peak 4.

Pigure 10

Capillary electrophoresis of DNA fragments (marker
V). Capillaries: 75 pm I.D. (left panel) and 50 pm I.D,.
(right panel), 37 cm 1length, coated with poly(AAP).
Buffer electrolyte: 89 mM Tris-borate, 2 mM EDTA, DpH
8.3, containing 8% linear, short-chain poly(AAP), as
sieving liquid polymer and 2.5 pM ethidium bromide.
Sample 1injection: 15-20 s at 100 V/cm. Migration
conditions: 100 V/cm, at room temperature. The insert
shows the separation between fragments 123 and 124 bp,

typically unresolvable in conventional poly(acrylamide).

Figure 11

Electrosmotic flow (EEO) values in fused silica
capillaries with different coatings. The upper curve
represents EEO in untreated capillaries. The other two
curves represent capillaries coated with poly(AAP)
grafted to the wall via Bind Silane (2) or acrvlovyl
chloride (3). The EEO flow is measured by injecting a
neutral marker (acrylamide) and measuring its transit

time at 10000 V and different background electrolyte pH

values.
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CLAIMS

1. Matrices made of poly(N—substituted)acrylamides, to
be utilized in electrophoretic and chromatographic

methods, obtalned by (co)polymerization of monomers of
formula (I):
R
1
-
CH, = C - C - N (1)

l It N
R O R,

where R represents hydrogen or CH;, while R; and R,,
independently among them, represent hydrogen or a group
of formula -(CH;),-OH, where n=3 or >3, with the proviso
that at least one of R; and R; 1s different from hydrogen,
or by copolymerization of said monomers with other

(meth) acrylamides.

2 . Matrices according to claim 1, obtained by
polymerization of 3-(N-acryloyl)amino-l-propanol and 4-
(N-acryloyl) amino-l-butanol, or their di-substituted
derivatives, 3-[N-(3-hydroxypropyl)-N- (acryloyl)]amino-1-
propanol and 4-[N-(3-hydroxypropyl)-N- (acryloyl)]amino-1-
butanol, or by copolymerization of said monomers with

suitable hydrophilic compounds.

3. Use of the matrices as defined in claim 1 or 2, for

all electrokinetic separations.

4 . Use of monomers having formula (I), as described in
claim 1, for coating the inner wall of a capillary in
capillary electrophoresis, either utilizing bifunctional

agents forming a -S1-0-Si- Dbridge, or by utilizing

bifunctional agents forming a direct -Si-C= 1linkage, or
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by utilizing acryloyl chloride, either for £filling a
capillary, or as a cross-linked matrix, or as a viscous

solution in the absence of cross linker.

5. Use of matrices as defined in claim 1 or 2 in all
5 electrokinetic methodologies and for determining
proteins’ Mr by electrophoresis in sodium dodecyl

sulphate and for all i1soelectric focusing methodologies.

6. Matrices according to c¢laim 1 or 2, obtained by
(co)polymerization in the presence of different types of

10 hydrophilic polymers able to induce lateral aggregation

and thus to form macroporous structures.

7. Matrices according to claim 1, characterized by

using, as lateral aggregating agents, polymers of the
polyethylene glycol family.

15 8. Use of matrices as defined in claim 6 or 7, for all

types of electrophoresis on macroporous supports.

9. Use of matrices as defined in claim 6 or 7 as
membranes for chromatographi¢c and filtration processes,

either alone or deposited onto other supporting

20 membranes.

10. Use of matrices as defined in claim 6 or 7 as
isoelectric and buffering membranes to be used in
multicompartment electrolyzers for protein purification,
for pyrogen, nucleic acid fragments and viral particles
25 removal from said proteins, said wmembranes being in

general deposited onto tear-resistant supports.
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11. Matrices according to claim 1 or 2, obtained either

by chemical or by photo(co)polymerization of monomers

having formula (I).

12. Use of acrylamides with formula (I), as described 1n

claim 1, for preparing pre-cast gel for 1long term

storage, to be employed in all electrokinetic

methodologies, said gel matrices being stored either 1in

presence of solvent or dried.

13. Use of acrylamides of formula (I), as described in
claim 1, for preparing chromatographic beads, either
alone or as a coating of plastic or glass beads, or mixed

with agarose or other polymers.

14. A process for the preparation of acrylamides of
formula (I) as described in c¢laim 1, characterized 1in
that (meth)acryloyl chloride and at least 2 moles of an

amino alcohol of the formula

//le
HN

\R2

where R; and R, have the meanings as set out in claim 1 are

reacted in absolute ethanol at -30°C to -70°C.

15. A process according to claim 14, wherein the

reaction temperature is -40°C.

16. The use as claimed 1n <c¢laim 3 wherein the
electrokinetic separation is capillary zone

electrophoresis.
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17. The use as claimed in claim 4 wherein the -Si-0-Si-

bridge 1s 3-methacryloxypropyl trimethoxy silane.

18. The use as <claimed 1in c¢laim 5 wherein the
electrokinetic methodologies are selected from DNA
sequencing and capillary zone electrophoresis, either in

slabs or gel cylinders.

19. The use as claimed 1n claim 5 wherein the
isoelectric focusing methodologies are 1mmobilized pH

gradients.

20. Matrices according to claim 7 wherein the polymers
of the polyethylene glycol family are the 10kDa and 20kDa

glzes.

21. The use as <claimed 1n <claim 8 wherein the
electrophoreslis on macroporous supports are selected from

isoelectric focusing and immobilized pH gradients.

22. Matrices according to claim 11 wherein the chemical

or photo(co)polymerization is conducted with riboflavin.

23 . Matrices according to claim 11 wherein the chemical
or photo(co)polymerization 1s conducted with methylene
blue 1n the presence of redox couple Na toluene

sulphinate and diphenyliodonium chloride.

24. The use according to claim 12 wherein the
electrokinetic methodologies are selected from IEF and

immobilized pH gradients.
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