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ABSTRACT: Analytical ultracentrifugation (AUC) is a powerful and
information-rich technique for directly characterizing the molecular
weight, size, shape, dispersity, and association behavior of species
in their native solution environment, spanning a broad molecular
weight range of ~ 100 Da to 100 MDa. Unlike many orthogonal
methods, AUC does not require immobilization, labeling, or
assumptions regarding sample homogeneity. With recent advances
in instrumentation and data analysis software, AUC enables more
accurate and reliable characterization of diverse solution systems,
including biomacromolecules, colloids, surfactants, and polymers.
Owing to their uniform and well-defined molecular weights, sizes, : 3
and shapes, molecular clusters are particularly well suited for AUC . .
studies. In this work, we investigate molecular cluster solutions - \
using AUC, highlighting its significant potential in this field. Even relatively simple AUC experiments can provide detailed and
quantitative insights into molecular cluster systems, including hydration shell thickness, intermolecular distances in dimers,
and adsorption of organic ligands such as amino acids.
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key limitation of techniques such as light and X-ray scattering,
which typically measure the collective properties of solute mixtures.

In AUC studies, strong centrifugal fields generated by rotor
rotation are applied to dissolved or dispersed samples in AUC cells
(Fig. 1(a)). The sedimentation process is monitored using optical
detection systems (interference, absorbance, and fluorescence),
which measure concentration changes as a function of time and
radial position (in SV-AUC), ¢(r,t), or as a function of radial
position at equilibrium (in SE-AUC), ¢(r). The latest Beckman
Coulter Optima AUC model (Fig. 1(b)) operates at rotor speeds of
up to 60,000 rpm and can analyze species spanning molecular
weights from ~ 100 Da to 100 MDa.

Two principal AUC measurement approaches are used: SV-
AUC and SE-AUC. SV-AUC determines sedimentation rates of
particles and is primarily applied to assess heterogeneity and size
distributions in complex systems. SE-AUC measures the
equilibrium distribution of particles in the centrifugal field to

1 Introduction

The analytical ultracentrifugation (AUC) technique was developed
by Svedberg in the 1920s. He first determined the sizes and size
distributions of gold particles below 10 nm [1] using sedimentation
velocity AUC (SV-AUC). He subsequently reported the
determination of macromolecular molecular weights by
sedimentation equilibrium AUC (SE-AUC) in 1925 [2]. These
contributions led to the 1926 Nobel Prize in Chemistry “for his
work on disperse systems” [3].

Centrifugation operates by applying a strong centrifugal field to a
solution containing suspended particles, driving them toward the
bottom of the container by sedimentation. The sedimentation rate
depends on the applied field strength, solvent viscosity, and the size,
shape, and mass of the particles. While conventional centrifugation
techniques are widely used in research laboratories, AUC provides
an additional capability: It monitors and analyzes individual

components in solution during sedimentation. This overcomes a
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determine molar mass and association equilibria. SV-AUC is more
commonly used due to its higher throughput and suitability for
heterogeneous samples.

The principles of SV-AUC are commonly described by two key
equations: the Svedberg equation (Eq. (1)) [1], derived from a force
balance during sedimentation without diffusion, and the Lamm
equation (Eq. (2)) [5], which describes mass transport arising from
both sedimentation and diffusion. The Svedberg equation
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Figure1 (a) The illustration of SV-AUC experiment—Sample particles are pushed towards the bottom of the cell by the strong centrifugal force, during the process the
particles have been continuously monitored by a UV-Vis detector with time at a fixed location. The absorbance can be inverted to ¢(r). (b) Hardware of the newest AUC
model, Optima AUC, from Beckman Coulter. Images adapted from Beckman Coulter Optima AUC product page (Beckman Coulter, accessed February 2, 2026) [4].

establishes a theoretical relationship between the sedimentation

coefficient and the molar mass of particles.
s= L M=) (1)

w?r f-Na
Here, s is the sedimentation coefficient (unit: S, 1 S = 10 s), v is
the sedimentation velocity, w is the angular velocity,  is the radial
distance from the axis of rotation, M is the molar mass, ¥ is the
partial specific volume, p_ is the solvent density, f is the frictional
coefficient, and N, is Avogadro’s constant. However, in SV-AUC
experiments, concentration profiles are not interpreted using this
equation directly; instead, c(r,t) data are fitted with numerical
solutions of the Lamm equation [6-8], from which both
sedimentation and diffusion coefficients are obtained. The Lamm
equation describes the time- and radius-dependent evolution of
concentration profiles during SV-AUC, explicitly accounting for
sedimentation and diffusion. The sedimentation term is

d
represented by w’s (ra—i + ZC) , while the opposing diffusion term
. . . d*c 1dc
arises from concentration gradients (D (W + 3 5) ).
ﬁ_D &4,1& —w? §+2 (2)
ot \ar T2ar) 9T

Here, ¢ is the sample concentration, ¢ is time, and D is the diffusion
coefficient. In practice, numerical solutions of this equation are
fitted to experimental c(r,f) data to extract sedimentation and
diffusion coefficients. By combining the Stokes equation (Eq. (3))
with the Svedberg equation (Eq. (1)), the hydrodynamic radius of
particles can be obtained:

f=6mnR, (3)
R, = sz (4)
61HN,

where 7 is the solvent viscosity and R, is the hydrodynamic radius
of the particles. For spherical particles, the frictional coefficient f;
follows the Stokes relation, where R, denotes the radius of an
equivalent sphere. Therefore, the shape factor f/f, (also termed the
frictional ratio) is defined as follows:

f/fi=Ri/Ry (5)
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For spherical particles, f/f, = 1, whereas for non-spherical
particles, f/f, > 1. By combining Egs. (3)-(5), the hydrodynamic
radius R;, can be expressed as

R, = i R, = M (6)
fo 67TtnN, s

These relationships enable SV-AUC experiments to provide key
particle properties, including sedimentation and diffusion
coefficients, size, shape (via the frictional ratio), and molar mass.

Reliable software is essential for analyzing the complex raw data
generated by AUC measurements. Advanced tools such as
UltraScan III, developed by Borries Demeler [8, 9] and SEDFIT,
developed by Peter Schuck [7, 10, 11], are freely available and
widely used for AUC data processing.

Multiwavelength AUC (MW-AUC, Fig. 2) can be performed
using Beckman Coulter Optima AUC instruments and analyzed
with UltraScan. The current system enables data acquisition at up
to 20 user-selected wavelengths within the 170-800 nm range
through sequential wavelength scanning. However, this instrument
does not provide true simultaneous multiwavelength detection.
Instead, wavelength selection is achieved using an internal
diffraction grating, and measurements at different wavelengths are
collected sequentially via grating rotation, resulting in a non-
negligible time delay between scans. This delay can be corrected
during data analysis, as implemented in UltraScan by Borries
Demeler. In contrast, true simultaneous multiwavelength
acquisition was first demonstrated by Helmut Colfen, who
developed instrumentation enabling parallel detection across
multiple wavelengths [12-15]. These advances allow the analysis of
multicomponent solution systems, even when different species have
similar sizes and masses, providing they exhibit distinct absorption
spectra [16]. The concentration of each species can be determined
quantitatively from its specific contribution to the total absorbance,
resolved through spectral deconvolution or global fitting of data
acquired at multiple wavelengths [17].

AUC offers an inherent advantage in the analysis of
multicomponent solutions. When applied to monodisperse
systems, it delivers high accuracy and resolution, which underlies its
widespread use in the characterization of biomacromolecular
solutions with well-defined molecular weights. In contrast, the
analysis of synthetic polymers [18, 19] and nanoparticles [12, 19,
20], which are often polydisperse, typically yields lower resolution.

y
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Figure2 The illustration of MW-AUC. Species with different colors indicate their different absorbance characteristics. With MW-AUC, this complex solution is resolved
by showing that purple particles exist as monomers, blue particles form dimers, green and red particles have a strong binding (the green-red complexes can be detected
under both green and red wavelengths). The right part presents the sedimentation coefficient distributions of the particles obtained from multi-wavelength AUC data

analysis, where the vertical axis, c(s), represents the concentration.

Over recent decades, AUC has been predominantly applied to
biomacromolecules (DNA [21, 22], proteins [23, 24],
polysaccharides [25, 26], etc.) supramolecular assemblies, and
complex reaction mixtures under native solution conditions. A
substantial proportion of these studies has been conducted within
the biopharmaceutical sector. Unlike chromatography-based
techniques, AUC does not require stationary phases or calibration
standards, enabling direct, absolute determination of molar mass
from first principles. Because measurements are performed in
solution, AUC minimizes artifacts associated with surface
interactions and enables the characterization of reversible equilibria
without significantly perturbing the system. Its ability to resolve
monomers, oligomers, and higher-order aggregates within a single
experiment makes it particularly valuable for mechanistic studies,
purity assessment, and the evaluation of noncovalent interactions in
synthetic and supramolecular organic chemistry.

Owing to their well-defined molecular weights, sizes, and shapes,
molecular  clusters—particularly ~ polyoxometalate ~ (POM)
clusters—are well suited for AUC studies. MW-AUC is especially
effective for investigating multicomponent systems and systems
involving binding or intermolecular interactions. In the following
sections, several representative examples are presented to illustrate
the types of information that can be obtained using AUC.

2 Determination of hydration shell thickness of
molecular clusters

The hydration shell is intrinsically heterogeneous, as the structure
and dynamics of water molecules depend on their position relative
to the solute surface. In proteins, X-ray and neutron scattering
studies show that only water molecules in the first hydration layer
exhibit significantly altered structure and dynamics [27]. With
increasing distance from the solute, water progressively approaches
bulk-like behavior. Complementary techniques, such as nuclear
magnetic resonance and THz spectroscopy, further enable
characterization of hydration dynamics in nanoparticles. In
contrast, AUC does not directly resolve the motion of individual
water molecules [28]. Instead, the hydration shell inferred from
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AUC corresponds to an “effective hydration shell,” representing
water that is hydrodynamically coupled to the solute and sediments
with the clusters.

Recently, the hydration shell thicknesses of a series of
metal-oxide and metal-peroxide molecular clusters, including
Keggins, Keplerates, {P,W,,}, and uranium peroxide nanocages,
were determined using SV-AUC [29]. From the measured
sedimentation coefficients, R, of these clusters can be calculated
with angstrom-level resolution using Eq. (6). The hydration shell
thickness is then obtained by subtracting the radius of the bare
cluster from Ry, (Fig. 3(a)). For monodisperse cluster solutions, SV-
AUC yields sedimentation coefficients with low residuals and
narrow distributions (Figs. 3(b) and 3(c)), enabling precise
estimation of R;. Clusters with very high charge density (e.g., {Ug}
and {UyPp,,}) exhibit co-sedimentation of approximately three
layers of water molecules (assuming R, of ~ 0.14 nm per water
molecule). In contrast, the weakly charged cluster {Mo,Fe;}
(=7 in aqueous solution) carries only a single water layer. Two
notable exceptions are the Keggin clusters {PW,} and {SiW,},
which exhibit little to no effective hydration layer; only a small
number of weakly associated water molecules co-sediment with
the clusters rather than forming a continuous shell. This unusually
thin hydration shell is consistent with early observations by John F.
Pope in 1960 [30] and with their superchaotropic character,
reflecting a strong affinity for neutral domains in aqueous
environments.

Three factors influencing hydration shell thickness were
examined: surface charge density, solution pH, and temperature.
SV-AUC measurements show an approximately linear increase in
hydration shell thickness with increasing surface charge density
(Fig. 4(a)). In addition, {Mo,,Fe;} behaves as a weak acid; higher
pH promotes deprotonation, increasing its effective charge and
resulting in a thicker hydration shell, as observed by AUC
(Fig. 4(b)). The hydration shell of {Mo,Fey} is very thin
(~ 0.05 nm) at pH = 2.26, indicating minimal associated water, but
increases to ~ 0.21 nm at pH = 4.45. This trend supports the
conclusion that hydration shell thickness in these rigid clusters is
primarily governed by surface charge density. In contrast,

Polyoxometalates, 2026, 5, 9140132
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Figure 3 (a) Core—shell model of a hydrated molecular cluster, where R is the bare radius of the cluster, R, is the hydrodynamic radius of the hydrated molecule, and AR
is the thickness of the hydration shell. The SV analysis (from SEDFIT) of the {U,,Pp,,} solution. (b) The fits of raw data (upper panel) and residual plots (lower panel),
where AU is the absorbance unit, and the radius refers to the distance from the center of rotation to a given point in the solution. (c) The sedimentation coefficient
distribution. Adapted with permission from Ref. [29], © American Chemical Society 2025.
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solution on pH. Adapted with permission from Ref. [29], © American Chemical Society 2025.

temperature has a much weaker effect. SV-AUC measurements of
highly charged {U,,Pp,,} macroions at different temperatures show
only a slight decrease in hydration shell thickness at elevated
temperatures. This behavior is consistent with hydration dominated
by electrostatic interactions, which are relatively insensitive to
temperature over the range studied.

3 Determination of intermolecular distance of
dimers in molecular cluster solutions

The size disparity between nanoscale macroions (e.g., POMs) and
their ~ small counterions leads to  relatively loose
macroion-counterion  association, particularly for  heavy,
multivalent counterions [31]. This weak association is qualitatively
reflected in AUC measurements, where sedimentation behavior
shifts with increasing apparent molar mass and hydrodynamic
radius. However, anomalous small-angle X-ray scattering (ASAXS)
can provide more precise determination of the number of
associated counterions and their spatial distribution around the
cluster, providing the counterions are suitable elements such as Rb*
or Sr** [32]. When counterion association becomes sufficiently
strong, counterion-mediated attraction between like-charged
macroions can occur. This interaction is a key factor governing the

Polyoxometalates, 2026, 5, 9140132
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solution behavior and phase transitions of charged POM systems.
For example, the {Ug} cluster (LigK;,[UO,(O,)(OH)]4211H,0)
[33] exhibits counterion-dependent solution and microphase
transitions. A series of phase behaviors of {Ug} has been
systematically investigated, including the formation of single-
layered, hollow, spherical “blackberry” assemblies in solution, as
well as gelation and phase—phase separation (coacervation) [34, 35].
{Ug} dimers represent the initial stage of macroion self-assembly.
These species can further associate into oligomers and subsequently
into flexible two-dimensional (2D) nanosheets, which tend to bend
and close to form hollow, spherical “blackberry” structures that are
thermodynamically stable in dilute solution. In the presence of
strongly binding counterions, the formation of more rigid 2D
sheets can also induce macrophase transitions from solution to gel
or coacervate. Therefore, determining the intermolecular distance
between {Ug} units in the dimer state is essential for understanding
its phase behavior.

Recently, we reported the determination of the intermolecular
distance of {Ug} dimers in their self-assembled states across
coacervate, gel, and solution phases, respectively [36]. The
intermolecular distance in the {Uy} dimer was obtained using SV-
AUC. In particular, the hydrodynamic radii of the monomer (R,)
and dimer (R,,) were derived from their corresponding
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sedimentation coefficients (s; and s,) using Eq. (6) and the relation
S)/s; = 2Ry1/Ry,. Because dimers are non-spherical, dedicated
hydrodynamic modeling software such as HYDRO++ [37] is
required to convert the equivalent-sphere Ry, into a physically
meaningful geometry, enabling determination of the intermolecular
distance between two {Uy} units (Fig. 5). As shown in Fig. 5, the R,
of the {Ug} monomer and dimer in a Y*~{Ug)} (molar ratio = 5)
solution are approximately 1.63 and 2.09 nm, respectively. The inter-
{Ug} distance was determined to be ~ 2.88 nm from HYDRO++
fitting.

In SV-AUC experiments, a pure aqueous {Ug} solution and a
series of {Ug} solutions containing different counterions (Rb*, K,
and Y*) were characterized (Fig. 6). Compared with the radius of
the bare {Ug} cluster in the crystalline state (~1.21 nm) [28], the Ry,
of {Ug} in solution (based on s = 7.58 S) is larger (~ 1.79 nm),
reflecting the contribution of the hydration shell. As shown in
Fig. 6, monomeric {Uy} exhibits an increased s upon addition of
heavier counterions, corresponding to a decrease in Ry,;. This trend
can be attributed to partial disruption of the hydration shell and
increased counterion association around the {Ugy)} clusters. Due to
counterion association, each {Ug} cluster carries fewer charges,
leading to a reduced hydration shell thickness and a smaller R;.
Moreover, the s ratio (sy/s;) of the {Ug} dimer reflects the
intermolecular separation, with a larger s ratio indicating a shorter
{Ug}—{Ug} distance in solution. In addition, the trend in inter-
{Ug} distance reflects the relative strength of counterion
interactions, following the order: {Ug}-Y* > {Ug}-K" > {Ug}-Rb".
This hierarchy is consistent with the observed solution behavior of
{Ug} macroions. The addition of Y* promotes the formation of
rigid 2D nanosheets, whereas K* favors blackberry-type assemblies,

and Rb* leads to smaller blackberry structures. Weaker counterion-
mediated attraction allows the resulting 2D sheets to bend more
readily, facilitating curvature-driven assembly.

Combining SAXS measurements of inter-{Ug} distances in the
gel state leads to the conclusion that the intermolecular distance of
{Ug} increases progressively during phase transitions (Fig. 7).
Counterion-mediated attraction between {Ug,} macroions
establishes a characteristic {Ug}—{Uy} separation in solution, which
increases as the strength or valence of the counterions decreases.
The intermolecular distance increases from ~ 2.68 nm in {Ug}
single crystals to ~ 2.74 nm at higher {Ug} concentrations in the
presence of Y** ions. It further increases to ~ 2.88 nm in the dimeric
state at lower {Uq} concentrations with reduced Y** content, then to
~ 3.09 nm in the presence of weaker K* counterions, and finally to
~ 326 nm for dimers with the addition of even weaker Rb* ions.
This systematic increase in intermolecular distance correlates well
with the self-assembly behavior and macrophase transitions of {Ug}
in aqueous solutions.

4 Adsorption of amino acids onto molecular
cluster surfaces

In aqueous solution, molecular clusters can interact with a variety of
species through noncovalent interactions, including hydrogen
bonding [38, 39], electrostatic interactions [40, 41], and host-guest
interactions [42, 43]. As the fundamental building blocks of
proteins, amino acids serve as simplified yet chemically relevant
model systems for probing interactions between molecular clusters
and biomolecules, while retaining key functional groups and
chirality. Notably, their adsorption onto inorganic surfaces is
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the dimers can be calculated. Adapted with permission from Ref. [36], © American Chemical Society 2025.
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Figure6 SV analysis (from SEDFIT) of {Ug} dilute sample solutions, where s, is the sedimentation coefficient of {Ug,} monomer, s, is the sedimentation coefficient of
{Ug} dimer, D is the inter-{Ug} distance. SV experiments of (a) pure {Ug} aqueous solution, (c) {Ug}-Y* (molar ratio = 5) aqueous solution, (e) {Ug}-K* (molar ratio =
48) aqueous solution and (g) {Ug}-Rb* (molar ratio = 48) aqueous solution run at 40,000 rpm and 20 °C fitted by c(s) model. (b), (d), (f) and (h) are the sedimentation
coefficient distributions of (a), (c), (e) and (g), respectively. {Ug} dimers are observed in (d), (f) and (h), upon addition of Y** counterions (small green spheres), K*
counterions (small blue spheres) and Rb* counterions (small orange spheres), respectively. Adapted with permission from Ref. [36], © American Chemical Society 2025.
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distance) to coacervates (liquid-liquid phase separation), gels (homogeneous phase) to solutions containing standalone 2D sheets, large blackberry structures and smaller
blackberry structures, the inter-{Uy} distance gradually increases. Reprinted with permission from Ref. [36], © American Chemical Society 2025.
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Figure8 (a) The simplified structures of {As,W,} and alanine, along with the proposed adsorption mechanism of Aspartic acid onto {As,W,}. The dashed line indicates
the hydrodynamic radius of the {As,W,;} cluster. (b) The sedimentation coefficient distribution (from UltraScan III) of {As,W,} solution with L-aspartic acid. Two
species were observed by AUC: individual {As,W,} clusters and the binding product of L-aspartic acid onto {As,W,}.

governed by extremely subtle interfacial forces that are often below sedimentation and diffusion coefficients, frictional ratio (f/f,), and

the detection limits of conventional techniques but can be species concentration, as well as the number of species present and
sensitively resolved using AUC. Figure 8 presents SV-AUC results their relative populations in solution. By combining the
for the adsorption of amino acids onto {As,W;} experimentally determined molecular weight with the known mass

(K o[As,W,04]-15H,0) [44]. Two species in solution—free of aspartic acid, the number of adsorbed amino acids per inorganic
{As,W;} and the {As,W}-aspartic acid complex—can be clearly cluster can be directly quantified. In addition, a slight
distinguished by AUC. SV-AUC analysis using UltraScan III conformational or shape change upon adsorption is indicated by an
provides access to key parameters, including molecular weight, increase in f/f, to ~ 1.2.
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5 Conclusions

AUC is a powerful technique for investigating complex solution
systems. Owing to their well-defined and uniform size, shape, and
mass, molecular clusters are particularly well suited for AUC
measurements. The examples presented in this study demonstrate
the effectiveness of AUC in determining hydration shell thicknesses
of clusters, intermolecular distances in dimers, and the association
between molecular clusters and amino acid ligands. Additional
applications of AUC include the detection of cluster dissociation,
oligomer formation, selective binding between clusters and other
species, and host-guest interactions involving cage-like molecules.
Although large supramolecular assemblies of clusters are not
discussed in detail in this study, such systems are also amenable
to AUC analysis due to its high sensitivity. For example, AUC
can be used to accurately determine the mass of self-assembled
blackberry structures in aqueous solution. While some of these
properties can be probed using alternative techniques, AUC offers
the distinct advantage of resolving different species prior to
analysis, enabling direct determination of their individual
concentrations. This capability is critical for accurate molar mass
determination.

Moreover, MW-AUC is a powerful technique for studying
cluster-containing  solutions. Many such systems comprise
multiple components, and differences in their absorption spectra
enable MW-AUC to resolve individual species. This makes it
particularly useful for investigating competitive cluster-ligand
binding and host-guest interactions involving cage-like
molecules. However, the technique requires substantial expertise,
experience, and instrumentation resources. As a result, the barrier
to entry for new users can be relatively high, with a need for
extensive training covering both experimental operation and data
analysis.

Data availability
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