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Abstract

Analytical ultracentrifugation (AUC) is a critical analytical tool supporting the development

and manufacture of protein therapeutics. AUC is routinely used as an assay orthogonal to size
exclusion chromatography for aggregate quantitation. This article distills the experimental and
analysis procedures used by the authors for sedimentation velocity AUC into a series of best-
practices considerations. The goal of this distillation is to help harmonize aggregate quantitation
approaches across the biopharmaceutical industry. We review key considerations for sample

and instrument suitability, experimental design, and data analysis best practices and conversely,
highlight potential pitfalls to accurate aggregate analysis. Our goal is to provide experienced users
benchmarks against which they can standardize their analyses and to provide guidance for new
AUC analysts that will aid them to become proficient in this fundamental technique.

Keywords

Analytical Ultracentrifugation; Antibody(s); Antibody drug(s); Biopharmaceutical
characterization; HPLC (high performance/pressure liquid chromatography; Monoclonal
antibody(s); Protein aggregation

Introduction

Protein therapeutics have rapidly progressed from an emerging to an established approach
for the treatment of a wide range of human diseases. From development through
administration, protein therapeutics can form higher molecular weight assemblies that are
commonly referred to as ‘aggregates’. Aggregate is a broad term applied to a variety of
non-native higher molecular weight assemblies. In this guidance, aggregate is defined as
soluble, thermodynamically and/or kinetically stable species with a molecular weight at
least twice that of the therapeutically active species, the latter typically being a monomeric
IgG monoclonal antibody (mAbl). Insoluble species larger than ~60 nm, the lower

limit of detection for most submicron particle characterization techniques, are considered
‘particulate matter’ and are out of scope of this guidance; quantitation and characterization
of particulates is discussed elsewhere [1-3].

Minimizing the formation of soluble aggregate is key to the development of a protein
therapeutic, as aggregate can reduce drug efficacy and is suspected to elicit an immune
response [4]. Minimizing the risk of aggregate in protein therapeutics requires aggregate

Labbreviations used: AAPS, American Association of Pharmaceutical Scientists; AUC, Analytical Ultracentrifugation; GMP,

Good Manufacturing Practice; HMW, High Molecular Weight; ICH, International Council for Harmonization; LOD, Limit of
Detection; LOQ, Limit of Quantitation; mAb, Monoclonal Antibody; OD, Optical Density; PABC, Product Attribute and Biological
Consequences; QC, Quality Control; RMSD, Root Mean Square Deviation; SE, Sedimentation Equilibrium; SEC, Size Exclusion
Chromatography; SV, Sedimentation Velocity, T1, Time Independent; USP, United States Pharmacopeia
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characterization by orthogonal techniques (United States Pharmacopeia (USP) chapter
<1787>). A whitepaper, contributed by the AAPS Product Attribute and Biological
Consequences (PABC) focus group on the application of analytical techniques to assess
subvisible particles of biotherapeutics, outlines existing orthogonal techniques for aggregate
and particulate matter characterization [5]. Given the substantial increase in the number

of approved therapeutic proteins, with a significant portion represented by mAbs, the
biopharmaceutical industry needs orthogonal techniques and best practices to guide
aggregate and particle analyses [6, 7].

Several techniques are commonly used to characterize and quantify soluble protein
aggregate. Size exclusion chromatography (SEC) is the primary technique employed for

this purpose in development and quality control (QC) laboratories. In SEC, species are
separated by their hydrodynamic size v/a differential exclusion from the pores of a stationary
phase matrix [8]. The advantages of SEC include high throughput, sensitivity, precision,

and relatively low material requirements. Limitations of SEC are that separation occurs on
two phases (mobile and stationary) which requires that a sample be diluted into the mobile
phase prior to loading on the SEC column. Differences in the composition of a mobile phase
from that of a formulation buffer (e.g., pH, ionic strength, presence of organic solvents), the
substantial dilution by the mobile phase during separation, and non-specific interactions with
the stationary phase can dissociate existing aggregates or promote formation of new ones. In
addition, the separation range of a typical SEC column may be insufficient to resolve larger
aggregates. While there are a variety of column types available, there is frequently a balance
between resolution and separation range that must be achieved. These limitations can yield
inaccurate quantitation and characterization of aggregates [9, 10].

To ensure the reliability of an SEC method, various orthogonal sizing techniques are
employed, including field flow fractionation (FFF), light scattering techniques, and
analytical ultracentrifugation (AUC) [11]. The accuracy, precision and dynamic range

of these techniques have been reviewed elsewhere, and AUC has been shown to have

the broadest dynamic range with equivalent or superior quantitative ability [12, 13].

For these reasons, AUC is widely utilized during product development as an aggregate
characterization and quantitation technique orthogonal to SEC. Additionally, AUC is an
extensively used orthogonal technique in both industry and academia for the characterization
and quantitation of protein higher order structure, assembly mechanism, and aggregates
[14-17]. AUC studies can be conducted in two ways: In sedimentation equilibrium AUC
(SE-AUC), the equilibrium concentration distribution of macromolecules is quantitated:;
in sedimentation velocity AUC (SV-AUC), the sedimentation of macromolecules is
monitored in real time. Although not discussed in this guidance, SE-AUC can provide
thermodynamic information on parameters such as solution molecular mass, association
constants, stoichiometries, and solution nonideality of homogenous and heterogeneous
preparations of molecules.

SV-AUC is the orthogonal technique of choice for aggregate characterization and
quantitation for biotherapeutics. The advantages of SV-AUC are that it is a first-principles
solution technique that can be carried out across a variety of solution compositions and
conditions such as the matrix of a final drug substance or drug product and without
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confounding interactions with a stationary phase. The limitations of SV-AUC include
relatively low throughput, a limited dynamic detection range, the potential for some
excipients such as sugars to form gradients during sedimentation, and the need for
experienced analysts to conduct and properly interpret SV-AUC studies. The goal of this
article is to address the latter limitation by providing guidance on the design, execution,
and analysis of aggregates in protein therapeutic preparations with a focus on monoclonal
antibodies (mAb).

SV-AUC differentiates soluble species based on their hydrodynamic properties, which is
essential for characterization of the kinetic and thermodynamic properties of many types

of interacting systems. SV-AUC tracks the boundary between sample and solvent as the
macromolecules in a solution sediment. The sedimentation coefficient(s) is a measure
derived from the rate at which boundaries move down the sample column using transport
models based upon the Lamm equation [18]. The buoyant mass and the frictional coefficient
are correlated parameters that are derived from the relationship between shape of boundaries
and their sedimentation rate. In a heterogeneous solution of different non-interacting
particles, each species (or ensemble of species with similar hydrodynamic properties) has a
unique and separate boundary. The accurate identification and quantitation of each species
requires careful attention to the experimental conditions that influence the quality and extent
of the boundaries which in turn, allows the hydrodynamic properties of each species to be
extracted by analysis [19].

This article presents the authors’ recommendation of best practices for accurate aggregate
quantitation by SV-AUC in samples of therapeutic antibodies or antibody-derived products.
We focus on the instrumentation and analysis method that is widely used in industry for
the analysis of aggregates in mAb formulations. We outline best practices that reflect the
published literature and the authors’ experience. Among the key best practices articulated
herein are proper instrument set up, SV run protocols, reproducible cell alignment, and
rigorous data analysis [20, 21]. By sharing these best practices, we hope to facilitate

the entry and training of new users in the field, improve the consistency of aggregate
quantitation across the industry, and enhance the breadth and robustness of SV-AUC
applications that characterize protein therapeutics.

ultracentrifuges

The majority of analytical ultracentrifuges used in the biopharmaceutical industry

are manufactured and serviced by Beckman Coulter (Indianapolis, IN). The Rayleigh
interferometer and a UV-Vis absorbance detector in ProteomeLab™ XL-I instruments

can separately or simultaneously measure radial concentration as species sediment. The
ProteomeLab™ XL-A instrument is only equipped with the absorbance scanner. The new
Optima™ instrument from Beckman Coulter can also be equipped with both detection
systems; see [17] for additional information about this instrument. Users of the Optima™
analytical ultracentrifuge are cautioned to monitor their data closely for signs of micro-
convection as described in [22]. All Beckman analytical instruments support four- and eight-
hole rotors. The best practices described herein are generally applicable across all detection
systems, albeit with some specific considerations for each. The fluorescence detection
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system formerly manufactured by Aviv Biomedical is not used in aggregate analysis and so
is not considered herein. Discussion of the applications enabled by the fluorescence optics
can be found elsewhere [23-25].

Sample preparation

A successful AUC experiment begins with proper sample preparation. The optimal sample
preparation depends on application and the mode of sample detection. This section outlines
our suggested best practice for the preparation of mAb samples for SV-AUC aggregate
analysis employing intensity or absorbance detection at 280 nm. We also briefly discuss
sample preparation for other types of SV-AUC studies.

A prerequisite for accurate SV-AUC results is the calculation or measurement of the solvent
density and viscosity as well as the protein extinction coefficient and partial specific volume.
Use of exact values is especially important when the solvent contains uncommon excipients
or when the protein is post-translationally modified; however, these parameters affect the
accurate determination of sedimentation coefficients much more than the quantitation of
total aggregates. SV-AUC aggregate analysis studies can often be conducted by simple
dilution of a protein therapeutic into its formulation buffer [16]. However, there are special
cases when sample preparation requires additional considerations. The three most common
situations are:

1. The sample solution contains species whose absorption interferes with the
intensity or absorbance tracking of the analyte (typically, 280 nm for mAbs and
other proteins). In this case, sample dialysis in a buffer void of the absorbing
formulation buffer excipient is required. Note that most pharmaceutically
relevant formulation matrices have negligible 280 nm absorbance compared to
mAbs. Alternatively, interference detection (discussed below) can be used in
place of absorbance.

2. Thermodynamic non-ideality is expected when mAbs are formulated at low ionic
strength or as self-buffered formulations [26] (e.g., Humira®). Non-ideality can
be diminished in SV-AUC studies by preparing samples with an appropriate
ionic strength modifier such as sodium chloride and/or a buffer; the latter is
particularly important for self-buffered formulations upon dilution. A total ionic
strength of ~ 25 mM is usually sufficient to neutralize long-range molecular
interactions that can interfere with the sedimentation and diffusion processes
during an SV-AUC run.

3. Co-sedimenting solutes such as sugars or polyols can form density gradients
during sedimentation and potentially ‘mask’ high molecular weight species
leading to underreporting of the amount of aggregate [27]. To evaluate the
impact of the co-sedimenting solvent, best practice is to dialyze a sample into an
appropriate buffer (e.g., the same formulation matrix without a co-sedimenting
solute or a standard buffer such as PBS) and compare the amount of high
molecular weight species resolved by SV-AUC for the sugar-containing and the
sugar-free buffer. When SV-AUC experiments are carried out in the presence of
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a co-sedimenting solute, an inhomogeneous solvent model [28] must be utilized
during data analysis to obtain accurate sedimentation coefficient values.

For absorbance-based detection modes, a common best practice is to target the sample
concentration corresponding to an absorbance of ~ 1.0, which ensures high signal-to-noise
ratio while staying within the linear range of the absorbance detector. For most mAbs with
an extinction coefficient at 280 nm of ~ 1.5 (mg/mL)~1cm™1 and in 12 mm pathlength
centerpieces, 1.0 OD corresponds to a loading concentration of ~ 0.6 mg/mL. SV-AUC
measurements can be conducted at higher concentrations using 3 mm pathlength or thinner
centerpieces. In this case, proportionally higher loading concentration (~ 2.4 mg/mL for
mAbs) can be used. Much higher concentrations (up to 45 mg/mL), which are not possible
to measure with absorbance detection, have been achieved with interference measurements
and require analysis models accounting for nonideality [29]. Loading concentrations
corresponding to absorbance of 0.5 OD or lower should be avoided for the purpose of
mAb aggregate characterization and quantitation; analyzing samples at low total loading
concentrations impairs the ability to detect minor species (see discussion below on the limit
of detection (LOD) and the limit of quantitation (LOQ)).

Since most mAb samples are formulated at high concentration, they must be diluted or
dialyzed for SV-AUC analysis with absorbance detection. Dialysis may not be necessary
when absorbance detection is employed, and the dilution factor is high. For instance,
dilution of a mAb formulated at nominal 150 mg/mL to 0.6 mg/mL is a 250-fold dilution
and ensures practically equal sample and reference matrix composition. On the other hand,
Rayleigh interference detection is based on the differential refractive index and therefore is
sensitive to even the slightest differences in matrix constituents between the two sectors of
the centerpiece. Extensive dialysis of the sample is strongly recommended when Rayleigh
interference is employed so that all matrix constituents match between the two sectors of the
centerpiece.

When dialysis is not possible, SV-AUC can still be performed but computational methods
which account for sedimenting buffer species must be taken into consideration during data
analysis (see below) [29, 30]. For example, when process intermediate samples are analyzed
by SV-AUC, the exact composition of their buffer matrix may not be well-determined. In
these situations, either a dialysis against a representative matrix is carried out, or water is
used as the optical reference in combination with additional computational analysis steps

to account for sedimentation of matrix constituents. Special attention must be paid when

a dialysis membrane or a concentrator membrane is not permeable to an excipient (e.g.,
surfactants forming micelles).

To account for potential variability of the aggregate quantitation by SV-AUC, it is
recommended to prepare sufficient sample volume to allow triplicate measurement of a
sample. Typically, triplicates are collected in three different cells within the same run;
alternatively, multiple runs can be performed.

Finally, it is important to understand the stability of the molecule at the experimental
conditions (solution condition, temperature, and duration). While the majority of mAbs are
stable in their respective formulation matrices, some solution and/or incubation conditions
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such as those used in stress studies [31, 32], can induce additional mAb fragmentation
and/or aggregation. In this case, rational choice of relevant stress conditions is essential. To
make a meaningful comparison between several orthogonal techniques and minimize sample
storage and handling-related artifacts, care should be exercised to ensure that the samples to
be analyzed undergo the same sample treatment, preparation, and storage.

Cell alignment

After assembled cells are loaded into the AUC rotor, the walls of the sample sectors should
be parallel to the centrifugal force. This geometry is achieved by aligning the sector walls
to the center of rotation through a process called cell alignment. Alignment is crucial for
ensuring accurate quantitation of aggregate levels in mAb samples. Cell misalignment has
been linked to convective flow which ultimately leads to artifacts materialized in a higher
apparent aggregate content [21, 33-35]. An illustrative example in Figure 1 (taken from
[35]) shows how purposefully and systematically misaligning cells in the rotor impacts
aggregate quantitation. The graphs in Figure 1B and Figure 2 clearly show the impact of
misalignment on SV-AUC aggregate quantitation.

Cells can be aligned visually, mechanically, or optically. Visual alignment relies on matching
the scribe marks on the bottom of the rotor with those on the bottom of cell housings. Visual
alignment is subjective and requires that the scribe lines be drawn with utmost accuracy
during the manufacture of rotors and cell housings. Mechanical alignment is achieved

with commercially available tools such as the Spin CAT manufactured by Spin Analytical,
or custom-made tools described in [33]. Mechanical alignment offers higher precision in
aggregate quantitation compared to visual alignment [21, 33-35]. Unlike visual alignment
which depends on the scribe marks, mechanical alignment relies on the cut outs on the
bottom of the cell housing to effectively align the sector walls with the center of rotation.
Optical tools aim to achieve alignment by ensuring that the septum which separates both
sectors of the centerpiece is parallel to the centrifugal force and that the lines drawn from the
walls of the septum (or the inner walls of each sector) intersect at the center of rotation [35].

While the intermediate precision reported for optical alignment [35] and mechanical
alignment [21] are similar, the former allows direct sector wall alignment without relying
on the scribe marks or cut outs, thus potentially improving alignment consistency among
different rotors. Note that optical alignment may by confounded by small air bubbles on
sector walls which obscure light passage during measurement of alignment angles. A brief
centrifugation at a low speed (e.g., 5 min at 3,000 rpm) forces small air bubbles to coalesce
into a single bubble at the top of the sector and is usually sufficient to resolve this problem.
As best practice, optical alignment should be used whenever possible given its higher
accuracy and lowest impact on aggregate quantitation. If an optical alignment instrument is
not available, use of a mechanical alignment tool is preferred over manual alignment.

Experimental temperature and temperature control

Temperature affects virtually every aspect of an AUC experiment. Sample density, viscosity,
stability, and oligomerization state are all temperature dependent. Thus, rigorous analysis
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requires that the temperature be accurately known. In addition, temperature gradients
cause convection that introduces aggregate quantitation artifacts [21, 33, 36]. Typically, the
temperature must be maintained within + 0.5 °C of the set run temperature over the course
of an SV-AUC experiment. Some analysis software programs display a warning message if
this tolerance is exceeded (e.g., SEDFIT, as discussed below).

AUC experiments are typically conducted at 20 °C. Sedimenting samples at 20 °C facilitates
correction to the (20, w) standard condition because in this case only buffer density and
viscosity need to be accounted for. Being within several degrees of ambient laboratory
temperatures minimizes the time required to equilibrate the loaded rotor prior to starting a
run. It is recommended to pre-equilibrate samples at 20 °C in case there is slow reversibility
between species present in a sample. Insufficient temperature equilibration time in this

case will cause concurrent species re-distribution during a run and introduce artifact. Best
practice is to mount the loaded rotor and monochromator assembly and allow 1 — 2

hours at high vacuum to equilibrate to the 20 °C set point. Alternatively, the centrifuge

with an empty rotor installed can be allowed to temperature equilibrate under vacuum
overnight and run ~ 1 hour after the loaded rotor is mounted. If mAb SV-AUC analyses are
conducted at temperatures approaching the high and low extremes accessible to a Beckman
ProteomeLab™ XL-I or XL-A (4 and 37 °C, respectively), equilibration times will need to
be longer than those noted above for 20 °C.

System suitability

According to ICH Q2(R1) “Validation of Analytical Procedures’, system suitability testing
is an integral part of many analytical procedures and is based on the concept that the
equipment, electronics, analytical operations, and samples to be analyzed constitute an
integral system that should be evaluated as such [37]. Two types of system suitability
checks need to be implemented for reliable and reproducible SV-AUC experiments, one
for the instrument itself and another for the cell assemblies. Maintaining control charts for
the performance parameters of the instrument and every cell in use is recommended for
monitoring the overall performance of a given AUC system.

An instrument suitability check should include at a minimum, a radial calibration, a
temperature control check, a test of detection module(s) functionality, and an evaluation
of the instrument timestamp [38]. Except for radial calibration, it is recommended to have
an analytical ultracentrifuge calibrated at least annually by a qualified service technician, to
check for these parameters. Radial calibration is typically performed by the user whenever
a rotor is changed. A recent multi-laboratory study [39] revealed systematic instrument
variability, which makes instrument suitability checks a critical activity. The frequency of
these checks (biweekly, monthly, or quarterly) can vary depending upon circumstances.
New methods have been developed to calibrate rotor temperature by placing an integrated
circuit for temperature logging either on top of a resting rotor [40], in a modified cell
assembly [40] or in a modified rotor handle [41]. Absolute calibration of temperature

and radial measurements in the AUC using external standards have been developed [39,
42, 43]. Periodic temperature checks can be valuable indicators of temperature control

or calibration errors, but no evidence has been presented on whether or not these would
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influence the quantitation of aggregate species and so far have not been widely adopted in
the biopharmaceutical industry.

Cell suitability refers to the ability of an assembled AUC cell to deliver reproducible

results. Best practice is to keep the parts of cell assemblies together and to document

their performance over time. Cells should be assembled following the manufacturer’s
instructions, torqued, and checked for proper sample setup and assembly by performing

a short run at low speed (e.g., 5 min at 3,000 rpm) prior to initiation of the actual run. It is
convenient to do this check during the temperature equilibration; the rotor must be brought
to a complete stop prior to starting the experimental run in order to reset the time and the
rotation counter. Cell assemblies that are used for aggregate quantitation of mAb samples
need to be routinely assessed for suitability by performing control run(s) with a protein
standard. The standard may be a product-specific reference standard, representative material,
or a commonly available protein (e.g., BSA or NIST mAb [44]). Typically, the mean and the
standard deviation of the total level of aggregate and the s-value of the monomer can serve
as control parameters for a given cell that is compared to historical and literature values,

as well as to SEC results on the same protein. Since the s-value is temperature dependent,

it is critical that control runs be properly equilibrated at the set temperature. Conversely,
systematic deviation of the s-value from its known value can serve as an indirect suitability
check for temperature.

Once a run with the actual mAb samples of interest is complete, one should critically review
the data for any signs of atypical performance. While it is impossible to list all potential
failure modes (Table 4 lists several common anomalies), a high standard deviation of a
particular parameter may point to an outlier cell. Atypical data traces and/or large residuals
may indicate instrument, cell, or sample problems.

Setting up an SV-AUC run

During an SV-AUC experiment, the analytes of a sample sediment in a centrifugal force
field. The sedimentation behavior of a given species depends on its hydrodynamic properties
that are in turn a function of the shape, size, and molecular weight of the molecule, as

well as the temperature, density and viscosity of the buffer. As the SV-AUC run progresses,
sedimentation boundaries broaden due to diffusion. Data scans are collected at multiple time
points along the entire sample column; curve fitting globally analyzes the entire scan set, a
process that increases precision and deconvolutes partially overlapping boundaries.

Information about the fastest sedimenting species is contained in the early subset of scans.
Optimal information about the sedimentation of any species requires scans that follow

these species to the bottom of the cell to maximally resolve differences in the velocity of
migration. Thus, it is recommended to accelerate directly to the set speed and immediately
initiate scanning. Analysis precision improves with increasing time-interval between the first
and last scan included in the analysis (not including the scans from completely depleted
solution columns) and the travel distance (/.e., a long solution column). Typically, statistical
noise is reduced to a level below the ultimately unavoidable adventitious systematic errors
of SV experiments at 50 — 100 scans (see below). Deconvolution of diffusion rates depend
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on both boundary position (mainly a function of the sedimentation coefficient and time)
and change in boundary shape (mainly dependent on diffusion and the square root of time
and the sedimentation resolution between species). Deconvolution of time independent (T1)
noise is optimal when at least 10 — 20 baseline scans (free of any sedimenting species) are
included in the scan set.

Achieving the theoretical considerations described above requires consideration of the
physical properties of the sample and solute. While, a detailed discussion of the effect

of excipients on the density and viscosity of solutions is beyond the scope of this article
[17], solutes, particularly at high concentrations, significantly impact the sedimentation and
diffusion rates of peptide, protein and aggregate. In addition, practical constraints such as
instrument availability and required sample throughput may also be a factor. Rotor speed is
the principal variable of an SV-AUC experiment and needs to be rationally chosen. While
the information content of scans increases at higher rotor speeds, allowing more precise
measurement of boundary midpoints, the total number of scans reduces thus reducing

the overall data density. For Beckman XL instruments equipped with absorption optics,
analyzing seven samples in the AN-50 Ti rotor at 40,000 rpm will yield 50 absorbance scans
for each sample over a total experiment time of five hours, sufficient for a typical intact mAb
to fully sediment. Sedimenting three samples in the AN-60 Ti rotor at the same speed will
roughly double the scan density of the acquired data set. Sedimenting a single sample will
further triple the scan density. Setting the rotor speed at 50,000 rpm increases the resolution
between sedimenting species but reduces the number of scans per run. Having fewer scans
for subsequent analysis does not necessarily create a problem, as discussed below.

Beckman Coulter charcoal-Epon centerpieces have been qualified for use at a maximum
speed of 42,000 rpm; however, they are typically run in SV-AUC experiments at up to
60,000 rpm without a negative impact. On the new Optima™ centrifuge, faster scanning
enables collection of a very dense raw data set or reduction of the overall time required for
full sedimentation at higher rotor speed. However, as demonstrated in Figure 3 and Table

1 for BSA and the NIST mAb, a scan density above 50 scans spanning the entire column
height improves the precision or resolution of a c(s) curve fit minimally if at all; at high
enough scan density, systematic errors in the data acquisition start to dominate. Therefore, a
delay in data collection between scans (named frequency on the Optima™ model) may be
set to avoid collecting more data than needed.

Absorbance-based detection mode (intensity or absorbance at 280 nm) is typically preferred
over interference for mAb aggregate quantitation because it is less prone to experimental
artifacts related to baseline, noise structure, or stemming from imperfect meniscus and
buffer match between the reference and the sample. Since artifacts can manifest themselves
as c(s) peaks, they may negatively impact both the accuracy and precision of mAb
aggregate quantitation. Atypical absorbance readings can be related to the performance

of the lamp, the photomultiplier tube, or any of the other parts of the absorbance optics.

In this case, troubleshooting may benefit from both types of data collected simultaneously
if the centrifuge is equipped with absorbance and interference detection (e.g., Beckman
ProteomeLab™ XL-1). Other data acquisition and/or analysis protocols as well as multi-
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speed analysis used to interrogate highly heterogeneous systems [45] are beyond the scope
of this paper.

Data analysis — general considerations

Over the course of an SV-AUC run, the radial and temporal evolution of concentration
profiles across the sample cell, (7,9, is measured. A raw data set for a given cell typically
consists of over 10,000 data points, which allows mathematical curve-fitting to extract
quantitative information. The first step in analyzing an SV-AUC run is to examine the raw
scans to evaluate of the data and diagnose aberrant behavior. Typical sedimentation profiles
of an IgG mADb are shown in Figure 4. The data consist of sigmoidal-shaped boundaries that
migrate and broaden over time (Fig. 4A). The presence of aggregates leads to skewing of the
leading edge of the initial boundaries. Depending on the abundance and the type of species,
a second, faster-sedimenting boundary (Fig. 4B) or a slightly sloping plateau region (Fig.
4C) may become evident as the run progresses.

A potential limitation of any sedimentation coefficient distribution method is its basis

in sedimentation modeling of non-interacting particles. For molecules that reversibly
interconvert between oligomeric states with complex lifetimes much shorter than the
SV-AUC experiment, what is measured is a time-average sedimentation velocity of each
molecule. Because of the concentration gradients intrinsic to sedimentation boundaries,
this can lead to complex sedimentation coefficient distribution patterns that are the

topic of Gilbert theory, Gilbert-Jenkins theory, and effective particle theory [46]. Rapidly
reversible self-association can be diagnosed from the concentration-dependence of the
c(s) distributions determined as described below [46]. The interpretation of reversible self-
association is outside the scope of the current work, which is focused on quantitation

of oligomers and aggregates that are irreversible on the time scale of the sedimentation
experiment.

Several software packages are available for quantitative trace analysis. The software
DCDT+ employs a theoretical relationship between the time-derivative of the scans and

the differential sedimentation coefficient distributions of non-diffusing particles, known

as g*(s) [47-49]. In simple terms, a set of radial scans acquired during a small-time

interval is transformed onto an axis of sedimentation coefficients and thereby converts
sigmoidal boundaries into peaks. Peaks of such differential sedimentation coefficient
distributions can be integrated, similar to chromatography data, thus enabling quantitation
of fractional populations of species that have different sizes. Quantitation of trace oligomers
is challenging with g*(s) because of limitations intrinsic to its single-species origin and
characteristic distortions [49, 50], despite later extrapolations and adjustments in the
graphical output implemented in the software program ULTRASCAN [51, 52]. At the same
time, the g*(s) transform is a valuable tool to visualize sedimentation boundaries in the
space of sedimentation coefficients as an intermediate inspection between raw data space
(signal vs. radius and time) and the detailed c(s) analysis discussed below.

A sedimentation coefficients c(s) analysis implemented in the program SEDFIT [49, 53]
is widely used in the biopharmaceutical industry for aggregate quantitation. In c(s), a
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differential sedimentation coefficient distribution is calculated by directly curve-fitting the
raw sedimentation boundaries with an explicit distribution model. This analysis produces
peaks similar to g*(s) except that diffusional boundary broadening is included in the
sedimentation model. By fitting a set of scans representing the entire evolution of the
sedimentation process, ranging from earliest to the latest scans when the sedimentation
boundary has migrated past the detectable range (radii > 7.1 cm), the average degree of
diffusion can be deconvoluted from the translational boundary movement. As a result, sharp
peaks are obtained and baseline-resolution of features that are not visually recognizable in
broad boundaries become evident.

Mathematically, the c(s) model is defined as a Fredholm integral equation, with kernels
being the Lamm equation solutions (/.e., the sedimentation/diffusion master equation
predicting patterns of migration and spreading of sedimentation boundaries) of single
discrete species across a range of different s-values [18, 54]. The number of species that
needs to be considered to describe a sedimentation coefficient distribution is on the order

of 100. A direct fit would not yield meaningful results because of overparameterization

and correlation. The c(s) model reduces the number of unknowns through use of a
hydrodynamic scale relationship, which applies a best-fit average frictional ratio (#;ayg) of
all sedimenting particles to estimate the diffusion coefficient corresponding to the species’ s-
values. Regularization calculates the simplest distribution among all that provide statistically
equivalent fit quality, scaled by F-statistics typically using a p-value of 0.68 — 0.95. The most
used regularization is maximizing the information entropy of the resulting distribution.

These model parameters are essential for a statistically meaningful best-fit distribution.

In the fit of this model, it is necessary to include appropriate baseline parameters,

which are, in turn, dependent on the data structure of the optical detection. Specifically,
baseline parameters consist of a constant offset, time-invariant but radial-dependent baseline,
and/or time-varying but radially constant offsets in each scan [49]. The latter applies for
interference data only, while the former is usually sufficient to fit absorbance data. It

is essential that the c(s) fits of the entire scan data be verified by critical inspection of
residuals, using radial overlays, bitmaps, runs tests, and/or tests for normal distribution [49].
Extensions for different diffusion models have been developed [49] such as two-dimensional
size-and-shape distributions [55], but these extensions are not required for mAb aggregate
quantitation analysis [56].

Individual species will generally yield separate peaks in a c(s) distribution. The peak areas
can be integrated to determine species’ concentrations. However, the importance of keeping
in mind that sedimentation coefficient distributions are calculated curves from curve-fitting
the raw data cannot be overstated. For this reason, the SEDFIT display is split and shows the
raw data in the upper half, and the distribution in the lower half, separated in the middle by
a display of the quality of the fit. The c(s) distribution can be integrated in SEDFIT, upon
which the display of the raw data is colored to highlight the boundary regions to which the
integrated species contribute (Fig. 4B). Distributions can be exported to other processing
software viathe clipboard.
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In silico simulations of raw and analyzed data are useful in experimental design. SEDFIT
allows simulating sedimentation data with various models and creating artificial scan files
with or without noise and baselines. These can then be subjected to data analysis to test

to what extent the known input parameters are obtained. The analysis of simulated data is
extremely valuable also to clarify promising experimental parameters for different systems
under study.

Aggregate quantitation by c(s) model in SEDFIT

The “continuous c(s) distribution” model is typically used in SEDFIT analysis of aggregate
quantitation in mAb preparations [49, 53]. Fitting the model to the data scans requires input
of user-defined parameters. Before listing the parameters and the best practices for setting
them, it is important to emphasize that the best fit is be obtained when a few iterations

of fitting are applied in which one or another parameter is modified slightly each time.

This is particularly important when a new molecule is first being analyzed during method
development and/or when no other prior knowledge is available. Once a method has been
developed and parameters have been set, the number of iterations required to converge

the best fit is significantly reduced. Below, we list the parameters and discuss some best
practices to perform the analysis.

The range of sedimentation coefficient values is the first set of values to be entered. The
lower limit must be slightly greater than 0, i.e., 0.5 — 2.0 s, because very small sedimentation
coefficients tend to correlate with baseline offsets. For purified mAb samples, an upper

limit of 20 s is generally sufficient; samples with higher-order oligomers, stressed samples,
or process intermediate samples may require a higher upper limit (often 30 — 50 s). At

the convergence of the fit, SEDFIT will alert if the sedimentation coefficient range is too
restrictive, especially at the upper limit.

‘Resolution’ is defined as the number of data points required to build the c(s) distribution
across the sedimentation coefficient range in which the analysis is performed; in other
words, resolution defines the unit step of the X-axis (s). The higher this number, the better
the resolution between the different sedimenting species in the c(s) distribution. A common
practice is to set the resolution at 37 (corresponding to the step of 0.5 s between 2 s and

20 s) first to enable a rapid convergence of the fit and an estimate of the frictional ratio.
(Setting the resolution parameter too high at the first pass when the frictional ratio of a new
molecule is unknown will result in overly long fit converge.) The resolution is increased to
181 (corresponding to the step of 0.1 s between 2 s and 20 s) in a second iteration after the
frictional ratio has been estimated (see below); this fit will converge faster than if the first
iteration was skipped. The first iteration at low resolution is optional if the frictional ratio of
the molecule is known.

A good initial estimate of the frictional ratio for the analysis of mAbs is 1.5 — 1.6. If the
frictional ratio is known through prior knowledge, inputting this value ensures a faster fit
converge and the overall fitting approach becomes more consistent. No matter what value is
entered for the frictional ratio, this parameter must be floated (.., iteratively refined) during
the fit as a best practice.
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The baseline is typically set at 0 and floated during the fit to account for any minor shifts

in the baseline. The option to fit the TI noise reduction is always enabled to account for

any time-independent features in the absorbance profile, e.g., optical window imperfections.
On the other hand, fitting the RI noise adds little benefit to the quality of the fit for
absorbance data, but is a must when analyzing interference data. However, in the new
Optima™ ultracentrifuge, fitting both the TI and the RI noise reduction is beneficial due to
slightly different radial scanning data collection.

The meniscus position is defined when the user loads the scans in SEDFIT and manually
drags the red cursor on top of the optical spike in absorbance data of the sample sector. The
meniscus position must always be floated; the allowable fitting range for this parameter is
defined by the user by placing the dashed gray cursor ~ £0.2 mm around the red cursor.

The bottom of the cell is typically set at 7.2 cm; this parameter is fixed unless back-diffusion
must be modeled. The scan data fitting range is defined by the green cursors which are
usually set by the user at 0.1 cm to the right of the meniscus (i.e., meniscus + 0.1 cm) for the
lower limit and at 0.1 or 0.15 cm to the left of the bottom (i.e., bottom - 0.1 (or — 0.15 cm))
for the upper limit.

The confidence level (F-ratio) for the regularization process should be set at 0.68
(corresponding to one standard deviation). Setting it higher (i.e., 0.95 for two standard
deviations) can add significant computational time. Initially calculating c(s) with a
confidence level of 0.68 and then raising it to 0.95 allows in comparison of the resulting
distributions an assessment of the significance of resolution between peaks. Once a fit
converges, it is recommended to alternate between the Simplex and the Marquart-Levenberg
regularization algorithms at least once to ensure that the fit is not caught in a local minimum.
Often switching between one and the other does not significantly impact the quality of the
fit in which case one cycle is enough. However, if the RMSD value significantly decreases
by switching from one algorithm to another, switching needs to continue until no further
change can be observed. It is important to mention that noise amplification or application

of different regularization models may impact detailed peak structure and peak shape

since populations of species with similar s-values are correlated. Therefore, a particular
distribution value at a specific s-value is not statistically meaningful, and, similarly, fitting
peak shapes to certain models is not meaningful; rather peak areas and weighted integrals
are invariant and the relevant quantities to be interpreted.

As applied to aggregate quantitation, the caution noted above means that identification of
individual species in a series of small aggregate peaks is not nearly as robust as quantitation
of the total aggregate. There is a general hierarchy of statistical significance between

the attributes of a c(s) peak: (1) The highest significance is the integral of c¢(s) which
corresponds to the concentration of the sedimenting species represented by this peak; (2)
The s-value of the peak may suffer from correlation with majority species s-value and # g,
and therefore is subject to more statistical variation than the integral (i.e., the concentration)
of the same peak; (3) although the estimated diffusional spread based on the best-fit £ g
allows the prediction of a molar mass, this should not be given more confidence than a
general indication of the possible range of the true value, assuming the trace species of
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interest has similar hydrodynamic shape factors #/f;as the major species (typically, the mAb
monomer). Conversely, due to the relative lack of information on diffusional spread of each
species, the use of a single frictional ratio for the entire distribution does not significantly
impact integrals under other peaks.

There are several additional considerations for quantitation of mAb aggregates that

can prove useful or essential in certain cases. First, when working with buffers that

contain significant quantities of sedimenting co-solutes it is possible to account for the
dynamic density and viscosity gradients modulating macromolecular sedimentation [28].
The application and utility of this model in the context of trace aggregate analysis has

been studied in detail by Gabrielson and colleagues [27]. Second, the maximum entropy
regularization can introduce a slight bias leading to underestimate low levels of aggregates
and other species. This bias can be avoided by using Bayesian prior probabilities in
maximizing information entropy of the distribution [57]; guidelines for its application are
provided in [58]. Third, a multi-wavelength extension of c(s) [59] is sensible only when
working with heterogeneous mixtures of spectrally distinct species. Fourth, an emerging
opportunity is presented by a nonideal extension of ¢(s) [60]. This extension overcomes the
concentration limit to < 1 mg/mL imposed by the current requirement in c(s) analysis for
hydrodynamically ideal sedimentation. Practical experience in the application to antibody
trace analysis is still limited at the present time [29]. Fifth, in a single run to study 1gG-sized
molecules at 40,000 rpm, it is challenging to monitor species on the order of ~100 s. The
dynamic range of sizes in a single experiment can be increased up to 1,000-fold by using a
gradually increasing rotor speed in a ‘gravitational sweep’ experiment [45].

The c¢(s) model and refinements are implemented in the data analysis software SEDFIT
and SEDPHAT (provided freely by the National Institute of Biomedical Imaging and
Bioengineering at the National Institutes of Health at sedfitsedphat.nibib.nih.gov/software).

Considerations for reporting SV-AUC results

Whether SV-AUC is used as a characterization tool or as a method orthogonal to SEC,
SV-AUC results are best reported as individual plots of ¢(s) distribution functions with
ranges of sedimentation coefficients integrated as the numerical results. The complete

data set and analysis (e.g., the c(r,t) curves, fit lines, residual bitmaps, and residuals

plots) are not always appropriate for typical reporting because they require experience

for correct interpretation. In addition, experimental artifacts caused by curve fitting or
triplicate measurement presentations with varying minor peaks can obfuscate the more
robust overall conclusions. Instead, regulatory filings should include tabulated data of the
primary reportable results from c(s) curve fits: the sedimentation coefficient values for
major species, and their corresponding fraction. These values capture the percent of total
signal apparently travelling between the boundary sedimentation coefficients. Typically,
sedimentation coefficient data is reported to two decimal places, whereas higher molecular
weight species amounts are reported to one decimal place. However, as for other analytical
methods, it is the precision determined at the time of method development that ultimately
dictates the number of significant figures for each of the reported results. Species present
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at levels below the LOD (generally, 1-2% of the total signal) should not be individually
identified nor their apparent individual sedimentation coefficients reported.

When initiating a program of aggregate analysis, it is essential that studies be conducted that
replicate the results documented during development of the method on the same or similar
molecules. In particular, the experimental setup, the frictional ratio f/fy that is determined,
and the RMSD of the curve fitting should be comparable to the reference values. Careful
tracking of expected RMSD and f/f values allows setting limits for acceptable ranges in
subsequent studies. Experience is a powerful teacher that will allow the analyst to monitor
instrument performance and determine whether the c(s) fitting model is appropriate to the
protein being analyzed. RMSD values are not the sole judge of quality of the fit. The number
of scans that are acquired, rotor speed, optical system, detection wavelength, and the lower
and upper bounds to the sample column that is fit will affect the information content and

the resulting curve fit, regularization, and expected RMSD. For example, running a sample
at a lower rotor speed results in shallower boundaries and more overlap between species.
However, less steep boundaries tend to contribute less noise to the curve fit because of the
finite radial precision of the instrument and therefore will result in a lower RMSD value. If
many scans from time points after the last major species have sedimented are included in the
analysis, the average RMSD of all scans will also be reduced because scans of an empty cell
always fit better than those of a moving boundary.

It is important to stress that as described in the above sections, the c(s) distribution

function does not represent the raw data but rather is a fitted mathematical function.

The practice of reporting c(s) distribution functions in a format like what is presented in
SEC chromatograms is misleading. For instance, in a 2003 paper, aggregates present at
levels ranging from 30.6% (dimer) to 0.1% (heptamer) were labeled [61]. Unfortunately,
presentation of the figure in this manner caused misinterpretation of the capabilities of
SV-AUC that might have led to setting unrealistic expectations. In a later publication, it was
clarified that the LOD of aggregates characterization by SV-AUC was at best 1% of the total
signal (depending on the aggregates size) and reproducibly detecting aggregate levels below
1-2% was hard to achieve even for experienced analysts [62]. Thus, the initial 2003 figure
was misinterpreted because peaks labeled as ‘pentamer’ through ‘heptamer’ were all present
at amounts lower than 2% of the total signal, below the LOD of the method followed.

Unlike in SEC, where the accuracy in the amount of total aggregate is increased by
omitting peaks below the LOD, SV-AUC analysis should include the area under the peaks
associated with pentamer, hexamer, and heptamer as part of total aggregate to achieve

the most accurate representation of the data. In SEC, a chromatogram is the raw data

and the total sum in a range is an integration of that area. In S\V-AUC, however, a c(s)
distribution is a deconvolution of the c(r,t) raw data where the totals are determined by a
large number of data points (the plateau regions) and, thus, the totals are more accurate than
the deconvolution. Both the overall amount and weight average sedimentation coefficient

in a range of s-values are accurate regardless of how the curve fitting and regularization
distribute that total in the final distribution [63].
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SV-AUC method validation

Method validation is an essential aspect and the ultimate phase of method development as
outlined in ICH Q2(R1) “Validation of Analytical Procedures’ [37]. The goal of method
validation is to demonstrate that the analytical procedure is suitable for its intended purpose.
In the context of this guidance document, SV-AUC can be considered a quantitative test

for impurity content, specifically, total soluble aggregate. Once the method is developed

as described in previous sections, typical validation parameters listed in Table 2 can be
evaluated as outlined in ICH Q2(R1). As noted below, several of the parameters listed

in Table 2 are quite difficult to achieve for SV-AUC. At a minimum the method should
encompass the systems suitability testing described above and further validation described
here can be undertaken as required by the needs of the specific application of the method.

Specificity, range, and robustness are relatively straightforward to demonstrate during the
validation of a method for the aggregate quantitation in mAb samples by SV-AUC. The
peaks corresponding to the higher molecular weight species are typically well-resolved
from the mAb monomer within the c(s) distribution, thus demonstrating specificity. Ranges
between approx. 0.5 and 13% have been used for a number of proteins including mAbs [21,
64] and are usually sufficient to cover representative levels of aggregates for a variety of
nominal and stressed conditions. Method robustness for the quantitation of aggregates can
be evaluated by introducing small variations in method parameters such as temperature, cell
alignment etc. as described above. It should be noted that, in general, experimental setup
affects the robustness of an SV-AUC method more than the data analysis [64].

The most critical and challenging aspects of an SV-AUC method validation are the
determination of precision, LOD, LOQ, and the associated demonstration of linearity. ICH
Q2(R1) [37] specifies three general approaches to determining the LOD and LOQ of a
method:

1. The first approach is based on visual inspection and does not apply to aggregate
guantitation by SV-AUC because the analyte is detected indirectly from the fit of
the sedimentation raw scan data to the c¢(s) distribution model.

2. The second approach applies to methods in which the signal exhibits baseline
noise. Here, comparing measured signals from samples with known low analyte
concentrations to those of blank samples allows calculation of the signal-to-noise
ratio. The lowest concentration at which the analyte can be reliably detected —
typically at ~ 2:1 to 3:1 signal to noise — corresponds to the LOD. While this
approach can potentially be employed for the LOD determination of an SV-AUC
method, it is not straightforward. In fact, while the signal to noise can be easily
estimated for absorbance scans, changes in the absorbance signal caused by
the differentially sedimenting boundaries (monomer vs. aggregates) cannot be
readily translated into the relative abundances of the c(s) species higher than the
monomer, particularly at low concentrations of aggregates. In addition, if the
sample concentration is low (< 0.5 OD total loading concentration), the signal to
noise decreases and the ability to detect species present at low levels becomes
problematic.
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3. The third approach outlined in the ICH Q2(B) guideline relies on the standard
deviation (o) in the response of a given sample and the slope (a) of a standard
curve generated using known concentrations of that sample. The LOD and LOQ
are calculated as 3.3o/a and as 10o/a, respectively. While the generation of a
calibration curve is time consuming and requires large sample amounts, it does
not depend on the isolation of aggregate species. This approach determines the
linearity and range along with the LOD and LOQ in a single set of experiments.

A framework for method validation for SV-AUC aggregate quantitation has been
established. Gabrielson and Arthur describe a standard curve approach [21]. In practice,
determination of specificity by testing a set of representative samples is the first required
step. If the specificity is demonstrated, a dilution series of two samples with known levels
(‘high” and ‘low’) of soluble irreversible aggregates is performed to establish the LOD,
LOQ, and the linearity range following the third approach listed above. At the same time,
approaches other than those listed above may be acceptable. Therefore, AUC users are
advised to adopt an appropriate strategy for determining LOD/LOQ based on the intended
use of the SV-AUC aggregate quantitation method.

It is important to note that unlike SEC, validation parameters of a method for the aggregate
quantitation by SV-AUC are not derived from a directly detected response (raw data), but
rather from a c(s) distribution mathematically derived from the raw scan data. Therefore,
method precision should include an evaluation of all major sources of variability (including
software fitting variability) depending on the setup, sample, and analysis model used.

It is strongly recommended to monitor SV-AUC method performance over time. The
proposed performance attributes described in the section “System suitability” above should
be routinely monitored by maintaining appropriate control charts to detect any long-term
trends related to systematic offset in time stamp, centerpiece aging, gradual reduction of the
instrument optics performance, efc.

Summary of recommendations

This report is a synthesis of many decades of experience conducting analytical
ultracentrifugation in both the academic and biopharmaceutical arenas. Not surprisingly,
much of our collective effort went into deliberating the benefits and weaknesses of
independently developed aggregate analysis protocols and the relative importance of sets

of parameters and practices. That our work has resulted in this best practice guide reflects

a maturity in this analysis approach that we hope will result in consistent aggregate
quantitation approaches across the industry. We hope that this report will serve as a reference
for seasoned analysts, guidance for regulators, and an entrée to new analysts that will

allow them to rapidly become proficient in quantitating the aggregate level in mAb and
other protein therapeutic preparations. Below, we present a summary checklist of our best
practice recommendations (Table 3). We stress that these recommendations are not meant
to be prescriptive or mandatory for every molecule and/or every application. The common
practice recommendations are a good starting point for the analysis of the molecule at hand.
However, the specific set of conditions and parameters will always have to be considered
on a case-by-case basis and will have to be guided by sound scientific judgement from
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the end user. While analytical ultracentrifugation can seem a daunting method to master,
its repetitive application to a well characterized system is rather straightforward and can
reveal a rich source of insights. However, it is essential that an effective analyst be attentive
to the nuances of each system, the pitfalls of the analysis method, and the vagaries of the
instrument. With experience and attention to detail, deviations from the norm become less
a problem and more an opportunity to learn something new that can be beneficial to the
development of novel therapeutics.
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Figure 1.
(taken from [33]) An IgG4 mAb was diluted to approximately 0.6 mg/mL and loaded into

two-sector Epon-filled centerpieces equipped with sapphire windows. Cells were aligned
using the OA system, and the rotor was placed into the centrifuge to equilibrate under
vacuum for at least two hours at 20 °C. The mAb was sedimented using Beckman XLI
analytical ultracentrifuges and An-60 Ti rotors at 60,000 rpm. A total of 50 scans per

cell were collected over a period of approximately 3.5 h, sufficient to reach complete
sedimentation. Sedimentation profiles were fit using the c(s) model in SEDFIT. (A)
Representative 1gG4 mAb c(s) distributions obtained at different alignment angles. Line
colors (black, red, blue) represent c(s) distributions from three individual cells. (B)
Dependence of the total measured aggregate on cell alignment. Each data point represents a
result from an individual cell.
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Figure 2.
(taken from [31]) Change in detected levels of dimer and HMWS as a function of cell

misalignment from the center of rotation. Analyzed (A) without TI noise decomposition and
(B) with TI noise decomposition. In both panels open circles denote dimer percentage (n=3
or 6) and open triangles denote HMWS percentage (n=3 or 6). A linear fit of the relationship
between angle of misalignment and dimer (solid line) and HMWS (dashed line) percentage
was used to estimate the effect of misalignment on aggregate level quantitation.
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Figure 3.

Raw SV-AUC data (top four graphs) and overlay of c(s) distributions (bottom graph) for
BSA (A) and the NIST mAb (B). For BSA, 300 scans were collected and covered the full
sedimentation of all species present in the sample. The four raw data displays correspond
to the loading of every 2nd, 31, 6t and 15t scans (from top to bottom) in SEDFIT.
For the NIST mAb, 500 scans were collected and covered the full sedimentation of all
species present in the sample. The four raw data displays correspond to the loading of every
2nd 5th 10t and 25™ scans (from top to bottom) in SEDFIT. The NIST mAb data was

collected with higher scanning frequency compared to the BSA data. The c(s) distributions

corresponding to the independent fitting of each of the top four raw data files are highly

similar.

J Pharm Sci. Author manuscript; available in PMC 2023 July 01.

100 scans 250scans

50 scans

20scans



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bou-Assaf et al.

Page 26

it A : - ) i ' - - —solution plateaus

diffusion
L ek o
edimentatio

absorbance (OD)

radius (cm)

Figure 4.
Typical features of sedimentation profiles of an IgG (150 kDa, 6.5 s) sedimenting at

45,000 rpm, in 30 min intervals (higher color temperature indicates later time). (A) The
concentration boundaries migrate due to sedimentation, and increasingly broaden due

to diffusion. For 100% monomer they exhibit approximately symmetric shape. Solution
plateaus are flat and uniformly decreasing with time (due to radial dilution in the sector-
shaped solution column). (B) For the same molecule but with 10% of signal from a dimer
(here assumed to be 9 s). This causes a stretching of the leading edge of the sedimentation
boundary, which later separates into a broad shoulder of a faster-sedimenting boundary.
The region of the scan where dimer is present is highlighted in red — a presentation that
accompanies integration in SEDFIT to enhance the understanding of the correspondence
between c(s) peaks and features of the raw data. (C) The presence of dimer, trimer,

and tetramer (each at 5%) causes even stronger stretching of the leading side of the
sedimentation boundary, evolving into a more broadly sloping plateau (indicated by dashed
lines). Due to diffusion of each species, their sedimentation boundaries cannot be separately
discerned. (D) Another cause of sloping plateaus, but with different pattern, can be the
presence of very small species (here 30% of 1 kDa, 1 s). This is accompanied by sloping
solvent plateaus near the meniscus.
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Sedimentation coefficients and relative amounts for BSA and the NIST mAb monomer and dimer species. The
frictional ratios and the RMSD values corresponding to the convergence of each of the fits shown in Figure 3

are also listed.

Amount (%)

Scans Monomer Dimer Monomer Dimer f/f0 RMSD
150 4.19 6.32 90.8 6.7 1.37  0.00240
100 4.19 6.31 90.8 6.8 1.37  0.00241
BSA 50 4.19 6.31 90.4 6.8 1.37 0.00240
20 4.19 6.31 90.6 6.8 1.37  0.00240
250 6.24 8.65 95.3 3.0 1.67 0.00232
100 6.24 8.63 95.5 3.0 1.67 0.00232
NIST mAb
6.24 8.66 95.3 3.0 1.67 0.00233
20 6.24 8.61 95.0 3.0 1.67 0.00231
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Table 2.

Method validation parameters and their definitions as ipplied to the quantitation of soluble aggregates by

SV-AUC.
Method validation Definition
parameter
Specificity Ability to resolve aggregates as a population of c(s) species with s-values greater than that of the monomer
Accuracy Agreement of the measured value with the accepted true or reference value
Precision Closeness between multiple aggregate measurements

Limit of Detection (LOD)

Lowest amount of aggregate which can be reliably detected

Limit of Quantitation

(LOQ)

Lowest amount of aggregate which can be reliably quantified

Linearity Ability of SV-AUC to detect and quantify soluble aggregates directly proportional to their concentration in the
sample

Range Interval between the highest and lowest amount of soluble aggregates where the method has the appropriate
degree of precision, accuracy, and linearity

Robustness Ability of the SV-AUC method to provide reliable quantitation with respect to small variations in method

parameters
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Summary of recommendations for the quantitation of total aggregate level in mAb samples.

Stage Description First-to-try recommendation Further options / Alternatives
General Load sample at approx. 1 OD (I=1.2 Dialysis is required for interference
cm) for UV
Absorbing excipient in Dialysis
buffer
Sample Prep Low ionic strength or self-  Add ~25 mM salt

buffered formulations

Cell Alignment

Co-cute Dialyze to remove co-solute Run with co-solute but use inhomogeneous
c(s) model

Replicates 3 2

Method for cell alignment Optical (preferred) or mechanical Manual

Temperature

Temperature 20°C Other temperatures within the instrument
range (4-37°C
Temperature equilibration 1-2 hours Longer for extreme temperatures

System suitability

Instrument check: Radial
calibration

Once every time a rotor and/or
counterbalance is changed

Before every run

Cell suitability

Keep cell components together, monitor
performance, perform a check at 3,000
pm

SV-AUC run setup

Rotor speed

50,000 rpm

Up to 60,000 rpm for Ti-60 rotor

Detection mode

Absorbance-based at 280 nm (intensity
or absorbance)

Absorbance-based at other wavelengths (e.g.,
230 nm) or interference

Fitting parameters

Resolution

Start with 37, increase to 181 (0.1 s)

Start directly with 181 (0.1 s)

2 to 20. Increase upper range for samples
containing larger oligomers, in extreme cases

s-values range 01020 using log-scaled division to cover very large
range efficiently
Frictional ratio Start at 1.5 and float Input prior knowledge value and float

Baseline Set to 0 and float
Tl noise Floated

. . Floated (especially beneficial for data
Rl noise Fixed collected on Beckman Optima™)
Meniscus User defined and floated

Meniscus fitting range

+ 0.2 mm around meniscus

Bottom

7.2 cm and fixed

Floated in presence of small MW
contaminants or other species presenting
back-diffusion
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Stage

Description

Fitting range

First-to-try recommendation

Further options / Alternatives

Meniscus + 0.1 cm to Bottom - 0.1 (or — 0.15
cm)

F-ratio (confidence 0.68 none
interval)
Regularizatio n algorithm Alternate between Simplex and Simplex only

Marquart Levenberg

Partial specific volume

Calculated or measured

0.73 mL/g as a reasonable approximation [62]

Viscosity

User defined

Density

User defined

Data reporting

What should be reported

Sedimentatio n coefficients

Amounts in %

c(s) distribution, table with major species
only for major species up to 2 decimal places

only for major species up to 1 decimal place
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Table 4.

Common failure modes of an SV-AUC run and their root causes.

Error / failure

Manifestation

Page 31

Potential root cause

Loading sample on the reference side and
vice versa

Erroneous absorbance readings, potentially incorrect lamp
intensity set

Analyst error

Cell leakage during the run

Vacuum decrease/jumps, moving meniscus, fitting artifacts,
significantly unequal column heights after the run

Inappropriate cell sealing

Cell leakage at the start of a run at 60k/50k
rpm

Moving meniscus, vacuum decrease, lack of expected data
type during fitting

Inappropriate cell sealing

Contamination from another sample

Unexpected species in the c(s) distribution

Inappropriate cleaning of cell
and centerpiece

Unstable temperature during the run

Best-fit meniscus is far off the optically discerned meniscus;
poor fits in initial scans

Insufficient temperature
equilibration time

High solute (reference) absorbance

Low signal-to-noise, poor fits with high RMSD

Absorbing excipients present
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