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Biopharmaceutical Analysis by HPLC: Practices and Challenges
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High-Performance Liquid Chromatography (HPLC) is an essential analytical techni-
que in the biopharmaceutical industry, crucial for the separation, identification, and
quantification of complex biological molecules such as monoclonal antibodies and re-
combinant proteins. It plays a vital role in assessing the purity, potency, and stability
of biopharmaceutical products, which are critical for regulatory approval. HPLC offers
high resolution and sensitivity, allowing for the detection of small quantities of com-
pounds in complex samples. Its versatility is evident in various modes, including re-
versed-phase, ion-exchange, size-exclusion, and affinity chromatography. However,
challenges remain, such as selecting the appropriate stationary phase, addressing
peak overlapping and matrix interference, and optimizing operational parameters like
flow rate and mobile phase composition. Standardization and method validation are
essential for ensuring reproducibility, accuracy, and regulatory compliance in HPLC
analyses. The need for reliable reference materials and calibration methods is also a
significant challenge. Recent advancements in HPLC technology, including ul-
tra-high-performance liquid chromatography (UHPLC) and hybrid systems that in-
tegrate HPLC with mass spectrometry, are helping to overcome these challenges by
enhancing sensitivity, resolution, and analysis speed. In summary, as bio-
pharmaceutical products grow more complex, HPLC’s role will continue to evolve, high-
lighting the need for ongoing research and development to refine this critical analytical
tool.
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INTRODUCTION

High-Performance Liquid Chromatography (HPLC) is
essential in the analysis of protein drugs, playing a critical
role in ensuring their quality, safety, and efficacy. As a fun-
damental analytical tool, HPLC facilitates precise charac-
terization and quality control of protein-based pharmaceu-
ticals. Through careful method development and valida-
tion, optimization of analytical conditions, and compliance
with regulatory standards, HPLC guarantees accurate
and reliable analysis, which is crucial for the successful de-
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velopment and commercialization of these products. Given
that proteins are complex molecules with varying proper-
ties, optimizing chromatographic conditions is vital for ef-
fective analysis. Gradient elution is frequently utilized to
improve resolution and minimize analysis time. Key pa-
rameters such as flow rate, gradient profile, and column
temperature must be meticulously optimized to achieve
the desired separation and ideal peak shape.'

The selection of stationary phase, mobile phase, and de-
tection method is also crucial, with certain options being
more favorable than others. For biopharmaceutical appli-
cations, reversed-phase chromatography (RPC) is com-
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monly employed due to its efficiency in separating proteins,
peptides, and other biomolecules. The choice of stationary
phase, such as C18 columns, is based on the specific charac-
teristics of the biopharmaceutical being analyzed.” The
mobile phase typically consists of a mixture of water and
organic solvents, often supplemented with additives like
trifluoroacetic acid (TFA) or phosphoric acid to enhance
separation. In summary, HPLC is a vital technique for the
analysis of protein drugs, ensuring their quality and effec-
tiveness through meticulous method development and
optimization. This overview highlights the critical aspects
of HPLC application in the biopharmaceutical industry, fo-
cusing on the importance of selecting appropriate chroma-
tographic conditions to achieve optimal results. Table 1
outlines the various chromatographic methods used in bio-
pharmaceutical analysis, highlighting their specific pur-
poses, key features, advantages, and associated challenges
to aid in the selection of appropriate techniques for protein
and glycan characterization.

CONCEPTS OF THE AFFINITY
CHROMATOGRAPHY

Affinity chromatography is a technique in which, the col-
umns are composed of a solid support matrix embedded
with immobilized ligands with a polymeric bead such as
dextran, acrylamide or agarose. There are a variety of li-
gands including specific antibodies, protein A, G and L, as
well as protein tags and other specific groups of biomole-
cules which specifically bind to the target protein.’ Protein
A specifically targets the Fc region of antibodies, situated
between the CH2 and CH3 domains, which makes it a wide-
ly utilized platform for antibody purification. When at-
tached to polymeric beads, protein G and protein A form
highly effective and user-friendly chromatography media

for routine antibody purifications. Typically, the resins
used in affinity columns possess hydrophobic character-
istics, reducing nonspecific protein interactions and en-
hancing operational precision. In practice, various biologi-
cal fluids, from cell culture media to other biological sam-
ples, can be applied to the column using protein A. There-
fore, it is essential for affinity columns to be able to endure
a wide range of operational conditions that are required for
different types of samples.*

Using a Protein A affinity column, samples are introduced
to a column equilibrated with mobile phase buffers with an
approximate pH of 7.5. To elute the target protein, a low
pH mobile phase containing a 0.02 M phosphate buffer (ap-
proximately pH 3-4) is employed, typically resulting in a
single peak in the chromatogram. A Neutralizing buffer
containing 1 M Tris-HCI, pH 9.0 should be employed for
sample collection to avoid protein conformation change due
to low pH. For titer determination, a standard curve could
be generated from standards injected onto the column, and
the titer of the sample would be calculated based on this
curve. To ensure calibration accuracy, preparation of the
standards from the same protein type as the sample would
be essential. It is noteworthy to practice this experiment
particularly for quantifying low titer samples such as those
obtained from the early-phase cell culture during bio-
process development.”

1. Affinity chromatography method and applications
For laboratory-scale protein purification, affinity chro-
matography can be conducted using gravity in hand-craft-
ed columns or, to achieve faster flow rates, with the aid of
bench-top centrifuges. Various protein purification kits
featuring different affinity columns are commercially
available from multiple sources. Specifically, in relation to
HPLC system applications for titration studies, Protein A

TABLE 1. Comparative analysis of chromatographic methods in biopharmaceuticals

Method Target

Key features

Advantages Challenges

Affinity chromatography Purification of proteins

Utilizes specific

Single step purification; Low purity/yield; complex

(e.g., mAbs) interactions (e.g., scalable tag removal
protein A affinity)
Hydrophilic interaction  Glycan analysis Uses porous packing Retains hydrophilic Limited to hydrophilic
liquid chromatography materials; labels compounds; versatile  compounds
(HILIC) glycans
Reversed-phase liquid Peptide/protein Based on High resolution; Issues with larger
chromatography separation hydrophobicity; uses compatible with proteins; peak
(RPLC) organic solvents ESI-MS broadening
Hydrophobic interaction Analyzing proteins Focuses on hydrophobic  Preserves protein High salt concentrations
chromatography (HIC)  under native properties activity; useful for complicate coupling to
conditions ADCs MS
Ton exchange Separation based on Utilizes charged media; Effective for a variety of Limited resolution for
chromatography (IEC) charge separates based on pH biomolecules some protein variants
Size exclusion Separation based on size Larger molecules elute = Non-destructive; good Limited to size
chromatography (SEC) first for complex mixtures differences; low

resolution for
similar-sized molecules
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affinity columns designed for monoclonal antibodies (mAbs)
are widely accessible.

Typically, these columns are operated at ambient tem-
peratures up to 35°C and are equilibrated with a mobile
phase buffer at a pH of approximately 7.5. Analysis times
can be reduced to as little as two minutes when utilizing
relatively high flow rates, typically between 3 to 5 mL/min.
To elute the target protein from the Protein A affinity col-
umn, a low pH mobile phase (around pH 3-4) is generally
employed. To prevent protein degradation caused by ex-
posure to low pH conditions, it is crucial to add a neutraliza-
tion buffer to the elution fractions immediately following
protein separation. Alternatively, a neutralizing solution
can be pre-added to the collection containers or sample vi-
als to ensure that samples are neutralized promptly upon
collection. This practice is vital for maintaining the integri-
ty and functionality of the purified protein.® When we want
to examine low-abundance proteins, it is often necessary
to first remove high-abundance proteins before analysis.
This allows low abundance proteins to be effectively en-
riched and also allows more of them to be identified and
quantified. Previous research has shown that removing 7
or 14 proteins with higher abundance leads to a 25% in-
crease in better identification of the investigated proteins.”
Furthermore, affinity chromatography is now widely used
in several “omics” studies (e.g., proteomics, metabolomics,
and genomics) and is used among other methods, to develop
high-throughput screening methods for potential drugs.

A successful affinity purification starts with precise se-
lection of chromatography media, format, equipment as
well as purification methods. Various factors affecting
those choices include the purpose of the purification, the
required purity, the purification scale, and yield. Antibod-
ies can be adsorbed and separated directly using protein
A or G, due to the specific interaction of antibodies with
these proteins. Once the antibodies are immobilized on the
basis of protein A or G, they can be easily replaced by using
a strong detergent and the protein A or G is reconstituted
for reuse and purification of new antibodies. Generally,
this method is used when a high capacity/high activity res-
in is required. If more permanent immobilization would be
desired, the antibodies could be attached to matrices using
carbodiimide or dimethylpimlimidate.® Purification of pro-
teins can be simpler and more effortless, if the target pro-
tein is labeled using a known peptide sequence, i.e. a pro-
tein tag. This tag can be of various sizes, from a short se-
quence of amino acids to the whole domains or even entire
proteins. Tags can serve both as markers to show protein
expression and can help facilitate protein purification. In
general, the most commonly utilized tags for this purpose
are histidine fusion (His or polyHis tag), glutathione-S-
transferase (GST), and protein A fusion tags. Other types
of fusion tags are also available, including binding protein
to maltose,” the GB1 domain for G protein, thioredoxin,
NusA, and others." The decision to practice any of these
labeling methods depends largely on the researcher’s opi-
nion. Protein A affinity chromatography is widely used as
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the initial step for the absorption of monoclonal antibodies
(mAbs) in most regulatory submissions. This method effi-
ciently removes most of the host cell proteins (HCPs) pres-
ent in the mammalian cell cultures supernatant."" Analyti-
cal-scale affinity chromatography is widely used to meas-
ure protein quantity (titer) in cell culture fluid harvest
(CCFH), which determines the performance and proper
amount of CCFH to load onto an affinity column of purifica-
tion-scale during production. Consequently, HPLC is com-
monly operated for titer analysis in both quality control
(QC) test sites and development laboratories. Affinity chro-
matography functions as a sample clean-up step, in high-
throughput laboratories, before the subsequent chromato-
graphic analysis.

Affinity chromatography utilizing protein tags is a high-
ly effective technique that enables the attainment of sig-
nificant purity in a single purification step. However, sev-
eral challenges can arise during the affinity purification of
tagged proteins, including low protein purity, reduced pro-
tein yield, and complex procedures for tag removal.' It is
generally expected that affinity purification should ach-
ieve at least 95% purity. Nevertheless, certain tagging
methods, such as His-tag, may fail to meet this purity
threshold, leaving some nonspecifically bound proteins
present post-purification. This often necessitates an addi-
tional purification step to eliminate these unwanted con-
taminants. In scenarios where the protein is utilized for
simple screening, retaining the tag may be acceptable.
Similarly, if the protein will undergo analysis using techni-
ques such as surface plasmon resonance (SPR) after purifi-
cation, the tag may be retained. However, if the tag ad-
versely affects protein conformation or interferes with
crystallization, its removal becomes essential. This is espe-
cially true in drug discovery, where the elimination of the
tag is critical to minimizing the risks of altering the pro-
tein’s functional properties.

The choice of tag can significantly influence the final
yield of the protein. For example, while Strep-tag™ I may
enhance protein purity, it does not provide yields compara-
ble to those achieved with tags like MBP (maltose-binding
protein) or GST. Additionally, for histidine-tagged pro-
teins, factors such as imidazole concentration and buffer
conditions can also impact the purification yield. The proc-
ess of tag removal often involves multiple additional steps,
such as employing proteases and conducting further affin-
ity purifications. However, each of these steps may lead to
a decrease in yield, and the action of proteases during tag
removal can be time-consuming, potentially affecting sen-
sitive proteins and resulting in varying degrees of protein
degradation. Therefore, careful consideration must be giv-
en to tag removal strategies, particularly in the context of
drug discovery, to ensure the proper functionality of the pu-
rified protein.'*™*
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HYDROPHILIC INTERACTION LIQUID
CHROMATOGRAPHY (HILIC)

Glycosylation that occurs in many biopharmaceutical
proteins has a significant impact on their biological func-
tions. Since glycan properties are of great importance for
therapeutic proteins and affect protein stability, pharma-
cokinetics, in vivo half-life and molecular affinity, glycan
profiles are carefully investigated. Different methods for
glycan analysis include intact glycoprotein analysis by mass
spectrometry, glycopeptide analysis after enzymatic di-
gestion, and analysis of released glycans by capillary elec-
trophoresis (CE) or high performance liquid chromatog-
raphy (HPLC). For glycan analysis by HPLC, glycans are
released through chemical or enzymatic methods, labeled
with UV-activated or fluorescence reagents, and then ana-
lyzed by HILIC.'>'

1. HILIC fundamental and method conditions

The process of glycosylation is the enzymatic addition of
polysaccharides to proteins, which is one of the common
post-translational modifications in therapeutic antibodies
and protein productions.

In Hydrophilic Interaction Liquid Chromatography
(HILIC), various packing materials are utilized to enhance
separation efficiency and retention of hydrophilic com-
pounds. Superficially Porous Particles feature a solid core
with a porous outer layer, allowing for high surface area
and improved mass transfer. They facilitate faster analysis
times and better resolution due to reduced diffusion path
lengths. Amphion-Bonded Silica is chemically modified to
introduce both hydrophilic and hydrophobic character-
istics, enabling it to interact effectively with a wide range
of analytes. It provides flexibility in optimizing separation
conditions for various applications. The traditional un-
bonded silica offers a high degree of hydrophilicity, making
it suitable for separating polar compounds. However, it
may lead to less reproducible results due to variability in
the surface properties. These packing materials are crucial
for achieving optimal retention and separation of glycan
structures, which can vary significantly in composition and
functionality.'™'” By selecting the appropriate packing ma-
terial, analysts can enhance the efficiency and effective-
ness of glycan analysis in biopharmaceutical applications.

The glycosylation site on the protein can be linked to the
oxygen of the alcohol group of serine and threonine amino
acids (O-linked) or linked to the nitrogen of asparagine resi-
dues (N-linked). In the case of monoclonal antibodies (mAbs),
this modification mainly occurs in the Fc region. Glycan
structures are different in terms of the galactose number
and sialic acid molecules and in the presence or absence of
N-acetylglucosamine or fucose. Each of these changes can
affect the mechanisms of action of products such as ther-
apeutic antibodies or proteins.' Due to the ability of mam-
malian cell lines to produce non-immunogenic near-hu-
man antibodies, these cells are preferred for antibody pro-
duction. It should be kept in mind that cell culture con-
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ditions can have a significant effect on the glycemic profile
of therapeutic IgG antibodies. This issue creates the need
to identify and control essential process factors for proper
and stable glycosylation during the production process."
Peptide: N-glycosidase F, often referred to as PNGase F,
is often used to release N-linked sugars, which are subse-
quently labeled with fluorescence or UV-activated reagents
and subjected to HPLC analysis or ultra-high efficiency liq-
uid chromatography (UHPLC) separation. UHPLC sys-
tems are equipped with fluorescence detection for optimal
performance in the analysis of glycan molecules, and
UHPLC columns are also designed for this purpose, and are
commercially available. The aforementioned columns sep-
arate glycans released from biomedicines as 2-aminoben-
zamide derivatives, among these compounds are high man-
nose, complex, hybrid and sialylated glycans. Many manu-
facturers provide guidelines that guide laboratory techni-
cians in planning and performing glycan experiments, in-
cluding glycan release, labeling procedures, and chromato-
graphic methods. HILIC methods that use UHPLC typi-
cally provide shorter assay times and curves with improved
resolution compared to traditional HPLC methods.***
Specialized commercial columns designed for glycoprotein
profiling and glycopeptide mapping are now accessible, fa-
cilitating the analysis of entire glycoproteins, glycopep-
tides, and free glycans. Both hydrophilic interaction chro-
matography (HILIC) and reversed-phase liquid chroma-
tography (RPLC) methods are applicable for glycan analy-
sis, providing valuable insights, particularly when paired
with mass spectrometry (MS). Data obtained from MS can
illuminate various separation patterns in glycoproteins
and glycopeptides. It is important to highlight that sialy-
lated glycoforms exhibit a change in net charge due to sialic
acid occupancy, which enhances their separation when uti-
lizing ion exchange chromatography. This improved reso-
lution allows for a more detailed analysis of the different
glycoforms present in a sample.

2. HILIC applications

HILIC is a complementary technique that can be used
in combination with other chromatography techniques in
order to increase the purification efficiency. In HILIC, in
contrast with the reverse-phase chromatography, elution
occurs in the order of most hydrophilic to least hydrophilic.
Therefore, HILIC effectively retains hydrophilic com-
pounds which are poorly retained in reversed-phase chro-
matography. HILIC is very well compatible with mass
spectrometry (MS), especially with electrospray ionization
(ESI), particularly due to the high polar organic mobile
phase which increases the efficiency of the ionization
process. As such, HILIC-MS can surpass other analytical
techniques such as HPLC, providing a quantitative and
highly sensitive analysis of many complex solutions con-
taining polar components. When RPLC-MS provides poor
separation of hydrophilic compounds, HILIC-MS becomes
a complementary analytical method.**** Hydrophilic com-
pounds that are poorly retained in RPLC can be better ana-



lyzed using combination of the two techniques. HILIC has
a broad range of biomedical applications including Bio-
chemistry, Chemical engineering, Agricultural, Pharmacol-
ogy, and Food Industry. Correspondingly, the technique is
used principally to separate and analyze polar peptides/
drugs as well as other polar components such as antibodies,
carbohydrates and biogenic amines. Additionally, for lot
release quality control of product glycosylation pattern and
batch-to-batch consistency, assessment of the glycans are
employed.”

REVERSED-PHASE CHROMATOGRAPHY (RPLC)

Reversed-Phase Chromatography (RPLC) is a pivotal
technique for the separation of proteins and peptides based
on hydrophobicity under denaturing conditions. This meth-
od delivers high-resolution separation, particularly bene-
ficial for peptide mapping and protein variant character-
ization.” For small proteins like growth hormone and in-
sulin, RPLC can resolve variants differing by a single ami-
no acid if the difference is located within the protein’s hy-
drophobic interaction region with the stationary phase.”®*’
This chromatography is based on hydrophobic interaction
between hydrophobic ligands attached to a column support
and hydrophobic patches on the protein. Many proteins un-
fold upon contact with the hydrophobic ligands and by be-
ing dissolved in an organic solvent of low pH. Therefore, the
total number of hydrophobic groups dominates the elution
process during RP-HPLC.”® Thus, large integral mem-
brane proteins, containing a relatively high number of hy-
drophobic groups will require high concentrations of or-
ganic solvent for elution. Reversed-phase liquid chroma-
tography (RPLC) is a highly effective and widely utilized
technique for the separation of peptides and proteins, func-
tioning primarily based on the hydrophobicity of the mole-
cules involved. This method proves particularly advanta-
geous for peptide mapping, as it can distinguish between
molecules differing by as little as one amino acid, making
it suitable for the analysis of small proteins such as insulin
and growth hormone. In RPLC, the separation of peptides
and proteins is achieved through hydrophobic interactions
with stationary phase ligands, which typically consist of
carbon chains ranging from C4 to C18, or diphenyl
ligands.” The effectiveness of RPLC is often enhanced at
elevated temperatures, and the incorporation of organic
solvents aids in denaturing proteins, thereby exposing
their hydrophobic cores and facilitating improved reso-
lution during separation.’”® Shallow gradients are gen-
erally used, and a variety of proteins often emerge in a nar-
row part of the gradient. The pore size of the support mate-
rial has an important effect on the operation. For example,
antibodies and smaller proteins are analyzed by 300 and
120 Angstrom pores, respectively. RPLC generally pro-
vides higher resolution and more accurate analysis than
size exclusion chromatography (SEC) and ion exchange
techniques.”” The RPLC method can more effectively ana-
lyze a variety of proteins caused by sequence changes, oxi-
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dation, misassembly (such as bispecific antibodies and ho-
modimer types), antibody-drug conjugates, cysteine bond
changes, and other post-translational modifications.

1. RPLC method and applications

The established RPLC methods used for peptide separa-
tion usually use C8 or C18 columns and use either trifluoro-
acetic acid (TFA) or formic acid in a water/acetonitrile mix-
ture as mobile phase. During the analysis of antibodies and
larger proteins, C4, C8, or diphenyl columns are generally
preferred along with mobile phases of water/acetonitrile or
isopropyl alcohol (IPA) and about 0.1% TFA as a modifier
for more hydrophobic proteins.?” In order to minimize sam-
ple carryover, elevated column temperatures, up to 110C,
are employed. Although for peptides and smaller proteins
lower temperatures are preferred.? When improved pro-
tein recovery is desired, particularly for antibodies, IPA
and n-butanol may be included. Choice of 3,3,3-trifluoro-
propionic acid and 2,2-difluoroacetic volatile acid as alter-
natives for TFA can mitigate ionization suppression in
LC/MS while maintaining peak integrity.**

Superficially porous particles (SPPs) can significantly
enhance RPLC efficiency. They contain a porous outer lay-
er around a solid core, reducing diffusion pathways and in-
creasing column efficiency by 20-40%, compared to fully po-
rous particle columns. SPP columns benefit from lower
backpressure, making certain small-particle SPPs (<3 um)
popular in particular.?*® RPLC is vastly employed to re-
solve protein variants associated with post-translational
modifications, oxidation, and sequence variations. RPLC
can particularly separate disulfide variants of IgG2. Con-
sidering the tendency of proteins to denature with RPLC
application, differentiation between wild-type free thi-
ol-containing antibodies are feasible.”’

Enhanced resolution of free thiol antibody variants us-
ing RP-UHPLC has also been demonstrated. RP-UHPLC
has also been used as a middle-down method often in tan-
dem with mass spectrometry (MS), for peptide mapping
analysis and analysis of Fc region oxidation following pep-
sin digestion at hinge region.”® Peptide mapping has higher
specificity over other methods such as CZE and hence is
widely used in QC testing for identity confirmation. Pep-
tide mapping is also crucial for comparing new drugs to bio-
similars and for finding sequence variants that could arise
during manufacturing. RPLC coupled with MS allows the
acquisition of molecular weight data on desired peaks, pro-
viding valuable information for bottom-up proteomics as
well as the characterization of protein therapeutics.

HYDROPHOBIC INTERACTION
CHROMATOGRAPHY

The hydrophobic interaction chromatography (HIC)
method serves as both a reference and an alternative to re-
versed-phase liquid chromatography (RPLC), as the re-
tention of proteins in HIC is directly correlated to their
hydrophobicity. In this technique, protein samples are ap-
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plied to a stationary phase with moderate hydrophobicity
under “salting out” conditions, which promote the ag-
gregation of proteins based on their hydrophobic charac-
teristics.” While higher temperatures typically enhance
hydrophobic interactions, it can also lead to reduced recov-
ery and unsatisfactory peak shapes for certain proteins.
Therefore, careful temperature control during HIC is
essential. Suitable stationary phases for the application of
therapeutic proteins include silica gel or polymer-based
materials with short-chained alkyl, alkylamide, alkyl-
amine, or ether functional groups, which are effective at fa-
cilitating the purification of these biomolecules.*’ Phases
with higher hydrophobicity may promote denaturation as
well as incomplete protein elution. Certain achievements
for moderate to satisfying protein recoveries from HIC
phases have been reported.*"** The main parameters af-
fecting the improvement are salt type and concentration,
pH, ligand type and density, retention time and protein
quality.*’ By using some weakly lyotropic salts such as am-
monium acetate, setting the pH of the mobile phase some-
what lower than the pI of the protein, higher recoveries can
be obtained.** Besides, the addition of 5-20% organic sol-
vent and/or 0.5-1 M guanidine or arginine into desorption
detergent can increase its potency and thus its recovery.*

1. Hydrophobic interaction chromatography theory, method
and applications

Hydrophobic Interaction Chromatography (HIC) is a
fundamental technique for analyzing proteins under na-
tive (non-denaturing) conditions based on their hydro-
phobic properties. HIC has exceptional selectivity as well
as the ability to preserve protein biological activity. HIC
is widely utilized in the analysis of Antibody-Drug Conju-
gates (ADCs) with variable drug-to-antibody ratios (DARs),
allowing the calculation of average DAR and permitting
the fractionation of ADC species with various DARs for ad-
ditional characterization. The high salt concentration in
HIC approach required in the mobile phase causes chal-
lenges for direct coupling of HIC-MS, even though specific
conditions have also been developed to resolve this pro-
blem.***

Hydrophobic interaction chromatography (HIC) effec-
tively preserves the native structures of proteins while ex-
ploiting their hydrophobic properties, making it partic-
ularly advantageous for subsequent structure-function
analyses. HIC exhibits superior selectivity compared to ion
exchange chromatography (IEC); proteins are initially
partitioned to the hydrophobic stationary phase due to the
high salt concentration in the mobile phase. As the salt con-
centration decreases, proteins migrate back into the mo-
bile phase, facilitating separation. HIC is adept at separat-
ing a wide variety of monoclonal antibodies (mAbs). The
method typically employs a gradient of high to low salt con-
centration while operating at ambient temperature to
maintain protein integrity. Stationary phases used in HIC
feature alkyl-based C3 or C4 ligands, albeit at lower den-
sities than those used in RPLC. Mobile phase additives,
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such as ammonium acetate and ammonium sulfate, are
evaluated to optimize separation based on different li-
gands and specific protein characteristics. One of the pri-
mary applications of HIC in biopharmaceuticals is the de-
termination of antibody-drug conjugate (ADC) drug-to-an-
tibody ratio (DAR). Additionally, HIC is utilized to identify
protein variants, including isoaspartic isomers resulting
from aspartic acid residues in antibodies, free thiol mAb
and Fab variants, as well as oxidation products within the
Complementarity-Determining Regions (CDRs) of anti-
bodies. As an efficient separation technique, HIC allows for
the enrichment of these species, facilitating the study of
their functional activities while preserving their biological
functions for further analysis.*®*

PROTEIN BIOPHARMACEUTICALS

Amino acids are named such, as they are composed of an
amino group and a carboxylic acid group. They also carry
an R group which is extremely important for the determin-
ing 20 different amino acids which comprise building
blocks of life. Based on that, they are classified in four
groups of acidic, basic, neutral hydrophobic, and neutral
hydrophilic. These amino acids form huge quantity of pro-
teins in living organisms with huge varieties. Short combi-
nation of 2 or more amino acids by peptide bond forms
peptides. Typically, polypeptides are formed of 20 to 50
amino acid unit long unbranched chains of amino acids.
Finally, proteins are made up of typically multiple poly-
petides bound together usually containing over 50 amino
acid units. In this respect, simple amino acid sequence is
called the primary structure, forming the secondary struc-
ture when forming a helix turn or a pleated sheet, depend-
ing on the amino acid compositions. Spatial arrangements
of secondary structure forms the tertiary structure de-
pending on composition and environmental conditions.
Eventually, the assembly of protein subunits create the
quaternary protein structure. Why proteins are important
in life is due to the huge and major biological functions that
they support. They are involved in biochemical functions
(e.g. enzymes), act as hormones, form structural compo-
nents (collagen), used in transportation of different mole-
cules (hemoglobin), support mechanical functions (actin in
muscle), and form antibodies which play defense roles and
are basis of monoclonal antibodies which are a major class
of biopharmaceuticals.”

Traditional pharmaceuticals are generally synthesized
chemically with precisely defined entity.” They have a rel-
atively stable structure with 1-5 reactive moieties and be-
tween 100-1,500 Daltons of molecular weight. Biopharma-
ceuticals are genetically engineered from living cells which
are between 2-2,000 kDa which, as a function of their size,
can possess several thousands of reactive groups. They are
relatively to highly labile with complex structure and het-
erogeneity often containing a mixture of closely related
variants which paves the ground to work on other bio-
similars and particularly biobetters. Comparing pharma-



ceuticals with biopharmaceuticals gives clear idea of the
higher complexity of the latter group and related greater
challenges from analytical perspective.”” The first bio-
pharmaceutical product introduced to the market was the
therapeutic protein insulin in 1982.%° The market is rapidly
growing since then, holding more products majorly manu-
factured against life threatening diseases such as cancer
and autoimmune diseases. The biopharmaceutical drugs
account for 20% of the global sales and are expected to cover
more than 50% of the new approved drugs. The global bio-
pharmaceuticals market in 2022, was estimated at some
263 billion U.S. dollars. However, according to this esti-
mate, it is expected to increase to around 571.84 billion U.S.
dollars by 2023 and is predictable to grow from USD 616.94
billion in 2024 to USD 1,183.72 billion by 2032.%* This sta-
tistic demonstrates the growing expected size of the bio-
pharmaceuticals market worldwide from 2022 to 2032.

BIOPHARMACEUTICAL PROTEIN AND PEPTIDE
ANALYSIS

During the development of biopharmaceuticals, full
characterization of the product is required. Due to their in-
herent size, complexity and heterogeneity, their analytical
procedures are typically more complex. Therefore, a sig-
nificant number of analyses in parallel would be necessary
and one single technique generally would not be sufficient.
A range of liquid chromatography techniques are com-
monly required for the analysis of these molecules. Some
of these chromatographic approaches may need to be sup-
ported by mass spectrometric detections.” Reversed-phase
liquid chromatography (RPLC) is a widely utilized techni-
que in biopharmaceutical analysis due to its higher resolv-
ing power, better plate count, and narrower peak widths
compared to ion exchange chromatography (IEC) or size ex-
clusion chromatography (SEC). This makes RPLC partic-
ularly effective for analyzing a variety of biomolecules, in-
cluding peptides and small proteins.

However, RPLC has its limitations when applied to the
analysis of larger proteins. One significant challenge stems
from the presence of a higher number of positive charges
on large proteins, which can lead to slower ionic inter-
actions with the stationary phase. These interactions may
result in peak tailing, a phenomenon where the peak shape
elongates and broadens, complicating the interpretation of
results and reducing the overall sensitivity of the analysis.
On the other hand, hydrophilic interaction liquid chroma-
tography (HILIC) serves a crucial role in the character-
ization of hydrophilic species that are not effectively ana-
lyzed by RPLC. This includes compounds such as glycans
and underivatized amino acids, which require different
separation mechanisms due to their polar nature. In sum-
mary, while RPLC remains a powerful tool in biophar-
maceutical analysis, it is essential to consider its con-
straints, especially when dealing with large proteins. This
consideration, combined with the application of alter-
native techniques such as HILIC, IEC, and SEC, can pro-
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vide a more comprehensive characterization of complex
biomolecules.” To address this issue, there are modern sta-
tionary phases that can be employed. In addition, TFA can
be added to the mobile phase in order to do ion pair with
the stationary phase, as well as temperature increase up
to 90 degrees which can enhance the ionic interaction and
decrease peak tailing. Due to the big size and low diffusion
coefficient of the protein, peak broadening often occur dur-
ing RPLC. Longitudinal diffusion, due to void volume with-
in the column and tubing, slow flow rate, and excessive re-
tention in the column can cause peak broadening. Efficient
stationary phases can be used to decrease peak broaden-
ing. Columns can be packed with sub-2 microns porous or
core-shell particles as a strategy to overcome that issue.”
For example, the resolving power can be drastically en-
hanced when using column packed with sub-2 micron fully
porous particles compared with regular columns packed
with 5 micron particles. When working with relatively larg-
er proteins, it is very important to use wide pore stationary
phase which possess a pore size of at least 300 angstrom
instead of the regular 100-150 angstrom. Using this pore
size would be much more appropriate for large proteins and
will avoid peak broadening. Adsorption of protein to the
stationary phase can also occur. To limit this phenomenon,
it is possible to work with less hydrophobic stationary
phase, such as C4 instead of C18, and it is also possible to
use bio-inert materials which are available from several
providers.™

MONOCLONAL ANTIBODY ANALYSIS

Among the biopharmaceuticals, monoclonal antibodies,
known as mAb, are the most promising class of therapeutic
molecules.” To simplify the analysis of mAbs, because it
is complex to analyze the intact Ab, it is preferable to use
middle up analytical strategy. The size of protein and com-
plexity decreased by partially digesting with Papain, re-
sulting in 50 kD fragments called Fab and Fc instead of the
initial mAb with 150 kD size.” Alternatively, the mAb can
be reduce by DTT to generate Lc and Hc of 25 and 50 kD
fragments respectively. The heterogeneity of the resulting
fragments is much easier to analyze than the original Ab
and the small fragments are much more compatible with
chromatographic conditions. In the chromatogram of the
original mAb, in the case of Herceptin for instance, there
is additional tail peaks which correspond to other forms of
this mAb that co-exist in the commercial solution due to the
high heterogeneity of such large biomolecule in reality.”
Those small peaks could be due to charge, size or glyco-
sylation variants of the molecule. Trastuzumab digested
with papain gives Fc and Fab fragments, possessing 50 kD
size.”” Generally Fc is eluted first while Fab is higher in
height and more heterogeneous and is eluted later. This
pattern gives much more peaks and consequently much
more information regarding the protein. The mAb reduced
with DTT, two peaks will be observed, namely the light
chain and the heavy chain which is more retardant than
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the previous one and obviously more heterogeneous, re-
sulting in several more additional peaks after the Hc
peak.” Here, the mass spectrometry will be very useful to
resolve the nature of those additional peaks. The cumu-
lative data obtained from the various chromatographic
analyses provide valuable insights into the character-
ization of monoclonal antibodies (mAbs), which are in-
herently complex molecules. Conducting these analyses at
elevated temperatures, such as 80 degrees Celsius, can
present challenges, particularly regarding protein stability.
While high temperatures can be destructive, they also offer
several advantages in chromatographic separation.

One of the key benefits of using elevated temperatures
in reversed-phase liquid chromatography (RPLC) is the
significant reduction in adsorption of proteins to the sta-
tionary phase. This can lead to improved peak shapes and
resolution. Additionally, elevated temperatures can alter
the selectivity for charged variants of the mAb, reduce peak
widths, and modify the retention times of the analytes,
which can enhance the overall separation efficiency.*
However, it is crucial to balance these advantages with the
risk of on-column degradation of the protein. Prolonged ex-
posure to high temperatures can lead to denaturation or
degradation, resulting in the formation of ghost peaks—ar-
tifacts that appear on the chromatogram due to the break-
down products of the protein. To mitigate this risk, it is ad-
visable to limit the runtime of the analysis to around 15-20
minutes. This timeframe helps to prevent the appearance
of additional peaks that could complicate the interpre-
tation of the chromatograms while still allowing for effec-
tive separation of the mAb variants. In summary, while ele-
vated temperatures can enhance chromatographic per-
formance by reducing adsorption and improving reso-
lution, careful consideration must be given to the potential
for protein degradation. Optimizing the analysis con-
ditions, including runtime and temperature, is essential to
ensure accurate and reliable characterization of mAbs in
biopharmaceutical applications.®

It is very important to characterize the glycosylation of
proteins. Sequence, composition, branching, linkage of the
different glycans. Glycosylation remains one of the major
source of the mAb variability and it represents 3% of the
mADb weight. Glycans are composed of sugar units includ-
ing mannose, fructose, galactose and several others. Glyco-
sylation can be revealed both at protein and peptide level
and the content analysis is only possible when they are re-
moved from the peptide backbone.” Because native gly-
cans are very hydrophilic it cannot be sufficiently retained
at RPLC condition and hence, the HILIC is preferentially
employed for their analysis. Stationary phase with amide
group is generally a good choice for such analysis. Glycans
cannot be detected with spectrophotometry detectors and
a labeling procedure is generally applied using 2-amino-
benzamide (2-AB) chromophore agent which will result is
successful chromatograms. The glycans, either o-linked or
n-linked, are enzymatically cleaved from the peptides and
then labeling is performed using 2-AB which improves sep-
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aration and the detection. For o-linked glycans, chemical
cleavage methods are also widely used. Therefore, alkaline
conditions is used to hydrolyze the O-glycosidic linkage be-
tween the reducing glycan sugar and serine/threonine
residues.*”’ Derivatives such as Girard’s reagent T, along
with 2-AB, are commonly used for glycan labeling.** The
analysis of the glycans is performed using HILIC method
combined with fluorescent or UV or MS or any other appro-
priate detection method.®

PROTEIN HETEROGENEITY AND PEPTIDE
ANALYSIS

Another way to characterize the molecule is to digest the
protein with enzyme and assess the peptide map.*® Trypsin
digestion gives small peptides range between 500 to 2,000
Daltons which are therefore much easier to analyze. How-
ever, the number of peptides may be considerable and be
between 50-100 samples. As a results it is important to
have a powerful technique being able to discriminate be-
tween such numbers of peptides.®”*® Normally, it is advised
to use long (like 250 mm) column packed with core-shell
material. In this condition, TFA would be mandatory to im-
prove the peak shape and mask the positive charge on the
surface of the protein. There might be a number of hydro-
philic peptides that are not sufficiently be retained on
RPLC. To better characterize this portion of the chromato-
gram and have better idea of type of peptides that are lo-
cated there, it to employ HILIC condition might be a better
choice to better retain those hydrophilic species. HILIC is
much more employed for peptide map analysis.**”° With
combination of chromatography with the power of mass
spectrometry, other peaks corresponding to the post trans-
lational modifications could also be resolved gathering
much more information regarding the analyte.”

For the peptide analysis, UHPLC should be preferen-
tially selected as instrumentation in order to achieve high
resolving power.”” Ideally, the column should be packed
with core-shell particles and have sufficient pore size like
120-150 Angstrom. There is no need for 300 Angstrom be-
cause we are working with relatively small peptides. On the
other hand, columns with pore size 60-80 Angstrom will not
be appropriate for the peptide analysis.”” TFA should be
added to the mobile phase at a reasonable concentration.
Acetonitrile is an organic modifier of choice as it generates
a reasonable back pressure or pressure drop compared to
methanol or other organic solvents. A gradient time around
35 minutes should be applied to keep a balance between re-
solving power and analysis time. Mobile phase temper-
ature should be set at 60 degrees and UV detection at
214-280 nm. Those conditions will modify if an intact pro-
tein is applied to the system. Isopropanol or 1-propanol can
be used to change the selectivity and optimize recovery for
proteins although it can increase viscosity and pressure
drop.

In liquid chromatography, there is tendency to replace
ion exchange chromatography (IEX) and size exclusion



chromatography by the reversed-phase liquid chromatog-
raphy (RPLC) for the analysis of large biomolecules.™
There are two important advantages for RPLC over SEC
and IEX. All the mobile phases used in RPLC are compat-
ible with ESI-MS analysis. Peptide mapping of mAbs with
complete proteolytic digestion, followed by RPLC-MS/MS
analysis through a bottom-up approach is often the pre-
ferred method for quantification and identification of mAbs
chemical modifications.” Nevertheless, the analysis of in-
tact mAbs through advanced RPLC stationary substances
and instrumentations which requires minimal and less
modification prone sample preparations provide a pre-
ferred method over the traditional peptide mapping.
Moreover, in RPLC peak widths are significantly narrower
compared to IEX and SEC. This in turn can increase the
number of compounds or isoforms that can be resolved in
one chromatogram. Nevertheless, certain shortcomings
are associated with using of RPLC. For instance, isocratic
condition is impractical for separation of large biomole-
cules and gradient mode is indispensable. In addition, peak
broadening may be significant as the large molecules nor-
mally diffuse very slowly. Besides, decrease in the pore size
of the stationary phase significantly slows down the ana-
lyte diffusion.” There are several chemical modifications
on the antibody peptide chains resulting in antibody iso-
forms and increasing the overall heterogeneity of an IgG.
Consequently, this micro-heterogeneity can be source of
impurities and/or degradation products leading to serious
health implications which necessitates analytical techni-
ques improved for detailed characterization of the mAbs."
Various proteases such as Lys-C, pepsin and papain are of-
ten used in order to fragment and facilitate the inves-
tigation of mAb microheterogeneity. A wide range of ana-
lytical techniques including chromatography, electro-
phoresis and mass spectrometry techniques are used to
demonstrate the batch to batch similarity and to determine
detailed structure of mAbs.”’

The recovery of intact mAbs increases by a factor of 20
and 30 at 60°C compared to 40°C.” However, there is a
well-known risk for on-column degradation of protein
which is more significant at elevated working tempera-
tures.” It has been shown that increasing the column resi-
dence time for mAb results in an evident increase of the
area of the mAb pre- and post-peaks. Selecting appropriate
column properties such as pore size and balancing between
column residence time and temperature results in a proper
recovery and avoids on-column thermal degradation.”
Another solution is to add ancillary solvents, such as n-bu-
tanol and n-hexanol, to the mobile phase in order to de-
crease column adsorptions driven by strong secondary ion-
ic interactions.®

BIOPHARMACEUTICAL STABILITY IN
CHROMATOGRAPHIC SYSTEMS

The stability of proteins in the field of pharmaceuticals
is an issue that has increasing importance because the
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number of these products being developed and registered
is increasing. Degradation of therapeutic proteins and pep-
tides can be divided into two main physical and chemical
categories. Protein chemical instability includes damage
to the primary structure, covalent changes of the protein
through bond formation or polypeptide chain cleavage.®"**
The heterogeneity of therapeutic protein products often
complicates their analysis. A wide range of chromato-
graphic methods such as SEC, IEX and RPLC have been
used to investigate the identity, heterogeneity, impurity
content as well as activity of therapeutic protein products.
RPLC is capable of separating container-derived nonpolar
impurities from protein, which can be identified by mass
spectrometry such as organic compounds present in the
rubber stopper.® Although RPLC has higher resolution
and shorter separation time than SEC and IEX, due to diffi-
cult conditions such as mobile phase composition, temper-
ature and pH used, it may damage the protein confor-
mation. For example, increasing the temperature from 35
to 80C, the peaks become narrower, but when the temper-
ature increases from 100 to 120 C, not only the peaks be-
come wider and smaller, but several new and small peaks
appear. Therefore, to avoid the destruction of proteins, the
temperature and time of analysis should be balanced.*
Relatively high concentrations of organic modifiers can de-
nature many globular proteins at high temperatures.
Alcohols such as methanol and isopropanol in the mobile
phase can induce helical structural compounds that can
eventually lead to the appearance of multiple peaks in the
chromatogram.

ADSORPTION OF PROTEINS ON SOLID
SURFACES

Most of the protein molecules are amphipatic and they
are intrinsically surface active. Therefore, low recoveries,
tailed peaks, cross-contamination, carryover, varying peak
areas and shifting retention times are commonly observed
during protein chromatography. Chromatographic results
such as selectivity and resolution, as well as peak shape and
area,” protein and peptide adsorption to column packing
materials and the frits of chromatography columns can sig-
nificantly impact the efficiency and accuracy of biophar-
maceutical analyses. Such adsorption can lead to sample
loss, altered peak shapes, and inconsistent results, making
it crucial to minimize these interactions during experi-
mental procedures. Inert bio-liquid chromatography tech-
nology offers a promising solution to reduce the adsorption
of analytes across various components of the chromatog-
raphy system, including injectors, connection surfaces,
tubing, and detectors.*® By utilizing inert materials and
specialized coatings, this technology can mitigate the non-
specific binding of proteins and peptides, resulting in en-
hanced recovery rates and improved reproducibility in
analyses.

Additionally, inert instruments are designed to better
withstand harsh eluent conditions commonly encountered
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in biopharmaceutical analysis, such as high salt concen-
trations and strong acids. These conditions are often neces-
sary to elute bound analytes effectively from the stationary
phase, but they can cause degradation or alteration of both
the chromatographic media and the instruments. Moreover,
sample handling and preparation are critical steps in bio-
pharmaceutical analysis, especially when working with
low-concentration protein solutions. Adsorption of pro-
teins and peptides to surfaces of pipette tips, vials, and
sample tubes can lead to significant losses of analytes,
which can adversely affect quantitative results.®” Using in-
ert materials for these components can help reduce adsorp-
tion and preserve the integrity of low-concentration sam-
ples. In summary, the use of inert bio-liquid chromatog-
raphy technology alongside appropriate materials for sam-
ple handling can enhance the reliability and sensitivity of
biopharmaceutical analyses, enabling more accurate char-
acterization of proteins and peptides in various research
and clinical applications.® Organic solvent supplements
and adding acids/bases or surfactants to the sample might
avoid nonspecific analyte adsorption to the container, al-
though presence of surfactants in LC-MS analysis is not
recommended. The harsh conditions and inherent dena-
turing aspects of the RPLC technique usually limit the re-
covery biologically active form of proteins. Generally high-
er recoveries with lower adsorption is observed using short
chain C4 and C8 alkylated stationary phases. Albeit in cer-
tain cases full recoveries of therapeutic proteins from C18
columns have also been reported. Injection of a concen-
trated peptide or protein sample to saturate or inactivate
unspecific column binding sites could be an easy way to sur-
moun;cgadsorption issues to the solid phase and frit sur-
faces.

CONCLUSIONS

The characterization of biopharmaceuticals is inherently
complex due to their size and heterogeneity, necessitating
a diverse array of chromatographic techniques often sup-
plemented by mass spectrometry. As the biopharmaceu-
tical market continues to grow, the importance of High-
Performance Liquid Chromatography (HPLC) and its
methodologies in ensuring product quality and efficacy will
remain paramount. HPLC is an indispensable tool in the
characterization and quality control of protein-based
pharmaceuticals. This analytical technique enables pre-
cise separation and analysis of complex biomolecules, which
is crucial given the growing market for biopharmaceu-
ticals. Effective HPLC analysis necessitates the opti-
mization of chromatographic conditions, including the
careful selection of stationary and mobile phases, as well
as detection methods. Reversed-Phase Chromatography
(RPC) is particularly favored for its efficiency in separating
proteins and peptides. The application of affinity columns,
enhances the analysis of various biological fluids, under-
scoring the need for robust operational conditions tailored
to different sample types. For glycan analysis, the integra-
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tion of mass spectrometry further amplifies the analytical
capabilities of HILIC and RPC, providing insights into gly-
can patterns that can influence the therapeutic efficacy of
biologics. While RPC is widely adopted, it is essential to
consider its limitations when analyzing large biomolecules,
as it often supplants other techniques like Ion Exchange
Chromatography (IEX) and Size Exclusion Chromatogra-
phy (SEC). Hydrophobic Interaction Chromatography (HIC)
offers exceptional selectivity and maintains protein activ-
ity, making it suitable for analyzing Antibody-Drug Conju-
gates (ADCs) with varying drug-to-antibody ratios. How-
ever, the high salt concentrations required in HIC can com-
plicate direct coupling with mass spectrometry, though
specialized conditions have been developed to mitigate this
challenge.
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