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Evaluation of Lipopolysaccharide Aggregation
by Light Scattering Spectroscopy
Nuno C. Santos,*[a] Ana C. Silva,[a] Miguel A. R. B. Castanho,[b, c] J. Martins-Silva,[a]

and Carlota Saldanha[a]

Lipopolysaccharides (LPS) are cell wall components of Gram-
negative bacteria. These molecules behave as bacterial endotoxins
and their release into the bloodstream is a determinant of the
development of a wide range of pathologies. These amphipathic
molecules can self-aggregate into supramolecular structures with
different shapes and sizes. The formation of these structures occurs
when the LPS concentration is higher than the apparent critical
micelle concentration (CMCa). Light scattering spectroscopy (both
static and dynamic) was used to directly characterize the
aggregation process of LPS from Escherichia coli serotype
026:B6. The results point to a CMCa value of 14 �gmL�1 and the
existence of premicelle LPS oligomers below this concentration.
Both structures were characterized in terms of molecular weight

(5.5� 106 and 16� 106 gmol�1 below and above the CMCa,
respectively), interaction with the aqueous environment, gyration
radius (56 and 105 nm), hydrodynamic radius, (60 and 95 nm) and
geometry of the supramolecular structures (nearly spherical). Our
data indicates that future in vitro experiments should be carried out
both below and above the CMCa. The search for drugs that interact
with the aggregates, and thus change the CMCa and condition LPS
interactions in the bloodstream, could be a new way to prevent
certain bacterial-endotoxin-related pathologies.
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Introduction

Lipopolysaccharides (LPS), cell wall components of Gram-
negative bacteria, behave as bacterial endotoxins and determine
the development of a wide range of pathologies. During an
infection, these pathologies result from LPS release into the
blood stream, which leads to fever, flush, diarrhea, inflammation,

altered metabolic utilization of sub-
strates (glucose, fatty acids, and ami-
noacids), impaired microcirculation,
and, in some situations, hemorrhage,
collapse, shock, coma, and death.[1]

LPS molecules (Figure 1) consist of
three components (for a review see,
for example, Rietschel et al.[2] ): lipid A
(a phosphoglycolipid responsible for
LPS toxicity, immunomodulation, and
insertion into a membrane or mi-
celle), a core region (a structurally
conserved hetero-oligosaccharide),
and the O-specific chain (a highly
variable polysaccharide that acts as
an important surface antigen). De-
spite extensive knowledge about LPS
molecular structure and the biomed-
ical relevance of the solubility of LPS
in an aqueous environment, little is
known about the aggregation be-
havior of LPS molecules.

In dilute solution, amphipathic molecules such as LPS usually
act as normal solutes and occur as monomers. However, at fairly
well-defined concentrations, abrupt changes take place in
several physical properties, such as osmotic pressure, turbidity,
electrical conductance, and surface tension.[3] The rate at which
osmotic pressure increases with concentration becomes abnor-
mally low and the rate of increase in turbidity with concentration
is enhanced, which suggests that considerable association is
taking place. Moreover, the association usually results in
organized aggregates (micelles). The concentration above which
micelle formation becomes appreciable is termed the critical
micelle concentration (CMC). Simple micelles have lipophilic
hydrocarbon chains oriented towards the core and hydrophilic
groups in contact with the aqueous medium. Aggregation can
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Figure 1. Schematic repre-
sentation of the molecular
structure of a lipopolysac-
charide. A: O-specific chain.
B: Core region. C: Lipid A.
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also lead to the formation of different types of larger lamellar
structures. Intermolecular attraction between carbon chains as
well as minimal contact between carbon chains and aqueous
solvent, are responsible for the stabilization of these aggregates.
The size and shape of the aggregates depend on the size, shape,
and molecular interactions of the constituent monomers.
Typically, micelles and lamellar structures tend to be approx-
imately spherical over a fairly wide range of concentrations
above the CMC, but there are often marked transitions to larger,
nonspherical liquid-crystal structures, mainly at high concen-
trations.
Knowledge about the micellar behaviour of natural amphi-

pathic molecules such as lipid derivatives is crucial to an
understanding of the structural dynamics of living cells and
organelles. The free energies of transition between micellar
phases tend to be small and, consequently, the phase diagrams
for these systems tend to be complex and sensitive to
additives.[3] Micelle formation is of practical importance in the
formulation of pharmaceutical and other products that contain
water-insoluble components, and in detergency, emulsion
polymerization, and micellar catalysis of organic reactions.
Critical micelle concentrations can be determined by measur-

ing any micelle-influenced physical property as a function of
surfactant concentration. Surface tension, electrical conductivity,
and dye solubilization are among the most popular.[4] However,
light scattering techniques are far more powerful because
information concerning the sizes and shapes of micelles is
obtained,[5, 6] as well as more accurate CMC determinations than
with other techniques[7] .
In the build-up from surfactant monomers to micelles, the

transitory existence of intermediate levels of aggregation is to be
expected. The existence of submicelle aggregates is possible,
although in trace amounts in some cases.[3] Apparent critical
micelle concentrations (CMCa) can be detected in other cases,
and premicelle oligomers have been studied both from the
experimental and theoretical points of view.[8] However, the role
of such structures in biological systems is yet unknown.
The main objective of the present work was to study the

physical properties of the process of aggregation in supra-
molecular structures of the LPS from Escherichia coli serotype
026:B6 in Dulbecco's phosphate buffered saline (PBS; pH 7.4).
This study was carried out by light scattering spectroscopy
techniques (both static and dynamic light scattering), which
enabled 1) calculation of the apparent critical micelle concen-
tration, 2) evaluation of the possible existence of LPS premicelle
oligomers, and 3) evaluation of the shape, size distribution,
average molar weight, average gyration radius, and average
hydrodynamic radius of the LPS monomers (or premicelle
oligomers) and micelles, below and above the CMCa, respec-
tively.

Results

The standard CONTIN method[9] allows both calculation of the
average hydrodynamic radius (or diameter) and determination
of the size distribution of the sample under evaluation. Figure 2
presents the size distribution obtained for one of the studied

Figure 2. Size distribution obtained for the LPS aggregates by dynamic light
scattering by using the CONTIN method (c� 80 �gmL�1; �� 90�).

concentrations of lipopolysaccharide from Escherichia coli sero-
type 026:B6 (80 �gmL�1) in Dulbecco's PBS (pH 7.4) at 37 �C. The
broadness of the sample size distributions was quantified by
using the polydispersion index calculated by the method of
cumulants.[10] The values obtained for the different LPS concen-
trations under evaluation are presented in Figure 3. The lowest

Figure 3. Polydispersion indexes obtained by dynamic light scattering and the
method of cumulants at different LPS concentrations.

polydispersion indexes were obtained at the higher LPS
concentrations, which points to the formation of organized
supramolecular systems. Polydispersion is higher close to
14 �gmL�1 (this parameter typically increases in the region of
the apparent critical micelle concentration). The polydispersion
index ranges from 3.86% at 14 �gmL�1, to 0.49% at 100 �gmL�1.
The variation of the maxima of the size (hydrodynamic

diameter) distributions obtained by dynamic light scattering
(DLS) with LPS concentration as found by the CONTIN method is
presented in Figure 4. The lower limit of the transition region in
this distribution can be used to calculate the apparent critical
micelle concentration and gives a value of approximately
14 �gmL�1, in agreement with the polydispersion data. There
was no significant scattering angle (�) dependence of the DLS
results. Additional use of the Debye method, as described in the
Methods section, further confirmed an apparent critical micelle
concentration value of 14 �gmL�1.
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Figure 4. Variation of the maxima of the size distributions (hydrodynamic
diameter) obtained by dynamic light scattering by using the standard CONTIN
method. The two horizontal lines represent the average hydrodynamic diameters
of the premicelle oligomers (119 nm) and large aggregates (190 nm). The two
vertical dashed lines define three concentration regions: A) only premicelle
oligomers are present; B) transition range; the coexistence of premicelle
oligomers and larger aggregates leads to apparent intermediate diameters as a
result of the balance of the light scattering contributions from the two
supramolecular species in the calculations of the diameter; C) the light scattering
information arises (almost) exclusively from the larger aggregates.

The values obtained by static and dynamic light scattering for
all the different parameters under evaluation–molecular weight
(Mw), second virial coefficient (A2), gyration radius (Rg), hydro-
dynamic radius (Rh), and �–below and above the CMCa, are
presented in Table 1.

Discussion

To the best of our knowledge, this work presents the first direct
characterization of the physical properties of the aggregation
process of the LPS from E. coli serotype 026:B6. It is also the first
aggregation process study carried out with any LPS type at
37 �C. The use of this human physiological temperature is a
key issue because of the considerable influence that temper-
ature may have on the formation of LPS supramolecular
aggregates.[11]

Aurell and Wistrom[12] used a rather indirect experimental
technique that involved fluorescence spectroscopy of mixed
micelles of LPS and a fluorescent probe and suggested a change

in the aggregation of the LPS from E. coli serotype 026:B6 at c�
14 �gmL�1 at 25 �C. This value is identical to the CMCa obtained
by us at 37 �C, both by static and dynamic light scattering
spectroscopy.
Static light scattering data allow calculation of the Mw, A2 , and

Rg values, both below and above the CMCa (Table 1). Moreover,
the CMCa value itself could be determined. The Mw value
obtained below the CMCa represents either the effective
molecular weight of the monomer or the presence of LPS
dimers or higher-order oligomers even below the CMCa

(premicelle oligomers). The Mw value obtained above the CMCa

is (approximately) three times that obtained below the CMCa,
which suggests the formation of trimers of the units present
below the CMCa. Moreover, the Mw value below the CMCa is
considerably higher than those obtained for other LPS types
(summarized by Aurell and Wistrom[12] ). Both observations
strongly suggest that LPS is dispersed in premicelle oligomers
below the CMCa. The Mw value calculated for the LPS aggregates
is of the same magnitude as those indicated for the aggregates
of other LPS types.[13, 14]

Based on thermodynamics, the negative second virial coef-
ficient values obtained indicate a poor interaction between LPS
and the aqueous solvent (that is, a tendency towards self-
association). The increase of the A2 value above the CMCa

indicates a better interaction with the solvent, possibly as a
result of the expected (better) shielding of LPS hydrophobic
components from the aqueous environment and increase of the
intermolecular interactions upon micelle formation.
The diameters obtained by dynamic light scattering spectro-

scopy for the LPS aggregates from E. coli serotype 026:B6 at
37 �C are higher than the values obtained for other LPS types at
room temperature with the same technique[14, 15] as well as by
microscopy imaging methods.[13, 15] The data presented in Fig-
ure 4 indicates that well above the CMCa, the increase of LPS
concentration results in more aggregates, without any change in
their dimensions. The apparent transition range and the hyper-
bolic-like distribution of the data points arise from the coex-
istence of two supramolecular species, which leads to an
apparent intermediate diameter and to asymptotic behavior
(Figure 4) as a result of a balance of the light scattering
contributions from the premicelle oligomers and from the larger
aggregates in the calculations of the average diffusion coef-
ficient (and thus, the average diameter).
The value of �� 0.86 obtained below the CMCa is in agree-

ment with a nearly spherical geometry, when the increase in �

values to be expected for polydisperse samples is considered
(Figure 3). The change in this parameter observed above the
CMCa indicates a different aggregate geometry at those
concentrations. Theoretical equations[16, 17] can be used to
estimate Rg and Rh values (and, therefore, �) if geometry and
dimensions are known. However, the geometry and axial
dimensions published by Aurell et al.[15] lead to estimates that
are not in agreement with our experimental results. However,
comparison of the two studies is hampered by the fact that
different LPS types and temperatures were used. Moreover, no
indication of the aggregation state of the sample (namely, below
or above the CMCa) is provided by Aurell et al.[15] .

Table 1. Values obtained by light scattering spectroscopy for the various
parameters under evaluation, below and above the apparent critical micelle
concentration.[a]

c�CMCa c�CMCa

Mw/106 [gmol�1] 5.5� 0.6 16.0� 1.6
A2/10�4 [cm3 molg�2] � 42.8� 2.1 �0.68�0.03
Rg [nm] 56�7 105�13
Rh [nm] 60�3 95� 5
��Rg/Rh 0.86�0.11 1.10� 0.14
CMCa [�gmL�1] 14

[a] Measurements were made on the lipopolysaccharide from Escherichia
coli serotype 026:B6 at 37 �C in PBS (pH 7.4). Error boundaries given are the
typical standard deviation.
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There is a possible correlation between our findings and the
LPS concentration-dependent physiological functional effects,
which could be explained by a better accessibility of recognition
structures to CD14 and/or LBP (LPS-binding proteins required for
cell activation) in the smaller premicelle oligomers. This hypo-
thetical differential accessibility can be simply related to the
difference between the surface curvature of the two supra-
molecular structures. Our data indicates that (within the studied
concentration range) there are no significant concentration-
dependent alterations of the dimensions of the supramolecular
structures below the CMCa (only a decrease in the number of
aggregates). Concentration-dependent decrease in endotoxin
action can also be related to the variation of the maxima of the
size distributions (hydrodynamic diameter) obtained by dynamic
light scattering (Figure 4) and to the difference between the A2

values obtained below and above the CMCa (different solvent
interactions). A full characterization of the binding of LBP and
CD14 to the different LPS supramolecular structures (similar to
the study carried out by Tobias et al.[14] ) will be essential to
further evaluate this hypothesis. A future characterization of the
aggregation of biologically active rough mutant LPS could also
further clarify this idea.
The combination of static and dynamic light scattering

spectroscopy enables direct characterization of the LPS aggre-
gation process. Our data strongly suggest that future in vitro
studies with LPS strains should be carried out both below and
above their CMCa (14 �gmL�1 for this strain) in order to
distinguish between the pathological effects caused by LPS
large aggregates and those caused by the premicelle oligomers.
Future research should be carried out to study the molecules
that influence the LPS aggregation process and thus control
partition of LPS in the bloodstream. The results presented open
new perspectives for alternative therapeutic strategies. The
search for drugs that interact with the aggregates and change
the CMCa value could be a new way to overcome certain
bacterial-endotoxin-related pathologies.

Methods

Apparatus : In light scattering experiments, light from a laser
impinges on the scattering sample and is partially scattered.
The position of a detector defines the scattering angle (�)
and scattering volume (Figure 5). Light scattering measure-
ments were carried out in a BI-2030ATapparatus with a 128-
channel digital autocorrelator (Brookhaven Instruments
Corporation, Holtsville, NY, USA), equipped with a Spectra-
Physics He ±Ne Laser, model127 (632.8 nm, 35 mW).

Static light scattering : Static light scattering (SLS) measure-
ments were carried out using the Zimm method[18] in order
to obtain Rg , Mw, and A2 values. The statistical weighting of
these average values was previously described.[19] The Zimm
method is based on the following equation:

K � c

R�

�
�
1� 16�2n2

0R2
g

3�2
sin2

�

2

� ��
1

Mw

�
�2A2

�
(1)

where c is the weight concentration, R� is the Rayleigh ratio
(a parameter proportional to the scattering intensity,

obtained by SLS for each c and � value), n0 is the refractive index
of the solvent and K is defined by Eq. (2).
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4�2n2

0

dn

dc

� �2

NA�
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Here, dn/dc is the specific refractive index increment of the solution,
NA the Avogadro number, and � the wavelength of the laser. A plot of
(K ¥ c)/R� against sin2(�/2)� k� ¥ c (where k� is an arbitrary constant
chosen purely for graphical convenience) gives a grid plot (Figure 6)
known as the Zimm plot. This plot is made of two sets of lines, which
consist of the angular measurements at each concentration and the
concentration measurements at each � value. Extrapolation of the
angular and concentration measurements to zero gives the values of
A2 , Rg , and Mw. Our measurements were carried out at scattering
angles from 45±150�. The experimental determination of dn/dc, was
hampered by the need for considerably higher LPS concentrations.
Thus, a value of dn/dc�0.15 cm3g�1 was used in the present work,
as previously determined for several polysaccharides and phospho-
lipids in aqueous solution or suspension.[20]

A simplification of the Zimm method, called the Debye method, was
also used to determine the CMCa. The scattering intensities were

Figure 5. Schematic representation of the light scattering apparatus. The
detector is mounted on a goniometer in order to carry out the scattering
intensity measurements at different scattering angles. The presence of the
autocorrelator is only necessary for pretreatment of the dynamic light scattering
data (in order to obtain the intensity correlation functions).

Figure 6. Zimm plot. The extrapolated lines used for the calculation of each static light
scattering parameter are indicated.
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measured at �� 90� for a range of concentrations that included the
CMCa and the values obtained were used to produce a (K ¥ c)/R�

versus c plot. In accordance with Eq. (3), the different A2 and Mw

values found below and above the CMCa lead to the occurrence of
two straight lines.

K � c

R�

� 1

Mw

�2A2c (3)

The value of the CMCa is indicated by the concentration at the
intersection of the two lines generated by the plot.

Dynamic light scattering : DLS techniques provide information on
the dynamical properties of the scattering molecules or aggregates
on a microsecond time scale by performing an autocorrelation with
the scattering intensity data. As long as the scattered field time
function is Gaussian, the intensity correlation function obtained, g2(t),
is related to the field correlation function g1(t) by the Siegert
equation,[16]

g2(t) � 1��g1(t) (4)

where � is a constant (ideally �� 1). For small particles or spheres of
any size,

g1(t) � e��t (5)

� � Dq2 (6)

q � 4�n0

�
sin

�

2
(7)

D is the translational diffusion coefficient. For diluted solutions (such
as those used in the present work), D can be used to calculate the
hydrodynamic radius, Rh , by using the Stokes ± Einstein equation,

D� kT

6��Rh
(8)

where k is the Boltzmann constant, T the absolute temperature, and
� the solvent viscosity.

Since we are dealing with polydisperse samples, the size distribu-
tions of the samples were obtained by using the standard CONTIN
method,[9] considered to be the most suitable approach for the study
of systems with broad size distributions (its potentialities and
drawbacks were tested and reviewed by Johnsen and Brown[21] ).

Static and dynamic light scattering information were combined to
calculate the value of �:[22]

� � Rg

Rh
(9)

This value is a structure-dependent parameter, which usually varies
from 0.775 for a homogeneous sphere (lower values are also
possible) to �� 2.0 for long rigid rods (a complete set of � values and
equations according to specific structures was presented by
Burchard[23] ).

Sample preparation : All the laboratory material used for the
preparation of light scattering samples was treated with a chromo-
sulfuric mixture (in order to remove lipids or other traces that can
retain ™dust∫ particles on the material inner surfaces) and thoroughly
rinsed with distilled water, previously filtered through 0.2 �m
cellulose nitrate membranes (MFS, Dublin, CA, USA). Samples were
prepared in a syringe and filtered through Millipore Millex-HV 0.8-�m
disposable filter units directly into cylindrical light-scattering tubes.

To remove the remaining ™dust∫ particles (which could lead to biased
light scattering results), an additional mild centrifugation (45 min,
1300 g) was performed to sediment the particles in the bottom of
the cell. Afterwards, the tubes were handled with extreme care.

In the present study, we used 18 different concentrations of lipo-
polysaccharide from Escherichia coli serotype 026:B6 (Sigma, St.
Louis, MO, USA), in the range 1 ±100 �gmL�1. These solutions
(suspensions) were prepared in Dulbecco's PBS, pH 7.4, from a 100-
�gmL�1 stock solution. All the measurements were carried out at
37 �C.
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