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ABSTRACT: The intra- and/or intermolecular aggregation and the structure of the aggregates formed
in water by hydrophobically modified dextrans, prepared by covalent attachment of cholic or deoxycholic
acid to dextran of M, = 30 000, were investigated by various fluorescence and light scattering techniques.
From the variation of the fluorescence quantum yield and fluorescence emission maximum of a hydrophobic
fluorescent probe, N-phenyl-1-naphthylamine, with polymer concentration, we conclude about the value
of the critical aggregation concentration, cac, and the existence of intermolecular aggregation below cac.
The values of cac are found to depend on the nature of the hydrophobic moiety and the degree of
substitution. The hydrodynamic radii of the aggregates are determined using dynamic light scattering,
and the apparent weight-average molecular weights, radii of gyration, and second virial coefficients are
evaluated by static light scattering over a very large concentration range. The results show that below
a given critical concentration the hydrophobically modified dextrans form big and loose aggregates and
small and compact ones at concentrations higher than 0.2 g %. A transition between the two types of
aggregates begins at 0.02 g %, the concentration that we keep calling cac despite the fact that it is the
concentration at which the formation of compact aggregates begins rather than that for which
intermolecular aggregation occurs. The results are compared with those for unmodified dextran for which

no aggregation was observed.

Introduction

Amphiphilic polymers have been extensively studied
for theoretical reasons and for their wide range of
applications in oil recovery, latex paint technology,
biotechnology, or medicine.1=3 Many of them are water-
soluble polymers substituted with hydrophobic or am-
phiphilic side groups such as alkyl, aralkyl, and
cycloalkyl4~8 or steroids such as cholesterol®~12 and
deoxycholic acid.’® When dissolved in water, amphiphilic
polymers can self-aggregate due to intra- and/or inter-
molecular hydrophobic interactions.2~* By analogy with
the phenomena of micelle formation of small surfactants
or lipids, aggregation of amphiphilic polymers is con-
trolled by the balance between the interaction of the
hydrophobic moieties and that of the hydrophilic chains.
The concentration at which polymer aggregation starts
is usually called the critical aggregation concentration,
cac. Many different techniques, including viscome-
try,>714 fluorescence,*~%9-13 light scattering,%91113 or
NMR measurements,® have been used to detect the
aggregates and characterize the structures formed.

Bile acids are natural products consisting of a facially
amphiphilic steroid nucleus with a hydrophobic S-side
and a hydrophilic a-side.'>16 When these compounds are
part of a water-soluble polymer, the resulting am-
phiphilic polymer might exhibit a better compatibility
with biological systems and interact favorably with
proteins, enzymes, or lipids.21517

To obtain amphiphilic polymers with possible applica-
tion in biotechnology and medicine, bile acid modified
dextrans (BAMDex) were synthesized by covalent at-

T Instituto de Tecnologia Quimica e Biologica.

* Institute of Macromolecular Chemistry “Petru Poni” 1ASSY.

§ Instituto Superior Técnico.

* Correspondening author: 1TQB, Apartado 127, P-2781-901
OEIRAS, Portugal. e-mail: eurico@itgb.unl.pt.

10.1021/ma990408k CCC: $18.00

tachment of cholic acid or deoxycholic acid to dextran
through ester links. The chemical structure of the
obtained BAMDex is depicted in Scheme 1. The presence
of aggregates and their structure formed in BAMDex—
water solutions is here investigated using a combination
of fluorescence techniques and static and dynamic light
scattering.

For detection of the polymer cac values we use the
well-established method of N-phenyl-1-naphthylamine
(NPN) fluorescence quantum yield and emission maxi-
mum.®18 The method is based on the large increase in
the fluorescence quantum yield and strong bathochro-
mic shift of the fluorescence emission observed when
the solvent surrounding the hydrophobic deprotonated
NPN (pKa = 5.5) becomes more polar or viscous.!®

Steady-state fluorescence anisotropy is employed to
evaluate the microviscosity of the environment of NPN
by using the Perrin formalism that, for a given chro-
mophore, relates the emission anisotropy with the
viscosity of its environment, 7, and the emission lifetime,
T_19

On the basis of the sensitivity of the steady-state
fluorescence anisotropy to the viscosity of the environ-
ment,?° we have attempted to determine the partition
constant, Ky, of NPN between the polymer microdis-
persed phase and the bulk. The method presumes an
equilibrium between two phases of known fractional
volume, where the fluorescence anisotropy of the fluo-
rophore, in this case NPN, is quite different. As will be
shown in the Results section, with these polymers the
interpretation of the data is not straightforward.

Static light scattering (SLS) data allow the evaluation
of the weight-average molecular weight, M,,, the radius
of gyration, Ry, and the second virial coefficient A of
the polymer aggregates present in dilute solutions.?! In
this way these aggregates have been characterized,
namely the number of single macromolecules (unimers)
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Degree of substitution, DS = n%n 100 mol%

Dextran Mv = 30 200 (viscometry)
Mw = 39 000 (light scattering)

associated could be evaluated, as a function of the
polymer concentration and polymer characteristics.?? In
addition, from the second virial coefficient we determine
the concentration ranges for which polymer—polymer
interactions are thermodynamically favored and those
for which interactions of polymer with solvent prevail.

Particle size (hydrodynamic radii) and particle size
distribution are determined by dynamic light scattering
(DLS), for several concentrations of each polymer.22
Comparison of the radius of gyration, Ry, obtained from
SLS, with the hydrodynamic radius, Rn, from DLS,
reveals the geometry of the macromolecular aggregate
based on the well-known Ry/Ry, relations. For extended
chains (cylinders) R¢/Rn = 2,23 for flexible random coils
Rg/Rh is 1.5—1.8 in a good solvent?324 and 1.3 in a ©
solvent,?® and for compact spheres it takes values of
about 0.775.%5

Materials and Methods

Reagents and Solvents. Synthesis of bile acid modified
dextran (BAMDex) was described in detail elsewhere.?¢ Briefly,
polymers with the structure presented in Scheme 1 were
obtained by reacting dextran (M,, = 30 200, M,/M,, = 1.112)
with a bile acid in the presence of N,N-dicyclohexylcarbodi-
imide as a coupling agent and 4-(N,N-dimethylamino)pyridine
as a catalyst. Dextran modified with cholic acid (Dex-CA) or
deoxycholic acid (Dex-DCA) with degrees of substitution (DS)
of 2—6 mol % (moles of bile acid bound/100 glucopyranosidic
structural units) were used for fluorescence and light scatter-
ing measurements. For all solutions, solvent mixtures, and
suspensions a phosphate buffer of pH = 7.0, 0.01 M in Na* in
Elgastat water, was used. All the other solvents used were
spectroscopic or HPLC grade from Merck (Germany). The
fluorophore N-phenyl-1-naphthylamine (NPN) was from Sigma
and was recrystallized twice from ethanol.

Solutions were made by dilution of a 2 g % (g/dL) polymer
stock solution in buffer prepared by 10—15 min bath sonica-
tion. Solutions of different concentrations in BAMDex, con-
taining 1.0 x 10°® M of N-phenyl-1-naphthylamine (NPN),
were obtained by vortexing the BAMDex solutions of adequate
concentration in vials where a film of NPN was deposited by
solvent evaporation. The maximum concentration used in both
fluorescence and light scattering measurements was 2 g %,
much lower than the critical overlap concentration ¢c* = 5—10
g % (calculated as 1/[5], where [] is the intrinsic viscosity of
polymer in water, 0.1—0.2 cP~1).1426.27

Methods. All the fluorometric measurements where done
at a temperature of 25 + 1 °C, except those with PEG 600
done at 30 °C and the LS at 25 £+ 0.1 °C.

Steady-State Fluorometric Measurements. Steady-state fluo-
rescence spectra and fluorescence anisotropy values were
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obtained using a SPEX Fluorolog 212 in L conformation.
Excitation wavelength was 340 nm, and the fluorescence
emission always corrected for instrumental response. In the
case of the fluorescence anisotropy the instrumental correction
factor, G = luy/lun, was determined by the method of Azumi
and McGlynn.?® Fluorescence intensity of NPN emission in 1,4-
dioxane/water mixtures was corrected for solution refractive
index.

Time-Resolved Fluorometric Measurements. Fluorescence
lifetimes of NPN in the absence and presence of BAMDex were
performed using the single photon counting technique. Equip-
ment used and deconvolution methods have been described
elsewhere.?®

Light Scattering Measurements. The light scattering mea-
surements were performed with an apparatus from Brookhaven
Instruments, Inc., model 2030AT, equipped with a He—Ne
laser (632.8 nm) and a 136-channel autocorrelator. The sample
solutions were filtered directly into cylindrical cells through
membrane filters (nominal pore size 0.45 um, SRI) and then
centrifuged at approximately 1300 g for 45 min to remove dust
particles. For DLS measurements the scattering angle was
fixed at 90° and varied from 35° to 145° in the case of SLS
measurements. The dn/dc values were determined with a
differential refractometer (G. M. Wood RF600), being equal
to 0.150 mL/g for all polymers under study. Each Zimm plot
was made with a minimum of seven logarithmically spaced
concentrations. Because of the low concentration range in
which we are working, all the solutions had a transmitance
higher than 0.95, convenient for the light scattering measure-
ments,3® and are much below the critical overlap concentration,
¢*, which for these polymers is about 5—10 g % as previously
stated. The use of a concentration much lower than c* is
usually accepted as a condition for not being too far from the
validity range of Rayleigh—Gans—Debye theory for light
scattering.?

Hydrodynamic diameter, Dy, distributions (histograms) were
obtained with a CONTIN routine, and the value we refer to
as Ry, is the mean value of the radii distribution.

Data Analysis. Microviscosity of NPN Environment by
Steady-State Fluorescence Anisotropy. If NPN is considered as
a roughly spherical molecule of molar hydrodynamic volume
Vn rotating freely in a medium of viscosity #, at a given
temperature, T, the viscosity of the medium is related to the
fluorescence anisotropy, r, and to the fluorescence lifetime of
the molecule, by the Perrin equation

1;@1(1 - 1) 1)

where rg is the limiting anisotropy in rigid media. The
experimental value of rp = 0.17 4+ 0.03 was obtained from a
Perrin plot for PEG 600/acetone mixtures, and this value was
confirmed by measuring the fluorescence anisotropy in a
organic glass of methylcyclohexane at 77 K. The fluorescence
lifetimes of NPN in both polymers are well fitted by a
biexponential law with times 7; and 7, and preexponentials a;
and a, respectively. The average lifetime, [Z[] used for the
microviscosity calculation with eq 1, was obtained in the usual
way, according to eq 2.

0= zairiz/zairi )

Aggregate/Water Partition Constants by Fluorescence Ani-
sotropy. The total fluorescence anisotropy measured, r, relates
to K, according to eq 3:3!

_ r, + xaggngpragg/(l — xagg)
1+ xaggngp/(l - xagg)

©)

where ry, is the fluorescence anisotropy of the probe in water,
ragy the fluorescence anisotropy in the aggregate, and both &
= €aggPagglew®Pw and y, correction factors for the relative
intensity of fluorescence at the wavelength where the emission
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Figure 1. Relative fluorescence emission intensity (M) and
maximum of fluorescence emission (O) of NPN as a function
of (a) Dex-CA (DS = 4.0 mol %) concentration in buffer solution
and (b) sodium cholate concentration in water. The straight
lines over the fluorescence intensity data are an attempt to
define the cac of the polymer and the cmc of cholate.

is observed. Measuring r for different polymer concentrations,
each corresponding to a fractional volume occupied by the
aggregate pseudophase, Xagg = VmC Where Vy is the polymer
molar volume and c the concentration; K, and the fluorescence
anisotropy in the aggregate, ragg, are obtained.

Weight-average molecular weight, M, radius of gyration,
Ry, and second virial coefficient, A,, were calculated by the
usual Zimm method based on the Rayleigh—Gans—Debye
theory for light scattering. According to the theory, the
variation of the relative intensity of scattered light, I¢/lo, with
the observation angle, 6 (Rayleigh factor, Ry = [d?(ls/10)]/sin?
0), is related to My, Ry, and A, for a given concentration, c,
through eq 4.

1 16n2n02
=1+ ——
0 Mw 3/10

In this equation the optical constant K = [472n3(dn/dc)?]/Nal*,
where no and n are respectively the refractive index of the
solvent and solution.

B

(4

R, sin’ 2) + 2A,C (4)

Y

Results and Discussion

Transition Energy and Quantum Yield of the
Fluorescence Emission of NPN in the Presence of
BAMDex. In Figure 1a the relative fluorescence emis-
sion intensity of NPN is presented as a function of Dex-
CA (DS = 4.0 mol %) concentration. The fluorescence
guantum yield is nearly constant until about 0.02 g %
of polymer, increases rapidly above this concentration,
and reaches the maximum at about 0.8 g %. In the same
figure the fluorescence emission maximum of NPN as
a function of polymer concentration is also presented.
A steady decrease of the fluorescence maximum from
about 0.002 g % until around 0.8 g % is observed, which
reflects also a change in polarity and/or viscosity of the
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Figure 2. Relative quantum vyield (W) and fluorescence
maximum (O) of NPN in (a) 1,4-dioxane/water mixtures as a
function of dioxane concentration in g% and (b) PEG 600/
acetone mixtures as a function of PEG 600 concentration in
g%. Curves do not correspond to any model.

average environment of NPN. The large hypsochromic
shift observed for concentrations much lower than 0.02
g % conflicts with the constancy of the fluorescence
guantum yield in the same concentration range. More-
over, the sudden increase of fluorescence intensity at
about 0.02 g %, in principle interpreted as the cac of
the polymer, is not mirrored in the emission maximum
shift.

When the same method is used for the determination
of the cmc of cholic acid sodium salt, there is no evidence
for a significant difference between the values obtained
from fluorescence intensity and fluorescence emission
maximum, both giving about 0.3 g % as expected!®
(Figure 1b). To explain the results obtained with the
polymer solution, further understanding of the photo-
physical behavior of NPN is needed.

In Figure 2a we present the variation of the relative
guantum yield and fluorescence maximum of NPN in
1,4-dioxane/water mixtures as a function of dioxane
concentration. While the emission maximum decreases
steadily with the increase of dioxane concentration, the
fluorescence quantum yield reaches a maximum for ca.
25 g % dioxane. In view of these results, we conclude
that, if a hypsochromic shift undoubtedly indicates an
increase in the hydrophobicity of the average environ-
ment of NPN, the quantum yield does not correlate in
a simple manner with the characteristics of the solvent.

The unchanged quantum yield between 0.002 and
0.02 g % polymer concentration does not mean that the
average environment of the probe remains unchanged,
as long as a change in emission maximum is noted.
Perhaps the fluorescence quantum yields in the differ-
ent environments where the chromophore molecules
resides average to approximately the same value when
changing the polymer concentration. In fact, in this
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Figure 3. Values of the cac obtained as described in the text
as a function of the degree of substitution of the polymer for
Dex-CA (O) and Dex DCA (m).

concentration range the shape of the spectra (but not
the intensity) can be simulated as a composition of
spectra in 0.005 and 1 g % (data not shown).

The sharp increase of quantum vyield for Dex-CA
concentration higher than 0.02 g % is probably due to a
new type of aggregates where NPN is now trapped. The
vicinity of NPN in these aggregates is certainly more
hydrophobic, as we conclude from the shift in the
fluorescence maximum, but the 5-fold increase in the
guantum yield cannot be simply explained in terms of
polarity. In Figure 2b the variation of NPN emission
maximum and quantum yield in a mixture of PEG 600/
acetone as a function of PEG 600 weight concentration
shows that for a nearly constant transition energy the
quantum yield of NPN increases with viscosity. There-
fore, the large increase in quantum yield for high
concentration of Dex-CA is due to both the more
hydrophobic and more viscous environment of the NPN.
In this way we can, in principle, ascribe the inflection
in the quantum yield versus concentration curve to the
appearance of a more compact type of polymer aggrega-
tion and define this concentration as the cac of the
polymer. Below the cac, the hydrophobic parts of
polymer may partially protect NPN from contact with
water, resulting in the observed shift of fluorescence
emission maximum.

It is also to be noted that we are never observing NPN
dissolved in water. In fact, the fluorescence emission
maximum for concentrations lower than 0.002 g %
reveals interaction of NPN with an environment with
lower polarity than that of the pH = 7.0 buffer. Besides,
it is not believable that the fluorescence quantum yield
of NPN interacting with the polymer, even if in a loose
coil aggregate, is the same as in water, what would be
necessary for the constancy in fluorescence intensity.
With the present data it cannot be discarded the
possibility that NPN itself can induce aggregation,
namely aggregation of bile acid moieties around its
molecules.

Variation of NPN fluorescence quantum yield and
emission maximum with concentration is similar for all
BAMDex investigated. However, the concentration cor-
responding to the inflection of the fluorescence intensity—
concentration curve, cac, depends on the type of bile acid
bound and also on the DS of the polymer. For the same
degree of substitution the cac is lower for polymers
modified with deoxycholic acid, and for the same sub-
stituent it decreases with the increase of the degree of
substitution as shown in Figure 3. Both findings are
easily understandable in terms of the higher polymer
hydrophobicity conferred by DCA as well as that result-
ing from a higher degree of substitution.
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Table 1. Fluorescence Lifetime Components, zi, and
Corresponding Amplitudes, aj, and Average
Fluorescence Lifetime, [#[] of NPN in Solutions with 1 g
% of Polymer in Buffer Solution; for the Same Polymer
Concentration the Fluorescence Anisotropy, ragg, Is Also
Presented

lifetimes/amplitude

polymer
Dex-CA (DS = 4.0%)

71 (Ns)/ay
9.03/0.40

7o (ns)laz  [@FL(NS)  TFagg
24.0/0.60 21.0 0.11

Dex-DCA (DS = 3.6%) 6.27/0.40 19.9/0.60 17.6  0.13
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Figure 4. Variation of the steady-state fluorescence anisot-
ropy of NPN as a function of Dex-CA (DS = 4.0%) (O) and Dex-
DCA (DS = 3.6%) (M) concentration. The curves were obtained
from the fit of eq 2 to the experimental data with K, = 500.

Fluorescence Anisotropy of NPN in the Pres-
ence of BAMDex. Fluorescence anisotropy, ragg, and
average lifetimes of NPN in solutions with a high
concentration, 1 g %, of dextran modified with cholic or
deoxycholic acid are presented in Table 1. These fluo-
rescence anisotropies are to be compared with the
anisotropy in rigid media, ro = 0.17 £+ 0.03.

For this polymer concentration all NPN resides in the
polymer, and the fluorescence anisotropy is a measure
of the chromophore rotation during its fluorescence
lifetime, the correlation time for the rotation of the
aggregate itself in water being expected to be much
larger than the lifetime of the probe. According to eq 1,
and using a hydrodynamic radius of NPN equal to 0.6
nm, we obtain a viscosity of the environment of NPN of
ca. 1.7 P in Dex-CA, and 2.5 P in Dex-DCA, which
indicates a very high viscosity for the region where NPN
resides. The anisotropy values themselves are not easy
to compare with other values from the literature. For
example, the r values of 0.3 reported for deoxycholic acid
modified chitosan!® exceed our ro value which may be
due to different excitation and emission wavelength or
other technical differences.

The variation of fluorescence anisotropy, r, of NPN
with polymer concentration in buffer solutions of Dex-
CA (DS = 4.0%) and Dex-DCA (DS = 3.6%) (Figure 4)
shows a constant increase in the fluorescence anisotropy
as a result of the change in the average environment of
the probe with a small discontinuity at 0.02 g %, which
may have the same origin of the inflection point found
in Figure 1. The curves in Figure 4, obtained from the
fit of the experimental data to a hypothetical partition
between water and polymer aggregate for a partition
constant Kp = 500 determined with eq 3, do not describe
adequately the data. At the first sight it seems that,
despite a possible change of the aggregate characteris-
tics, the affinity of NPN for the polymer is the same,
whatever the concentration. However, this simple rea-
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Figure 5. Hydrodynamic radius of dextran (O), Dex-CA (DS
= 4.0 mol %) (d), and Dex-DCA (DS = 3.6 mol %) (W) as a
function of polymer concentration obtained by dynamic light
scattering. The fluorescence intensity of NPN in Dex-DCA (DS
= 3.6 mol %) (+) is also presented for comparison purposes.

soning is most probably erroneous because the fluores-
cence anisotropy of NPN is different for different types
of aggregates, and we are certainly measuring the
partitioning between two types of aggregates, formed
from extended coils at low concentration and tight coils
for the high concentration range. If this is the case, the
value of Kp obtained is devoid of physical meaning, and
at this stage, it is not possible to determine the partition
constant between aggregates because of the continuous
variation of the properties of the aggregates and the
unknown relative volume fraction they represent. The
approximate fit is not surprising because the shapes of
the curve in any case should be similar.

Whatever the degree of substitution for each type of
BAMDex, the fluorescence anisotropy of NPN tends to
the same value (ragq listed in Table 1) at high polymer
concentrations. The affinity for the polymer, however,
depends on the DS being higher for higher DS. For the
lower values of DS the fit of the experimental data to
eq 3 is even worse than that presented in Figure 4 (data
not presented), showing more clearly two different
regimes, one for low and the other for high concentra-
tions.

Dynamic Light Scattering of BAMDex Aqueous
Solutions. In Figure 5 the hydrodynamic diameters
obtained by DLS for original dextran or dextran modi-
fied with CA (DS = 4.0 mol %) and DCA (DS = 3.6 mol
%) as a function of polymer concentration are presented.
While the Ry, of the unmodified polymer does not change
with concentration, a large variation is observed for both
Dex-CA and Dex-DCA. This variation is mirrored by
that of fluorescence intensity of NPN in polymer solu-
tion (the data for a Dex-CA with a DS = 4.0 mol % are
also included in the figure for comparison purposes).
Considering the rather low molecular weight of these
polymers, the very large Ry obtained for the modified
dextrans in the low concentration range, when com-
pared with that for the nonmodified polymer, may be
assigned to the interaction between the hydrophobic
moieties of different polymer chains, resulting in the
formation of large and loose aggregates. This result
corroborates the interpretation given for the NPN
fluorescence data.

For polymer concentrations larger than cac the Ry
values of the modified polymers decrease continuously
until about 10 nm, remaining approximately constant
for concentrations larger than 0.2—0.5 g %. This radius
is twice that obtained for the unmodified dextran. At
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Figure 6. Histogram of hydrodynamic diameters obtained
from DLS for (a) Dex-CA (DS = 4.0%) at 0.025 g% (light shade)
and 0.5 g% (dark shade) and (b) Dex-DCA (DS = 3.6%) at 0.025
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these large concentrations the aggregates should be very
compact, in accordance with the high local viscosity and
low polarity revealed by the fluorescence methods. It is
important to note that we use here the concept of cac
quite liberally because in fact we are referring not to
the aggregation but to a compaction and reduction of
the number of polymer molecules per aggregate, as will
become even more clear after presentation of the SLS
results.

The distribution of hydrodynamic diameters for Dex-
CA (DS = 4.0%) and Dex-DCA (DS = 3.6%) is presented
in Figure 6. In both cases the distribution is narrow for
the high concentration regime and very broad for the
low concentrations. The diversity of aggregates existing
in the low concentration range may justify the constancy
of the average fluorescence quantum yield observed. In
the transition region the Ry, distribution is extremely
broad, and it is difficult to say whether there is a
bimodal size distribution as expected, but at the end of
the transition region a bimodal distribution is clearly
obtained for both polymers (Figure 7).

Static Light Scattering of BAMDex Aqueous
Solutions. We have obtained reliable Zimm plots in the
concentration ranges where both relative fluorescence
intensity and Ry values are approximately constant. In
Figure 8 we show those obtained for dextran, ¢ = 0.6—
2.0 g%, Dex-DCA (3.6 mol %), ¢ = 0.002—0.02 g%, and
Dex-DCA (3.6 mol %), c = 0.6—2.0 g %. In Table 2 the
apparent weight-average molecular weight, the second
virial coefficient, and the radius of gyration, Rg, obtained
from the Zimm plots for dextran and both modified Dex-
CA and Dex-DCA in the range of concentrations under
study are presented. The M, obtained from extrapola-
tion to c = 0 and @ = 0 do not differ in any case more
than 1%, but the physical meaning of Ry in this way
obtained may be questioned.'? Thus, the presented Ry's
are not intended to be taken as absolute values, but they
are useful for comparison purposes.

For the case of the unmodified dextran Ry does not
present a large change with polymer concentration, a
behavior already observed for R,. Moreover, the appar-
ent molecular weights are, within the error, equal to
those specified for the molecular weight determined by
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Figure 8. Zimm plots for (a) dextran, c = 0.6—2.0 g % and
two ranges of concentrations of Dex-DCA (3.6 mol %), c, in
the high- and low-concentration regions: (b) ¢ = 0.002—0.02
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viscometry (M, = 30 000), which indicates the presence
of polymer as a unimer. The ratio R¢/R, > 2 indicates a
very extended chain which is coherent with a persistent
length of dextran of 5—10 monomer units, indicating
that for molecular weights around 30—40 kDa the
conformation of the molecule should be a rather ex-
tended random coil.32 Below the cac (dilute regime) the
high apparent My for the both modified polymers
suggests an aggregation number of about 10—20, but
in more concentrated solutions the apparent My of the
aggregates indicates an aggregation number of only
2—3. These values are in agreement with the sequence
observed for the Ry and Ry values. Moreover, the ratio
R¢/Rn for modified polymers is much lower than that
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for the original dextran, in both the dilute and concen-
trated regime, suggesting the presence of more compact
particles. For Dex-DCA polymer, this ratio is very close
to the value of 0.775 expected for a compact sphere.

The change in the sign of the second virial coefficient
between both concentration regimes in BAMDex solu-
tions also indicates a change in the quality of the solvent
(from good to bad solvent) due to the increase in the
hydrophobically modified polymer concentration. Con-
sequently, the increase in concentration of hydropho-
bically modified dextran, in fact the addition of more
hydrophobic pendent groups to the medium, can be
perceived as an increase in the fraction of a nonsolvent
for the polymer.

In the transition concentration range, 0.02—0.2 g %,
due to the change in the aggregate geometry, no reliable
data could be obtained from the Zimm plots.

In Figure 9 the values of Kc/Ry obtained from the
extrapolation of eq 4 to & = 0 are plotted versus Dex-
CA concentration. A clear slope change is observed for
a polymer concentration c¢; = 0.30 g %, indicating a
change in the sign of A, and, consequently, a transition
in the quality of the solvent. As the extrapolation of the
two straight lines to ¢ = 0 gives the value of 1/M,,, the
change from a good to a bad solvent is clearly ac-
companied by a decrease in the apparent M,, and
transition from big and loose aggregates to small, very
compact particles. A similar transition has been re-
ported for xanthan—water solutions, but now resulting
from the increase of temperature.?> The driving force
for this change is easily understandable and explained
by the authors, but no such transition induced only by
the increase in polymer concentration has been, to our
knowledge, until now reported. A curious result from
DLS and SLS measurements on dextran solubilized in
water/dioxane mixtures is that, at low dioxane concen-
trations, dextran is better dissolved in the water/dioxane
mixture than in water, but by increasing the dioxane
concentration the Ry and A, values increase initially and
then decrease.®® This is in a way comparable with what
we observe for BAMDexs in the case where we consider
the hydrophobic substituent as a bad solvent for the
modified polymer. Obviously, the CA and DCA are more
than bad solvents, promoting aggregation probably due
to specific interactions.

Conclusions

Both fluorescence and LS data show that BAMDexs
form aggregates over the whole concentration range
(0.001—2 g %) used in this study, but the size and shape
of the aggregate are strongly dependent on the polymer
concentration.

Below what we defined as the cac there is an initial
critical concentration, c;, at which isolated molecules
begin to associate, forming big aggregates with a large
number of polymer chains probably interacting through
their hydrophobic groups. These loose aggregates are
“swollen” with water, but the polarity of the medium
inside them is lower than that of water. NPN, being
hydrophobic, is trapped in these aggregates, partitioning
between the dextran—water region and the aggregates
of the cholic or deoxycholic moieties. An alternative
explanation for the NPN fluorescence yield/fluorescence
maximum behavior resides in the polydispersity of the
polymer aggregates in this very low concentration
range, if we accept that this polydispersity is reflected
in the aggregate compactness and not only in the
number of unimers per aggregate.
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Table 2. Molecular Weight, Second Virial Coefficient, and Gyration Radius Obtained for Dextran and Hydrophobically
Modified Dextrans from the Zimm Plots in the Low and High Concentration Ranges; the Hydrodynamic Radius from
DLS and the Ratio Ry/Rn for the Same Polymers Are Also Included

dextran Dex-CA (DS = 4.0%) Dex-DCA (DS = 3.6%)
0.002—-0.020 g%  0.6—2.0g%  0.002—-0.020g% 0.6—2.09%  0.002—0.020 g%  0.6—2.0 g%
mol wt (kg/mol) 32.6 39.9 720 58.4 852 78.5
2nd virial coeff (cm® mol/g?) +3.0 x 1078 +5.0 x 1073 +5.7 x 1073 —1.7 x 107 +1.1 x 1078 -3.0 x 10~
radius of gyration, Rq (nm) 35 22.1 106 154 57 9.1
hydrodynamic radius, Rp (nm) 6 6 65 9.5 75 10
Rg/Rn 5.8 3.7 1.63 1.62 0.76 0.91
concentration range we are probably above the bile acid
= moiety cmc, and aggregates of two or three polymer
20r a “rem molecules allow the formation of micelles of at least four

(KCIR) x 10°
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T
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Figure 9. Scattered intensity extrapolated to zero angle
versus concentration of Dex-CA (4.0 mol %) obtained from the
SLS measurements on polymer solution with concentration in
the range 0.05—0.5 g %.

The increase in polymer concentration above the cac
induces the formation of more compact hydrophobic
microdomains, as deduced from the increase in relative
fluorescence intensity and decrease in hydrodynamic
radius of polymer aggregate. A further increase in
polymer concentration above a critical transition con-
centration, ¢, determines a transition of polymer chains
from a random coil to a compact coil. This transition is
accompanied by both a change in the quality of the
solvent and the disruption of intermolecular associates,
leading to small and very compact aggregates formed
by only 2—3 polymer chains, with a high number of
hydrophobic intra- and intermolecular junctions and a
high local viscosity, in which a fluorescent probe like
NPN partitions favorably.

These “critical concentrations” were observed for all
the BAMDex studied here, but their values shift to lower
values with the increase in the hydrophobicity of the
pendent groups and degree of substitution.

The presence of large aggregates formed by intermo-
lecular association at very low concentration has already
been reported for other polymers, of both high and low
molecular weight.”1434 However, the transition from big
to small aggregates with increase in concentration is
very peculiar. The mechanism we suggest to explain this
transition is based on the ability of bile acids to form
micelles with very low aggregation numbers, the low
molecular weight of polymers, and their low degree of
substitution. For very dilute solutions the overall con-
centration of bile acid moiety is below its cmc, and the
interaction between more than two bile acid moieties
from the same polymer is less probable due to the
relatively large persistence length of the dextran chain
(5—10 units), the small degree of substitution, and the
low polymer molecular weight (150 glucopyranosidic
units). Consequently, no intrapolymer micelles can be
formed despite the large local bile acid concentration.
By contrary, a few hydrophobic junctions between
several extended chains result in formation of bile acid
micelles or, at least, long-lived aggregates. In the high

bile acid units. The occurrence of these micelles results
in the aggregate shrinkage and their separation from
the big and loose aggregates. This explanation obviously
lacks experimental testing which might be obtained by
comparing the cmc/cac of bile acids esterified with
dextrans having different M,,, from small glucopyrano-
sidic chains to very high molecular polysaccharides.
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