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major goal of pharmaceutical
development is to characterize
pathways of chemical and
physical instability and then
to develop strategies to minimize
them. Deamidation and oxidation are
examples of the former, aggregation a
result of the latter. The potential for
the presence of multiple variants in
protein-based pharmaceuticals
highlights a need for analytical
methods capable of reliably and
accurately identifying and measuring
those variants. The ideal analytical
method would be sensitive, accurate,
linear over a broad range, resistant
to sample-matrix interference,
capable of measuring all possible
structural variants of a protein, and
would allow for high throughput.
Needless to say, such a method does
not yet exist. So multiple methods are
used to study the different
characteristics of each protein.
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Chromatography and
electrophoretic techniques have

traditionally been the analytical “work

horses” for measuring and monitoring
protein quality. They are used in all
stages of research and development
including formulation development,
comparability assessment, and
commercial-product quality testing
(release and stability). Although
several of these methods have long
been common in biotechnology
product development, motivation for
continued advancement stems from
the desire to improve their sensitivity,
accuracy, and specificity and adapt
them to changing sample
characteristics (e.g., high-
concentration formulations) as well as
higher throughput. We focus here on
methods to detect, measure, and/or
characterize protein aggregates and
particles as well as advances in high-
throughput technologies.

PROTEIN AGGREGATES

Aggregation is a major regulatory
concern due to its potential link to
immunogenicity (1). This is a major
challenge for pharmaceutical
development of bioproducts because of
their heterogeneous nature, complex
mechanisms of formation, and
potential for aggregate loss depending
on the analytical method used (2,3). A
wide variety of aggregates are
encountered in biopharmaceutical
samples, ranging in size and
characteristics (e.g., soluble or
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insoluble, covalent or noncovalent,
reversible or irreversible) (2). Protein
aggregates span a broad size range,
from small oligomers (nanometers) to
insoluble micron-sized aggregates that
can contain millions of monomer units.
Aggregation can occur at any stage
during manufacture, storage,
distribution, or handling of products,
and it results from various kinds of
stress such as agitation and exposure
to extremes of pH, temperature, ionic
strength, or various interfaces (e.g.,
air-liquid interface). High protein
concentrations (as in the case of some
monoclonal antibody formulations)
can further increase the likelihood of
aggregation (4). Therefore,
aggregation needs to be carefully
characterized and controlled during
development, manufacture, and



Table 1: Analytical methods for detection, measurement, and/or characterization of aggregates in biopharmaceutical development

Analytical Method

Attribute(s) Monitored

Strengths

Limitations

Applications

SEC

SDS-PAGE

Mass spectrometry

Infrared spectroscopy

Analytical
ultracentrifugation

Asymmetric field-flow
fractionation

Dynamic light
scattering

Covalent and
noncovalent aggregates,
low-molecular-weight
fragments

Covalent aggregates and
fragments

Molecular weight,
covalent aggregates, and
fragments

Higher order structure of
aggregates and
precursors to
aggregates/precipitates

Covalent and
noncovalent aggregates
and fragments

Covalent and
noncovalent aggregates
and fragments

Large aggregates
(multimers, typically >8),
submicron particles in
the range of 100-500 nm

High precision and robustness,
accurate quantitation, high
throughput, QC compatible, low
cost, easy to use

Provides separation of aggregate,
monomeric, and fragmented
protein forms in the 10-220 kDa
range; low cost, easy to use

Fast acquisition, high sensitivity;
well suited for detecting covalent
aggregates and fragments

Analysis of both liquid and solid
samples; no changes to sample
concentration or matrix

Accuracy; can be performed in
different matrices; high resolution
of aggregates, wider dynamic size
range

Potential to improve recovery of
aggregates over SEC; wider
dynamic range to detect larger
aggregates

High sensitivity to large
aggregates; no changes in sample
concentration or matrix; wide
dynamic size range and

Potential loss of aggregates and
matrix interactions; dilution,
change in sample matrix; low
resolution of oligomers

Semiquantitative, low precision,
labor intensive; dilution of samples,
change in sample matrices;
noncovalent aggregates typically
not detected

Semiquantitative, generally not
compatible with typical sample
matrices

Poor sensitivity to trace
aggregates, low resolution of
secondary structures;
semiquantitative; interference
from water/water vapor

Relatively low precision and
throughput; not QC compatible;
needs specialized training; dilution
of sample, nonideality at high
concentrations

Low precision; not QC compatible;
change in sample matrix, sample
dilution; potential for interactions
with membrane; specialized
training required
Semiquantitative; poor resolution
of species close in size, not good
for resolving small oligomers; dust
can skew results, filtration typically

Release, stability,
comparability
assessment,
development

Release, stability,
comparability
assessment,
development

Comparability
assessment,
development

Comparability
assessment,
development

Comparability
assessment,
development

Development

Development

subsequent storage of a drug substance
and formulated product.
Size-exclusion chromatography is
the most commonly used control
method and an industry standard for
quantitation of aggregates. It is a
versatile technique for separation and
quantitation of aggregates because of
its high precision, high throughput,
ease of use, compatibility with a
quality control (QC) environment,
and in most cases accurate
quantitation of aggregates. In spite of
its strengths, several concerns exist
with size-exclusion chromatography
(SEC): a potential loss of aggregates
(especially multimers), interaction of
samples with a column matrix, change
of a sample buffer matrix to SEC
mobile phase, and inherent dilution of
samples (2, 3,5-8). Additionally,
perturbation of aggregate distribution
under standard SEC method
conditions was recently suggested
when an enriched fraction of an
antibody dimer when reanalyzed by
SEC exhibited a greater extent of
dimer conversion into monomer and
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concentration (0.1-50 mg/mL)
ranges

trimer compared with measurement by
sedimentation-velocity analytical
ultracentrifugation (AUC-SV) (9).

It is well recognized that no single
technique can provide information on
all types of aggregates, so use of
orthogonal techniques is necessary for
their comprehensive characterization.
With high-concentration samples,
direct characterization of aggregation
at relevant concentrations is
challenging either because of
limitations in the dynamic range of
available techniques or because
nonideality effects at high
concentrations introduce difficulties in
data interpretation.

Table 1 lists the relative merits and
limitations of traditional and emerging
techniques for detection, quantitation,
and characterization of aggregates.
Three methods that have attracted a lot
of interest are AUC-SV, dynamic light
scattering (DLS), and asymmetric
field-flow fractionation (aFFF).

Analytical ultracentrifugation relies
on hydrodynamic separation of various
species in a heterogeneous protein

required to remove it

mixture under strong centrifugal force
(10). It complements SEC in resolving
and quantitating low levels of protein
aggregates. The main advantages of
AUC-SV are its ability to detect and
measure higher order aggregates (which
may elute in the void volume of an SEC
column) and to conduct these
measurements without exposing
samples to a column or SEC mobile
phase. This was used to trace the source
of an antibody aggregation to the pH
neutralization step following low-pH
viral inactivation (unpublished results).

AUC-SV is considered an accurate
method because it does not require
standards or dissociate aggregates, so it
can be used as an orthogonal method
to verify the accuracy of SEC results.
However, AUC-SV suffers from lower
precision than SEC. The practical
aspects of AUC-SV that impact
precision and accuracy are beginning to
be better understood, and several recent
studies have demonstrated the utility of
AUC-SV to detect and quantitate
aggregates present at relatively low
(~1%) levels (3,11,12). Despite its



Figure 1: Potential pathway of aggregate/particulate formation
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advantages, AUC-SV is not yet readily
amenable for use as a routine release
test in the biotechnology industry
because of low throughput, the need for
specialized equipment, nonideality at
high protein concentrations, training
issues, and difficulty in validating data
analysis software.

Dynamic light scattering (DLS) uses
the time-dependent fluctuations of a
scattered-light signal for calculating the
hydrodynamic diameter of aggregates
and their relative fractions (13). This
method is highly sensitive to large
aggregates because the intensity of
scattered light increases proportionally
to molecular weight. As a result, very
large aggregates (e.g., a 1,000-mer)
present at trace levels (<0.1%) can be
detected with high sensitivity (14).
Such aggregates, if present, would elute
in the void volume of an SEC column
or may be filtered out.
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It has been proposed that very large
aggregates (20—-400 nm) may serve as
critical nuclei for formation of visible
particulates. So DLS can aid in the
early detection of nucleating species
and subsequent mitigation of
aggregate formation. DLS
measurements can be made without
sample manipulation (other than
filtration to remove dust), which
makes it an excellent technique to
monitor aggregates without changing
buffer matrix or sample concentration.

Although this method is ideal for
detecting very low mass fractions of
large aggregates, it cannot resolve
species that are similar in size. At
least a three- to fivefold difference in
hydrodynamic diameter is necessary
for resolving different species. DLS is
also not amenable to use as a control
method because it is semiquantitative
and very sensitive to dust or other

extraneous particles. Results also
depend on the algorithm used for data
analysis, which is often proprietary to
the manufacturer of a given
instrument.

Field-Flow Fractionation: As an
orthogonal technique to SEC and
AUC-SV, analytical field-flow
fractionation (aFFF) has gained
popularity in recent years for its ability
to fractionate protein aggregates
without a column (12). It most
commonly uses two fluid flows
(“fields”) in a channel to achieve
particle separation based on molecular
weight and hydrodynamic size
(diffusion coefficient). Injected
macromolecular species are held in
place by a cross flow on a
semipermeable membrane while a
perpendicular channel flow carries
molecules forward based on their
diffusion coefficient, thereby
providing size-based fractionation.

Because aFFF involves no column
interactions, it is considered a more
gentle separation technique than SEC.
However, concerns regarding the
interaction of aggregates with the
membrane have yet to be completely
addressed. FFF can be coupled with
different detectors such as light

Table 2: Analytical methods for detection, measurement, and/or characterization of particulates in biopharmaceutical development

Analytical Method Attribute(s) Monitored Strengths Limitations Applications
Visual inspection Visible particles (protein  Simple, nondestructive; Highly subjective, difficulty detecting Release,
and non-protein) guidelines exist to ensure transparent particles; only particles >80- stability,

Light obscuration
(HIAC/Royco)

Subvisible particles

Image analyses
(Brightwell Technology,
Clemex, Malvern
Instruments, EveTech,
Phoenix Imaging)

particles

Laser diffraction
(Horiba Instruments,
Malvern Instruments,
Beckman)

particles

Raman imaging
(rapID)

Dynamic light scattering
(Malvern Instruments,
Brookhaven, Wyatt)

particles
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Subvisible and visible

Subvisible and visible

Nonprotein particles

Subvisible and visible

harmonization; high
throughput when automated

Particle count in the
subvisible range; industry
standard, QC-compatible

100 pm are detected consistently; low
throughput when performed manually

Difficulty with small-volume dosage and
transparent particles, irregular shapes;
requires assumptions regarding shape
and opacity of particles; destructive test,

comparability,
development

Release,
stability,
comparability,
development

low throughput

Higher sensitivity than light
obscuration; images of
particles captured for
additional characterization
and understanding; ability to
handle small volumes and
translucent particles

Wide dynamic range of
particle size

Not QC compatible, destructive test, low
throughput

Large quantity of sample needed;
potential for change in amount of

Development

Development

reversible aggregates because of
dilution; interference from dust

Unique identification of
origin; qualitative
identification of protein;
noninterference from water

Nondestructive test covers a
broad size range

Fluorescence background from
denatured protein may obscure Raman
signal; high cost of equipment, difficulty
of ID with overlapping particles

Interference from dust; requires
assumptions regarding particle size

Development

Development

distribution; difficult to detect and
measure accurately levels of small
particles among large particles



scattering, refractive index, and
ultraviolet (UV). When compared
with SEC, the precision and limit of
detection of aFFF are inferior in the
high—molecular-weight range (because
of increased baseline noise). Also,
experimental conditions (e.g., cross-
flow rate) for reasonable separations in
one size range do not work well for
other size ranges, making it
cumbersome to cover the entire range
of interest (10). Along with other
limitations such as the need for
specialized equipment and training,
difficulty in validating the method
prevents aFFF from being applied for
release and stability monitoring (9, 12).

PARTICULATES
Protein-containing solutions tend to
form particles form particles due to
handling procedures or upon storage
(15,16). These particulates generate
safety concerns because of their
potential to obstruct blood capillaries
and fine-gauge needles and/or induce
immunogenicity (17). Conventional
separation techniques such as SEC
detect soluble aggregates of proteins in
the low-nanometer size range.
However, a broad size range between
few tens of nanometers (soluble) and
about 100 pm (visible) is difficult to
explore primarily because adequate
detection and characterization
techniques don’t cover the whole size
range. If instability of a biologics
formulation is related to protein
particle formation, it might involve
higher-order structures and subvisible
intermediates (Figure 1).
Understanding the nature of
submicron particles might hold
important clues to deciphering the
origin of visible particulate formation.
Light obscuration (LO) and visual
inspection are commonly used in
estimating the number of subvisible
and visible particles respectively in
protein-containing solutions. Results
from such analyses have been used to
determine the stability and suitability
of products and their use. The primary
concern in applying the LO technique
to estimate the number of subvisible
particles in protein-containing
solutions relates to its lack of sensitivity
to shape characteristics (protein
particles can vary from roughly

spherical to string-like), the translucent
nature of protein particulates, and the
accuracy of results when samples
contain visible particulate matter.
Although the technique provides
accurate results when particles are
spherical and sufficiently opaque, it is
not clear whether this method is
accurate for analysis of protein-
containing solutions.

Visual inspection is a qualitative
technique used to detect visible
particulate matter (typically over ~80
pm). However, whether inspection is
performed manually or with an
automated system, this method relies
on a well designed training program
to reduce variability in particle
detection and identification. Further,
it is extremely difficult if not
impossible to create appropriate
protein-particle standards. Although
visual inspection of multiple samples is
possible manually, it is labor-intensive
and tends to vary in results (which
increases with operator fatigue).
Manual microscopic techniques also
suffer from similar limitations for
protein-containing solutions. Some
such limitations come from variations
in microscope illumination set-up,
errors in estimating the equivalent
circular diameter (ECD), difficulty in
distinguishing transparent particles
relative to their background, and
operator fatigue.

So there is a need for techniques
that can provide quantitative
assessment of both subvisible and
visible protein particulates that is
sufficiently precise, amenable to high-
throughput, and QC-compatible.
Although they don’t yet overcome all
above-mentioned limitations, the
techniques described below seem
promising. Table 2 describes their
strengths and limitations.

Emerging Techniques for
Improved Particulate Detection and
Characterization: Advances in imaging
have been used by multiple vendors to
enable dynamic imaging analysis that
yields size and shape information (18).
These analyses (such as microflow
imaging from Brightwell
Technologies, www.brightwelltech.
com) capture digital images of
particles suspended in a fluid as they
pass through a sensing zone. Images

are automatically analyzed to provide
a digital archive of particle parameters
such as Feret diameter, aspect ratio,
circularity, intensity, and ECD.

High sensitivity, material
independence, and a broad particle
size ranges make this technology
suitable for challenging particulates
such as those found in protein-based
solutions (19). Also, if particulate
formation in a protein formulation is
relatively slow, the dynamic nature of
size distribution can be tracked over
time. Such data are valuable to
characterize particle formation during
biologics formulation development as
well as to find potential prevention
strategies. Drawbacks include the
inherent complexity in determining a
true size distribution from imaging
data for biologics particles because of
their often extreme irregularity in size
and shape. Also, size distribution and
particle count from dynamic imaging
cannot be directly compared with such
information obtained from light
obscuration or laser-diffraction
analyses.

Laser-diffraction analyzers rely on
the relationship between particle size
and the direction and intensity of
scattered light (20). They typically use
a series of detectors to measure the
intensity of light scattered by particles
in a sample to yield a “diffraction
pattern,” which is then used to
determine size and distribution of the
particles. These analyzers usually
measure a size range of ~0.5-2,000
pm. They typically rely on two
assumptions: Particles are spherical
and suspensions dilute (because
rescattering arises if particle
concentrations are high).

Polarization intensity differential
scattering (PIDS) technology from
Beckman Coulter (www.
beckmancoulter.com) extends the
detectability down to ~40 nm. With
this technique, a particle is
sequentially illuminated by a vertically
and horizontally polarized light
source, and the differential of
scattered light is measured over a
range of angles with multiple
wavelengths of light used to enhance
information content. An outstanding
benefit is the broad coverage
(0.04-2,000 um) of particle size from



a single measurement (using PIDS
along with traditional detectors) that
allows probing of an otherwise
inaccessible range of particles.
Limitations of this technique include

* a need for relatively large sample
quantities (~1-10 mg, depending on
the sample and its submicron particle
content)

* concern over possible
disassociation of reversible aggregates
upon sample dilution in a dispersion
medium, and

* the influence of extraneous
particles (such as dust) on PIDS
measurements.

Raman spectroscopy is a valuable
technique for identifying nonprotein
particulates in aqueous parenteral
dosage forms because water does not
interfere in Raman measurements (21).
Modern Raman spectrometers provide
adequate sensitivity to quickly collect
good-quality spectra, allowing higher
throughput in assays. Automated
characterization and identification of
particulates (micron size and larger)
by optical imaging coupled with
Raman fingerprinting represents one
application of this technology. A
protein solution is filtered onto a gold-
coated filter device to collect foreign
and protein particulates, and Raman
identification is conducted to
understand their chemical identity
and distribution.

Among the drawbacks of the
Raman technique is the fact that
intrinsic protein fluorescence can be
problematic, especially with denatured
proteins and their aggregates, which
leads to higher background noise in
measurements of protein formulations.
This technique requires specialized
instrumentation and training.
Additionally, high particle content
(e.g., protein precipitates) may cause
inaccurate particle distribution results
because of overlapping particles
on the filter, so it may necessitate
sample dilution before measurement
can be performed.

NEw SEPARATION TECHNOLOGIES
FOR HIGH-THROUGHPUT ANALYSIS
Conventional methods for
characterizing proteins are often labor
intensive, and analytical testing
requirements frequently become the

bottleneck of a development project.
This is especially true in areas such as
fermentation and cell culture
development (drug-substance
production) and pharmaceutical
development (drug-product formulation
selection) that require high throughput.
With the current influx of projects into
the biotechnology pipeline,
pharmaceutical companies have begun
to address this bottleneck by exploring
alternative instrumentation to realize
higher throughput. Common
approaches include miniaturization of a
methodology to perform separations on
a chip or in a microcolumn and/or
performing multiple analyses in parallel
rather than sequentially (22-24). In
addition to providing higher
throughput, such approaches also
appear to provide sensitivity, resolution,
and ruggedness comparable to existing
high-performance liquid
chromatography (HPLC) and
electrophoresis methods. They decrease
sample/solvent use, provide efficient
heat transfer/dissipation, and can
integrate multiple steps such as
digestion, enrichment, separation,
labeling, and detection.

High-Throughput Chromatography:
Conventional HPLC has been a major
work-horse in the pharmaceutical
industry for many years and is routinely
used for protein purification as well as
for characterization and product-
quality determinations. The main
modes of HPLC applied to protein
analytics include SEC, ion-exchange
(IEX), reversed-phase (RP), and
normal-phase (NP) chromatographies.

Over the past decade, many new
technologies such as ultraperformance
liquid chromatography (UPLC from
Wiaters Corporation, www.waters.com)
or other higher-pressure LC systems
operating at up to 15,000 psi for particle
sizes <2 pm), micro-L.C, and microchip
LC have been developed as the “next-
generation” HPLC systems offering
higher throughput while matching or
improving on conventional LC
performance. However, the stationary
phases have thus far been limited to
mainly RP mode, making new LC
technologies primarily applicable to
applications like peptide mapping and
purity analyses of peptide therapeutics.
For the technology to be more

appropriate for intact protein analysis,
additional phases in the new formats are
needed to enable size and charge
heterogeneity analysis. Table 3 briefly
describes selected new technologies.

High-Throughput Electrophoresis:
Capillary gel electrophoresis (CGE) a
replacement for sodium-dodecyl sulfate
polyacrylamide gel electrophoresis
(SDS-PAGE), was developed as a
higher throughput and semiautomated
method with better quantitation for
protein sizing applications by using
online quantitative detection by UV
(Coomassie Blue sensitivity) or higher
sensitivity laser-induced fluorescence
(LIF, silver stain sensitivity). This
technique is often better than SDS-
PAGE because it can separate many
closely related size variants and
provides enhanced precision.

Currently CGE offers limited
throughput (when multiple samples
need to be analyzed) because of longer
run times and preconditioning
requirements (30—40 minutes/sample).
An additional disadvantage of this
technology is that commercially
available gel buffers have been designed
to provide optimal resolution for
disulfide-reduced MAb analysis.
Presently the sizing range is 10-220
kDa (intact M Abs run closer to the
upper end, around 200 kDa), with a
sizing resolution of ~10% MW, so
resolution is not always optimal for
large, intact proteins. CGE generally
gives sufficient resolution to separate
intact from aggregated proteins,
although baseline instability with
longer migration times restricts their
accurate quantitation.

Microchip capillary electrophoresis
(CE) is being examined as a
replacement for conventional CE-based
separations because of its potential for
much higher throughput. The path
length is so small that sensitive UV
detection is not yet available for chip
CE devices; detection instead involves
fluorescent labels. DNA can be
detected on chip by sensitive
intercalating dyes, whereas detection of
proteins is accomplished by fluorescent
dyes that stain SDS micelles bound to
the protein molecules (22,25). A
destaining step often is integrated after
each separation but before a sample
reaches the detector, which effectively



dilutes free SDS micelles below the
critical micellar concentration (CMC)
to significantly reduce background
noise. The effective separation length
on a Bioanalyzer microchip from
Agilent Technologies (www.chem.
agilent.com) is ~1.4 cm so its expected
resolution is less than conventional
CGE, which has a 20-cm effective
separation length. In addition,
sensitivity in this protein assay is
slightly lower than has been achieved
by CGE with UV detection.
Capillary-array technology has also
become available, allowing size-based
separations for protein samples in up
to 96 capillaries simultaneously.
Results generated thus far look
promising, but potential drawbacks of
this option include lower sensitivity
than conventional CE, detector cross-
talk among capillaries, and a higher
than desired capillary failure rate.
New detector technology allows for
true sample multiplexing to achieve
desired high throughputs. Briefly,
sample tracking across an array of
detectors allows peaks to be
designated to a distinct injection, thus

making it possible to inject several
samples in a given run.

Our experience has been that new
LC and CE technologies can be used
for high-throughput biopharmaceutical
analysis in bioprocess and formulation
support groups. But they will require
additional development of buffers and
columns, improved system robustness,
and a wider acceptance from both the
industry and its regulating agencies
before implementation in a QC
environment is possible.
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