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Small-angle X-ray scattering (SAXS) together with static (SLS) and dynamic light scattering (DLS)
measurements were carried out on aqueous solutions of lysozyme (LY) and of the ionic biological detergent
sodium glycocholate (NaGC). Apparent diffusion coefficielg,f), excess Rayleigh ratio, and SAXS spectra

were measured for 0.1 M NaGC solutions at different ionic strengths {@@3® M NacCl). The same data

were collected for LY in sodium acetate buffer 50 mM without and with 92 mM NaCl as a function of
protein concentration (3980 g L™Y). A correlated analysis of SLS data and SAXS spectra was first tested on
the LY samples and then extended to the interpretation of the NaGC data to infer information on particle
structure and interaction potential. A hard-core (HC) interaction shell of uniform thickness, a screened Coulomb
potential of the electric double layer (EDL) or the complete DLVO potential were alternatively used to represent
the long-range tail of the interaction potential. Whenever an essentially repulsive tail is expected, all the
representations give reasonable results, but the data analysis does not allow the discrimination between the
oblate and the prolate symmetries of the NaGC aggregates. The DLVO model allows the interpretation of the
data even when the attractive component determines the tail character. With this model an overall fit of the
micelle data at all the NaCl concentrations was successfully performed by assuming a simple spherical symmetry
of the micelles and invariant values of their ionization degree and Hamaker constant, thus considering just
the screening effect of the added electrolyte. Whatever model is used, the results point out that the aggregates
are quite hydrated (2638 water molecules per monomer) and very slightly grow by increasing the NaCl
concentration. When spherical symmetry is assumed the aggregate radii for all the samples fall in the range
15—-16 A. From the SAXS and SLS, best fitting geometrical parameters, and interparticle structure factor, a
DappVvalue was calculated for each sample. An excellent consistence is achieved for LY results. On the contrary,
calculatedD,p, values systematically lower than the experimental values are always obtained for the NaGC
micelles. Micelle polydispersity and internal dynamics seem to be the most probable reasons of the bad
agreement.

Introduction by analyzing the angular dependence of the scattered intensity
for concentrated samples, thus avoiding the extrapolation at
infinite dilution.r~* For micellar systems at the most commonly

) X studied concentrations this condition is generally realized when
colloids. For this purpose, transport property measurements, suc .
-ray or neutron scattering measurements are performed. On

as those performed by dynamic light scattering (DLS) as well s S :
as static scattering data, such as those provided by static Iightthe contrary, when the visible lightis used as in SLS and DLS

scattering (SLS) and small-angle X-ray scattering (SAXS), are experimentg, no angular depenglence of the scattering data is
often used. Obviously the particle interaction effect on the observed since th_e wavelength is ge_nerally r_nuch _greater than
experimental data is detectable and can be reliably analyzedbOth the particle size and the mgan interparticle d|stances..
when concentrated systems are studied. However, this effectis N this case SLS and DLS studies are performed by analyzing
regarded as a nuisance when the investigation interest isOnly the concentration dependence of the experimental data.
essentially focused on the particle structure and is generally Therefore, the information on particle structure and particle
removed by extrapolating the data at infinite dilution. interactions is inferred from the intercept and the slope of the
When the wavelength and the particle size are comparable,€xperimental trend in the dilute region'*

the static scattering pattern is a function of the distribution of  Actually, the extrapolation procedure can be unreliable when
the scattering centers within the particle and of the particle micellar solutions are studied since very often the micelles
distribution within the solution. In this case, a rough description change their size and shape by changing the surfactant concen-
of the particle structure and interaction potential can be inferred tration. The problem is more complicated in the case of ionic
micelle solutions, where both the micellar structure and the

Particle structure and particle interaction potential are fun-
damental properties to rationalize the physical chemistry of
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Figure 1. Molecular formula of the glycochotate anion (hydrogen
atoms are omitted).

However, a correlated analysis of SAXS, SLS, and DLS data
can be performed in which the information on particle distribu-
tion, obtained from the SAXS data, is used to interpret SLS
and DLS results, thus avoiding the extrapolation method. The
main results of this kind of analysis can be summarized in two
major points. The first is that in this way more realistic
descriptions of structure and interactions of unknown particles

Leggio et al.

camera, containing a slit collimation system, equipped with a
Nal scintillation counter, in a temperature-controlled room at
25 + 1 °C. Ni-filtered Cu Ko radiation ¢ = 1.5418 A) was
used. Scattering curves were recorded within the range 0.012
< q = 0.5 A1 (q= 47 sin@/A)). The moving slit method was
employed to measure the intensity of the primary beam. The
collimated scattering intensities were put on an absolute scale
and thus expressed in electron units, e.u. (electrdns) per
centimeter of primary beam length3° In terms of total
scattering cross section of an ensemble of particles, 1 e.u.
corresponds to 7.9405& 1072 cm 131 In the minimization
procedures, the calculated intensities have been smeared by the
normalized weighting functions for slit length and slit width
effects®2 and the best agreement with the experimental data was
obtained by minimizing the function

1 N (lo(a) — |Ci(Q))2
R—_ -

can be provided by interpreting the data obtained from the wherelo(g) andlici(q) are the smeared observed and calculated

different techniques. Moreover, when applied to particles of

intensities,o 2 is the 10i(q) variance, andN is the number of

known structure, the consistency of the data analysis given by experimental points.
different techniques can be used to test the models and the SLS and DLS Measurementsin the SLS experiments the

approximations that are normally involved in the interpretation
of the experimental data.

Recently this kind of approach was used in the interpretation
of SAXS and DLS data of some bile acid salts, sodium
glycodeoxycholate (NaGD®&) and taurodeoxycholate (NaT-
DC).15 The bile salts are extremely important biological sur-
factants, which guarantee the solubilization of a wide variety

excess Rayleigh ratio of the sample, at the scattering vegtor

was determined a&R(q) = Ri[(q)0— Ois(q) [V Mkei(g) Dwhere

Rl is the known toluene Rayleigh ratio afiq)C) Os(q)Cl and
Twi(g)Care the average intensities of sample, solvent, and

toluene, respectively.

In the DLS measurements, the temporal fluctuations of the
scattered intensity by a micellar solution were analyzed by

of molecules in aqueous physiological solutions. Because of estimating the normalized temporal autocorrelation function of
their biological importance the physicochemical characterization the scattered intensity

of bile salt micelles represents a quite interesting topic. In
particular, significant work has been dedicated to the determi-
nation of the micellar aggregate structdité#28 The reason is

that the amphiphilic nature of bile salts depends on a peculiar

disposition of polar and apolar groups in their molecules (Figure

1), and then the structures of their aggregates are quite differen

from those of classical detergents.
In this paper, the complete correlation of SAXS, SLS, and

DLS data is reported. This integrated analysis is first tested on %,
the lysozyme (LY) solutions that we chose as model systems.

Hence, it is extended to the study of bile salt (sodium
glycocholate, NaGC, Figure 1) micellar solutions over a NaCl
concentration range of 0.69.30 M.

Experimental Section

Materials. NaGC (Sigma), LY from chicken egg white
crystallized 3 times, dialized, and lyophilized (Sigma), and NaCl
(Merck, suprapur) were used. NaGC was crystallized from a

[0(q,0)1(9,7)0

gZ(q!T) = D](q) [ﬁ

wherel(q,7) is the scattered intensity at the scattering veqtor

and at the timer. By assuming a Gaussian distribution of the
intensity profile, the normalized field autocorrelation function
7) was derived frong,(g,7) through the Siegert relatioii:3*
Thereforegi(q,7) was analyzed through the cumulant expansion,
and the so-called apparent diffusion coefficieDtp, was
obtained from the first cumulant by the relation

1 din g]_(qu)
Dapp=~ 2 ¢ |

q

=0

A Brookhaven instrument constituted by a BI-2030AT digital
correlator with 136 channels and a BI-200SM goniometer was

mixture of water and acetone and dried under vacuum. The pH used. The light source was a Uniphase solid-state laser system

4.75 acetate buffer (NaAc buffer) was prepared by mixing equal

model 4601 operating at 532 nm. Dust was eliminated by means

amounts of sodium acetate and acetic acid. The final concentra-of a Brookhaven ultrafiltration unit (BIUU1) for flow-through

tions of the two species in the buffer solution were 50 mM.

cells, the volume of the flow cell being about 1.0%Huclepore

After the protein addition the pH of each sample was corrected filters with a pore size of 0.&m were used. The samples were
by adding very small amounts of concentrated acetic acid. The placed in the cell for at least 30 min prior the measurement to

total volume variation, which is given by this correction, was
neglected in the calculation of the final concentration of the
ionic species in the medium. The actual LY concentrations in

allow for thermal equilibration. Their temperature was kept
constant within 0.5C by a circulating water bath. The time-
dependent light scattering correlation function was analyzed only

the samples were determined by UV absorption measurementsat the 90 scattering angle. Apparent diffusion coefficients did

usingepgp = 2.64 mL mgt cmL
SAXS Measurements The SAXS measurements were car-
ried out in a 1-mm quartz capillary by using a Kratky compact

not show any relevant dependence on the exchanged wave

vector in the range 30150° in our experimental conditions.

Refractive index measurements for the NaGC SLS data inter-
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pretation were performed by means of an Index Instruments strictly related to the particl& value and to the steric protection

refractometer GPR 11-37.

Theoretical Background

Interaction Potential Models. Several published results
indicate that the particle direct interaction can be well ap-
proximated as a sum of a hard body repulsion or excluded
volume component plus a long-range interaction tail. For
spherical particles of radiwsthe hard body repulsion is defined
as

Vys=o for x<1
=0 for x>1

where as a function of the interparticle absolute distanae
havex = r/2a. The DLVO theory of colloid stabilit§ indicates
that, for charged colloids, a suitable representation of the
interaction tail is given by the superposition of an electric double
layer repulsion epL) and a van der Waals attractiod,f. In
particular, from the solution of the PoisseBoltzmann equation

for the charged double layer, it suggests that the electrostatic
repulsive component can be represented by a screened Coulom

potential. The analytical form of this potential depends on the
value of the Debye Hiickel reciprocal screening lengthwhich
is defined as
2N, A110°| 2
K=\ 1)

kTee,

where ¢ is the dielectric constant of the mediunmy is the
permittivity of the free spaceg is the electronic charge is
the Boltzmann constant, is the absolute temperaturi, is
Avogadro’s number, antlis the ionic strength defined as=

11,5 iciz?, with ¢ andz representing the molarity and the charge
number of each ion in the medium. Wheis sufficiently small

or more quantitatively whera < 3, the electrostatic repulsion
can be well approximated by a Yukawa potential. A potential
tail in the general Yukawa form is given by

V(x) = i exp{— 2a(X ; 1)]

whered andJ are the characteristic range and depth, respec-
tively. For the DLVO Coulombic repulsionyep,, we have
d = 1/k and

)

ZZ e2

J=——"""7—"— 3
8meca(l + xa)’ @)

whereZeis the particle charge.
A complete definition of the particle interaction potential tail

thickness that would be assumed for the Hamaker equation.
When protein solutions are treated, a potential of mean force
constituted by the DLVO expression plus two further contribu-
tions is employed to describe the particle interactions. These
contributions are expressed by a component accounting for self-
association of proteins and an osmotic attractive potential due
to the excluded volume effect of the salt ions, which is extremely
important when solutions with high concentrations of added
electrolyte are consideré@3°In the latter condition satisfactory
fits of SAXS, SLS, and DLS data can be achieved if the Yukawa
form of the attractive component is supposed to account for
both the van der Waals and the osmotic attractive contribu-
tions 37

However, at low added electrolyte concentration, as in our
case, the osmotic contribution in LY solutions can be neglected,
and the complete DLVO potentiaV/(= Vus + VepL + Va) is
exhaustive to model the interaction between colloidal charged
particles (DLVO interaction modef):38 Therefore we used this
potential as the most reliable to discuss our results.

In any case, depending on the experimental conditions, much
Bimpler forms for the interaction potential can be employed. In
particular, whenever the electrostatic repulsion effect prevails
over the attractive one, the whole interaction potential can be
considered as a sum of the hard body component plus a long-
range tail with an effective repulsive character. Very often in
this case the attractive component of the DLVO model is
neglected, and the hard body component with an electric double
layer potential tail, expressed as in egs3l is used to describe
the micelle-micelle interaction potentialM = Vus + VepL)
(EDL interaction model}.440-46

Alternatively, a very simple hard-core (HC) interaction model
can be applied where the effect of particle interactions is
mimicked by representing the potential tail as a rigid interaction
shell of suitable thickness4-1847:48 |n this way, spherical
particles are supposed to give a hard-core interaction at a radius
a + t, wherea is the particle radius. For ellipsoidal particles, a
homogeneous thickness of the interaction shell can be consid-
ered. This means that for particles with semiaggandb, an
interaction ellipsoid of semiaxez® + t andb. + t, t being the
interaction shell thickness, is assumed.

The EDL and the HC models have been already used in the
correlation of SAXS and DLS data on NaGBGnd NaTD@®
micellar solutions. However, some inconsistencies have been
observed in the data interpretation that throw some doubt on
the validity of these models. Actually, a definitive conclusion
on the reasons of this interpretation failure has not been reached.
The problem is that when self-assembling systems are studied
some aspects such as polydispersity and aggregate internal
dynamics, which are usually present in these systems, affect
the data analysis. Hence, the interpretation model influence on
the results cannot be rationalized. Protein solutions do not

needs the attractive van der Waals contribution to be added topresent these problems and can be reliably used to test these

the electrostatic repulsive one. For this component the following
vo_ A1

expression derived by HamaReis available
1
T 12

whereA is the Hamaker constant. The potential diverges when
x =1, so a lower cutoff representing a steric protection thickness
must be assumed to suppress the divergence.

To overcome problems in calculations, sometimes a Yukawa
form is also used to represent the particle attractive compo-
nent3”38 The choice of] (Jar) andd (day) in this potential is

2_
+12+2|n(x . @)
X X

models. For these reasons an analysis of well characterized LY
solutions was performed in this work under the assumption of
HC and EDL interaction potential. Moreover the more realistic
DLVO model was applied, and finally, all three representations
were employed to analyze NaGC solutions.

SAXS Data Treatment. The contribution of a single particle
to the total scattered intensit{q) is generally expressed in terms
of scattering form factoF(q) defined as

F(9) = [ Ap expar) dv

whereAp is the difference between the particle and the solvent
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electron density. The integral is over the volundeof the
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solution refractive index concentration dependence, respectively,

particle. For a monodisperse system of homogeneous andandi is the laser wavelength.

spherically symmetric particles, the intensity can be factored
into separate intra- and interparticle functions as

1(a) = N,P(9)(q) (®)

whereN, is the particle number densitl(q) is the intraparticle
structure factor that, for a homogeneous sphere with raaius
is given by

sin(ga) — gacos@a)|?
q3

and §q) is the interparticle structure factor that is related to
the patrticle distribution within the solution and that, as a function
of the particle volume fractiog, can be expressed as

P(a) = IF(0)I* = |47Ap (6)

sin 2Zagx

2agx o

Sq) =1+ 249 [ xg(x) — 1] 7
with g(x) representing the radial distribution function. It is
important to note that both, and ¢ can be expressed as a
function of the particle molecular weighl as N, = cNa/M
and ¢ = 4mca®Na/3M, wherec and N, are the particle mass

Moreover, because of particle interactions it is expected that
Dappdepends on the scattering vector. A general expression for
this diffusion coefficient is given B{51.52

_ D1+ H(a)]
Sa)

whereH(q) is the hydrodynamic function that accounts for the
flow-related interactions and &¥q) depends on the particle
distribution in the sample, an®, represents the diffusion
coefficient at infinite dilution given by

app (11)

_ kT
°  6mna,

(12)

with a, and n representing the hydrodynamic radius of the
diffusing particles and the medium viscosity, respectively. When,
as in our case, the characteristic probing length of the scattering
experiment (2/q) is much larger than the interparticle correla-
tion length, the limitq — O for the structure factor§0)) and

the hydrodynamic functiorH(0)) can be assumed in eqs 9 and
11, thus obtaining

density and Avogadro’s number, respectively. For nonspheri- 1+ H(0)
cally symmetric but monodispersed particles, the decoupling app— " g0) (13)
approximation can be assumed, and the scattered intensity S0)
expression can be generalizedtb AR = cKMS0) (14)
_ 2 |IF(q)TF B The termS(0) can be easily estimated as a limit of eq 7.
I(@) = NPD]F(q)' [{1 + @F(q)lzéqq) S ®) Moreover, assuming pairwise additive hydrodynamic coupling,

H(0) can be calculated by using the following equation
with the angular brackets representing the average over all the
particle orientations. Generally oblate or prolate ellipsoids of H(0) = [A, — flw F()[1 — g(X)] dxX]¢
revolution are used to describe the shape of micelles or globular

macromolecules. The(q) average expressions for these For the terms of this equation, two satisfactory treatments
geometries are widely reported in the literattire. obtained by Batchelé% and FelderhSf are available. The

A detailed description of colloidal parti_cle structure needs (jfferences between the two treatments are very small, and the
SAXS spectra to be collected for very dilute samples where resyjts obtained in the experimental data interpretation roughly
particle interactions are negligible. In such a wég) = 1 can agree within the estimated standard deviation (esd) v&fes.

be assumed, and the SAXS pattern can be interpreted as anjs paper, we report the results obtained according to Felderhof
function of particle structure alone. The indirect Fourier {reatment, which gived,, = —6.44 and

transform, as developed, for example, in the ITP progtam,

constitutes a very powerful method for analyzing the spectra in 75

these conditions. Moreover, it is well established that the as

experimental SAXS patterns of native protein solutions can be

adequately described by scattering curves calculated from The reported theory indicates thg(K) is needed to exhaus-

crystallographic structures and accounting for hydration effects. tively interpret static and dynamic scattering measurements. This

A program (CRYSOL) able to evaluate SAXS profiles from function can be obtained by the solution of the Ornstein Zernike

crystallographic structures, taking into account a hydration shell (0z) equation for the net correlation functidiix) = g(x) —

contribution described by a border layer of variable scattering 156 Depending on the particle interaction potential feature,

density, has been developed by Svergun &¢ al. different closure approximations can be used to solve this
SLS and DLS Data Treatment. It is known that for a  equation. In this paper we employed two of the most commonly

solution of small, interacting particles the excess Rayleigh ratio used closures, which are the Percus Yevick @¥nd the

can be expressed as hypernetted chain (HNC). The PY closure is generally applied

in cases of systems of particles interacting by means of just the

(15)

15, 27

F(X) = 12x — <L
8’  64xt

(16)

AR = cKMYq) 9) excluded volume component, and we used it in the case of the
with HC model. The HNC is useful when the interaction potential
consists of a hard-core plus a long-range part. The latter
A7Pn 2 dn approximation was employed in the case of the EDL and the
= 0 (_n) (10) DLVO models. To solve the OZ equation under the HNC
N A dc assumption an iterative procedure was followeef

The above-mentioned relations constitute the fundamental

wheren, and (dv/dc) are the intercept and the slope of the principles for some of the most used procedures of SAXS data
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Figure 2. c/AR andD,ppvalues of LY in 50 mM NaAc buffer (black Figure 3. ExperimentaDa,, (0pen squares) aric/AR values of 0.1

circles) and in 50 mM NaAc buffer with 92 mM NaCl (open squares), M NaGC aqueous solutions as a function of NaCl concentrations
as a function of the LY concentration. The curves represent the t0gether with estimate®ap, values by assuming a spherical (up

estimated patterns on the basis of the HC (full lines), EDL (dotted lines), PCInting triangles), an oblate (down pointing triangles), and a prolate
and DLVO (dashed lines) models. The esd values are within the (diamonds) symmetry on the basis of the HC (full symbols) and the
symbols. EDL (open symbols) models. THe,,pc Values estimated on the basis

of the DLVO model are also reported (full squares). The esd values
interpretation. If a suitable guess of the interaction potential is &€ within the symbols.
available, then the SAXS spectra can be fitted by means of thesesets, a decrease of these slopes, in the dilute regime, is expected
procedures to obtain the geometrical parameters of the micellespy decreasing the interaction potential repulsive character. If,
and the§(g) function. The basic principle of the comparative as in our case, the tergiAR is reported to represent the SLS
analysis reported in this paper is that the best fit]@) values  data, then the dependencekof the experimental slope must
of the SAXS spectra can be used in eq 14 to interpret the SLSphe considered. However, only a very slight variationngf
measurements. Moreover, an interpretation of the DLS data cangn/dc, and then oK values for LY solutions is expected in the
be attempted. As a matter of fact, a hydrodynamic radius can studied NaCl concentration range. Therefore, the variation of
be calculated from the SAXS best fitting particle geometrical the ¢/AR vs c plot slopes as a function of the NaCl molarity
parameters to estimal® (Doc) by means of eq 12. Furthermore  reflects essentially the added electrolyte dependence of the
g(x) obtained in terms of the extract&{q) Fourier transform  particle interaction effects on SLS data. In the case of charged
as?® particles that are characterized by an electrostatic component
422 in the interaction potential, this means that SLS and DLS data
— o _ ; trends can be significantly affected by the presence of an added
g =1+ 127¢x J“’ [S(@ — 1lasin (2 da (17) electrolyte. On the basis of the DLVO potential, a general reason
is that, as shown by the dependencd @i the electric double
layer potential, a screening effect of the electrostatic component

can be employed for the determination l6(0) by means of

egs 15 and 16. This value together with the SAX8) and the  jg'axpected by the ions in the medium. Sometimes, other effects,
Dﬁc values aI_Iows the estlatlon of ahcalculaﬂé_gpp (Dappd. such as an electrolyte-induced variation of the particle charge
The comparison betweeDappc and the experimentaDapp because of ion binding or the onset of osmotic forces, are also

provides some important information both on the colloidal j,ued. The LY data confirm this behavior. Therefore a drastic
particle features and on the validity of the interpretation methods. lowering of the plot slopes in Figure 2 is observed when NaCl
Results and Discussion 's added. -
The SLS and DLS data are shown in Figure 3 for 0.1 M

Experimental Results. The DLS diffusion coefficient and  NaGC solutions as a function of NaCl molarity (0-68.30 M).
the SLSc/ARratio are reported for LY in 50 mM NaAc buffer,  In this case d/dc measurements were performed. Within the
without added electrolyte and with 92 mM NacCl, as a function experimental error the same value of 0.1940.001 mL g?
of the protein concentration (Figure 2). When non-self-as- was obtained for NaGC in 50 and 300 mM NacCl solution. By
sembling colloids are considered, the particle interaction effect assuming this value angy, = 1.33,K was estimated, and the
on DLS and SLS data can be isolated by analyzing the slopesscatteringKc/AR was reported. A typical trend @, values,
of DappandKc/AR vs ¢ plots. In particular, for both of the data  very similar to that of the previously studied NaGGM®
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Figure 4. Smeared SAXS spectra of 0.1 M NaGC micellar solutions Figure 5. Experimental smeared SAXS spectra of LY in 50 mM NaAc
at different NaCl concentrations (dots). The solid lines are the theoretical Puffer (lower panel) and 50 mM NaAc buffer with 92 mM NaCl (upper
fits assuming a spherical symmetry of the micelle and on the basis of Panel) (symbols). The solid lines are the calculated intensities for a
the DLVO interaction model. The residuals are reported in the insets. Prolate shape of the protein and the DLVO interaction model.

solutions, is observed (Figure %).In particular, largeDagp representations, the buffer, the added NaCl, and the protein
values characterize the low ionic strength samples, where acontribution were considered in the ionic strength calculation.
strong electrostatic component dominates the intermicellar Therefore, it was roughly estimated Bs= (Cnaac + Cnacl +
interaction potential. Therefore, the values gradually decrease/2CLyZ), wherecnaas Cnac, @ndcLy are the molar concentrations
by increasing the NaCl concentration, because of the progressiveof NaAc, NaCl, and LY, respectively. Since no aggregation is
screening of the electrostatic repulsions. In agreement with thisexpected for LY an overall fit of all the SAXS and SLS data
trend, a decrease of the scattering ratio with the NaCl concentra-was carried out by assuming the same particle semiaxes for all

tion is observed. the samples.

SAXS spectra were recorded on the same NaGC solutions As far as the DLVO model is concerned, the attractive
of Figure 3 and some of the LY solutions of Figure 2 {14D interaction potential expressed in the Yukawa form with=
g L71LY in NaAc buffer and 16-70 g L™ LY in NaAc buffer/ —2.5 kT and dar = 3 A was employed. This potential was

NaCl solution). In the case of NaGC, the spectra very slightly proposed, for the first time, by Tardieu et®8and successfully
change in the shape, mainly because of changes in the particleused in the interpretation of SAXS spectra of LY in conditions
interaction potential, as a function of the NaCl concentration similar to those of our samples. In our minimization procedure,
(Figure 4). The same effect is observed by comparing LY spectrathe Ja and da values were kept constant, and the ellipsoid
at different electrolyte concentrations. Moreover, for the protein semiaxes and were varied. Spherical particles with the same
samples, an obvious increase of th{g) values and of the  virial coefficient of the prolate ellipsoids were used in t{g)
interaction effect is also observed in the spectra by increasing calculation.
the LY concentration (Figure 5). Itis well established that, when LY samples at different added
SAXS and SLS Data Interpretation. LY. It is well-known electrolyte concentrations are studied assuming the DLVO
that the LY protein has a globular structure normally represented model, the change of the ionic strength is not sufficient to
by a prolate ellipsoid? thereforeF(q) for this geometry and explain the influence on the interaction potential induced by
the decoupling approximation (eq 8) was assumed in the SAXS the electrolyte addition. On this subject, Tardieu et al. demon-
fits. The knownM of LY (14 600 Da) was used to estimati strate that the assumption of a DLVO interaction potential with
and ¢ in the calculations (egs 5 and 7), and thg value for a NaCl-concentration-dependehtalue successfully accounts
each sample was chosen as the best scale factor between SAX®r the added electrolyte effect on SAXS spectra in a large range
calculated and experimental intensities. All the described modelsof NaCl molarities (6-350 mM). As a result, they obtained that
were used in theS(q) estimation. For the EDL and DLVO  Z is equal to 6.0 at low NaCl concentrations and gradually
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TABLE 1: Best Fitting Parameters of the LY SAXS Spectra
on the Basis of the HC, the EDL, and the DLVO Interaction 3.0
Models (interaction potential parameters aret (HC model)
and Z (EDL and DLVO models))2

25+
interaction potential parameter
interaction model a.(A) be(A) OmMNaCl 92 mM NaCl 20"
HC 26.4 15.8 3.5
EDL 265 157 5.5 15!
DLVO 27.0 15.6 7.7 6.9
aEstimated standard deviation values are within 1.54, 0.5 A 10+
(b)), 0.2 A (1), and 0.3 2). '
decreases up to 2.1. However, a different approach was followed 05
in a SAXS and light scattering study by Narayanan &t ahese s
authors, by starting from more general assumptions, employed &
the Tardieu et al. expression for the potential of mean force ~ 3.0}

with a Yukawa attractive term accounting for both the van de
Waals and the osmotic component. Therefore, they fit the data 25
by assuming a constant value @f= 6 at different added
electrolyte concentrations. In this way, they obtaidgd= —3kT

andd.; = 3 A at low NaCl molarity (8.6 mM), thus confirming 207
the Tardieu et al. results. Conversely, at high NaCl concentra-
tions (860 mM), they found a much lower valueJaf (—10kT) 1.5 |
because of the onset of the osmotic attraction.

At our NaCl concentration, the effect of the osmotic contribu- 1.0 +
tion is very low, and the application of the Tardieu et al. or the
Narayanan approaches is roughly equivalent. By following 05 |

Tardieu et al., we performed an overall fit of all the LY data
by assuming the same geometrical parameters for all the
solutions and two differer values at the two NaCl concentra-
tions. The best fitting SAXS curves relative to the DLVO model 1
are shown in Figure 5, and the corresponding parameters are q(A )
reported in Table 1. Figure 6. Experimental smeared SAXS spectra of LY in 50 mM NaAc
In the case of the HC model, the interaction shell thickness buffer, at 25°C (symbols). The solid lines are the theoretical fits
was varied together with the two semiaxes in the minimization assuming a prolate symmetry of the protein and on the basis of the
procedure, and for each triplet af, be, andt values theS(q) HC (upper panel) and EDL (lower panel) interaction models.
function was estimated by applying the PY closure approxima-
tion5162to the hard spheres with the same virial coefficient of €xperimental data at these ionic strengths and probably the

the interaction ellipsoids (semiaxag + t andbe + t). In the choice of an attractive tail could give rise to better fits. If so,
case of the EDL model as explained for the DLVO assumption, then the best fitting parameters are conditioned by this forced
Z was varied together with the geometrical parameters. assumption. Therefore, the overall fits with the HC and the EDL

Within the same NaCl concentration, the invariance of the models were limited to the samples without NaCl. The best
interaction shell thicknessand of the charg& was assumed fitting curves are shown in Figure 6. The correspondigde,
in the HC and in the EDL models. Of course for the HC t, andZ values are reported in Table 1.
representation this means that the same interaction potential is To compare SAXS and SLS data, t§®) as a function ot
considered for these samples. This assumption is quite drasticwas calculated for the scattering spectra best fitting parameters,
since it does not account for the interaction potential dependencewith the g — 0 form of eq 7. Therefore the/AR ratio was
on the protein concentration that is related to the LY contribution estimated by means of eq 14. In this equation Khelue giving
to the ionic strength and therefore on the electrostatic interactionthe best agreement between experimental and calculated scat-
screening. However this contribution is quite low, and in view tering ratios was assumed. The obtain&sR trends are reported
of the roughness of the model it was neglected. in Figure 2. Very good consistency of the calculated curve and
It is worth mentioning that, since no attractive component is the experimental data is observed. From the best fiinglue,
considered in the EDL representation, the best fitdngalues by assumingn, = 1.33, the refraction index increment was
cannot be strictly related to the protein charge and must be calculated by means of eq 10. In the case of LY/NaAc buffer
considered just as a minimization parameter. For the same reasoisolutions, for all the used models, a best fittiKgvalue is
Z values lower than those obtained by assuming the DLVO obtained corresponding to a/dc of 0.220+ 0.003 mL g*. A
potential are expected. Obviously, differé@ndZ values were slightly different best fitting d/dc value of 0.216+ 0.006 mL
considered for the samples with and without NaCl. g~ lis given by the DLVO representation for the LY/NaCl/NaAc
When the 92 mM NaCl spectra are fitted with the HC and buffer samples. These values are in agreement with the data
EDL models, best fittingt and Z values equal to zero are reported by Muschol and Rosenbef§efor LY in similar
obtained. This means that, on the basis of the static scatteringmediums and for similar light wavelength (0.227 mtly This
data, the interaction potential tail is surely not repulsive in these means that SAXS and SLS data can be successfully correlated
conditions. Nothing more can be said on the features of this in the mainframe of the employed interpretation models.
tail. However, we can suspect that the repulsive character that All the used models satisfactorily fit the SAXS spectra
we assigned it could be a bad assumption for fitting the (Figures 5 and 6) and give very similar particle dimensions
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(Table 1). The best fitting semiaxes are slightly greater than
those obtained from the crystal struct@tehus indicating that 15| &
the protein in solution is relatively less compact than in the ' :
crystal and/or is surrounded by a layer of structured hydration
water molecules and ions having an electron density sensitively
different from that of the bulk medium. If the gyration radii

(Ry) are calculated from the best fitting semiaxes of Table 1, =
then very similar values with an average of 13:5.3 A are :
obtained, in agreement with values accepted in the literature

and ranging from 14.3 to 15.5 &-67 The same semiaxes are

slightly lower than the hydrodynamic ones reported by Dubin 0.5
et al®® These differences are reasonable and are probably due
to the choice of homogeneous particles to describe the LY
scattering properties. In fact the results of Dubin et al. referred

1.0 |

O¥iEey ’i‘?o.nu. e

to a LY unsolvated molecule, roughly represented by a prolate . . . Meme s SE
ellipsoid with major and minor axes of 48 and 26 A, covered 0.05 010 015 020 0.25
with a shell of solvent about 3.5 A thick. Very probably, this q(A-l)

shell has an electron density relevantly different from that of _ _
the LY molecule and therefore is not properly accounted for if Ellgglre( 7. EXpe”mef;t?' STﬁareqtﬁ'?:,(S SF;eCItr;mc] of LY in tfo mgﬂb
enid i : aCl (open squares) together with the calculated curves obtained by

a homogeneous ellipsoid is used to fit the _SAXS spectra. . using the CRYSOL program (dotted line), the best fitting homogeneous
Furthermore, a homogeneous sphere with a hydrodynamic projate ellipsoid (full line), and the DLVO ellipsoid of Table 1 (dashed

radius of 18 A has been used by Narayanan & ai. their line).

light scattering and SAXS study. This radius was assumed by . ) .

considering an equivalent sphere of 17.2 A for the unsolvated 1- However, since the latter were determined by extending the

molecule and by allowing for a hydration layer thickness of data interpretation to samples of interacting partictg)(=

0.8 A. The average of the hydrodynamic radii obtained from 1) @and then by using a different interpretation approach, these

the dimensions of Table 1 by means of the Perrin equdfions differences are not astonishing. ,

is equal to 19.1= 0.3 A, which is greater than the value used To further the result consistency analysis, the curve calculated

by Narayanan et al. It must be said however that experimental Py @ssuming the DLVO best fitting ellipsoid of Table 1 as

hydrodynamic radii reported in the literature cover a large range Scattering particle and(q) = 1 was reported in Figure 7.

of values (17.820.0 A)3760.636%Therefore a definitive com- ~ Obviously, the curves are not perfectly superimposed; however

parison between the sizes of our best fitting ellipsoid and the they are roughly similar on an absolute scale, thus indicating

hydrodynamic sizes is not straightforward. that ourAp value (0.068t 0.007 electrons A% and geometrical
Detailed studies on the LY structure have been carried out parameters are consistent with both the best fitting homogeneous

. . - ellipsoid and the more detailed and realistic model of ref 66.
by means of scattering measurements on dilute samples and in The Z values derived from the DLVO treatment (Table 1)

nonassociative conditions by Svergun ef*aExperimental roughly agree with the results obtained, in similar conditions
SAXS and small-angle neutron scattering data of LY at different }Py Tardieu et af® and Narayanan et &l.(Z = 6.0) that, as

ionic strengths have been analyzed, and good agreements wit . : A
the crystallographic structure have been pointed out. A fit _prewou;ly mentlo_ned, used the same parametrization of the
) interaction potential. However, quite differedtvalues have

improvement has been observed by assuming a 3-A-thick .
hygration shell of bound water molecuI)(/as with adgnsity relative been reported by Muschol and Rosenbetyen the basis of
16 the bulk solvent of 1.071.11. SLS (10.7—10.'9) and !I)LS (8.58.6) measurements, by assum-
. ing the DLVO interaction potential with the Hamaker expression
A SAXS LY spectrum, collected in our laboratory, on @ (q 4) for the attractive contribution with a steric protection
sample with a composition S|mllar to one of those exammed thickness of 1.8 A. Conversely, with a similar treatmeht=
by Svergun et al. (LY 10 g t*in 0.15 M NaCl at pH 3.7),is g 4 has been given by Eberstein ef%hy a DLS study on LY
shown in Figure 7. samples of widely varying concentrations in the presence of
An analysis performed with ITP allowed us to determine  NaCl at pH= 4.2.
the molecular weight and th& (14 600 Da and 14.8 A, NaGC. In the case of the NaGC solutions, as whenever
respectively). Moreover, the desmeared intensity was fit with micellar systems are studied, the estimate for the micellar mass
the scattering curve calculated from the crystallographic structure or aggregation number that strongly affects the SAXS intensity
by means of the CRYSOL program, and the smeared calculatedprofile is often unavailable. If a reliable monomer molecular
curve is shown in Figure 7. The best fittirRy, volume, and  volume is known, them\p can be calculated during the fitting
electron density contrast of the hydration shell are 14.9 A, procedure, and/l can be inferred as a fitting parameter of the
18500 A, and 0.007 electrons &, respectively. SAXS spectra. However, since SLS measurements bring
To test the consistency of our results, a fit of the experimental information on the molecular weight as well (egs 9 and 14),
curve assumin@(q) = 1 and a homogeneous prolate ellipsoid the monomer molecular volume is not needed in our case, and
model was carried out. The best fit, shown in Figure 7, was a correlated interpretation of SAXS and SLS data can be
given by an ellipsoid with semiaxes 25#80.5 A, 14.8+ 0.3 performed to obtain both thiel and Ap values. BecausK is
A (Ry=14.8 R), and an electronic density contrast of 0.678  easily determinable by means of refractive index measurements,
0.004 electrons A3. These results are roughly in agreement SLS experiments represent one of the most common and reliable
with those of Krigbaum et al. that for samples similar to that of ways to determine the colloidal particle molar mass. Generally,
Figure 7 and under the same interpretation mainframe obtainedthe extrapolation method is used, dvids evaluated, by means
25 and 14 A as particle semiaxes aRg = 14.3 A. These of eq 14, from theKc/AR value extrapolated to infinite dilution,
semiaxes are sensitively lower than those reported in Tablefor which S0) = 1 is assumed. This procedure could be
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followed in the case of LY solution since no aggregation is
expected in the studied conditions. Actually, for micellar
solutions, the extrapolation should be avoided &t should

be estimated for each sample. As described in the theoretical
background section, the SAXS best fittigp) can be used to

this aim. However, as stated in the same section, there is a strict 1.0 EDL

dependence between the SAX®) and theM value, and et ggg :

therefore an overall fit of SAXS and SLS data is needed. In 05 > 005"

this work, this fit was carried out by systematically varying the NaCl 100 mM

interaction potential and geometrical parameters and by calculat- I A SCIOY

ing thel(q) SAXS curves with the best fittin/l value of the .00 EDL 1
experimentaKc/AR. To this aim, for each set of geometrical ——— e 0:00 [ QWA s,e 2 ]
and potential paramete®0) was estimated by systematically 05} T 00T T ]
varyingM up to the couple oM andS0) values that give the NaCl 50 mM

best agreement with the SLS data. For edthvalue, the
aggregation number was calculatethag = M/Mnacc and the
micellar charge number was estimatedZas nagg, wherea
is the ionization degree. In the calculations, the micelle 0.5
concentration was expressed@s: cr — cmc, wherecr and
cmc are the NaGC total and critical micellar weight/volume — _
concentrations. The ionic strength was calculated=agcmay >
+ Cnac) + 1/20(cy — cmay), where cmg andcy are the NaGC ~
total and the critical micellar molariti¢d.Even in this case,
the Ap value was determined as the best scale factor between
SAXS calculated and experimental intensities. 10
It is known that NaGC gives rise to small micelles that very
slightly grow by increasing the NaCl concentration. For this 05!
reason, as a first approach, the simple model of homogeneous
and spherical particles was assumed in the interpretation.

In the cases of the HC and EDL models, the micellar radius 0.05 010 0.15 0.20 0.25

a andt or a were varied, and each sample was singly fitted. A-l

The best fitting curves are reported in Figure 8, and the q(A”)

corresponding parameters are listed in Table 2. As mentionedFigure 8. Smeared SAXS spectra of 0.1 M NaGC micellar solutions

above, the HC and EDL results have a physical meaning only at different NaCl concentrations (dots). The solid lines are the theoretical
' : ; : ; : fits assuming a spherical symmetry of the micelle and on the basis of

when the repulsion dominates the. potent!al tail. Fo.r this reason the HC (HC panels) and EDL (EDL panels) interaction models. The

only the parameters corresponding to fits that givend a

ter th od residuals are reported in the insets.
greater than zero are reported.

Several published results show that, because of their peculiarTABLE 2: Best Fitting Micellar a (A), t (A), o, Nagy Nag, and

il ; ; ; ; A | A-3) of SAX LS D
amphiphilic structure (Figure 1), the bile salts could give rise Flfn(c?igﬁtg‘nl?l aCI)Coon?:entrSatSigr(?((:)trr]atr?g%gsig Ofatthaeaﬁg and

to slightly anisotropic-shaped micelles even at low aggregation the EDL Interaction Models, by Assuming a Spherical Shape
numbers. Therefore, to account for the eventually anisotropic for the Micelles?

shape of the NaGC micelles, homogeneous eIIip_soidaI_particIes HC model EDL model
were also employed to represent the aggregates in the interpreta-
tion of the SAXS spectra. However, both oblate and prolate N2CI(MM) @t Mg Ap 8 & Mg Ap Mg
ellipsoids were tried, and no significant differences were pointed 50 154 13 7.7 0028 154 059 87 0.029 38
out between the fits with the two symmetries, which both give igg 12‘7‘ 8-‘13 g-g 8-82? 12‘7‘ 8-82 3-2 8-8%? gg
an excellent agreement between calculated and experimental : : : : : : ) :
intensities. The best fitting curves (foanda. > 0) are reported 2Estimated standard deviation values are within 0.2afad ),
in Figures 9 and 10. With respect to the spherical case, marked9-02 @), 0.3 (g9, 3 (Nag), and 0.001 electrons & (Ap).
improvements of the SAXS fits are observed with both the
ellipsoidal shapes. In any case, the residual patterns for the two©f the NaCl addition. Actually, as already mentioned, since the
micelle geometries are very similar, thus rendering impossible EDL potential gives an incomplete definition of the intermicellar
the choice of the best shape to describe the NaGC aggregatespotential tail, the physical meaning ak deserves more
The best fitting SAXS parameters obtained with this treatment discussion. In fact, when micellar systems are studied it is
are reported in Table 3. normally assumed that the micelle ionization degree does not
An inspection of Tables 2 and 3 shows that comparable depend on the added electrolyte concentration. This hypothesis
partide geometrical parameters are given by the HC or the EDL can be verified if both the van der Waals attractive and the
interaction models. Both the sizes and the aggregation numbers£lectrostatic repulsive components of the potential tail are taken
indicate that the micelles only very slightly grow by increasing into account? Conversely, if only the electrostatic component
the added electrolyte concentration. Thelues point out that  is used to approximate the tail, then an unrealistic lowering of
the electrostatic interactions sensitively affect the SAXS pattern o is needed to balance the missing attractive component. This
at low NaCl concentrations. However, these interactions are means that the: value at 50 mM NaCl, which is the lowest of
rapidly screened by increasing the electrolyte molarity. If the our added electrolyte concentrations, is also the more realistic
EDL model is used, then a decreasecois observed because one, since for this sample the electrostatic repulsion largely

0.05

HC

NaCl 50 mM
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= .
0.5 : 0.5
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1.0 1.0
~
0.5 0.5 T
NaCl 150 mM = ™=
1.0 1.0
HC
0.5 05 e
NaCl 200 mM NaCl 100 mM
1.0 1.0 |
HC oosf,. .
s 0.00 (RIS s a
0.5 S 05! 0.05 [V
NaCl 150 mM NaCl 50 mM
10 005 010 015 0.20 0.25
S -1
0.5 = q(A™)
NaCl 100 mM Figure 10. Smeared SAXS spectra of 0.1 M NaGC micellar solutions
at different NaCl concentrations (dots). The solid lines are the theoretical
1.0 L HC 1 fits assuming an oblate symmetry of the micelle and on the basis of
e VLSS the HC (HC panels) and EDL (EDL panels) interaction models. The
05! * residuals are reported in the insets.
NaCl 50 mM ~ some water molecules are supposed to be present inside the
005 010 0415 020 0.25 micelles, themAp can be roughly expressed as
-1
q(A™) Ay Nagoc + (1 = 0)Nygfna + Nagdlafaq 18)
Figure 9. Smeared SAXS spectra of 0.1 M NaGC micellar solutions p V,, Ps

at different NaCl concentrations (dots). The solid lines are the theoretical
fits assuming a prolate symmetry of the micelle and on the basis of
the HC (HC panels) and EDL (EDL panels) interaction models. The Whereesc, ena andeyq are the number of electrons of GC
residuals are reported in the insets. Nat, and the water molecule, respectivatyy is the number of

water molecules per monomer in the miceWg,is the micellar

prevails on the attractive component and the EDL model more volume, andps is the medium electronic density. Obviously,
reliably describes the particle interaction potential. the number of electrons for each species is known. Moreover,

As shown in Tables 2 and 3, very similap values were asAp, thenygg o, andVy, values are obtained as the best fitting
obtained for all the studied samples with both of the interpreta- SAXS parameters. This means that, if fhevalue is estimated
tion models and all of the assumed geometries. Of course thesegor each sample, then the hydration number of the micelles can
parameters are strictly related to the micellar structure and canbe calculated. With this procedure, th®q values were
be used to further characterize the aggregates. If only the determined (Tables 2 and 3). Because of the previous discussion
glycocholate anion (GQ), the bounded counterions (Ngand the o value corresponding to the 50 mM NaCl sample was used
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TABLE 3: Best Fitting ae (&), be (), t (A), &, Nagg Nag, and Ap (electrons A-3) Values of SAXS Spectra Obtained by Assuming
Prolate and Oblate Ellipsoidal Shape of the Mice?les on the Basis of the HC and the EDL Interaction Models as a Function of
the NaCl Concentration (mM)?2

HC Model EDL Model
NaCl ae e t Nagg Ap ae Be a Nagg Ap Nag
oblate 50 20.7 9.6 24 9.7 0.030 19.1 10.4 0.65 9.6 0.031 34
100 20.7 9.3 15 11.3 0.031 20.0 9.6 0.49 11.3 0.032 26
150 215 9.3 0.5 11.4 0.029 21.1 9.5 0.39 11.7 0.029 29
200 21.6 9.3 0.5 12.2 0.032 21.4 9.3 0.40 12.4 0.032 27
prolate 50 31.9 121 25 10.9 0.030 24.2 12.7 0.67 9.9 0.031 35
100 31.7 12.0 1.7 12.6 0.030 26.6 12.4 0.51 11.8 0.031 27
150 42.3 11.8 1.0 15.3 0.028 33.9 12.2 0.45 13.3 0.028 32
200 42.1 11.7 0.9 16.0 0.031 35.0 12.2 0.49 14.6 0.031 29
250 42.1 11.9 0.2 16.4 0.031 37.6 12.2 0.24 15.1 0.030 31

aEstimated standard deviation values are within 0.34 l§e, andt), 0.02 @), 0.3 (lagg, 3 (Nag), and 0.001 electrons & (Ap).

in the cglpulations. Itis ﬁmportgnt to remark, thaF the .assumed TABLE 4: Best Fitting a (A) Values of SAXS Spectra
composition for the micelle is probably drastic, since the Obtained by Assuming a Spherical Shape of the Micelles on
hypothesis that Na and CI ions are coordinated to the the Basis of the DLVO Interaction Model as a Function of
hydration water molecules cannot be discarded. However, eventh® NaCl Concentration (mM)

if NaCl with the same concentration of the bulk is supposed to  NacCl 50 100 150 200 250 300

be dissolved in the hydration water, no relevant variation in 2 15.0 15.1 154 154 155 16.0

the nyq values is observed. In any case, from these results, by

considering the reasonable volumes of 30 and 148 ¥ok a on the NaCl concentration. Hence, the Hamaker constant can

water molecule\(ag) and a N& cation W/na) (correspondingto  be reasonably considered invariant in all the studied samples.
a Na' radius of 1.5 A), respectively, a GGanion volume can  Of course, this means that the sadg and d. values well

be estimated a¥gc = Vngd/NaggWhereViage = Vim — Nagd 1 — describe the attractive potential in all the solutions, if the
@)Vna — NagdladVag IN this way, very similar values are obtained ~Yukawa form is chosen.
with all of the assumed geometries, with an average of617 In view of all these considerations, an overall fit of all the

20 A3. Despite the drastic assumptions that we have made in NaGC/NaCl solutions was attempted by means of the DLVO
the calculation, this value is in very good agreement with data model in which constant, Jas, andda: were assumed. For sake
reported in the literature for NaGG-600 A3),”! thus supporting of simplicity just the spherical case was considered, and an
the overall consistency of the data analysis. Obviously, becauseiterative procedure was followed. In the first step, the 300 mM
of the drastic assumption of particle homogeneity rthevalues NaCl scattering data were fitted by assuming the EDL best
must be considered a rough estimation of the micelle hydration. fitting o value of the 50 mM NaCl solution as a known
However they clearly indicate that the micelles are relevantly parameter, thus considering the micellar radius andghand
hydrated. dart values as fitting variables. Afterward, these best fitting values
The similarity between geometrical parameters Apdralues were fixed, and the fit of the 50 mM NaCl data was performed
obtained with the HC and the EDL representations from the by varying thea anda values. To perform the iteration, the
NaGC data demonstrates that the static scattering data interdits of the two spectra were alternatively repeated, by alterna-
pretation is very poorly affected by the details of the interaction tively fixing the attractive and the repulsive interaction param-
potential. This conclusion is confirmed by the LY results where eters, up to convergence.
this similarity is extended to the DLVO model also. This means  The best overall fit of the two solutions is obtained with
that, despite the roughness of the interaction models, the NaGC= 0.82+ 0.03, Ju¢ = —3.8T, andd,x = 1.4 A. However, in
structural results are very probably reliable. However, to reliably the minimization we observe that the latter two parameters are
define the NaGC micelle interaction potential, the complete strictly correlated and satisfactory agreements are obtained with
DLVO model must be used. Actually, the number of parameters different couples of values within the ranges$.5kT > J >
defining the DLVO potential does not allow an unequivocal —4.1kT and 1.2< d < 1.6 A. Moreover, by means of eq 18
interpretation of the SAXS spectra. Fortunately, in view of the very similarnyq values equal to~35 are estimated for the two
previous discussed results some reasonable constraints can bgamples. Witho, Jay, andday fixed at their best fitting values,
assumed for the interaction potential parameters in different the other spectra were fit by changing just the particle raalius
NaGC samples. The first constraint, which is based on the Moreover, to guarantee the invariance of the monomer density
above-mentioned common assumption in the micelle behavior in the micellesn,q = 35 was imposed as a further constraint.
interpretation, is that the micelke value is not affected by the  The best fitting curves together with the experimental patterns
added electrolyte; the second assumption concerns the Hamakeare shown in Figure 4, and the correspondmgalues are
constant. With variance of the NaCl concentration, this constant reported in Table 4.
can change both for the direct variation of the medium  Satisfactory fits are obtained, thus indicating that the slight
composition and for the induced changes in the composition of micelle growth and the screening effect on the electrostatic
the micelles’?2 However, in the studied NaCl concentration range interactions, because of the ionic strength increase, are sufficient
the medium contribution should be negligible, and the micelle to explain the added electrolyte influence on the NaGC micelle
composition does not seem to change relevantly. In fact this system.
variation should be essentially determined by changes of the DLS Data Interpretation. From the best fitting set of
monomer density in the aggregate that, in our interpretation, parameters of the scattering data Dgpc was calculated as
should be accompanied by a variation of the or naq values. reported in the Theoretical Background section. In the calcula-
Actually, these terms, even if sensitively fluctuating around their tion, a, equal to the best fitting value of each sample was
average value, do not seem to show any systematic dependencased in eq 12 to estimai,; under the assumption of spherical
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NaGC micelles. For LY and NaGC ellipsoidal micelles, the all the studied samples very probably affects the quality of our
same equation with the equivalent hydrodynamic radii for results. Further work is in progress to verify this hypothesis.
prolate or oblate ellipsoids, derived from the best fitting semiaxis
values by Perrin equatiofgwas used. Moreover, in view of

the not very high anisotropy presented by the best fitting It is known that fits of SAXS spectra are poorly affected by

ellipsoids, the hydrodynamic interactions were treated as for the details of the interparticle potential. For this reason, when
spherical particles, thus preserving the form of egs 11 and 12 both particle structure and interactions are unknown, the SAXS

The estimatedap,c values are reported for each single NaGC Patterns are generally fit by assuming very simple potential
sample in Figure 3 and as Buppc Versusc curve for LY in functions so as to minimize the number of fitting parameters.
Figure 2. Depending on the experimental conditions, this leads, for

example, to treatment of complex systems with simple repulsive
or attractive functions describing the potential tail. For colloidal
particles, the DLVO model is one of the best representations
of this tail since it contains both the van der Waals attractive

. . - and the electrostatic repulsive components. Conversely, the HC
On the average, the same |mprovemen.t is observed in the €a8S8nd the EDL models are simplified approximations when the
of NaGC for the consistency of the discrélap, and Dappc repulsive contribution dominates. Obviously, when applied to
values. It must be stressed, however, that whatever is theyhe jnterpretation of SAXS data, the latter allow a satisfactory
interaction representation usBdppcvalues systematically lower  qefinition of the particle structure but an unrealistic description
than the experimentélappare obtained for the micellar solutions  of the interparticle potential. On the contrary, satisfactory
(Figure 3). This result was already observed in the correlation gescriptions of the interactions on the basis of the DLVO model
of NaTDC SAXS and DLS datt However, it was not deeply are provided by SLS and DLS studies based on the extrapolation
discussed in that case since only the HC and EDL potentials method. This method, however, is not reliable for micellar
were used whose roughness was supposed to affect the resultgystems.

Actually, the present work indicates that this discrepancy cannot — This paper reports a SAXS, SLS, and DLS data correlation,
be ascribed to the interaction model. As a matter of fact, the pased on the above-mentioned interaction models, as a tool for
comparison between thBappc curves and the experimental  characterizing structure and interactions of colloidal particles
points of Figure 2 indicates that the EDL model, when applicable without resorting to extrapolation procedures. This correlation
(low ionic strength), gives consistent results for LY even at mass was first tested on LY solutions and then used to study NaGC
densities greater than that of NaGC (48.7 ¢ )L Moreover, micelles.

even the assumption of a quite complete interaction potential, In the case of LY, whose structure and interaction potential
as the DLVO, which gives a satisfactory agreement for LY at have been widely studied in the literature, all the models were
both the ionic strengths (Figure 2), is not sufficient to close the easily applied. In particular, the interpretation with the DLVO
gap between the two NaGC data sets. Therefore, other reasonsepresentation was possible by assuming the attractive compo-
must be invoked, for example, related to the assumptions onnent as a known term to limit the number of fitting parameters.
the structure of the micelles. As shown in Figure 3, no The results show that the correlation of the techniques improves
systematic improvements are observed by using the oblate orby changing the models in the order HE EDL — DLVO,
prolate ellipsoids to represent the micelles, thus indicating that namely, by using more refined and realistic potential, thus
the diffusivity data consistency is poorly affected by the imposed indicating that the proposed approach represents a valuable tool
particle geometry. Beyond this factor, the choice of homo- forinvestigating the particle interaction. Moreover, in the DLVO
geneous aggregates could be responsible for the inconsistencg¢ase, a good agreement with data reported in the literature is
betweerDapp andDappe Actually, the good results reported for ~ pointed out, which is testament of the validity of our correlation.
the protein solution, under the same assumption, seem to show Concerning the NaGC micelles, for which very few data are
that this disagreement cannot be tota”y ascribed to the imposedpublished, all of the parameters of both structure and interaction
homogeneity of the particles. Obviously this is true unless very Potential were always assumed unknown. Therefore, from the

drastic and peculiar inhomogeneities characterize the micelles.SAXS and SLS data interpretation on the basis of the rough
By holding this possibility for the NaGC aggregates, we must HC and EDL models, a satisfactory description of the micelles

remember, however, that the micelle polydispersity complicatesIn terms of size, aggregation number, and hydration was

the NaGC data analysis and could be invoked as a further reason?Ch'eVEd' Beyond this classical approach, an unusual °V.efa"
. . ) . it of SAXS and SLS measurements on NaGC aqueous solutions
to explain the differences between protein and micelle data

agreements. This property can be accounted for in the staticat different NaCl concentrations was performed by assuming

ttering dat vsis. but unfortunatel haustive th the complete DLVO model, thus providing more reliable
scattéering dala analysis, but unfortunately, an exnaustive theoryqqisions of both micelle structure and intermicellar potential.
for DLS on polydisperse systems is not available so far. It is

. . . Satisfactory fits were obtained by imposing the same ionization
important to remark, moreover, that in the case of micellar

luti he micelle d X has f - dd degree and attractive component of the interaction potential at
solutions the micelle dynamics, such as formation and destruc- 5 the NaCl molarities, thus showing that the influence on the

tion processes, can remarkably influence the sample scattereqycejie size and on the medium ionic strength justifies the added
intensity fluctuations, thus further complicating the DLS data Ngac) effect. It is important to remark that, by using the SLS

Interpretation. data, these results were obtained without any previous assump-
As a final comment on the diffusivity data it is important to  tion on the NaGC molecular volume. In fact, this term, which
remark that although the agreement between the calculated ands necessary to fit SAXS spectra alone on an absolute scale,

the experimentaDa,p, for LY is much better than that in the  was obtained as a further best fitting parameter of a SAXS
NaGC case it is still far from being excellent. Beyond the already SLS simultaneous minimization.

discussed structural assumption, we must remember that the The consistency between calculated and experimental DLS
drastic approximation to pairwise hydrodynamic interactions for data confirms the dependence on the interaction potential

Conclusions

As shown in Figure 2 (lower panel), the agreement between
the Dappccurves and the experimental points improves sensitively
by changing the interaction model in the order HCEDL —
DLVO, namely, by using more refined and realistic potentials.
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representations observed for LY. However, unlike the LY case,
calculated apparent diffusion coefficients systematically lowe
than the experimental ones are obtained, even with the best

J. Phys. Chem. B, Vol. 109, No. 50, 20053869

(28) Bottari, E.; D'Archivio, A. A.; Festa, M. R.; Galantini, L.; Giglio,

r E Langmuir1999 15, 2996.

(29) Stabinger, H.; Kratky, OMakromol. Chem1978 179, 1655.
(30) Small Angle X-ray ScatteringGlatter, O., Kratky, O., Eds.;

potential model (DLVO). This result leads to an important Academic Press: London, 1982.

consideration, namely, that it could be misleading to ap-

(31) Orthaber, D.; Bergmann, A.; Glatter, @.Appl. Crystallogr2000

proximate the micelles by rigid objects moving inside the 33 218.

solution. In fact a micelle internal dynamic involving, for

(32) Glatter O.J. Appl. Crystallogr.1974 7, 147.
(33) Siegert, A. J. FMIT Radiation Laboratory Report No. 465

example, formation and destruction processes, which could yassachusetts Institute of Technology: Cambridge, MA, 1943.

significantly affect the DLS experiments, must be taken into

account. It must be stressed however that the micelle polydis-
persity, which could also affect the data consistency, was not
accounted for in our analysis. Unfortunately, this was a forced
choice since an exhaustive theory for DLS on systems of

polydisperse and interacting particles is not available so far.
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