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ABSTRACT: Analytical ultracentrifugation (AUC) has proven
to be a powerful tool for the study of particle size distributions,
particle shapes, and interactions with high accuracy and
unrevealed resolution. In this work we show how the analysis
of sedimentation velocity data from the AUC equipped with a
multiwavelength detector (MWL) can be used to gain an even
deeper understanding of colloidal and macromolecular
mixtures. New data evaluation routines have been integrated
in the software SEDANAL to allow for the handling of MWL
data. This opens up a variety of new possibilities because
spectroscopic information becomes available for individual
components in mixtures at the same time using MWL-AUC. For systems of known optical properties information on the
hydrodynamic properties of the individual components in a mixture becomes accessible. For the ﬁrst time, the determination of
individual extinction spectra of components in mixtures is demonstrated via MWL evaluation of sedimentation velocity data. In
our paper we ﬁrst provide the informational background for the data analysis and expose the accessible parameters of our
methodology. We further demonstrate the data evaluation by means of simulated data. Finally, we give two examples which are
highly relevant in the ﬁeld of nanotechnology using colored silica and gold nanoparticles of diﬀerent size and extinction
properties.

T

based techniques such as dynamic light scattering because even
minor fractions of the dispersed system are detected. Additionally, due to the inherent fractionation, a very high dynamic range
in combination with an outstanding accuracy is obtained.2−6
Recently, the possibilities of AUC have been further expanded
by means of multiwavelength (MWL) detection, which adds a
further dimension to the data.5,7,8 This opens up new capabilities
of data analysis because structure−property relations can be
investigated with respect to the diﬀerent extinction properties of
the analytes. For systems of known optical properties, particle
and protein interactions could be studied with higher accuracy
because diﬀerent components can be distinguished by means of
their extinction properties. Another interesting application is the
determination of optical properties of individual species in
mixtures. This is highly relevant for industrial and academic
applications because many systems are polydisperse after
synthesis and minor fractions can be detected. In polydisperse

he in-depth characterization of disperse properties is more
than ever indispensable for applications in biomedicine and
nanotechnology. Product properties are driven by intermolecular
interactions, particle size and shape distributions as well as optical
properties. A deep understanding of the structure−property
relations is required to tune the product properties in a targeted
manner. Moreover, biocompatibility and the ﬁeld of degenerative
diseases are also dependent upon the disperse properties of
macromolecules and nanoparticles (NPs) in solution. This
includes interactions and surface modiﬁcations of NPs with
proteins but also shape anisotropy. Thus, versatile and accurate
techniques are required to address the characterization of a large
variety of disperse systems.
It has been demonstrated that analytical ultracentrifugation
(AUC) can provide accurate access to these questions by means
of sedimentation velocity (SV) experiments.1,2 In a SV
experiment, the temporal and spatial propagation of the
sedimentation boundary is recorded and is then linked to the
hydrodynamic properties of the individual components. AUC
requires only a sample volume of <400 μL and is nondestructive.
It has a very high statistical conﬁdence compared to ensemble© 2015 American Chemical Society
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Here we present a method capable of evaluating and
processing MWL data rapidly with low computational eﬀort
applicable in numerous applications. We demonstrate our
approach for silica and gold NPs which belong to the most
widely used NP systems. In principle, the methodology is also
applicable to biological macromolecules as it will be shown by
means of simulated data. However, due to the optical ﬁber based
design of our MWL-AUC and the reduced sensitivity in the
wavelength range below 280 nm we did not focus on such
systems in this work.

samples, a direct correlation of, e.g., particle size and spectral
properties is then not possible any more because the underlying
distributions interfere with each other. Highly time-consuming
puriﬁcation methods − provided they are available at all − have
to be applied to isolate and investigate the extinction properties
of the diﬀerent components. However, since AUC is based on
fractionation of particles in a centrifugal ﬁeld optical properties
now become accessible via MWL detection without any tedious
prepuriﬁcation steps. In a recent study, it was shown that MWL
detection allows for the analysis and discrimination of hydrodynamic and optical properties in one experiment with high
accuracy.5 However, due to a lack of data analysis software, only
qualitative evaluations could be carried out, and it was not
possible to isolate the full extinction spectra of the individual
components from a sedimentation velocity experiment.
Unfortunately, until now no data evaluation routines are
available to fully handle such novel MWL data. However, the
development of new software and algorithms is indispensable to
beneﬁt from the new opportunities provided by MWL-AUC.
The AUC analysis tools Sedﬁt,9 Sedphat,9 and SEDANAL10,11
oﬀer possibilities of multisignal analysis based on a commercial
absorbance detector, which can record up to three wavelengths in
a row. Balbo et al. have demonstrated that the spectral
discrimination can synergistically enhance the hydrodynamic
resolution even if only three diﬀerent wavelength signals are
evaluated.12 However, large scale processing of hundreds of
distinct wavelengths, which are generated by the MWL detector
that records up to 800 separate wavelengths, has been not
possible so far. Thus, the outstanding capabilities of the MWLAUC have not been addressed and could not be exploited until
now. Only Ultrascan3 contains the ﬁrst functionalities to process
and ﬁt whole sets of MWL data using for example the 2dimensional spectrum analysis model, which allows in principle
for the extraction of extinction spectra.13 Even though this model
oﬀers many advantages, such as high resolution, accuracy, and the
possibility of systematic noise ﬁtting, it also has some drawbacks.
For the data evaluation, supercomputing capabilities are required
because the direct modeling of the sedimentation process is
computationally intensive. Moreover, hydrodynamic or thermodynamic nonideality can result in artifacts in case of an improper
direct boundary model, which is not only true for the 2dimensional spectrum analysis but also for other techniques such
as the c(s)-model.9 Hence, the generation of false positives can
impair the result in cases where no prior knowledge is available.
Moreover, the correction for diﬀusion, which is included in these
algorithms, is not required for many systems for which diﬀusion
is negligible during the sedimentation process. Furthermore,
Ultrascan3 ﬁts each wavelength individually and does not include
any further functionalities to process evaluated MWL data, such
as the deconvolution of sedimentation proﬁles. This is, however,
required to exploit the maximum potential of MWL-AUC.
For many NPs the sedimentation in the AUC is only slightly
aﬀected by diﬀusion due to their high density and mass (sizes
typically >20 nm). For biological macromolecules, the
elimination of the eﬀects of diﬀusion is not desirable for studies
on self- or heteroassociation. Such systems would strongly
beneﬁt from software allowing for the fast and accurate analysis
of MWL data. Until now, only a few MWL-AUCs are available
worldwide, but future generations of AUCs such as the
centrifugal ﬂuid analyzer (CFA) may further support MWL
detection. This will lead to a considerably increased demand for
MWL data evaluation in various emerging ﬁelds like biology,
medicine, chemistry, and nanotechnology.

■

THEORY
Fundamentals of Sedimentation. In an AUC experiment,
a centrifugal ﬁeld, which can be up to 250,000 times higher than
the gravitational ﬁeld of the earth, is applied to the sample. By
overcoming the diﬀusion acting on the particles, sedimentation
according to the particles’ mass, size, density, and shape will be
induced. Furthermore, interactions between the analytes can
aﬀect the hydrodynamics. During a typical SV experiment, the
temporal and spatial propagation of the sedimentation boundary
from the meniscus to the cell bottom is measured inline using an
optical detector. The shape and progress of the sedimentation
boundary is given by the sedimentation and diﬀusion properties
of the particles. Absorbance proﬁles are recorded via radial scans
using a CCD-array detector. Since the time needed for one scan
is short (∼1 min) compared to the overall sedimentation of
particles (1−2 h), a single sedimentation proﬁle in the radial
dimension can be considered as a snapshot of the analyte
distribution in the cell. The movement of the sedimentation
boundary contains therefore all information to determine the
sedimentation properties of the analytes. The sedimentation
coeﬃcient s is deﬁned as the sedimentation velocity u divided by
the centrifugal ﬁeld:
u
s= 2
(1)
ωr
The strength of the centrifugal ﬁeld is given by the angular
velocity ω and the distance from the axis of rotation r. The
sedimentation coeﬃcient s is a unique measure of the
hydrodynamic properties of a particle in a given solvent and
can be linked to the particle diameter d using Stokes’ law:
d=

18ηs
ρp − ρs

(2)

The particle size is therefore a function of the sedimentation
coeﬃcient, solvent viscosity η, particle density ρp, and solvent
density ρs. By means of eq 2, the particle size distribution can be
obtained from the sedimentation coeﬃcient distribution that is
the outcome of a SV experiment.
Optical Detection. For an absorbance based measurement,
which is also done by the MWL detector in the AUC, the
measured quantity is the attenuation of light given by the
intensities of the incident light I0 and the transmitted light I. It
can be expressed by Beer−Lambert’s law:
log10

I
= −εcl = −τc
I0

(3)

For a given optical path length l, the extinction depends on the
molar or mass concentration c as well as on the extinction
coeﬃcient ε of the analyte/particle. Alternatively, the extinction
coeﬃcient can be divided by the optical path length, which
provides the turbidity τ. The attenuation of light is determined by
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Scheme 1. Concept of MWL Analysis Using MWL-AUC and SEDANALa

a

The general pathway (blue) includes the design of the MWL-AUC experiment as well as the measurement and data acquisition in the MWL-AUC.
After that two diﬀerent pathways can be pursued depending on the sample and the existence of prior knowledge. For a mixture of a deﬁned number
of species with known optical properties, a deconvolution of the sedimentation data can be done to obtain the sedimentation coeﬃcient distributions
of the individual components (red path). Alternatively, the absorbance spectra can be obtained for any sedimentation coeﬃcient and species in case
of an arbitrary mixture of species (green path).

large data sets arising from MWL data sets can be easily and
rapidly investigated without the need for supercomputing
capabilities.
Since the DCDT method has already been described in detail,
just a brief overview will be given. The method eﬀectively
produces a concentration gradient pattern, dc/ds* (also called
g(s*)), as a function of radius expressed in units of the apparent
sedimentation coeﬃcient (not diﬀusion corrected), s*. The
transformation of the time derivative of the concentration to
g(s*) is given by the following equation15,17,18

the absorbance and scattering of light. It depends on the complex
refractive indices of the solvent and the particles under
investigation as well as on the density, shape, and size of the
particles, which determine whether the extinction is dominated
by absorbance or scattering (or both). Hence, the obtained
sedimentation coeﬃcient distribution for a MWL-AUC experiment is always extinction weighted but can be converted to a
mass weighted distribution as long as the extinction coeﬃcient is
known.
The measured extinction in a MWL-AUC experiment will vary
with each investigated wavelength according to the diﬀerent
optical properties (extinction spectra that contain an absorbance
and a scattering contribution) of the sedimenting analyte. For a
given sample and cell, the total analyte concentration and path
length will be constant during the experiment. AUC separates the
species in the gravitation ﬁeld, and so any variation of absorbance
with wavelength is due to the component sedimenting at that
distinct sedimentation coeﬃcient. This is why the optical
properties of individual fractions are accessible via MWL-AUC
and what we will demonstrate in the following sections.
Analysis of Hydrodynamic Properties. In principle, two
diﬀerent groups of data evaluation routines exist. The ﬁrst group
is based on direct boundary models to assess the change in
concentration during the centrifugation. For this, the Lamm
equation, which describes the temporal and spatial distribution of
the sample due to sedimentation and diﬀusion, is used by
employing least-squares methods according to the popular
Todd−Haschemeyer method.14 By means of diﬀerent numerical
approaches, the distribution of sedimentation, and optionally
diﬀusion, is derived from the raw data. The second group uses
model free approaches, such as the van-Holde-Weischet or
DCDT analysis.15,16 The DCDT analysis as implemented in
SEDANAL11 is based on the time derivative approach developed
by Staﬀord to completely remove all the time independent
systematic noise such as scratches or dirt on the windows from
the data before analysis.15,17−19 In this work, we will use this
model-free approach to integrate the functionalities of MWL
data analysis into SEDANAL. The advantage of the DCDT
method in comparison to the ﬁrst group is that due to the direct
removal of errors it is direct and model independent. That means
it requires no computationally intensive calculations that would
otherwise be necessary to ﬁt for the systematic errors. Therefore,

g (̂ s*) ≡

⎡⎛ ∂c ⎞
⎛ ∂c ⎞
2
⎜
⎟ = ⎢⎜
⎟ + 2ω
⎝ ∂s* ⎠t ⎣⎝ ∂t ⎠r

⎤⎛ ∂t ⎞
∂c ⎟⎞
⎟
s*ds*⎥⎜
⎝ ∂s* ⎠t
⎦⎝ ∂s* ⎠r

s*= s* ⎛

∫s*=0

⎜

(4)

where s* is deﬁned by:
s* =

⎛r ⎞
1
ln⎜ ⎟
2
ω t ⎝ rm ⎠

(5)

rm is the meniscus position, and the other symbols have their
usual meaning, as already introduced by the previous equations.
The time derivative (DCDT) method uses a subset of scans to
give essentially a snapshot of the sedimenting boundary at a
particular time during the run and is plotted on a linear s* scale.15
In contrast, the wide distribution analysis (WDA) method
includes all the scans from a run to give a sedimentation pattern
spanning the entire range of s values observable for that run; it is
plotted on a log scale to accommodate the wide range of s values
observable. In addition, WDA has a multispeed capability
allowing extremely wide ranges of the s value to be observed in a
single run.19 In both methods the use of the time derivative
eliminates the need to ﬁt for the time independent systematic
errors resulting in the elimination of several thousand ﬁtting
parameters required by other methods.
Multiwavelength Analysis. Common AUC analysis is
based on single wavelength (SWL) absorbance data. Alternatively, interference or ﬂuorescence optics can be applied to
determine the sedimentation coeﬃcient distribution. The latter
is mainly used for special applications incorporating ﬂuorescent
tagged macromolecules and NPs. The conversion of the
measured extinction weighted distribution to a mass weighted
distribution requires further information regarding the optical
properties of the sample. As mentioned in the section about
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solution). cLS represents the closest solution to the true (i.e.,
noise-free) values of the concentration in the least-squares sense:

optical detection, the extinction coeﬃcient of the sample is
needed to correct for absorbance data. For interference data the
refractive index increment dn/dc of the material is needed.
However, for complex mixtures of, e.g. diﬀerent materials, the
correlation of sedimentation and optical properties becomes very
complex because multiple species may also have multiple
extinction coeﬃcients or refractive indices. Thus, the conversion
of the measurement data to a quantitative sedimentation
coeﬃcient distribution and the distinction of the individual
species that contribute to this sedimentation coeﬃcient
distribution are hindered.
In contrast to SWL, interference or ﬂuorescence detection,
MWL-AUC oﬀers signiﬁcantly increased information due to the
acquisition of numerous wavelengths.5,20,21 This will change the
way AUC data is analyzed and will therefore open completely
new possibilities of particle analysis. An overview demonstrating
how we treat MWL data in SEDANAL is given in Scheme 1. In
the following, the three major advantages of MWL-AUC will be
presented:
Increased Signal-to-Noise Ratio. For a single component of
known optical properties or multiple components with identical
extinction coeﬃcients, the SWL detector can be used to
determine all necessary information. Even though in this case
the MWL analysis will not provide an increase in information, it
will oﬀer statistical advantages. The signal-to-noise ratio (SNR)
scales with the square root of number of averages. This means
that a MWL analysis using 100 wavelengths can provide a ten
times higher SNR in case that the SNR of each scan is in the same
order. For experiments at low concentration and data analysis
followed up by ﬁtting routines, this oﬀers clear advantages. In this
context it has to be noted that wavelengths with a poor SNR used
for calculating the average can impair the result. Thus, a major
advantage of MWL analysis is that only wavelengths with a
similar SNR can be used to gain a signiﬁcant statistical advantage.
Species Deconvolution. For systems of known optical
properties deconvolution of the global sedimentation coeﬃcient
distributions can be done to obtain the relative contributions of
the individual components/species in the sedimentation
coeﬃcient distribution. This represents a highly overdetermined
system that can be solved by linear least-squares (LLS) methods.
If one has only two components whose spectral properties are
well-known and if measurements are available for two wavelengths without any noise, the concentrations of the two
components can be simply obtained by algebraically solving two
equations for the two unknown component concentrations.
However, in the noisy, real world that solution can be quite
unstable and very sensitive to the noise. In this context MWLanalysis is seen to be highly promising due to the fact that the
overdetermined system is composed of measurements at several
hundred wavelengths. This system can be represented by the
following linear system which allows us to “blend” all that
information into one unique robust solution
y = Ac

c LS = (ATA)−1ATy

(7)

This system, comprising as many as m = 500 wavelengths, is
solved repeatedly at each time point and at each radial position to
deconvolute the n concentration vs radius curves using the
FORTRAN LAPACK and BLAS routine, DGELSY, in
SEDANAL, for solving linear systems. The Linear Algebra
Package (LAPACK 3.5.0) and Level 3 BLAS subroutines are
open source code and can be obtained from http://www.netlib.
org/lapack/ and http://www.netlib.org/blas/, respectively.
Spectrum Extraction. According to the Beer−Lambert’s law,
the optical density (OD) at a ﬁxed optical path length is a product
of the extinction coeﬃcient and the concentration. Consequently, the peak area of the sedimentation coeﬃcient
distribution which contains information on all analytes in the
measurement cell is proportional to the extinction coeﬃcient and
loading concentration of the material. For multiple components
that show well distinguishable sedimentation coeﬃcient peaks,
the peak areas are separated from each other and can be
considered individually. Thus, the MWL evaluation provides the
wavelength-dependent peak areas. Since the concentration is
constant and independent of the wavelength under consideration, any diﬀerences in the peak areas are proportional to the
extinction coeﬃcients of the individual species. Accordingly, by
means of MWL analysis, the optical properties (extinction
spectra) of the individual species can be derived without the need
of time-consuming puriﬁcation. For consideration of individual
species, this requires that the peaks in the sedimentation
coeﬃcient distributions of the species are clearly recognizable.
However, for a continuous distribution the spectra can also be
extracted as a function of the sedimentation coeﬃcient and
particle size to investigate spectral size dependencies even
though the signal could be superimposed by two diﬀerent
materials depending on the sample composition. For chemically
identical particles of diﬀerent size this will directly provide the
size dependent spectral properties.

■

EXPERIMENTAL SECTION
AUC Measurements. A modiﬁed preparative centrifuge,
type Optima L-90K, available from Beckman Coulter has been
used for the sedimentation velocity experiments. Further
information regarding the applied MWL optics as well as the
data acquisition can be found in the literature.5,7 Titanium
centerpieces (Nanolytics, Germany), path length 12 mm, were
used for all experiments. The temperature was set to 20 °C for all
measurements and was held constant for at least 1 h before
starting the experiment. Sedimentation velocity data has been
acquired at 4 krpm for the silica-gold mixture and 3 krpm for the
gold mixture, which provided well-resolved SV data.
Absorbance Measurements. Extinction coeﬃcients were
determined via absorbance measurements using a Cary 100 Scan
UV/vis spectrophotometer (Varian GmbH, Germany) with
spectral steps of 1 nm. The mass concentration of the silica NPs
was taken from the data of the manufacturer. The mass
concentration of the gold NPs was calculated assuming a
conversion of 100% during the synthesis.
Simulated Sedimentation of Proteins. Sedimentation
proﬁles were simulated for bovine serum albumin (BSA) and βlactoglobuline (BLG) for several wavelengths with the extinction
coeﬃcients measured separately for both proteins. Sedimenta-

(6)

where y is the column vector of absorbance measurements at
each of m wavelengths, and A is an m by n matrix of extinction
coeﬃcients for the n components at the m wavelengths. c is an n
element column vector of component concentrations. n is usually
a small integer: 2, 3, 4, etc. The LLS “approximate” solution to
this system is easily and quickly obtained by solving this system
for cLS, the best linear unbiased estimate of the concentrations of
each component at each radius and time point (if the
absorbances had no noise, this would be the exact analytical
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tion proﬁles of the BSA/BLG mixture were simulated for 50
krpm with a time interval of 100 sec. Simulation parameters were
as follows: M = 18.4 kg/mol, s = 2.0 sved, dρ/dc = 0.268 for BLG
and M = 66.1 kg/mol, s = 4.3 sved, dρ/dc = 0.268 for BSA.
Gaussian random noise with a standard deviation of 1% was
added to the data.
Silica Nanoparticles. Blue colored silica “sicastar-blue” NPs
(Micromod Partikeltechnology GmbH, Germany) with a size of
100 nm (#73-00-102) were used as purchased, and concentrations were adjusted via dilution using ultrapure water (18.2
MΩ cm−1; total oxidizable carbon <10 ppb). Silica particles
incorporating a blue dye were chosen over white silica particles as
an illustration because of the spectral features, which can be
detected by MWL-AUC.
Syntheses of Gold Nanoparticles. For the mixture with
silica particles, small gold NPs were synthesized according to the
method of Turkevich et al.22−25 7.3 mL of an aqueous solution of
5.5 mM NaAuCl4 was added to 100 mL of boiling H2O. After
further boiling, 12.5 mL of an aqueous solution of 19.4 mM
trisodium citrate was added leading to the formation of gold NPs
about 15 nm in size. Larger sized gold NPs were produced via
seed-growth synthesis. The Au seeds were synthesized by adding
1 mL of 25 mM NaAuCl4 into 150 mL of boiling 2.2 mM
trisodium citrate. After the synthesis of the Au seeds in 10 min,
the reaction solution was cooled down to 90 ± 1 °C. Then, 1 mL
of 60 mM trisodium citrate and 1 mL of 25 mM NaAuCl4 were
consecutively added to the solution with a time delay of ∼2 min.
After 30 min, the reaction was completed, and a sample of 2 mL
was extracted. This process was repeated in order to get diﬀerent
sizes of Au NPs. For the preparation of the 2-component mixture
of gold particles we used the seed particles and one larger size
fraction, which were prepared according to the methodology
described before. Scanning electron microscopy (SEM) and
image analysis were applied prior to the AUC experiment to
verify that species of diﬀerent size were obtained. For the larger
NPs we estimated the mean mass weighted particle size. The
seed particles were too small for a SEM analysis.
Data Analysis. MWL data analysis was carried out using
SEDANAL. The SEDANAL preprocessor can read the MWL
ﬁles created by the MWL-AUC machine (binary format with one
ﬁle per scan containing all the wavelengths) to create a single
“run” ﬁle. This run ﬁle contains all scans from all wavelengths in
addition to meta-data like the meniscus and the base radii that
were chosen in the preprocessor. In the next step, either DCDT
or WDA is chosen to display the sedimentation pattern either as
g(s*) vs s* for narrow distributions15 or as s*g(s*) vs ln(s*) for
both narrow and very wide single or multispeed distributions,19
respectively. In what follows, please note the following
equivalences: g(s*) = da/ds* and s*g(s*) = da/d ln(s*). In the
following, we use absorbances a instead of concentrations since
this is the customary parameter of the MWL-AUC. For either
DCDT or WDA analysis the user can choose distinct or all
wavelengths for the distribution plots.
In principle, absorption spectra can be obtained for a ﬁxed
sedimentation coeﬃcient by plotting the diﬀerent absorbances
derived from the DCDT or WDA analysis as a function of the
wavelength. However, since the time derivative patterns contain
noise, a smoothed spectrum is obtained from the patterns by
integrating over a range of sedimentation coeﬃcient values to get
an absorbance or extinction, a, over that range. The same range is
used for each wavelength. For DCDT we have

a(λ ) =

s2* ⎛

∫s *
1

∂a ⎞⎟
ds*
⎝ ∂s* ⎠ λ
⎜

(8)

and, similarly, for WDA we have:
a (λ ) =

s2* ⎛

∫s *
1

∂a ⎞
⎜
⎟ d ln(s*)
⎝ ∂ ln(s*) ⎠ λ

(9)

These absorbances can then be plotted as a function of the
wavelength to produce the spectrum. Any particular spectrum
must ﬁnally be normalized by the appropriate molar or mass
concentration to get the extinction coeﬃcients. Vice versa, molar
or mass concentrations can be calculated for known extinction
coeﬃcients. The values of s1* and s2* are chosen to include as
much of each peak as possible without having signiﬁcant overlap
with any neighboring peaks.
Deconvolution of Component Concentration Proﬁles
from MWL Data Sets. After solving the linear system from the
large MWL data set, the column vector cLS will contain the
concentrations of each of the n components in the mixture.
SEDANAL will then write out the concentration proﬁles to n
series of scan ﬁles in XL-A/I format of the commercial AUC by
Beckman-Coulter. It is written one ﬁle for each time point and/
or stored as n “run” ﬁles readable by SEDANAL. Thus, they can
be processed by DCDT and WDA to produce the corresponding
sedimentation patterns for the individual components and by the
SEDANAL ﬁtter which is used to ﬁt to various appropriate
models. The deconvoluted concentration vs radius ﬁles in XL-A/
I format can also be read by other software programs employing
other types of analysis methods.

■

RESULTS AND DISCUSSION
Simulated Data. At ﬁrst, a set of simulated data was
considered to test the functionality of the MWL SEDANAL
analysis with synthetic data. The resulting sedimentation proﬁles
are given in Figure 1c. As known from literature, BSA sediments
faster due to its higher molar mass, whereby broadening of the
boundary is slightly more enhanced for BLG due to its lower
hydrodynamic diameter and higher diﬀusion coeﬃcient. Even
though the extinction coeﬃcients are similar but not identical for
the proteins as shown in Figure 1a, the sedimentation proﬁles
could be readily deconvoluted. The plateau concentrations at
10,000 sec are about 15−20% lower than the loading
concentrations of 1.0 g/L. This is ascribed to radial dilution in
the sector shaped cell. In the next step, both patterns can be
evaluated individually with any desired software as usual to
provide the sedimentation coeﬃcient distributions of BSA and
BLG.
Our methodology is independent of the considered spectral
range. Even though deep UV-data cannot be generated with the
current MWL detector, future generations of MWL-AUC will
provide this opportunity. This in turn will require appropriate
data analysis tools, such as presented in this work, to take
advantage of the manifold possibilities in biological and medical
applications.
Mixture of Silica and Gold Nanoparticles. After showing
the functionality of our methodology for simulated data, the
possibilities of MWL analysis will be demonstrated by means of a
mixture of blue colored silica and reddish colored gold NPs,
about 100 and 15 nm in size, respectively. The extinction spectra
of the two NPs were measured, and extinction coeﬃcients were
then calculated based on the known concentrations for both
particles before mixing. The obtained data is provided in Figure
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distribution evaluated at 520 nm is given. The peak positions of
the two species are well separated. According to the raw data, the
ﬁrst peak has to correspond to the slower sedimenting gold NPs.
We deconvoluted the sedimentation data using the extinction
coeﬃcients and MWL data to obtain the individual distributions
of the two species. The distribution of the silica NPs shows a
“wiggle” at the peak position of the distribution of gold. So far, we
cannot fully explain the reason for this feature. The origin of this
eﬀect is under investigation and will be reported at a later time.
However, it has to be noted that this artifact seems to have no
noticeable inﬂuence on the ﬁnal distribution because the shape of
the gold NPs distributions is preserved after deconvolution of the
data. Moreover, the average peak area of this wiggle is zero. Thus,
it is canceled during the integration, and the spectra can still be
extracted despite this eﬀect.
Furthermore, and according to step 5 in Scheme 1, the peak
areas of the convoluted distribution were calculated via
integration and plotted vs the wavelength to retrieve the
extinction spectra of the two species from the AUC measurement. The ﬁnal, normalized spectra of the species and their
retrieved spectra are shown in Figure 2d. For both particles the
spectra match very well. For the retrieved spectrum of the silica
NPs an increase in absorption is found around 520 nm, which is
in the range of the peak maximum of the gold spectrum. Since
both sedimentation coeﬃcient peaks were suﬃciently separated,
we believe that this may be attributed to a small amount of gold
NPs bound to some of the silica NPs.
In summary, we are able to show for the ﬁrst time that it is
possible to determine the individual extinction spectra of two
species in a multicomponent mixture using MWL-AUC and one
single sedimentation velocity experiment, which took no longer
than 1 h. For this, no puriﬁcation of the sample was required. It
also needs to be pointed out that the entire analysis was
completed within a few minutes on a standard notebook or oﬃce
computer.
Mixture of Gold Nanoparticles. To further emphasize the
sensitivity of MWL-AUC to hydrodynamic and spectral
properties, we investigated a second mixture containing two
diﬀerently sized gold NPs. The size of the NPs is expected to be
in the range of 10 to 30 nm according to the peak maxima of the
spectra. A red-shift of the peak maxima with increasing particle
size will be caused by the surface-plasmon resonance.
Herein, we did not aim to deconvolute the sedimentation
coeﬃcient distributions based on the extinction coeﬃcients of
the individual fractions but wanted to extract instead the
individual extinction spectra. For many applications, optical
properties of particles are needed but not known because the
signals of individual fractions are superimposed by the signal of
other components in the mixture. Thus, tedious puriﬁcation
protocols have to be carried out to obtain the individual species
and to measure their absorbance spectra. With MWL-AUC most
of these protocols will become unnecessary because optical
information can be extracted for diﬀerent sedimentation
coeﬃcients and species directly.
In Figure 3a the obtained sedimentation coeﬃcient distribution as a function of the wavelength is shown. We observed two
major species with average sedimentation coeﬃcients of 1476
and 5706 sved, which translates to particle sizes of 12.1 and 23.7
nm, respectively. The value of the larger species agrees well with
the results by SEM analysis, which provided a mean value of
about 21 nm. Herein, it has to be mentioned that the AUC
analysis will provide much more accurate results than the SEM
due to its superior resolution and statistics. For both species we

Figure 1. a) Extinction coeﬃcients of BSA and BLG used for the
generation of simulated sedimentation proﬁles. Selected wavelengths for
deconvolution of sedimentation data are indicated by vertical dashed
lines. b) Synthetic sedimentation proﬁles of the BSA-BLG mixture after
10,000 sec and 50 krpm for 5 diﬀerent wavelengths. c) Deconvoluted
sedimentation proﬁles for BSA and BLG based on the simulated
wavelengths shown in b).

2a. It can be seen that the proﬁles are quite diﬀerent for the two
species. The smaller gold NPs have high extinction coeﬃcients in
the visible range of the spectrum and show a unique spectral
feature at 520 nm. Noteworthy, this causes the reddish color of
the dispersion. The peak position can be correlated to the
diameter of the particle due to the well-known surface-plasmon
resonance of the noble metal. In contrast, the extinction
coeﬃcients of the blue colored silica NPs are much smaller
and show no signiﬁcant features in the UV/vis spectrum. Only a
weak peak at 600 nm can be assigned to the blue color of the NPs.
Besides, the extinction is dominated by scattering and increases
to the UV in accordance to Rayleigh scattering.
A sedimentation velocity experiment was performed at 4 krpm
for a mixture of both NPs. Already the raw data of the MWL
experiment, of which a snapshot is given in Figure 2b, reveals the
two species with their diﬀerent sedimentation coeﬃcients and
optical properties. As it can be seen, the sedimentation velocity of
the silica NPs is much higher compared to the gold NPs. A movie
of the sedimentation experiment can be found in the Supporting
Information (SI).
The sedimentation data was evaluated using the DCDT
method, which resulted in 329 distributions, one for each
wavelength. In Figure 2c as an example, the extinction weighted
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Figure 2. a) Extinction coeﬃcients of the silica and gold NPs. The extinction coeﬃcient of the silica NPs was multiplied by 15 to be better recognizable.
b) Multiwavelength spectra of the silica-gold mixture sedimenting at 4 krpm in a sedimentation velocity experiment as a function of the radial distance
from the axis of rotation. The scan was taken after 15 min. Two diﬀerent wavelengths corresponding to the spectral features of the two species were
highlighted with black lines as a guide to the eye. c) Convoluted sedimentation coeﬃcient distributions at 520 nm and deconvoluted sedimentation
coeﬃcient distributions of gold and silica NPs. 329 wavelengths values were used for the MWL analysis. The distributions were not normalized for the
sake of clarity. d) Extinction spectra of the two species measured using a benchtop UV/vis spectrometer as well as the extinction data reproduced from
the MWL AUC experiment. Spectra were normalized to a maximum value of one to be comparable.

properties of particles are investigated. Without MWL-AUC very
time-consuming puriﬁcation protocols have to be applied −
provided they exist at all − to isolate individual fractions from
mixtures to study their optical properties. MWL-AUC oﬀers such
information in only one experiment making it a highly eﬀective
technique. Deconvolution of the concentration proﬁles allows
for the determination of the individual sedimentation coeﬃcient
distributions of species in a mixture. The deconvolution method
requires all the extinction coeﬃcients and depends on the
components having “suﬃciently” diﬀerent spectra. What
“suﬃcient” for distinct samples actually means will depend to a
large extent on the signal-to-noise ratio of the data.
Further studies shall be focused on the development of MWLanalysis for direct boundary models, which would allow for the
ﬁtting of radius-independent noise and meniscus positions.
Moreover, it would be desirable to develop MWL analysis which
is able to deconvolute diﬀusion. Very small nanoparticles such as
semiconductor quantum dots would clearly beneﬁt from such
developments because assignment of the hydrodynamic and
optical properties is hindered by diﬀusional broadening.
However, for all systems where diﬀusion plays a negligible role

further extracted the extinction spectra (Figure 3b). As expected
from Mie’s theory, the peak position shifts about 3 nm for the
larger gold NPs.26 A movie showing the size dependent spectra of
the gold NPs can be found in the SI. Due to the high sensitivity of
the AUC toward the sedimentation behavior of NPs and thus the
particle size as well as the high spectral resolution, we believe that
MWL-AUC will become a powerful tool for the simultaneous
analysis of hydrodynamic and optical properties.

■

CONCLUSIONS
Our developments enable us to do a fast and accurate analysis of
multiwavelength (MWL) data obtained by the analytical
ultracentrifuge (AUC). The possibility of MWL analysis will be
of high beneﬁt for biomedical applications and nanotechnology.
MWL-AUC oﬀers a much higher statistical conﬁdence compared
to single wavelength analysis due to the evaluation at multiple
wavelengths. Furthermore, the individual extinction spectra of
species in complex mixtures become accessible by means of a
MWL evaluation. This will have considerable impact for
applications in photonics and nanotechnology, where structure−property relations such as the size dependent optical
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■

Figure 3. a) 3D-plot of sedimentation coeﬃcient distribution of the gold
NPs mixture vs their extinction spectra. b) Normalized extracted
extinction spectra for the two diﬀerently sized gold NP fractions. A slight
peak shift of about 3 nm is observed for the larger species.

(large particle sizes) and therefore does not need to be taken into
account, we have presented a fast and reliable methodology. We
believe that this will be of large beneﬁt for numerous applications
in nano- and biotechnology.
Multiwavelength capabilities are currently integrated into the
next version of SEDANAL, which can be obtained for free via
http://www.sedanal.org/.
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* Supporting Information
S

Movie of the sedimentation velocity experiment of the silica-gold
nanoparticle mixture and movie of the size dependent spectra of
the gold nanoparticle mixture. This material is available free of
charge via the Internet at http://pubs.acs.org.
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