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& In recent years, the use and number of biotherapeutics has increased significantly. For these
largely protein-based therapies, the quantitation of aggregates is of particular concern given their
potential effect on efficacy and immunogenicity. This need has renewed interest in size-exclusion chro-
matography (SEC). In the following review we will outline the history and background of SEC for the
analysis of proteins. We will also discuss the instrumentation for these analyses, including the use of
different types of detectors. Method development for protein analysis by SEC will also be outlined,
including the effect of mobile phase and column parameters (column length, pore size). We will also
review some of the applications of this mode of separation that are of particular importance to protein
biopharmaceutical development and highlight some considerations in their implementation.
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INTRODUCTION

Given the complexity of protein and peptide-based parenteral
therapies, a broad set of complementary techniques are required to moni-
tor the critical quality attributes of intermediate drug substances and drug
products.[1,2] As outlined in regulatory agency guidelines, one of these
attributes is a quantitative assessment of the aggregation, including dimers
and multimers, of the active protein. While numerous techniques have
been developed to monitor protein aggregation, size-exclusion chromato-
graphy (SEC) has been predominantly favored for routine and validated
analyses because of both its speed and reproducibility.[3–6] SEC is also an
accurate method if confirmed with an orthogonal method, such as sedi-
mentation velocity analytical ultracentrifguation (SV-AUC).[7–9] The intent
of this review is to provide a summary of SEC, including background,
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theory, and applications with a primary focus on the analysis of peptide and
protein aggregates.

Since the early introduction of biologic-based therapeutics, the presence
of protein aggregates has been theorized to compromise safety and effi-
cacy.[10] These concerns, which date to the 1980s, have led to routine analysis
and quantitation of dimers, trimers, and higher order aggregates for a wide
variety of biologic-based therapies, such as insulin,[3–6] recombinant human
growth hormone (rGH),[11,12] and monoclonal antibodies.[8,13,14] Aggregate
analyses are typically performed throughout the entire product lifecycle of
biotherapies.[8] However, each stage of development may have different assay
requirements including robustness, sensitivity, ease of use, and high through-
put. These desired attributes have led to a wide variety of techniques for the
analytical characterization of biotherapies based on the size of the biomole-
cules.[8] Commonly used techniques include SV-AUC,[15,16] asymmetric
flow field flow fractionation (AF4),[16–18] multi-angle light scattering
(MALS),[12,19,20] and SEC. While all of these techniques are frequently used,
the dominant method continues to be SEC.[9]

HISTORY

The concept of size-based separations by chromatography was first
speculated by Synge and Tiselius,[21] based on the observation that small
molecules could be excluded from the small pores of zeolites as a function
of their molecular size.[22] The term ‘‘molecular sieve,’’ coined by
J. W. McBain[23] to describe this property of zeolites, was subsequently used
to describe the technique commonly known today as size-exclusion chroma-
tography. Over the years, SEC has been known by a number of other names,
such as exclusion chromatography,[24] steric-exclusion chromatography,
restricted-diffusion chromatography,[25] liquid-exclusion chromato-
graphy,[26] gel-filtration chromatography, and gel-permeation chromato-
graphy. The first examples of size-based separations by liquid
chromatography were noted by Wheaton and Bauman[27] in their work
on ion-exclusion chromatography. They observed that various nonionic
species could be separated on ion-exchangers by a size-based mechanism.
Similarly, R. T. Clark[28] demonstrated the separation of sugar alcohols on
a strong cation exchange resin.

Lindqvist and Storgårds[29] reported the first separation of biomole-
cules by a size-exclusion process, where they separated peptides from
amino acids on a column packed with starch. Subsequently, Lathe and
Ruthven[30,31] performed extensive characterizations on columns packed
with potato or maize starch, which demonstrate very low adsorption of pro-
teins. Using a column packed with maize starch, they were able to separate
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a variety of compounds including proteins and peptides by the ‘‘molecular
sieve’’ effect (see Figure 1).

However, the low mechanical strength of starch limited the speed of
separations as it could not withstand high linear velocities before bed col-
lapse. In addition, as a natural product, starch was relatively poorly defined.
Shortly thereafter, dextrans crosslinked with epichlorohydrin were
developed. These materials proved to be equally proficient at minimally
interacting with proteins and additionally provided greater mechanical
strength than starch.[32–35] Pharmacia commercialized these materials
under the tradename Sephadex, and they became the standard media
for size-based separation of proteins for many years. Sephadex was initially
prepared as irregular particles and later synthesized as porous spheres.[36]

By varying the degree of crosslinking, the inclusion or exclusion of the ana-
lytes from the pore network could be altered. The Sephadex gels were
weakly acidic, showing some adsorption of basic analytes, with a binding
capacity of about 10l-equivalent per g of dry gel.[37] By addition of salt
to the eluent, ionic interactions could be minimized.

Other polymeric resins, such as agar and agarose,[38–40] polyacryla-
mide,[41–43] polyvinylethylcarbitol,[42] and polyvinylpyrrolidone[42] gels

Figure 1 Separation of amylopectin, hemoglobin, inulin, bacitracin A, cyanocobalamin, and fructose on
a column containing heat-swollen maize starch. Mobile phase: 25 mM borate, 25 mM potassium chlor-
ide, pH 8.5. Column bed dimensions: 16 mm diameter x �16 cm. Flow rate: �3 mL=hr. Reproduced
from Reference[31] with permission from Portland Press Ltd.
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were also used for size based separations. Polyacrylamide-based gels were
commercialized by Bio-Rad under the trade name Bio-Gel.

Early on, it was realized that SEC materials follow the same chromato-
graphic theory as adsorption chromatography. In one of the early papers
describing Sephadex, Flodin[34] demonstrated the beneficial effect of
reduced particle size on chromatographic performance. There has been
a drive to further reduce particle size in order to achieve faster speed
and greater chromatographic resolution. However, the soft polymeric
resins compress under pressure and flow, which limits the extent that the
particle size can be reduced for chromatographic applications.

In the 1970s, derivatized porous silica became the predominant chro-
matographic stationary phase media due to its superior mechanical
strength, non-swelling nature and inertness over a fairly wide range of con-
ditions. The utility of porous silica for SEC was explored, as the greater
mechanical strength provided a means to further improve performance
by reducing particle size. As a size-exclusion medium for proteins, it suf-
fered from strong ionic interactions due to the acidic surface silanols. To
mitigate these interactions, both surface modifications and mobile phase
additives were employed. Surface modifiers include glyceropropylsilane[44]

and N-acetylaminopropylsilane.[45] However, these functional groups
are non-ideal as they exhibit significant hydrophobic interactions with
proteins. The most commonly used surface modifier today is a diol[46,47]

functional group, which has minimal hydrophobic interactions. However,
even with high coverage, a significant concentration of surface silanols still
remains.[48] To further diminish interactions with these residual silanols,
high ionic strength mobile phases are typically required.

More recently, porous hybrid organic=inorganic particles[49] have been
employed as the base particle for size-exclusion chromatography. The
bridged ethyl hybrid (BEH) particles, surface modified with diol groups, pro-
vide a significant reduction in silanol activity, thus requiring lesser amounts
of salt additives to minimize the ionic interactions with proteins.[50] In
addition, the high mechanical strength of BEH particles enables a reduction
in particle size to 1.7mm, providing gains in chromatographic efficiency.

While most SEC columns are packed with porous particles, a couple of
other types of sorbent configurations should be noted. Most packed beds of
porous particles have an interstitial porosity of about 35–41%. In SEC, this
interstitial porosity adds time to the analysis without benefitting the separ-
ation. Czok and Guiochon[51] utilized bundles of aligned porous fibers for
size-exclusion chromatography. They were able to reduce the interstitial
porosity to 15–18%, resulting in a significant increase in the intraparticle
pore volume. However, the increased pore volume did not translate into
improved resolution, as they could not prepare columns with good chroma-
tographic efficiency, presumably because the aligned fibers restricted radial
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dispersion in the column. Li et al.[52] prepared poly(ethylene glycol methyl
ether acrylate-co-polyethylene glycol diacrylate) monoliths for biopolymer
separations. These monoliths showed low protein binding in aqueous buf-
fers, and chromatographic efficiency comparable to a packed bed of ca.
8 mm particles. The monolithic columns showed separation of peptides
and proteins across a broad MW range of up to 670,000 Da, with most of
the resolving power available for MW less than 66,000 Da.

THEORY

Thermodynamics

The free energy change of a chromatographic process can be described
by,[53,54]

DG0 ¼ DH 0 � TDS0 ¼ RT ln k ð1Þ

where DG0, DH0, and DS0 are the standard free energy, enthalpy, and
entropy differences, respectivly; R is the gas constant: T is absolute tempera-
ture, and k is the partition coefficient. For most chromatographic modes of
separation, the enthalpy of adsorption is the dominant contributor to the
overall change in free energy. SEC is unique in that partitioning is driven
entirely by entropic processes as there ideally is no adsorption, DH¼ 0.
Thus the previous equation becomes:

lnKD ¼ �DS0=R ð2Þ

where KD is the thermodynamic retention factor in SEC. Thus, in SEC
separations, temperature should have no impact on retention. In practice,
temperature can indirectly impact retention to a small degree by altering
the conformation of the proteins, as well as by affecting mobile phase vis-
cosity and analyte diffusivity. Figure 2[50] shows an overlay of protein separa-
tions run at three different temperatures, demonstrating the minimal
effects that temperature can have on retention.

The thermodynamic SEC retention factor is the fraction of intraparticle
pore volume that is accessible to the analyte:

KD ¼ V R � V 0

V i
ð3Þ

where VR, V0, and Vi are the respective retention volumes of the analyte of
interest, the interstitial volume, and the intra-particle volume. KD will range
from a value of 0 where the analyte is fully excluded from the pores of the
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stationary phase, to a value of 1 where the analyte fully accesses the
intraparticle pores. By rearranging Eq. (3), one obtains:

V R ¼ KD � V i þ V 0 ð4Þ

Ideally, the separation of proteins and other compounds by SEC is
based on the size (or more specifically the Stokes radii) of the analytes in
solution. The size based separation, in principle, allows a calibration curve,
derived from a set of known analytes, to be used to estimate the molecular
weight of an unknown analyte.[54–58] Typical calibration curves are based
on proteins or polymers of known molecular weight. By plotting logM vs.
the retention volume, one typically obtains a third order polynomial, with
a linear region which provides the highest resolution and molecular weight
accuracy. For example, Figure 3 shows a typical calibration curve for various
protein analytes. The linear range of the curve shows the molecular weight
range that the column is suited for. In this example, the linear range is
approximately 10 kDa�500 kDa. By normalizing the x-axis to the volume
of the column when empty, one can readily determine the interstitial vol-
ume fraction, intraparticle volume fraction, and stationary phase volume
fraction. In this instance, the respective values are about 38%, 46%, and
16%, respectively.

As has been widely demonstrated and discussed by Yau and Kirkland
among others,[57,59,60] the molecular weight range and slope of the cali-
bration curve are highly dependent on the pore size of the packing matrix.
Specifically, the pore size and=or geometry restricts access of molecules
based on their Stokes radius. The largest proteins, which are excluded from
the pores, elute first. Subsequent proteins elute in order of decreasing size.

As proteins vary in shape (e.g., globular, rod-like or flexible chains),
their Stokes radii do not correlate exactly with molecular weight. The dif-
ficulty in obtaining accurate molecular weight information for proteins

Figure 2 Separation of (1) thyroglobulin, (2) IgG, (3) BSA, (4) Myoglobin, and (5) Uracil on a Waters
ACQUITY UPLC BEH200 SEC, 1.7m, 4.6� 150 mm. Mobile phase: 100 mM sodium phosphate, pH 6.8.
Flow rate: 0.3 mL=min. Temperature: 30�C (black), 40�C (blue), 50�C (red). Reproduced with per-
mission from Waters Corporation, Milford, MA. (Color figure available online.)
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based on calibration curves has been well-studied.[58,61,62] Another source
of error in the calibration curve is that nonideal adsorption may alter the
retention volume.[63–65] However, some studies have successfully demon-
strated the effectiveness of using a universal calibrant for proteins, pri-
marily for protein collection. Guo et al.[55] described the use of pullan
standards as a universal calibrant for molecular weight determination of
heparin. However, mobile phase conditions affected the elution volume
of the heparin, thereby affecting molecular weight accuracy. These studies
required screening of the mobile phase to ensure minimal nonideal
interactions which if not controlled could affect molecular weight
determination.

The slope of the line in the linear portion of the calibration curve is a
measure of the selectivity of the stationary phase, which can be defined by
the relationship:

logM ¼ m � KD þ b ð5Þ

where m and b are the respective slope and intercept of the line. As the pore
size distribution of the particle narrows, the slope becomes shallower, which
results in a greater selectivity to discriminate between analytes that are simi-
lar in size. Since KD is bound between 0 and 1, this greater selectivity comes
with a tradeoff in that it has less ability to separate analytes over a broad
dynamic range. The point at which KD¼ 0.5 is a measure of the particle’s
mean pore size. Ghrist et al.[66] define the term k’’ as the mass of solute

Figure 3 Typical SEC calibration curve. (Color figure available online.)
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inside the particle divided by that outside the particle (which is similar, but
not identical, to the retention factor k in adsorption chromatography):

k00 ¼ KD
V i

V 0
ð6Þ

Substituting this into Eq. (5), one can see that the selectivity can be
enhanced by decreasing V0 or increasing Vi. These parameters can be
altered by packing a column more densely, or by using particles with great-
er pore volume. However, the physical constraints to both of these
approaches limit the extent to which selectivity can be altered in practice.
The interstitial volume fraction of a randomly packed bed of particles can-
not be easily reduced much beyond 35%, notwithstanding novel
approaches such as using aligned fibers as noted earlier. Increasing particle
pore volume comes at the expense of the skeletal volume, and so the
maximum pore volume achievable depends on the mechanical stresses that
the particle needs to be able to withstand.

Kinetics

If one uses the Van Deemter Equation to describe plate height H as a
function of linear velocity u, diffusion coefficient Dm, and particle size dp,
one obtains the following relationship:

H ¼ adp þ bDm=u þ cud2
p=Dm � adp þ cud2

p=Dm ð7Þ

Note that in the case of proteins, the ‘‘b’’ term is typically negligible compared
to the other two terms due to the low diffusivity of the macromolecules.

Diffusion coefficients can be estimated for globular proteins using the
following relationship:[67]

Dm ¼ 8:34 � 10�10 � T

gM 1=3
ð8Þ

where T is the absolute temperature in Kelvin, g is the mobile phase
viscosity in Poise, and M is the molecular weight of the protein. Note that
in the case of SEC, the molecular weight and resulting diffusion coeffi-
cients can vary considerably between analytes. In addition, with increasing
size, analytes become excluded from the pores of the particles, and the
intraparticle diffusion decreases, resulting in low c-terms for the highest
MW analytes.[68]

As seen in Eq. (7), the plate height is a function of the particle size,
with the last term dependent on d2

p=Dm . Thus it would be expected that
if particle size could be reduced, it would provide significant impact on

2930 P. Hong et al.



chromatographic efficiency, particularly at high linear velocities. Figure 4
shows a plot of plate height at different linear velocities for two proteins,
Ribonuclease A, and a monoclonal antibody (Ab), on columns packed with
two different size particles, 1.7 mm and 2.6 mm. The results are generally in
agreement with the theory. One sees that plate height increases linearly
with flow rate. Also, the smaller particles provide improved efficiency,
and the improvement is especially apparent at the high linear velocities.

Resolution

In chromatography, resolution between two analytes is typically defined as:

Rs ¼
V R2 � V R1

4r
¼ DV R

4r
ð9Þ

where the subscripts 1 and 2 denote the respective analyte, and r is the mean
standard deviation of the respective peak widths. The slope m in the linear
region of the calibration curve as defined in Eqs. (3) and (5) is:

m ¼ V p
logM 1=M 2

DV R
ð10Þ

Figure 4 Effect of linear velocity on plate height for (a) ribonuclease A (red) and (b) a monoclonal
antibody (blue) on two columns varying in particle size. The 4.6� 150 mm columns were packed with
either 1.7 micron (solid line) or 2.6 micron particles (dashed line). Pore size of stationary phase sor-
bent: 200 Å. Mobile phase consisted of 100 mM sodium phosphate, pH 6.8. Reproduced with permission
from Waters Corporation, Milford, MA. (Color figure available online.)
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Using Eq. (7) and the relationship:

N ¼ V 2
R

r2
¼ L

H
ð11Þ

the Resolution equation can be rewritten as:

Rs ¼
1

4
�
V p

V R
� D logM

m
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L

adp þ cud2
p=Dm

s
ð12Þ

This equation shows the dependance resolution has on the pore
volume, column length, and linear velocity.

INSTRUMENTATION CONSIDERATIONS

From the first analyses by Lathe and Ruthevin.[30,31] SEC separations of
proteins have been performed under native conditions which preserve the
biological activity of the macromolecule. Biocompatible chromatographic
systems are most often used to minimize any metal-protein adducts or
undesired protein interactions. Native conditions most often require
physiological pH, high salt content, and 100% aqueous mobile phases, all
of which can be problematic. The presence of high salt concentrations
increases the potential of particulates in the mobile phases, thereby affect-
ing system and column performance. Highly aqueous mobile phase can
cause bacterial contamination within hours, particularly in the absence of
bacteriocides or bacteriostats (e.g., sodium azide).[69]

In adsorption chromatography, separation typically occurs in a volume
that is significantly greater than the volume of the chromatographic col-
umn. But in SEC, separation takes place in less than one column volume.
As a peak migrates through a chromatographic column, its peak width
increases, and the amount at which it increases depends on the retention
factor or retention volume. Thus, in the case of SEC, where an analyte
has a retention factor of zero, the amount that the peak broadens can be
significantly less than other modes of chromatography. As a result, the
impact of band broadening in SEC is of particular importance and has
been the subject of a wide number of articles.[54,66,70–72]

Since the early introduction of SEC, instrumentation such as high
performance liquid chromatography (HPLC) and fast protein liquid chro-
matography (FPLC)[73,74] systems have sufficient pressure thresholds to
accomodate silica-based SEC columns. However, these systems can have
significant system dispersion because of the design and configuration.
For example, Ghrist et al.[66] found in ‘‘non well-behaved’’ systems
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SE-HPLC instrumentation can lead to increased band broadening (up to a
50% increase) as compared to expected values. Even in well-behaved
systems, SE-HPLC can lead to significant band broadening. To minimize
the impact that the instrument has on dispersion, large diameter SEC
columns with inner diameters of greater than 7.5 mm are typically used.

As a result, HP-SEC instrumentation is typically optimized for these
separations.[54,75–77] This is accomplished by the utilizing tubing with low
inner diameters (0.005’’ or less) and minimizing the length of tubing. It
is important that the chromatographic system contain no additional tubing
and that any valves used in the chromatographic system have low volume
connections. A number of studies, including Grznárová et al. have exam-
ined the effects of varying connector tubing lengths and diameters, injector
tubing lengths and varying flow rates for macromolecules.[78] These studies
reinforce previous work by Kirkland et al. that demonstrated the negative
impact of extra system volume from injectors, guard columns, detectors
and connectors on chromatographic resolution and accuracy.[79]

For the combination of SEC and light scattering detectors, which
require the use of both a multi-angle light scattering detector as well as a
concentration detector, extra column band broadening is of particular con-
cern. A number of studies have looked at the effect of multiple detectors on
the band broadening.[20,80] These studies have outlined varying influence
of band broadening effects with multiple detectors. Some studies have
found band broadening effects with dual detectors can have a significant
impact on samples with higher polydispersities, affecting molar mass calcu-
lations. However, for non polydisperse samples, the volume shift for mul-
tiple detectors in SEC is minimal: molar mass averages are comparable
and within 1% of actual values for most proteins, whether or not volume
shift correction is applied.[81]

In 2004, the commercialization of reversed-phase LC columns with sub
2 micron particles provided the chromatographer with significantly
improved resolving power, provided that the column was used on a low dis-
persion LC instrument.[82] It has only been recently that SEC columns with
sub 2 mm particles have been developed which take advantage of the
improved low dispersion instrumentation.[82] These instruments can pro-
vide lower system dispersion and improved resolution for SEC protein
separations as compared to SEC-HPLC.

DETECTORS

For SEC analyses, UV continues to be the predominant mode of
detection.[76,83] Near UV or longer wavelengths give greater response for
aromatic amino acids, such as tryptophan, and are commonly used for
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protein measurement.[84] Higher sensitivity provided by detection using far
UV or low wavelengths (214 or 220 nm), where the amide peptide bond has
a strong absorbance. Both wavelength ranges can be quantitatively inaccur-
ate due to either scattering from particles at lower wavelengths or the pres-
ence of other chromophores absorbing at 280 nm. However, each
wavelength range has its advantages: at lower wavelength, improved sensi-
tivity allows for analysis of sample limited or low concentration proteins,
while higher wavelengths provide a greater linear dynamic range.

The advantages of the two wavelength ranges can be combined by using
dual wavelength detection, which has been proposed for purity profiling in
SEC.[20,85] In this approach, the lower wavelength provides the sensitivity
for the low abundant species, while the higher wavelength provides a
higher linear range for the major species (i.e., the monomer). The wave-
length ratio is experimentally determined for the major species. This factor
is then used to calculate the percentage of aggregates and other impurities
detected at the low wavelength which provides greater sensitivity. This type
of approach, which has been demonstrated for monoclonal antibodies by
Bond, can allow for lower levels of aggregates to be measured against a
monomer et al.[20]

Some assays have also used fluorescence detectors for improved sensi-
tivity and or selectivity.[17,86–88] Diress et al.[86] demonstrated the utility of
fluorescence detection for improved sensitivity in cases where excipients
may elute near or with the protein of interest. Gunturi et al.[87] also showed
the sensitivity of fluorescence detection for recombinant human growth
hormone, also in the presence of excipients. These studies confirm the
applicability of fluorescence detectors to measure low level of aggregates.

Requirements for molecular weight confirmation have led to coupling
of SEC with detectors that provide information on molecular weight. These
include multi-light scattering (ALS) detectors which can determine the size
and shape of proteins. The coupling of SEC and light scattering detectors
has enabled better determination and=or confirmation of molecular
weights.[12,19,89–91] SEC-MALS can provide information on the size, shape
and concentration of the sample. Due to the dependence of MALS on con-
centration and the extinction coefficient of the protein, SEC-MALS must
also be coupled to a separate detector for concentration determination.
The most common detectors used for concentration determination in con-
junction with MALS are refractive index (RI) and ultra-violet (UV) detec-
tion. Oliva et al.[12] compared the precision and accuracy of both
SEC-MALS=UV-Vis and SEC-MALS=RI. The results of these methods were
found to have a high degree of correlation, with the expected precision
and accuracy for most proteins. SEC-MALS=UV-Vis was found to have
slightly greater coefficients of variation (CV); however the values were
within expected experimental error. Folta-Stogniew and Williams[19]
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evaluated the precision and accuracy of SEC-MALS for a range of proteins
from 12–480 kDa. While the median standard deviation was 2.3%, larger
variation could be attributed to sample characteristics, such as dimer desta-
bilization.[19] Since the response in MALS is proportional to the molecular
weight of the protein, accuracy for lower molecular weight species can be
influenced by sample load.

SEC-MALS has been shown to provide information not only proteins
and their dimers but also high order aggregates. Ahrer evaluated aggre-
gates for human IgG. This study showed that for those samples containing
trace amounts of higher order aggregates, SEC-UV may not provide
enough sensitivity. The same sample in MALS detector is significantly more
sensitive to the high MW aggregates and enables their confirmation and
analysis.[90]

Mass spectrometry is another method for obtaining molecular weight
information. However, there are challenges to interfacing SEC with MS. As
discussed extensively by Garcı́a,[92] the greatest challenge is the incompati-
bility of mobile phases containing high concentrations of nonvolatile
salts.[92] SEC mobile phases are typically nondenaturing aqueous solutions
in the physiological pH range (6.5–8). These mobile phases lead to ion sup-
pression and contamination of the mass spectrometer. The most suitable
SEC-MS mobile phases provide non-denaturing conditions (ammonium
formate and ammonium acetate) but not physiological conditions.[93]

In order to overcome this difficulty, SEC-MS methods have been
developed using denaturing mobile phases containing organic solvents
and ion-pairing reagents.[94–97] Lazar et al.[95] applied a similar principal
for the analysis of immunoconjugates. In this case, covalently linked immu-
noconjugates were distinguished from the intact monoclonal antibody
under SEC-MS conditions, providing utility that could not be achieved by
either offline sample preparation or reversed phase desalting. Liu
et al.[94] developed a similar approach for the analysis of reduced and alky-
lated monoclonal antibodies with acetonitrile and TFA in the mobile
phase, thus allowing for rapid desalting (Figures 5b and 5c).[94,97]

METHOD OF OPTIMIZATION

Proteins are prone to interact with surface charged sites of chromato-
graphic stationary phases.[9,63–65,98–100] These ionic interactions can result
in adsorption of the protein,[74] shifts in retention time,[5] peak tailing
or peak asymmetry,[6] or to changes in the three dimensional conformation
of the protein.[63,101] As previously mentioned, chromatographic stationary
phases and mobile phases have been used to mitigate nonideal
interactions.
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Other factors can be used to manipulate SEC separations. Chromato-
graphic conditions that can be evaluated include flow rate, column length,
mass load, and volume load. Adjustment of these factors can impact resol-
ution, analysis time, and=or sensitivity.[102]

Nonbinding interactions between the solute and the packing material
are dominated by two types of chemical interactions: electrostatic interac-
tions and hydrophobic interactions.[64] If the protein and the stationary
phase surface are identically charged, ‘‘ion-exclusion’’ can result. In this
case, the protein is prevented from entering into the pores of the particle,
and thus elute faster than would be predicted. If the protein and the par-
ticle are oppositely charged, then adsorption of protein to the stationary
phase surface may result from ion-exchange interactions, and results in

Figure 5 SEC chromatograms of antibody-A analyzed using TSKgel G3000SWxl column; (a) at various
flow-rates of 0.5 mL=min, 0.4 mL=min, 0.3 mL=min, 0.2 mL=min, and 0.1 mL=min as labeled in the figure;
(b) using mobile phase consisting of 0%, 10%, 20%, 30%, 40%, 50%, or 60% acetonitrile as labeled in the
figure with 0.1% TFA, and 0.1% formic acid in Milli-Q water; (c) using mobile phase consisting of 20%
acetonitrile with 0.1% formic acid and with 0%, 0.02%, 0.05%, or 0.1% TFA in Milli-Q water as labeled
in the figure. Reprinted from Reference[93] with permission from Elsevier. (Color figure available online.)
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greater than expected retention. Hydrophobic effects can be produced
from interaction of the solute with hydrophobic sites on the packing
material and lead to increased retention.

Salt Concentration

A common approach to reducing electrostatic interactions in SEC
involves increasing the ionic strength or salt concentration of the mobile
phase.[63–65] This can reduce secondary interactions and improve peak sym-
metry, retention time, and quantitation. This approach has been recently
demonstrated by Ricker and Sendoval[100] in which a number of mono-
clonal antibodies were analyzed at varying ionic strengths. While the results
varied among the antibodies, some antibodies showed retention time shift
and poor peak shape at low sodium chloride concentrations. Kamberi
et al.[103] also examined the effects of electrostatic interactions on the
recovery of aggregates of synthetic human parathyroid hormone. In this
study, aggregate recovery was evaluated at different sodium chloride
and acetonitrile concentrations. The addition of 100 mM sodium chloride
was found to minimize electrostatic interactions and increase aggregate
recovery.

Increasing the concentration of a counter ion in the mobile phase is a
common approach to reducing electrostatic interactions. However, very high
concentrations of these same ions can lead to an increase in hydrophobic or
ion exclusion effects.[61] This interaction has been well-documented, parti-
cularly for peptides, and strongly hydrophobic proteins.[99,104]

Mobile Phase Modifiers

Numerous studies have evaluated the addition of of organic modifiers
or other additives, such as arginine[11,105] to mitigate these secondary inter-
actions. These additives are often used to aid in protein recovery. The
reduced recovery of aggregates in SEC chromatography is an area of wide
concern.[14,105] One strategy often used is the addition of arginine to the
mobile phase to reduce secondary interactions.[11,101] Arginine acts as a
binder to the analyte in solution, thus preventing it from interacting with
the stationary phase. Arakawa analyzed the effect of arginine on protein
aggregate quantitation and found an increase in aggregate recovery
when arginine was added to the mobile phase.[101] Other studies have also
found improvement in peak shape with the use of arginine as a mobile
phase additive.[11] Methods using arginine in the mobile phase have been
developed for both large biomolecules and small proteins, such as
insulin.[4–6]
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Mobile Phase pH

Mobile phase pH can also be manipulated to reduce secondary interac-
tions.[63,65] Varying pH of the mobile phase can perturb the three dimen-
sional conformation of the protein, resulting in changes in non-ideal
interactions with the stationary phase. These interactions can be predicted
based on the relationship between mobile phase pH and the isoelectric
point of the protein. Golovchenko et al.[65] demonstrated that at low ionic
strengths, ion exchange effects were observed at pH values below the pI of
the protein, while ion-exclusion effects were observed at pH values above
the isoelectric point of the protein.[65]

Flow Rate

Flow rate is one of the parameters available optimizing resol-
ution.[2,100,106] As in many chromatographic separations of macromole-
cules, the optimum column efficiency is achieved at low linear velocities.
The impact of flow on resolution can be seen from the discussions in the
Theory section, and in particular Eq. (12). Engelhardt and Schön[106]

demonstrated conditions for optimizing size-exclusion chromatography,
including reduced flow rate. A study by Qian et al.[85] analyzed flow rates
over a 10� (0.112–1.2 mL=min) range for the analysis of human serum
albumin and interferon. Ricker and Sandoval[100] demonstrated the effect
of flow rate on the SEC separation of a protein mixture: resolution
improvement was observed for bovine serum albumin and ovalbumin with
decreasing flow rate. Liu et al.[94] evaluated the effect of flow rate for the
SEC separation of a reduced antibody under denaturing conditions
(Figure 5a). For all of the examples, the improvements in resolution are
accompanied by longer analysis times, broader peaks and lower sensitivity.

Sample Load

As in other chromatographic techniques, sample load, both volume
and mass, affects SEC chromatographic resolution and sensitivity.[82,106,107]

Ideally, proteins are separated based on size, limiting the resolution
between analytes. In instances of column overloading, resolution between
the analytes can deteriorate. Ideal volume loads correspond to sample
volumes between 5–10% of the total column volume. If the sample volume
increases beyond this range, resolution decreases. Oftentimes these higher
volumes cause peak distortion (i.e., tailing). Ricker and Sandoval[100]

demonstrated this phenomenon for a set of protein standards: injection
volumes were tested over a 100-fold range (2–200mL). Large injection
volumes (> 100mL) led to increased peak widths, resulting in decreased
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resolution between the bovine serum albumin monomer and ovalbumin
(Figure 6).[100]

Loss of recovery of monoclonal antibodies and their aggregates is a con-
cern in SEC chromatography. Thus, for method development, the corre-
lation between mass load and recovery is often analyzed. Gabrielson
et al.[14] evaluated this phenomenon for unstressed and acidified mono-
clonal antibody formulation. In this study, loss of protein mass was observed
for the acidified monomer at higher mass injection loads, while the
unstressed sample showed no significant loss of protein mass. This loss

Figure 6 Effect of injection volume on separation efficiency in SEC. A 4-component protein mixture
was separated on a Zorbax GF- 250 column (250� 9.4 mm) using a mobile phase of 200 mM sodium
phosphate, pH 7.0. The injection volume was varied from 2 to 200mL] and ambient temperature was
used. Detection, represented on the y-axis, was carried out at 230 nm. The flow rate was 2 ml=min.
Resolution (Rs) between BSA and ovalbumin are shown. Peak Identities: 1¼BSA-dimer; 2¼BSA;
3¼ovalbumin; 4¼ lysozyme and 5¼ sodium azide. Reprinted from Reference[100] with permission from
Elsevier.
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can be attributed to non-ideal interactions and illustrates the utility of
analyzing varying mass loads in method development.

Column Dimensions

A common approach to method development in any chromatographic
method also includes the effect of varying column length and inner diam-
eter. Increasing column length provides a means of improving resolution in
isocratic separations such as SEC.[100,108] From Eq. (12), one can see that
resolution is proportional to L1=2. While most SEC columns are 30 cm in
length to provide optimum resolution, additional column length can be
attained by linking multiple columns in series. Ricker and Sandoval[100]

demonstrated this effect by linking two 4.6� 250 mm columns for the
analysis of BSA and ovalbumin. In this example improved resolution and
higher column efficiencies were achieved, however, these were
accompanied by increased time of analysis. Coupling of columns and=or
increasing column length results in an increase in run time proportional
to the additional column length.

As discussed earlier, increasing the inner diameter of SEC columns can
significantly improve peak capacity and resolution by minimizing the sys-
tem contribution to band broadening.[66,75,106] In cases where system dis-
persion is significant, 7.5 mm I.D. SEC columns may be required in order
to maximize peak capacity.[109] However, with the introduction of newer
low dispersion, instrumentation such as UHPLC, smaller ID columns
(4.6 mm) can be used to achieve comparable resolution to SE-HPLC.

Particle Size

As discussed earlier, and shown in Eq. (12), efficiency in SEC is affected
by the particle size of the chromatographic stationary phase. Evaluation of
these smaller particles has shown the advantages in resolution as compared
to larger particles.[106,110–112] Liu et al.[94] demonstrated these effects for
the analysis of a reduced antibody: improved resolution and higher effi-
ciencies were observed for the light and heavy chain using columns with
smaller particle sizes (Table 1).[94]

Theoretical analysis of the optimum particle size has shown the benefits
of 1–2mm particle on SEC separations.[67] With the advent of sub-um SEC
column packing materials, these resolution improvements can be realized.
Diedrich evaluated columns of varying particle size for the analysis of
monoclonal antibodies.[109] Improved resolution and higher efficiencies
were observed for sub-2mm SEC columns at higher flow rates resulting in
shorter run times (Figure 7).
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APPLICATIONS

There have been numerous applications of SEC reported over the last
few decades for a wide range of analytes. However, the scope of this section
of the review will be the use of SEC in the field of biotherapeutic protein
development and some of the considerations that may be important to
addressed when using this separation mode for that purpose. The primary
application for SEC in the biopharmaceutical industry is the routine moni-
toring of protein or modified protein (protein-drug conjugates, pegylated
proteins, etc.) aggregation and quaternary structure.[113] Given the

TABLE 1 Comparison of Columns: Effect of Particle Size on Efficiency and Resolution for a Reduced
Antibody

Theoretical
Plates

[-17pt] Columns
Dimensions

(m i.d. � mm length)
Particle size

(lm)
Pore sizes

(Å) HC LC Resolution

TSKgel G3000SW 7.5� 300 10 250 1980 3845 3
TSKgel

G3000SWxl
7.8� 300 5 250 5060 10674 4

Shodex KW-804 8.0� 300 7 250 4952 8859 2
Protein-Pak

300SW
7.5� 300 10 250 2078 4271 3

BioSuite 250 7.8� 300 5 250 5149 9403 3

Conditions: 20% acetonitrile, 0.1% TFA, 0.1% formic acid at 0.2 mL=min. Reprinted from Reference
[94] with permission from Elsevier.

Figure 7 Effect of particle size (dp). (A) Overlay of single injection chromatograms of a mAb sample
(1.0 g=L) analyzed on AQCUITY BEH200(1.7mm). Zenix SEC-250 (3 mm) and TSKgel 3000 SWxl
(5 mm). (B) For comparability, elution volumes were normalized to column void volumes. Reprinted
from Reference[109] with permission from Elsevier. (Color figure available online.)
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sensitivity and reproducibility of the method, SEC may be considered as the
standard method for monitoring protein aggregation,[114] and is included
in the list of the typically used tests in the European Pharmacopoeia guid-
ance document entitled ‘‘Technical Guide for the Elaboration of Mono-
graphs on Synthetic Peptides and Recombinant DNA Proteins,’’ 1st
Edition 2006.[115] In these regards, SEC can be used as an integral part
of an analytical testing strategy designed to provide assurance of biophar-
maceutical product safety and although this information is not included
or has been redacted from the FDA Summary Basis for Approval for most
products, the method is likely positioned as a registered test in the majority
of the Chemistry, Manufacturing & Controls (CMC) sections of current
regulatory filings.

SEC is often used as a tool to aid in manufacturing process and formu-
lation development. As part of the manufacturing process development
SEC can be used to guide cell-line selection. These data can be invaluable
in not only selecting a cell-line that produces the lowest levels of aggregates,
it can also discriminate between aggregate forms that may be more or less
difficult to remove during downstream purification steps.[116] Another use
for SEC during cell-line development is to ensure that the specific activity
of the purified protein is not under-reported or in rare cases over-reported
as the result of increased aggregation.[117,118]

SEC can also be used extensively to guide the development of the puri-
fication process for biopharmaceuticals. There have been vast numbers of
biopharmaceutical new chemical entities (NCE) that are antibodies or
antibody-like in recent years.[119] The primary purification workhorse for
these molecules is Protein A or G affinity purification. Although this puri-
fication step can provide high log removal of conditioned media impurities
as the first step in the purification process, a significant removal of aggre-
gate impurities is not typically observed and often the elution conditions
of the affinity purification step can potentially induce further aggregate for-
mation.[120] As a result, further polishing steps including gel-filtration,
ion-exchange, hydrophobic interaction, or hydroxyapatite chromatography
are often required to control the levels of aggregate of the purified pro-
tein.[121–123] The use of SEC derived data to assist in the optimization of
these methods is ideal due to the short run times and amenability of the
method to most buffer systems. One disadvantage, however, is that since
on-column analyte concentration is not possible the sample concentrations
must be adequate to provide meaningfully results. To address this limi-
tation alternative UV absorbance wavelengths or fluorescence can be
used.[19,87]

Changes in the extent and forms of protein aggregation are primary
concerns during product formulation development. The short run times
and quantitative reproducibility make SEC an appropriate method for
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stability monitoring. Stability protocols with multiple formulations, manu-
facturing batches, storage conditions, and time-points can generate large
numbers of samples and the 15–20 min run-times achieved by HPLC col-
umns and systems can provide good sample throughput. Recently, the avail-
ability of sub-2 mm particle size SEC columns and low dispersion UPLC
systems have reduced these run-time by approximately two times or more,
and through the use of sample interlacing routine analyses of under 2 min
per sample have been reported.[109] A complication to the SEC analysis of a
protein drug product can also be the coeleution of excipients such as the
non-ionic surfactant polysorbate 80.[124] To address this issue, alternative
UV absorbance wavelengths or the intrinsic fluorescence of the protein
may be used to advantage.[86,87]

The limitations of SEC have been well documented.[15,16,125,126] During
the development and application of an SEC method for the analysis of a
biotherapeutic protein orthogonal techniques such as sedimentation velo-
city analytical ultracentrifugation (SV-AUC), asymmetrical flow field flow
fractionation (AF4), and dynamic light scattering (DLS) may be needed
to confirm that the SEC method is providing an accurate representation
of the forms and level of aggregates in the protein sample.

In addition to providing assurance that an SEC method is providing an
accurate assessment of the aggregate levels and forms present, the biochemi-
cal and biophysical characterization of the aggregate forms is also a valuable
part of a thorough protein characterization study. During the initial phases
of protein development, the characterization of the aggregate fraction may,
for example, include host-cell protein analysis, bioactivity, posttranslational
modifications, and mass analysis (MALLS or MS). Additionally, as the pro-
duct moves through to commercialization this characterization may need
to be repeated or enhanced depending on the extent of any changes in
the manufacturing process as part of a comparability assessment to provide
assurance that the nature of the aggregate forms present in the products
produced by the two manufacturing processes are comparable.

Currently, with patent protections running their course, there has been a
surge of interest in the area of biosimilars.[127–129] While no clear guidance
with respect to SEC fraction characterization has been documented for biosi-
milars, a complete comparability package would likely contain a comparison of
an appropriate combination of orthogonal analyses and aggregate peak char-
acterization data for both the innovator and the biosimilar products.

CONCLUDING REMARKS

Since the introduction of the first recombinant insulin in 1982, nearly
three decades after the first reported uses of SEC for protein analysis, SEC
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has become the most widely applied method for the routine analysis of
aggregation for biotherapeutic peptides and proteins. Additionally, SEC
has been used extensively to guide manufacturing process and formulation
development for these classes of biotherapeutics. The broad adoption of
this method for these analyses can be attributed to its simplicity, reproduci-
bility, sensitivity, and speed. More recently, dramatic improvements in resol-
ution, sensitivity, and throughput provided by the use of smaller particle
columns (�2 mm) on low dispersion UHPLC instrumentation have further
enhanced the capabilities of SEC.[109]

A thorough understanding of the principles and practices of SEC is vital
to developing robust, accurate, and precise methods. While SEC separa-
tions, in theory, are based solely on the size of the protein or peptide in sol-
ution, non-ideal interactions between these large molecules and the
column packing materials are often encountered in routine practice. These
interactions can deleteriously affect the retention time, peak shape, and
recovery of the protein and should be minimized through method optimi-
zation. In addition, SEC method development should also include an
appropriate evaluation of the chromatographic recovery of both the drug
product and any aggregate forms present in the sample.

The analysis of protein and peptide aggregation as a critical quality
attribute, will continue to be of importance into the future as a result of
the steady introduction of novel protein and peptide based biotherapeutics
into the clinic, at a rate of approximately 40 per year since 2007.[119] SEC, a
nearly 50-year-old technique, has continued to evolve in order to meet the
ever greater demands in terms of accuracy and sample throughput, is cur-
rently the primary means of routinely measuring protein aggregate levels.
However, the use of SEC in this capacity should always be demonstrated
to be appropriate for a specific biopharmaceutical sample.

LIST OF SYMBOLS

a, b, c Constants in van Deemter Equation
Dm Diffusion coefficient
dp Particle size
H Plate height
k Partition coefficient, retention factor
k00 Alternative retention factor (Equation 3.6)
KD Partition coefficient for SEC
m, b Slope and intercept of SEC calibration curve in linear region
L Column length
M Molecular weight
N Plate number
R Gas constant
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Rs Resolution
T Absolute Temperature
u Linear velocity
Vi Intraparticle volume
V0 Interstitial volume
VR Retention volume
DG0 Standard Gibbs free energy change
DH0 Standard enthalpy change
DS0 Standard entropy change
g Viscosity
r Standard deviation of peak width
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