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Abstract: Urea is a well-known additive used as a mild protein denaturant. The effect of urea on proteins, micellar
systems and other colloids is still under debate. In particular, urea has shown interesting effects on the ion binding in
systems like charged micelles, vesicles or Langmuir-Blodgett films. The urea effect on polymeric aggregates in water is
still an open field. For instance, the additive may affect properties such as cme, LCST, UCST and others. In particular,
LCST is a property that can be very convenient for designing smart systems that respond to temperature. Previous
studies have indicated that the LCST of positive charged copolymers aggregates based on poly[N-dimethyl(ethylamine
methacrylate)], PDMAEMA, can be nicely modulated by anions in aqueous solution and such phenomenon depends
on the nature of the anion present. In this work, it has been demonstrated that urea also affects the LCST of PMMA-
block-PDMAEMA aggregates in aqueous solution. In addition, in the presence of high concentrations of the additive,
the specific behavior of the anions is lost, supporting the general mechanism of urea reducing the differences on ion
binding to surfaces in aqueous solutions. To the best of our knowledge, this is the first time those phenomena are shown

in polymer micelles.
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Introduction

Urea is a very interesting and valuable additive, widely
used as a protein denaturant but having also effects on
systems like micelles, vesicles and reverse micelles!'?.
Despite these very known actions of this molecule, the
exact mechanism of urea-driven denaturation is still under
debatel*4. Many factors may be involved in denaturation,
including the influence of urea on the ion binding to
charged groups and surfaces. In that sense, one of the most
intriguing urea effects is its ability to reduce ion specific
effects on colloidal systems!®.

Recently, our group has showed that properties like
the Lower Critical Solution Temperature (LCST) of
poly(methyl methacrylate)-block-poly[(2-dimethylamino)
ethyl methacrylate] (PMMA-b-PDMAEMA) aggregates
in water are affected by ions in a specific way!®. The
phenomenon was understood as due to a higher binding
constant of anions like perchlorate to the positive surface
of the polymeric aggregates, hindering the electrostatic
repulsion and allowing the transition at a lower temperature.
Being urea an additive that affects ion binding, its effect
on such systems must be also noticeable.

Besides all the interest on urea, there are few
studies focusing on its influence on ion binding to
polymer aggregates in water. If urea acts as a modulator
of ion binding, it can also be useful as a controller
of polymeric aggregates properties in solution,
such as critical micelle concentration, viscosity and
thermoresponsiveness.

Homopolymers and copolymers of poly[(2-
dimethylamine)ethylmethacrylate], PDMAEMA, a
polymer bearing tertiary amine groups, are interesting
and useful materials that show a LCST in water!”. This
transition temperature depends on solution conditions
such as pH®, jonic strength® and also on the nature
of the anions in solution!®. On the other hand, block
copolymers of PDMAEMA and less polar blocks such
as poly(methyl methacrylate), PMMA, are materials that
form “kinetically frozen” aggregates in aqueous solution
that show also LCST, determined by turbidity in a very
easy way. Modulation of PMMA-5-PDMAEMA LCST is
valuable to obtain systems that undergo phase transition at
desired temperatures. As mentioned before, the nature of
the anions in solution is one of the parameters that affect
LCST of such systems.

Ion binding to charged surfaces is an important issue
for Chemistry!'*!3 and also Life Sciences!'*'¢l. Thus, the
study of ion binding on different systems (like polymer
aggregates in aqueous solutions) in the presence of urea
can shed more light on that phenomenon as well as on the
exact mechanism of urea-driven denaturation and other
ion binding-related properties of this additive.

Based on previous studies of urea effect on ion
binding®®! and as a tool to understand in more depth the
mechanism of ion specific influence on the PMMA-b-
PDMAEMA aggregates, in this work urea effects on the
LCST were investigated for this kind of system in presence
of several anions.
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Methods

Poly(methyl methacrylate)-block—poly[(2-
dimethylamino)ethyl methacrylate], PMMA-b-PDMAEMA
(Figure 1), was synthesized via Reversible Addition-
Fragmentation Chain Transfer (RAFT). Average total
molar mass was determined as 66.1kg.mol™, being the
PMMA block of 5.4kg.mol! and the PDMAEMA block
of 60.7kg mol”! (PDMAEMA/PMMA mass ratio = 11.2).
Details on the synthesis and characterization can be found
elsewherel!”.,

PMMA-b-PDMAEMA aqueous solutions were
prepared by adding proper amounts of concentrated
copolymer acetone solution into the aqueous buffered
solution (in presence or absence of urea) under magnetic
stirring to reach always 0.1g L™ of the copolymer in the
aqueous solution. Acetone final concentration in water was
1% (v/v) for all systems studied. LCST measured have not
shown significant discrepancy for selected samples having
0.5%, 1% and 2% (v/v) of acetone.

For LCST determination, the copolymer solutions
were kept in a 3ml cuvette inside a Biochrom Libra s22
spectrophotometer. The transmittance (t) at 450nm was used
to determine the LCST, which was considered as being the
onset of transmittance drop, defined by the intersection of
the linear regions below and above it. The LCST did not
vary significantly due to changes on the heating rate. The
actual temperature in the cuvette was measured constantly
by a Minipa MT-600 thermocouple (type K). The solution
pH was checked at room temperature just before the
beginning of each one.

Results and Discussion

Figure 1 shows PMMA-b-PDMAEMA chemical
structure. The pKa of the amine group is around 8'¥], so that,
at neutral and acid pH'’s, most of the nitrogen is protonated
in aqueous solution. Under such conditions and above the
critical micelle concentration (~10 g L)' the copolymers
are aggregated (DLS data not shown) into positive charged
micelles(®.

As can be seen in Figure 2, urea has a dramatic impact
on how the ionic strength changes the LCST. This effect
also depends strongly on the anion nature when in water.
Urea nearly equalizes the so-called chaotropic anions such
as perchlorate and tiocyanide to other anions, as faras LCST
change is concerned. In absence of urea, the chaotropic
anions have a strong effect decreasing LCST and are the
most affected by the additive. For comparation, in the same
concentration and pH, the LCST changes approximately
15°C when one goes from no urea to urea 4 mol L™ in
NaClO, (9 x 10?mol L™). In the same conditions, in NaF,
that difference drops down to less than 4°C. It is quite
remarkable that in high urea concentrations the LCST values
for all ions seem to converge to approximately 50°C. To
the best of our knowledge, this is the first demonstration
of urea influence on ion binding to this kind of charged
polymeric micelles.

In Figure 3 it is demonstrated that urea not only
decreases ion specificity but also affects the way the
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Figure 1. The copolymer PMMA-b-PDMAEMA obtained by
RAFT used in this work. The indexes “m” and “n” were estimated
by GPC as being 53 and 381 in average, respectively!!”,
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Figure 2. Urea effect on the LCST of PMMA-b-PDMAEMA
in phosphate buffer (0.025mol L', pH=7.9) and 0.09mol L™ of
different salts. (#)NaCl; (A) NaF; (0)NaSCN; (m)NaClO,.
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Figure 3. LCST of PMMA-h-PDMAEMA at different salt
concentrations. NaCl: (o) no urea; (@) in urea 4 mol.L™'. NaClO,:
(o) no urea; (m) in urea 4 mol.L™'. All experiments in phosphate
buffer (0.025mol L™, pH=7.9). The LCST with no additional salt,
in urea 4 mol L' and phosphate buffer 0.025mol L', pH=7.9, is
(453 £0.9)°C.
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anion (in that case chloride and perchlorate) concentration
changes the LCST values. In absence of urea, perchlorate
and chloride concentrations have quite different influence
on the LCST. Perchlorate has a stronger effect, decreasing
the LCST (hollow squares). In the same figure, it is possible
to see that, in urea 4mol L', the increasing of perchlorate
concentration has only a mild effect, comparable to chloride
(solid spheres and squares for urea 4mol L™"). This is
another evidence of urea acting as an ion binding modulator,
reducing the specific differences shown by anion at the
same concentration. It is important to note that phosphate
buffer 0.025mol.L" is always present, so it is likely that
in Figure 3 one sees, in fact, ion exchange. At low salt
concentration, the aggregate positive charged surface is
binding mostly monohydrogen phosphate (HPO,*) and, as
chloride or perchlorate concentration increases, phosphate
is exchanged with that anion.

Although there are many plausible explanations for the
effects presented here, taking into account previous studies,
itis likely that urea is affecting the way the anions bind (and
exchange) to the positively charged interface of the polymer
micelles, as it does to other similar systems!>!*. It has been
proposed that urea gets into the solvation layers impairing
close contacts of the ion with charged surface to make
specific interactions. In that fashion, all the ions at high urea
concentration behave as solvated species and the interaction
with an opposite charged surface is roughly the same for all
of them33!. In opposition to higher concentrations where
other effects can be claimed!'®), the explanation based on ion
binding is preferred because salt concentrations studied here
are relatively low (up to ~0.1mol L") where the electrostatic
interactions are dominant.

More studies are necessary to understand the exact
mechanism of how urea affects LCST of PMMA-b-
PDMAEMA systems and similar ones, but it is clear by the
results shown here that the magnitude of urea influence on
both the thermoresponsiveness and the ion effects on it are
very significant for such systems, what makes this additive
very promising as a property modulator in this context.

Conclusions

Urea increases the LCST of PMMA-b-PDMAEMA
in buffered aqueous solutions in the presence of different
salts, but the magnitude of the effect depends strongly on
the ion nature, being more significant for the so-called
chaotropic ions like perchlorate. Results were understood
as due to urea influence on the anion binding to the positive
charged surface of PMMA-b-PDMAEMA aggregates in
aqueous solution. At high urea concentrations (~4mol L")
all the anions behave quite similarly and LCST is no longer
dependent on the ion nature. To the best of our knowledge,
this is the first time that loss of specificity of anion binding
by urea is reported for positive polymer micelles. This
work has enlarged the number of systems on which urea
somehow changes processes mediated by ion binding and it
is in agreement with what is seen on micelles and vesicles,
even though the exact mechanism of urea effect on LCST
and ion binding is still an open field.
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