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Reversed-Phase
Liquid Chromatography
(RP-HPLC)

Figure 1: Major structural details of a typical monoclonal antibody.
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When individuals with a background in small
molecules move into biomolecule analysis, they
are often dismayed at the heterogeneity of
proteins and the variety of techniques required
to characterize them. Rather than focus on
specialized applications, it is more efficient to
consider more routine techniques for biomolecule
characterization.
What follows is a guide to the
characterization of protein biologics, as
exemplified by a typical monoclonal antibody
(mAb) therapeutic agent, which are proteins
made from a single cell line that can be used
to block cell division, trigger the immune
system to kill cancer cells, or deliver small
molecule therapies to cancer cells. In 2016,
more than half of the top 10 selling drugs were
monoclonal antibodies or their derivatives with
over 700 generics (biosimilars or biobetters) in
development.
The complex nature of these molecules
means that several different techniques need
to be used to characterize them and their many
heterogeneities (Figure 1).
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several tactics need to be employed
in order to avoid poor reversed-phase
chromatography and these include:
■■ The use of highly deactivated
phases combined with ion pair
reagents (TFA remains the most
prolific) to prevent poor peak shape
due to secondary interactions with
the stationary phase support
■■ The use of highly efficient particles
with wide pores (300 Å is typical)
and increased temperature to
mitigate peak broadening due to
slow diffusion kinetics
■■ Utilizing less hydrophobic stationary
phases (C4 is typical) in combination
with stronger elution solvents and
higher temperatures to avoid long
retention times
One needs to be vigilant about any
artificial changes to the structure or
chemistry of the analyte induced by
increased temperature or pressure during
the chromatographic process.
Reversed-phase chromatography
coupled with mass spectrometric
detection can provide more specific
information on post-translational
modifications (for example, deamidation
of an asparagine residue) or subtle
changes in the make-up of the glycan
(polysaccharide residue), which is critical
for the efficacy of most proteins. One
needs to consider the effect of ion
pairing reagents on the MS signal as TFA
6 | June 2017 | BioPharm International
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may suppress the signal and alternative
ion pairing reagents may need to be
employed.
While reversed-phase analysis of the
intact or partially fragmented protein is
useful, it does not provide information
on localized modifications. Typically
the protein will be digested using a
chaotropic reagent such as trypsin and
reversed-phase chromatography with MS
detection used to characterize the type
and specific site of any modifications
from the resulting peptides. This is
particularly useful as post-translational
modifications at critical positions on the
protein may radically change the efficacy
or safety of the protein.
HPLC–MS can also be used to
compare the retention time, mass and
area of the peptide peaks from digested
proteins with in-silico prediction models,
to sequence the peptides, allowing
protein identification. Typically the
degree to which the in-silico model
fits the experimental data is called
“sequence coverage,” and the higher
the coverage, the more confidence we
can have with the identification. High
efficiency stationary phases using sub2 μm and core-shell particles are very
useful in protein sequencing as higher
peak capacities increases the number of
individual peptides that can be separated
and identified, improving sequence
coverage and protein identification.
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structural characterization
of the glycan moieties is
now very popular.
AB labeling
LC-FLD-MS
PNGase F
HILIC techniques are
necessary as the glycan
units are highly polar
Clean up
and poorly retained
or separated under
Clean up
reversed-phase conditions.
Acetonitrile gradients 9060% at pH 4.5 are typical
and high-efficiency particle morphologies
Hydrophilic Interaction
Chromatography (HILIC)
combined with bonded polar phases are
capable of separating the many possible
HILIC techniques are often used to
glycan forms, which is necessary in order
characterize the N-linked glycan moieties
to fully characterize the protein glycoforms
of glycoproteins. These polysaccharide
and any impurities and variants. Often the
species are very important in
difference between an originator protein
determining protein folding and function
and a biobetter may lie primarily in the
and are complex, containing many
structure of the N-linked glycan.
monosaccharides, combined in core and
antennary structures. The number, type,
and arrangement of the monosaccharides
Ion-Exchange
Chromatography (IEX)
within the glycan will affect the form
and efficacy of the protein and many
IEX has been widely used in the analysis
commercially successful antibody protein
of biomolecules and remains one of
drugs contain N-linked glycans.
the gold standard strategies for charge
Typically, the glycan will be
variant analysis.
enzymatically cleaved from the protein
The most common causes of charge
(often using PNGase F) and then
variants are deamidation, isomerisation,
labeled with a fluorophore, of which
succinimide formation, oxidation, silylation,
2-aminobenzamide (2-AB) is the most
N-terminal pyroglutamic acid, or C-terminal
popular (Figure 3). The tagging is
lysine clipping. IEX separates compounds
necessary due to the lack of a UV
based on the electrostatic interaction of
chromophore and facilitates fluorescence
the ionic groups on the protein surface
detection, however MS detection and
or the monoclonal antibody and the
Figure 3: Glycan cleavage and labeling with a fluorotag prior to analysis.
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oppositely charged ionic group on the
surface of the stationary phase. Cationexchange columns have a negatively
charged surface—these columns are used
at pH values below the isoelectric point
(pI, the pH at which the protein charges
are balanced and the net surface charge
is 0) of the peptide or protein.
Conversely, anion-exchange columns
have a positively charged stationary phase
and are operated above the peptide or
protein pI. The selection of stationary
phase and mobile phase pH strongly
depends on the species being analyzed.
The conditions have to be selected such
that the protein and the stationary phase
are in their charged forms.
IEX is of interest for the analysis
of biomolecules as the separation
is performed under non-denaturing
conditions, unlike RP HPLC. Elution of
compounds in IEX is achieved via a salt or
pH gradient to interrupt the compound/
stationary phase interactions.
Comparison of the elution order for salt
and pH gradient experiments show that
the mAb compounds elute in a similar
order under both sets of conditions with
variations seen for only a few mAbs (1, 2).
Cation-exchange chromatography
is particularly suited to the analysis of
mAbs due to their basic nature. It has
been shown that cation IEX can be used
to identify post-translation modifications
such as aspartate isomerisation,
8 | June 2017 | BioPharm International
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asparagine deamidation, oxidation, and
fragmentation (3).

Size-Exclusion Chromatography (SEC)

SEC is used for separating and
quantifying protein mixtures. This includes
measuring aggregates (e.g., dimers,
trimers, and tetramers), separating
low molecular weight excipients and
impurities from the larger molecular
weight proteins, and determining changes
to the molecule such as clipping and
other post-translational modifications.
It is important to understand and
be able to control aggregation in
biomolecules as it will affect their
efficacy, lifetime, and can produce an
immunological response. In SEC there is
no interaction between the analyte and
the surface and separation is primarily
by means of the degree of inclusion
or exclusion from the pores within the
stationary phase. The pores have different
accessibility for molecules of different
sizes (hydrodynamic volume), for example,
large molecules are poorly retained and
elute first as they cannot access the pores
within the stationary phase, whereas
smaller molecules will diffuse into the
pores to a greater extent depending on
their size and will be eluted later, with the
smallest molecules eluting last. The “size”
of the biomolecule can depend upon the
molecular weight, degree of folding, and
degree of hydration.
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There are several factors that should be
considered when selecting columns and
conditions for SEC:
■■ The stationary phase should be as
insert as possible and silica based
columns should be bonded with
diol or a polymeric phase to prevent
unwanted secondary interactions
■■ The pore size of the SEC column
should be selected to reflect the
molecular weight (MW) range of the
proteins being analyzed
■■ Due to the fact that all compounds
elute before the column dead time
(t0), SEC columns often have large
internal diameters (~7 mm) and are
relatively long (25–30 cm)
■■ Mobile phase flow rates are
relatively low (0.5 mL/min) which
generates a comparatively large t0
■■ Mobile phase components should
not interact with the solute proteins
■■ For proteins a phosphate buffer
with pH 7 is often selected as this
is close to the pI of most proteins
(it can also be considered as the
buffer which most closely resembles
physiological conditions)
■■ Interactions between analytes and
the column can be decreased by
adjusting the salt concentration—at
high salt concentration interaction
between proteins and the
stationary phase will be minimized
Separations may require optimization

mAb FORMULATION DEVELOPMENT

to provide improved resolution, maintain
protein solubility, or to decrease sample
interaction with the chromatographic
media. This can be done by optimising
several parameters, including mobile
phase ionic strength, pH, use of organic
solvents, and temperature.
Typically, SEC separations are carried
out at 20–30 °C, however, separation of
proteins and peptides may require higher
temperatures to improve resolution and
recovery. It should be noted that increases
in pressure and temperature can lead to
an increase in aggregation on the column
which can result in errors in quantitation.
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Developing HPLC Methods for
Biomolecule Analysis
Biopharmaceuticals offer great hope in treating
medical conditions that are currently poorly served
by traditional pharmaceuticals.
Figure 4 is a schematic representation of trastuzumab, a monoclonal antibody (mAb) therapeutic
agent used in the treatment of HER2 positive meta-

Figure 4: Schematic representation of trastuzumab, a
monoclonal antibody protein. Hc = heavy chain, Lc =
light chain, N-ter = N-terminus, C-ter = C-terminus,
Fc = fragment crystallizable, Fab = fragment antibody
binding, 1 = hinge region, 2 = disulfide bridge, 3 =
glycan moiety.

static breast cancer and recombinantly produced in
Chinese hamster ovarian (CHO) cells. Various regions
and features of the protein are outlined in the figure
caption and represent some of the important fea-

N-ter (NH3+)

N-ter (NH3+)

Glycan Analysis

can reveal not only macro changes, such as fragmen-

Region 3 in Figure 4 shows the glycan (sugar) re-

tation at the hinge region (region 1 in Figure 4), but

gion of the mAb, which determines efficacy of the

also subtle differences in linkages between light and

protein. The sugar subunits of glycans are vitally

heavy chains.

important and are used to optimize efficacy and to

Structural Characterization

produce “biosimilar or biobetter” molecules that are

Intact and partially fragmented proteins can be
analyzed using reversed-phase chromatography with

Hc
Fab

small particles possessing relative large pore diameter

Lc

tures of the drug that need to be characterized.

efficacy and toxicity of the species, and this testing

1
C-ter

2

(volume) (300 Å being typical) and using shorter liC-ter

Protein Titer (Assay)

gands such as C4. High-efficiency particles such as the
sub-2-µm or core–shell particles combined with short,

Fc

the generics of the biopharmaceutical world. After
enzymatic cleavage and labeling, HILIC chromatography is typically used to separate the various glycoforms, which are highly hydrophilic, and fluorescence
or MS detection is used depending on the labeling
reagent used.

narrow column geometries are sometimes used when

Amino Acid Analysis

high throughput is necessary. Typically, digestion

Amino acid analysis is a regulatory requirement and

techniques are used to obtain the Fc and Fab regions

following acid hydrolysis and labeling with OPA or

G ligand is immobilized. The monoclonal antibody

(using dithiothreitol) or light and heavy chains (papain)

FMOC reagents, separation is achieved using C18

is retained via conjugation with the Fc region of the

where differences in sequence or modification of the

columns with core–shell and sub-2-µm particles

constituent amino acids can be determined.

becoming increasingly dominant. The stability of the

During manufacture, the amount of protein in the

3

reaction mixture needs to be determined and this is
achieved using columns onto which a protein A or

mAb while all other species are unretained. The antibody is then released using a low-pH eluent (pH 2.6
typically). This form of separation is known as affinity
chromatography.

Charged Variant Analysis
Ion-exchange chromatography is typically used to
monitor for enzymatic or chemically induced posttranslational modifications (PTMs), which result in
charge differences between proteins and can affect
efficacy, stability, and toxicity. Monoclonal antibodies
are typically net positive (basic) and cation-exchange
chromatography is used for characterization and release testing, with the eluent pH adjusted to promote
the charged form of both the analyte and stationary

10 | June 2017 | BioPharm International
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–

phase surface. Elution of the intact protein is typically
facilitated using salt or pH gradients, the latter being
more amenable to mass spectrometry (MS) detection;
small-particle-size columns have been introduced to
facilitate rapid, high-efficiency separations.

Digestion using trypsin will produce the con-

phase at high pH is important, and on-line derivatiza-

stituent peptides that are typically analyzed using

tion followed by fluorescence or UV detection is

high-efficiency C18 or C8 reversed-phase columns of

growing in popularity.

standard pore size and the highly complex chro-

Size Analysis

matograms obtained via MS detection (peptide

This article originally appeared in LCGC, Vol 33, No.

SEC is used to separate proteins, fragments, and

maps) are used to determine protein sequence.

8, pg 566 (2015).

aggregates according to their hydrodynamic volume,
which is a product of analyte mass, folding, and size
of the hydration shell, and is used for both characterization and release testing. Silica or polymer
stationary phases are used to physically “filter”
the species via the pore structure, and the careful
selection of the correct pore size range is important.
Aggregation and fragmentation of mAbs affect the

BioPharm International | June 2017 | 11
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As biopharmaceutical development pipelines
continue to expand and competition increases,
developers are increasingly tasked with
accelerating process development timelines
while still ensuring only effective and quality
products reach the market. Have advances in
analytical technology kept pace with this need?
In this interview, Shanhua Lin, PhD, R&D
manager of bioseparation, chromatography
consumables, chromatography and mass
spectrometry at Thermo Fisher Scientific,
discusses a novel pH gradient method for ionexchange chromatography that provides fast and
reproducible monoclonal antibody (mAb) charge
variant profiling.
BioPharm International: Why is it so important
for biologic manufacturers to understand
charge variance and aggregation?
Lin: Charge variance and aggregation
are two specifications that biologic drug
manufacturers must closely monitor to ensure
product consistency and stability over time.

12 | June 2017 | BioPharm International
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Biologics are very different from smallmolecule products; proteins often
become heterogeneous due to chemical
modifications that occur during the
manufacturing process. Degradation could
cause deamidation, oxidation, C-terminal
lysine truncation, and other changes that
can generate a range of antibody charge
variants.
Charge variance and aggregation
could adversely affect the drug’s potency,
efficacy, and biological activity, which
could potentially harm the patient. To
ensure batch-to-batch consistency,
manufacturers must know which charge
variants exist in their products as well as
the percentages of basic variants and the
main peak.
Many times, the manufacturer will set a
specification for the percentages for each
class. In addition, during the development
stage, firms characterize the biological
activity of these variants to ensure their
activity and potency are within the safety
spec. This “must-do” task is a critical
function during method development and
quality control (QC).
BioPharm International: What
technologies are commonly used for
charge variant profiling?
Lin: Currently, two main technology
platforms are used for charge variant
profiling: ion-exchange chromatography

mAb FORMULATION DEVELOPMENT

(IEC) and cation-exchange
chromatography, which is especially useful
for mAbs.
In the last five years, another technology
platform has been developed called
imaged capillary isoelectric focusing
(iCIEF). It has been adopted in the QC
environment mainly for its high resolution
and its speed. It can complete an assay in
10 minutes. This technology platform has
some disadvantages, however.
IEC, meanwhile, has several important
advantages for characterization because
it enables fractions collection. When you
have charge variants, you want to collect
that section and conduct downstream
mass spectrometry analysis to uncover
any changes in the protein’s structure and
sequence.
In addition to fraction collection,
IEC enables researchers to conduct an
activity assay to help them determine the
biological activity and changes based
on the charge variants. Chromatography
can easily accomplish this task, but
fraction collection with iCIEF is not very
straightforward and it is not easy to couple
this technology with mass spectrometry.
So to sum up, newer methods (like
iCIEF) are useful in the QC setting, while
IEC can be used during both method
development and QC. While some people
use iCIEF in the development setting,
they can only do so once they invest the
time and effort to characterize the charge
BioPharm International | June 2017 | 13
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variants. Similarly, with cation exchange
chromatography, one must optimize
the salt gradient method for each mAb.
Given the time constraints that most
developers are tied to, they would benefit
from a more flexible approach that works
with liquid chromatography systems and
is suitable for a range of mAb charge
variants.

with cation exchange columns and covers
proteins like mAbs with pI values in the
range of pH 5.6 to 10.2.
A linear pH gradient can be easily
optimized and is entirely predictable.
Moreover, you can have confidence in the
exact elution pH. This simplifies variant
separation method development and has
been well received in the market.

BioPharm International: What pitfalls
should chromatographers look out for
with these analyses?

BioPharm International: Does that mean
we are moving toward a “universal”
method model?

Lin: With iCIEF, robustness is sometimes
a problem because the capillary can be
delicate. While most people are quite
familiar with IEC, they still must be aware
that any ion-exchange method requires
optimization, mainly the pH of the mobile
phase and the solvent concentration you
need to elute the desired analytes.

Lin: The pH gradient method is sort of a
turn-key platform method for mAb charge
variant analysis. Most mAbs have a pI of
6–10, so the method works very well for
most of these proteins.
Some customers have asked for a
broader range of pH gradient methods.
We are investigating solutions for other
classes of molecules like fusion proteins
and coagulation factors that typically have
a lower pI in the low pH range.

BioPharm International: Have there
been any new developments in this area?
Lin: In 2013, the Thermo Scientific™ CX-1
pH Gradient Buffer Kits were introduced
enabling platform separation methods,
which simplifies development. The kits
contain two different mobile phases
with two different pHs, which enables
the customer to use a linear pH gradient
method to quickly separate mAb charge
variants. This method works together
14 | June 2017 | BioPharm International

BioPharm International: What are some
“must-have” features or criteria that
biopharma companies are looking for
when analyzing variants and aggregates?
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consistency, you need a consistent
method.
The pH gradient separation platform
method I mentioned meets all of these
needs.
BioPharm International: What do you
foresee as future technologies that may
be introduced to the industry in the next
five years?
Lin: There will always be new particles
and new chemistry under development.
That’s a given. People want to have
capabilities to run their analysis faster
and with improved throughput.
Smaller particle-sizes of UHPLC-based
chromatography columns will always be
under development.
One exciting trend that I’m seeing
is being able to do charge variant
analysis or aggregate analysis directly
coupled with a high-resolution mass
spectrometer. Currently, because the
mobile phases we use contain salts, direct
coupling to a mass spectrometer is not
possible for any charge variant analysis.
Many times, people use an online twodimensional (2D) method to divert the

mAb FORMULATION DEVELOPMENT

charge variants to a second dimension
reversed-phase column and then into
the mass spectrometer. Many customers
would prefer a single-dimension
chromatography method; 2D LC requires
more set-up, maintenance and additional
chromatography work.
Recently, I have seen researchers
using mass spec-compatible columns
and mobile phases to run ion-exchange
analysis, and then it is directly coupled to
a high-resolution mass spectrometer such
as the Thermo Scientific™ Q Exactive™
BioPharma platform. This method
helps researchers get an accurate and
immediate mass read of the charge
variants. I think that is a very powerful
approach because you can generate
information very quickly; it is practically
real-time monitoring.

Shanhua Lin, PhD, is the R&D
Manager of Bioseparation,
Chromatography Consumables
at Thermo Fisher Scientific.

Lin: It comes down to three main things:
resolution, speed, and reproducibility. I
think reproducibility is the number one
need. When it comes down to product
BioPharm International | June 2017 | 15
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The development of mAb formulations
poses challenges at the manufacturing,
stability, analytical, and administration
levels.
Monoclonal antibodies (mAbs) have become
popular therapeutic agents in the past couple
of decades in the treatment of life-threatening
conditions such as cancer, inflammatory,
cardiovascular, respiratory, and infectious
diseases. Inherent specificity coupled with their
potential therapeutic activity have contributed to
the rise of mAb therapies.
In general, subcutaneous injections of mAbs
are preferred over intravenous administrations
from patient compliance and ease-of-use
perspectives. For mAb-based therapies,
typically, high doses in the range of hundreds
of milligrams to a gram are needed per dose to
achieve the desired therapeutic concentration.
To be able to administer such a high dose
range in a volume less than 1.5 mL by the
subcutaneous route, as required by FDA, these
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to enhance the solubility
of proteins through
changing the overall
Name
Active ingredient
Concentration
Dosage form
conformation of the
Ilaris
Canakinumab
150 mg/mL
Lyophilized
target protein, as well as
Xolair
Omalizumab
125 mg/mL
Lyophilized
through the phenomenon
of preferential hydration
Synagis
Palivizumab
100 mg/mL
Lyophilized
of the protein. The use
Simponi
Golimumab
100 mg/mL
Liquid
of excessive amounts of
such excipients, however,
may lead to hypertonic
preparations or changes in ionic strength
mAb formulations may need to be
of the formulation and related protein
prepared at a concentration greater than
aggregation issues.
100 mg/mL (1). However, such highly
As a mAb formulation is
concentrated mAb preparations can
concentrated using the commonly
present challenges in the manufacturing
applied ultrafiltration/diafiltration
process as well as stability and analytical
technology (tangential flow filtration,
testing, characterized by solubility, high
TFF) to achieve the desired protein
viscosity, and aggregation issues. Table I
concentration, the viscosity of the
lists some of the commercially available
solution may increase exponentially at
highly concentrated mAb products.
high protein concentrations (>100 mg/
mL) (4). However, higher viscosities lead
Formulation and Manufacturing
to higher manufacturing losses, and
To formulate high concentration mAb
subsequently, higher costs as well. Even
solutions, the target mAb must be
a higher percentage of volume overage
dissolved in the solvent to achieve the
could be needed in finished product
desired protein concentration. Typically,
vials to make up for the vial, needle, and
the solution should be visually clear and
syringe loss. Secondly, high viscosities of
not sediment at 30,000 g centrifugation
mAb solutions can create back pressure
for 30 minutes (2). The solubility of
on the TFF equipment, resulting in
mAbs, similarly to any protein, can
longer processing times and potential
be enhanced by the addition of nonequipment failures. Thirdly, proteins may
reducing sugars, such as sucrose, and
unfold and undergo aggregation from
by kosmotropic salts, such as sodium
shear stresses and cavitation shocks due
chloride (3). Such agents are reported
Table I: Highly concentrated commercial monoclonal antibody (mAb) products.
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to mixing, pumping, or centrifugation
(5). Proteins may undergo adsorption
at the air–water interfaces and other
hydrophobic surfaces, resulting in
aggregation (6). These aggregates
can clog the membrane pores during
ultrafiltration/diafiltration and filtration
during the concentrating procedure,
and lead to production issues. It has
been reported in literature that the
viscosity of high concentration mAb
preparations can be reduced by the
proper selection of pH, buffers, salts,
amino acids, and sugars (7–9). Also, an
increase in processing temperature can
facilitate reduction in viscosity of highconcentration mAb preparations that
have sufficient thermal stability.

Stability Challenges

Formation of reversible non-covalent
aggregates, by intermolecular
interactions, is one of the major
challenges of high-concentration mAb
preparations. Both covalent and noncovalent aggregates can adversely
impact the stability of the formulation
during storage, and consequently,
patients’ safety.
With an increase in mAb
concentration, a reduced effective
volume is available for the mAb
molecules. This phenomenon facilitates
formation of reversible non-covalent
protein aggregates with resulting
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increased viscosity. Increased viscosity
can be expected at a pH far away
from the isoelectric point of the target
mAb, resulting from excess net positive
or negative charges formed from
the ionization of amino or carboxylic
groups on the mAb and the subsequent
increase in the hydration radius (10).
However, increased viscosities have been
noted at the isoelectric point of some
proteins at high concentrations. It has
been hypothesized that at the isoelectric
point, proteins can experience attractive
forces resulting from hydrophobic, van
der Waals, or localized attractive forces,
all contributing to protein aggregation
for high mAb concentrations near the
isoelectric point (4,10,11).
Apart from non-covalent reversible
aggregation, high-concentration mAb
preparations can undergo hydrolytically
driven chemical degradations, such
as deamidation, isomerization, and
cleavage and fragmentation of peptide
bonds to form irreversible covalent
aggregates. mAbs can form irreversible
covalent aggregates from disulfide
exchange of free thiol groups from
unpaired cysteine residues, disulfide
exchange from beta elimination,
oxidation, and glycation. These
aggregates can have different size and
charge profiles from the native mAbs,
thereby, potentially affecting the safety
and efficacy of the product (12).
BioPharm International | June 2017 | 19
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In their native state, mAbs have their
hydrophobic amino acids buried in their
interior to prevent any interaction with the
aqueous environment. mAbs, however,
can form irreversible non-covalent
aggregates from hydrophobic aminoacid residues, once unfolded by thermal,
mechanical, or chemical stresses (13).
The stability of high-concentration
mAb preparations can be improved by
the addition of excipients, such as sugars
that prevent the formation of irreversible
aggregates. These excipients, being
more polar, prefer to interact with water
molecules and are, therefore, excluded
from the hydration shell of protein
molecules. This phenomenon increases
the partial molar free energy of the
denatured protein relative to the native
conformation, thus pushing the protein
molecules to maintain their native
conformation and reducing the formation
of aggregates (14). However, excessive
use of kosmotropic agents such as
sugars can increase tonicity of highly
concentrated mAb formulations.
These stability problems of highconcentration mAb preparations may be
avoided if the target mAb is formulated
at less than 100 mg/mL, lyophilized, and
then finally reconstituted with a small
volume of diluent prior to subcutaneous
administration. In general, proteins are
expected to be more stable towards
physical and chemical degradation
20 | June 2017 | BioPharm International
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reactions in the dry lyophilized state than
in the solution form. In the lyophilized
form, the possibility of hydrolytic
reactions is minimized due to the
removal of water by drying. Moreover,
the mobility of proteins is restricted
in the amorphous lyophilized matrix,
reducing the potential for aggregation.

Analytical Challenges

High-concentration mAb products are
heterogeneous in nature from variations
in mAb expression, mAb recovery/
purification, formulation preparation, and
storage of the product. Such products
must be characterized extensively, like
other conventional protein preparations,
using orthogonal analytical methods.
High-concentration mAbs can be
inherently complex due to the presence
of higher-order aggregates formed
either though covalent linkages or
non-covalent molecular associations.
Capillary electrophoresis (CE) and size
exclusion chromatography (SEC) can
be applied to analyze the size variants
caused by covalent modifications.
CE–sodium dodecyl sulfate (SDS) nonreduced is the method of choice for
evaluating mAb fragments, disulfide
cross linkages, and the covalent or
non-covalent nature of aggregates.
CE–SDS reduced can be employed
to assess thioether linkages between
light and heavy chains resulting from
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the beta elimination process (12,15).
Irreversible noncovalent species formed
through interactions of hydrophobic
amino acid residues normally buried in
the interior of proteins can be resolved
by SEC, analytical ultracentrifuge
(AUC), and field flow fractionation
(FFF). SEC still continues to be the
primary analytical method for the
analyses of non-covalent reversible
aggregates formed through molecular
association of mAb molecules.
However, highly concentrated mAb
samples often require dilution prior to
analysis by capillary electrophoresis,
mass spectroscopic methods, and
SEC. Such dilution schemes may
impact the conformation of the native
mAbs, as well as the composition
and conformation of the aggregates.
In addition, SEC runs the risk of
undesirable interactions of mAbs with
the columns and of the associated
changes in their hydrodynamic volume,
thus resulting in poor resolution and
irreproducible peaks (16). Salts may be
added to the mobile phase to minimize
undesirable ionic interactions with
the column, provided the resulting
elevated ionic strength does not affect
the stability of the mAb adversely.
Orthogonal analytical methods that
are being used for analyzing reversible
size variants of high-concentration
mAbs products are static and dynamic
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light scattering and AUC. However,
analytical methods based on AUC can
be complex, highly dependent on
instrument quality, and require fitting
of data to complex models (17). Light
scattering techniques (dynamic and
static) do not provide the number of
particles for a given size and are not
suitable for polydisperse systems.
Charge variants resulting from
deamidation of asparagine residues,
glycation, N-terminal pyroglutamate
formation, incomplete C-terminal lysine
processing, or succinimide formation
can be analyzed by isoelectric focusing
(IEF), imaged capillary isoelectric
focusing (iCIEF), and ion exchange
chromatography (IEC). However,
IEF determinations can at times be
complex to interpret due to high charge
heterogeneity.
For subvisible particulate matter
determination, orthogonal analytical
methods, such as light obscuration
and microflow imaging, are commonly
applied. Both light obscuration and
microflow imaging techniques provide
the size and the number particles
without any information on the chemical
composition of the particle. Microflow
imaging technology provides additional
information on the morphology and
optical properties of the particles
in addition to particulate count
determination (18).
BioPharm International | June 2017 | 21
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Administration Challenges

As the concentration of a mAb increases,
the viscosity of the high concentration
mAb formulations increases exponentially,
as shown in Equation 1 (19):
η = η 0 (1+k1Cp+k2Cp2+k3Cp3+...)

[Eq. 1]

where η is the formulation viscosity; η0
is the solvent viscosity; k1 is the intrinsic
viscosity contributed from the individual
solute molecules; k2 and higher order
coefficients represent effects from
interactions of two, three, or more protein
molecules; and cp is the concentration
of the protein in mg/mL. The higher
order terms predominate when soluble
reversible protein aggregates are formed
for high-concentration mAb preparations,
resulting in higher viscosity.
High viscosity can adversely affect
the ease of withdrawing the highconcentration mAb solution in the
syringes. The backpressure resulting
from dispensing a highly viscous solution
may necessitate higher gauge needles
and cause more pain to the patient.
For high-concentration mAb
preparations, syringeability studies
evaluate the ease of withdrawal of a
product in the syringe, as well as flow
of the product through the needle. One
should be cognizant of the potential
loss of the product from sticking to the
22 | June 2017 | BioPharm International
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contact surface due to its high viscosity,
and calculate the overage accordingly
from vial, needle, and syringe loss. The
injectability of high-concentration mAb
formulations is generally evaluated
in terms of the force and the time
required to complete an injection at
a constant flow. Compatibility studies
should be performed to identify any
incompatibility or stability issues of the
product with the contact surface. Shear
stresses from withdrawal or injection
of the formulations may impact the
stability of the high concentration mAb
products. The presence of surfactant in
the products to prevent adsorption or
aggregation of mAbs may cause foaming
issues during administration of the
product.
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Summary

High-concentration mAb formulations
have witnessed lots of interest in
recent years due to their therapeutic
potential and ease of administration
to patients. The development of
these products, however, still poses
challenges at manufacturing, stability,
analytical, and administration levels.
Robust manufacturing processes,
stable formulations, and orthogonal
analytical methods are often required to
resolve these challenges and produce a
commercially viable high concentration
mAb product.
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