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Abstract
Protein-based therapies have already brought about a significant transformation in the field of medicine,
and their use continues to grow. Protein therapeutics has revolutionized the treatment of various
diseases, such as cancer, autoimmune disorders, viral infections, cardiovascular disease, myocardial
infarction, etc. Consequently, it is crucial to ensure the stability of formulations, given the rapid
growth of biotherapeutic products. Preserving the structural integrity of protein-based medicines is a
significant challenge in developing a stable and high-quality formulation. This challenge arises during
various stages, including manufacturing procedures, storage, handling, distribution, and delivery due
to proteins' intricate and delicate nature. Hence, it is crucial to thoroughly understand the degradation
mechanisms that impact protein stability to enhance different variables and minimize the formation
of degradation products which could potentially have clinical implications. This review provides an
important step in understanding the process of protein degradation and offers a beneficial approach
to investigate the degradation of proteins, specifically aggregation, through several analytical and
biophysical methods. Understanding factors affecting protein stability and how to observe the change
are important for facilitating the further advancement of protein-based therapies.
Keywords: Biologics, biotherapeutics, protein aggregation, protein formulation stability.

Stabilitas Protein Terapeutik: Tantangan Signifikan dalam Formulasi
Biofarmasi

Abstrak

Terapi berbasis protein telah membawa perubahan signifikan dalam bidang kedokteran, dan
penggunaannya terus berkembang. Terapi protein telah merevolusi pengobatan berbagai penyakit,
seperti kanker, gangguan autoimun, infeksi virus, penyakit kardiovaskular, infark miokard (serangan
jantung akut), dan lain-lain. Oleh karena itu, sangat penting untuk memastikan stabilitas formulasi,
mengingat pertumbuhan produk terapeutik protein yang pesat. Menjaga kestabilan struktural obat-
obatan berbasis protein merupakan tantangan besar dalam mengembangkan formulasi yang stabil
dan berkualitas tinggi. Tantangan ini muncul dalam berbagai tahapan, termasuk pada saat pembuatan,
penyimpanan, penanganan, distribusi, dan pengiriman karena sifat protein yang kompleks dan
rapuh. Oleh karena itu, sangat penting untuk memahami secara menyeluruh mekanisme degradasi
yang berdampak pada stabilitas protein untuk meningkatkan berbagai variabel dan meminimalkan
pembentukan produk degradasi yang berpotensi mempunyai implikasi klinis. Tulisan ini memberikan
langkah penting dalam memahami proses degradasi protein dan merumuskan pendekatan yang
bermanfaat untuk memahami degradasi protein, khususnya agregasi, melalui beberapa metode analitis
dan biofisik. Memahami faktor-faktor yang berpengaruh pada kestabilan protein, serta bagaimana
mengidentifikasinya penting untuk memfasilitasi kemajuan lebih lanjut dari terapi berbasis protein.
Kata Kunci: Agregasi protein, bioterapeutik, produk biologi, stabilitas formulasi protein.




1. Introduction

Proteintherapeuticsareaformoftargeted
therapies that utilize specific medications to
target pathogenic substances such as proteins
or genes selectively. Therapeutic proteins have
usually been modified using hybridoma cells
or recombinant DNA technologies to be used
as pharmaceuticals.! Some notable examples
of therapeutic agents include monoclonal
antibodies, interferons, and cytokines, which
have been approved by the FDA for treating
many diseases, such as cancer, diabetes,
anemia, and infections. Over 100 of these
agents have received FDA approval.? These
proteins, classified as antibodies, enzymes,
hormones, and growth factors, provide
targeted therapies that address specific protein
deficits and offer customized approaches.
Compared to conventional medications,
they provide better selectivity by binding
specifically to pathways associated with the
disease.'

Furthermore, therapeutic  proteins
offer sophisticated functionalities with little
risk of disrupting biological processes and a
decreased likelihood of triggering immune
reactions. These therapeutic agents break
down undesirable molecules, restore protein
deficiencies, or modulate inaccurate signaling
or immunological responses. For example,
Rituximab is a monoclonal antibody that
specifically targets CD20, a protein present
on the surface of B-cells. By attaching to
CD20, Rituximab signals these cells for

elimination by the immune system, employing
mechanisms such as antibody-dependent
cellular cytotoxicity (ADCC) or complement-
dependent cytotoxicity (CDC). This action is
especially effective in the treatment of B-cell
lymphomas and autoimmune disorders.> Due
to the large size of protein, they mostly focus
on cell surface receptors or chemicals found
outside of cells. Engineering these proteins
involves utilizing techniques that improve
their efficacy, such as glycosylation to
amplify the size and stability or PEGylation
to prolong their half-life. Therapeutic proteins
are a notable breakthrough in medical science,
providing targeted therapies that result in
fewer adverse effects and better patient
outcomes.*
2.  Classification and of
protein-based therapeutics

Therapeutic proteins can be categorized
based on their pharmacological features,
clinical usage, and function.' They are often
classified into four categories: those that the
FDA has approved (Group I and II), and those
that are currently being investigated in vivo
or in vitro (Group III and IV).*?

examples

2.1. Group I: Therapeutic proteins with
enzymatic activity

These proteins exhibit enzymatic
properties that facilitate specific biochemical
reactions in the body, resulting in therapeutic

effects. Group I has three main categories:
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Figure 1. Rituximab binding to a CD20 protein on the surface of a B-cell. It also show immune cells,
like natural killer cells, attacking the marked B-cell (Figure adapted from reference 3)
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those that replace missing proteins or
enzymes that lead to illnesses or diseases,
boost the impact or adjust the timing of a
typical protein's expression, and provide a
new function or activity.'

Several well-known examples
include lactase, which aids individuals
who have difficulty digesting lactose, and
B-glucocerebrosidase, used to treat Gaucher's
disease. Pancreatic enzymes are beneficial
in the treatment of cystic fibrosis and
pancreatic insufficiency. Alteplase helps to
dissolve blood clots in cases of myocardial
infarction. Botulinum toxin type A is used
for treating dystonia and for cosmetic
purposes. Collagenase is utilized to manage
dermal ulcers and burns, while human
deoxyribonuclease I aids in managing cystic
fibrosis by enhancing lung mucus clearance.*

2.2. Group II: Therapeutic proteins with

special targeting activity

Therapeutic proteins Group II fall into
two categories: first, proteins that disrupt other
bodily molecules, and second, molecules that
are transported to a particular location within
the body. Monoclonal antibodies (mAbs) are
commonly used in both categories.” They
can imitate the immune system's reaction to
pathogens and cancer cells as well as identify
and attach to specific molecules, particularly
proteins, that are either connected to cells or
released into the body. This is possible because
mAbs can adapt their structure to match
the variable region of the target molecule,
allowing them to bind to a particular antigenic
domain consistently.®

The development of mAbs as therapeutic
agents has resulted in several approaches to
manage autoimmune disorders in preclinical
and experimental phases and to induce anti-
tumor effects. In 1986, the first monoclonal
antibody (mAb) called muromonab-CD3 was
used to treat allogenic transplant rejection.
With its anti-CD20 action, Rituximab
became the first monoclonal antibody (mAb)
authorized for therapeutic use in 1997.8

2.3. Group III: Therapeutic proteins as
vaccines

Three approaches comprise the group I11
category of therapeutic proteins: prevention
of harmful agents, treatment of autoimmune
disorders, and cancer treatments. Various
technological strategies are employed for
this objective, including vector- and cell-
based vaccines and molecular-based vaccines
such as peptide/protein, DNA, and mRNA
vaccines.” To reshape the host's immune
response for disease eradication and long-
lasting memory, these vaccines are designed
to induce or enhance cell-mediated and
humoral immunity."” The current focus of
research is the development of therapeutic
protein-based vaccines that capitalize on
cellular responses to improve their efficacy
against complex infections."" Furthermore,
recent developments have encompassed a
broad spectrum of diseases, such as solid
tumors like lung, breast, colorectal, liver,
and gastric cancers, infectious diseases
like HIV, HBV, and HPV-induced diseases,
and chronic conditions like hypertension,
diabetes, and dyslipidemia, illustrating the
diverse applications of therapeutic vaccines
in contemporary medicine.’

2.4. Group IV: Therapeutic proteins as

diagnostics

Some therapeutic proteins have been
used in medical diagnostics in addition to
their therapeutic applications. For instance,
secretin is employed to diagnose gastrinoma
and identify the ampulla of Vater. Satumomab
pendetide is utilized to detect ovarian and
colon cancer by employing a monoclonal
antibody specific for tumor-associated
glycoprotein (TAG-72) and labeled with
indium-111. Nofetumomab is a technetium-
labeled antibody that is specifically designed
for the detection and staging of small-cell
lung carcinoma. Hepatitis C antigens are
employed to diagnose hepatitis C exposure by
detecting antibodies to hepatitis C. Apcitide
is a synthetic technetium-labeled synthetic
peptide that binds to GPIIb/Illa receptors
on activated platelets, providing imaging for
acute venous thrombosis4. Classification and
examples of therapeutic proteins are listed in
Table 1.



Table 1. Classification and examples of therapeutics proteins

Commercial Brand

Group Category and Examples Status
Names

I Therapeutic Proteins with Enzymatic Activity'?
Lactase (digestive aid for lactose Lactaid®, Dairy Ease™  Approved, On the Market
intolerance)
B-Glucocerebrosidase (Gaucher's disease ~ Cerezyme®, VPRIV® Approved, On the Market
treatment)
Pancreatic Enzymes (cystic fibrosis, Creon®, Pancreaze®, Approved, On the Market
pancreatic insufficiency) Zenpep®
Alteplase (blood clot dissolver for Activase®, Cathflo® Approved, On
myocardial infarction)
Botulinum Toxin Type A (dystonia Botox®, Dysport®, Approved, On the Market
treatment, cosmetic use) Xeomin®
Collagenase (management of dermal ulcers Santyl® Approved, On the Market
and burns)
Human Deoxyribonuclease I (cystic Pulmozyme® Approved, On the Market
fibrosis management)

I Therapeutic Proteins with Special Targeting Activity®
Muromonab-CD3 (treatment for allogenic ~ Orthoclone OKT3® Approved, On the Market
transplant rejection)
Rituximab (anti-CD20 mAb for Rituxan®, MabThera® Approved, On the Market
autoimmune disorders, cancer)
Other monoclonal antibodies (various Various (e.g., Herceptin®, Clinical Studies,
targets and diseases) Avastin®, Keytruda®) Approved

I Therapeutic Proteins as Vaccines>’
mRNA Vaccines (COVID-19 vaccines) Comirnaty® (Pfizer- Approved, On the Market

BioNTech), Spikevax®
(Moderna)

Peptide/Protein Vaccines (various diseases) various Clinical Studies
DNA Vaccines (cancer, infectious various Clinical Studies
diseases)

v Therapeutic Proteins as Diagnostics'
Secretin (diagnosis of gastrinoma, ampulla ChiRhoStim® Approved, On the Market
of Vater identification)
Nofetumomab (detection and staging of Verluma® Approved, On the Market
small-cell lung carcinoma)
Apcitide (imaging for acute venous AcuTect® Approved, On the Market
thrombosis)
Capromab pendetide (imaging of prostate ~ ProstaScint® Approved, On the Market
cancer)

on their efficacy, quality, stability, and
3.  Challenges for Therapeutic Protein immunogenicity. Those four factors often

Development

Rapid progress has been made in the last
decades in developing engineered proteins
to treat several life-threatening conditions.
The success of therapeutic proteins depends
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pose significant challenges in developing
protein therapeutics.*

Protein  therapeutics  development
is a multi-step process with substantial
quality control challenges. Good quality



protein therapeutics products with minimal
heterogeneousness and  impurities are
essential for safety, efficacy, as well as
approval by the FDA14. Because proteins
are susceptible to various physical and
chemical degradation processes, developing
formulations to ensure their stability is
becoming increasingly important, given
their rapid growth. Due to proteins' complex
nature and fragile structural stability,
developing stable protein formulations
frequently requires more time and resources
than small molecule drugs.'” Proteins are
large macromolecules composed of a specific
arrangement of amino acids, exhibiting a
distinct  three-dimensional  conformation
corresponding to their biologically functional
state. The conformation of a protein molecule
is formed by an intricate arrangement
made up of different interactions, including
covalent bonds, hydrophobic interactions,
electrostatic attractions, hydrogen bonding,
and van der Waals forces. Both intra-protein
and protein-solvent interactions are crucial in
preserving proteins' structural integrity and
stability. Protein degradation, aggregation,
and inactivation can be induced by any
change in the protein's environment, as
even slight differences in stability between
the folded and unfolded states of proteins
make them susceptible to changes in the
protein’s surroundings. These changes can
substantially impact, reducing efficacy,
increasing  immunogenicity, and even
causing undesirable immune responses.'®!
Thus, preserving protein-based therapeutics'
functionality and structural integrity is
paramount during drug development.
Maintaining the integrity of protein-

native protein

unfolded

based medicines presents significant obstacles
during routine manufacturing steps, storage,
handling, distribution, and their ultimate
delivery to the patient. To achieve this goal,
developing a formulation that demonstrates
exceptional stability with no detectable
changes in the protein's chemical and
physical properties is necessary. Recognizing
the inherent challenges in achieving absolute
formulation stability, the primary focus is
ensuring the product's safety and effectiveness
are always upheld. To effectively accomplish
this objective, it is necessary to understand
the wvarious degradation pathways that
impact proteins. Additionally, it is essential
to have access to a wide range of analytical
methods and possess the necessary expertise
in utilizing the equipment and techniques
involved. Formulation development
focuses on comprehensively analyzing and
identifying potential degradation pathways.
By thoroughly evaluating the importance
of each pathway, formulation work aims
to optimize various variables to minimize
the generation of degradation products that
may have clinical consequences."” Figure 2
shows the schematic diagram illustrating the
aggregation pathways of protein.'®

4.  Protein Degradation Mechanism
Understanding  protein  degradation
mechanisms is critical for developing stable
formulations, ensuring therapeutic efficacy,
and maintaining product safety throughout
its shelf life. Temperature and pH have the
most influence on both chemical and physical
protein stability. High temperatures can
cause thermal denaturation and subsequent
aggregation, as well as accelerate chemical

aggregation

Figure 2. The schematic diagram illustrating the aggregation pathways of protein (adapted from

reference 18).



degradation pathways that can result in
aggregation. Furthermore, most proteins are
generally stable only in a narrow pH range."
The isoelectric point of a protein is an essential
property because it is the least soluble and thus
unstable. The critical point is that the protein is
soluble below and above the isoelectric point
(isoelectric pH).?**'*2 In addition, protein
in near-neutral pH is crucial to maintain
their structure, support enzyme activity, and
thrive in the cellular environment.'” Protein
degradation in therapeutics can be divided
into chemical and physical degradation
mechanisms, contributing to product activity
and potency loss.?*

4.1. Chemical Instability

Chemical instability in protein-
based therapeutics refers to the propensity
of these proteins to undergo chemical
modifications that can compromise their
structural integrity, functional activity, and
safety. These modifications can occur during
manufacturing, storage, or administration,
leading to degradation and loss of therapeutic
efficacy.”® The primary types of chemical
instability include oxidation, deamidation,
hydrolysis, glycation, and isomerization.*

a.  Oxidation

Oxidation occurs when reactive oxygen
species (ROS) interact with amino acid side
chains, especially those containing sulfur
(cysteine and methionine) and aromatic
residues (tryptophan, tyrosine, histidine).”’
Oxidative modifications can cause the
formation of disulfide bonds, sulfoxides,
or other oxidative products, which alter
the protein's conformation and function.
Oxidation can cause aggregation, reduced
solubility, and loss of biological activity.?
Possible prevention measures include using
antioxidants (e.g., ascorbic acid, methionine,
EDTA), careful control of oxygen levels
during manufacturing and storage, and
limiting light exposure, which can all help
reduce oxidation.”

b.  Deamidation
Deamidation is the hydrolytic removal
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of amide groups from asparagine (Asn)
and glutamine (Gln) residues, resulting
in aspartic acid (Asp) and glutamic acid
(Glu). This process frequently involves a
succinimide intermediate.”® Deamidation
alters the protein's charge and conformation,
potentially causing altered activity, increased
immunogenicity, and decreased stability.
The rate of deamidation is influenced by the
residues' local environment, which includes
pH, temperature, and ionic strength.>' During
protein engineering, deamidation can be
mitigated by optimizing buffers to maintain a
neutral pH and lowering storage temperatures
that can avoid forming Asn and Gln residues.
In addition, replacing susceptible residues
with more stable amino acids (site-directed
mutagenesis) is used to produce an analogous
protein, resulting in a more resistant or active
species than the wild type of the protein.'”*?

c.  Hydrolysis

Hydrolysis involves the cleavage of
peptide bonds within the protein backbone,
typically accelerated under extreme pH
conditions or in the presence of catalytic
residues.  Hydrolysis  causes  protein
fragmentation, resulting in structural integrity
and biological activity loss. The fragments
may also aggregate, compromising the
therapeutic product.’*** Preventive methods
for minimizing hydrolytic degradation
include maintaining a neutral pH, stabilizing
excipients (buffers, salts, amino acids,
polyols/disaccharides polysaccharides and
surfactants), and avoiding harsh processing
conditions.*®

d.  Glycation

Glycation is the non-enzymatic
attachment of reducing sugars to lysine
amino groups or protein N-terminal residues,
forming a Schiff base that can rearrange into
more stable advanced glycation end products
(AGESs). Glycation can cause structural and
functional changes to proteins, promote
aggregation, and increase immunogenicity.
AGEs are particularly problematic because
they resist proteolytic degradation and
accumulate over time.***"2%3  Avoiding



reducing sugars in formulations, using
alternative stabilizers (e.g., surfactants,
carbohydrates, amino acid-based stabilizers,
polymers, or ionic liquids), and keeping
temperatures low can help reduce glycation.*

e. Isomerization
Isomerization involves converting
amino acid residues into their isomeric

forms, such as transforming aspartic acid
(Asp) into isoaspartic acid. Isomerization
can alter the protein's conformation and
function, potentially resulting in activity
loss and increased degradation.*'** To reduce
isomerization, optimizing pH and temperature
conditions, as well as using stabilizing agents
such as surfactants, carbohydrates, amino
acids-based stabilizer, and ionic liquids, can
be utilized.*

4.2. Physical Instability

Physical instability in protein-based
therapeutics refers to structural changes that
disrupt their native conformation, resulting in
loss of function, aggregation, and degradation.
Chemical instability involves covalent
modifications of amino acid residues, whereas
physical instability primarily concerns non-
covalent alterations such as denaturation,
aggregation, and adsorption. These structural
changes can significantly impact the protein's
biological activity and its recognition
by degradation pathways.”* The sugars
generate a hydrophilic environment, which
helps prevent aggregation and denaturation.*’

a.  Denaturation

Denaturation is the process when a
protein loses its native three-dimensional
structureasaresultofnon-covalentinteractions
such as hydrogen bonds, hydrophobic
interactions, van der Waals forces, and ionic
bonds. Temperature changes, pH shifts, and
mechanical forces are all potential stressors
that can trigger this process.*” Physical
factors that can cause denaturation include
extreme pH, high temperatures, mechanical
stress, and exposure to organic solvents or
detergents. Sugars (e.g., trehalose, sucrose)
and polyols (e.g., glycerol) can be used to
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protect formulations from denaturation.*

b.  Aggregation

Protein aggregation occurs when
misfolded or partially unfolded proteins
bind together to form soluble oligomers or
insoluble fibrils. This can occur through
either non-specific hydrophobic interactions
or specific intermolecular interactions.
Aggregates can reduce product efficacy, elicit
immunogenic responses, and complicate
administration. Aggregation is a feature
of many neurodegenerative  diseases,
including Alzheimer's, Parkinson's, and
Huntington's disease.*®** Conditions that
promote aggregation such as high protein
concentrations, temperature fluctuations, and
agitation during processing and storage can
all contribute to aggregation.'”” Mitigation
strategies include using surfactants such
as  polysorbates, controlling  protein
concentration, employing  agitation-free
manufacturing processes, and optimizing
formulation components to help prevent
aggregation.’!

c.  Adsorption

Protein adsorption involves binding
proteins to surfaces such as glass, plastic, or
other biomaterials. This interaction can lead
to conformational changes in the protein
structure. Adsorption can cause protein
denaturation and subsequent aggregation.
In pharmaceutical formulations, protein
adsorption to container surfaces can reduce
the effective concentration of the active
protein.”? Factors that affect adsorption are
surface properties (hydrophobicity, charge),
protein concentration, and environmental
conditions (pH, ionic strength) influence
adsorption. Coating surfaces with inert
materials, using non-adsorptive containers
and adding stabilizing agents can minimize
adsorption.>

Protein degradation in therapeutic
products presents a multifaceted challenge
that affects their stability, efficacy, and safety.
Both chemical and physical degradation
mechanisms contribute to the overall stability
of protein-based products. The stability of



these biologics can be improved through
careful formulation development, optimized
manufacturing processes, and stringent
storage and handling protocols, ensuring
their full therapeutic potential is realized.
Understanding and  mitigating  protein
degradation mechanisms is critical for
successfully developing and commercializing
stable and effective protein-based therapeutics.

5.  Biophysical and analytical methods
to assess the stability of protein
therapeutics
Aggregation is the most common factor

in the physical degradation of the protein.
Protein aggregation can potentially induce
serious consequences of immunogenic
reactions, posing considerable challenges to
biologics research and commercialization.
Aggregation occurs at various protein product
development and manufacturing stages,
including formulation. Fluorimetry-based
methods (differential scanning fluorimetry),
spectroscopy-based  techniques (UV/Vis
spectroscopy, fluorescence spectroscopy),
separation-based methods (size exclusion
chromatography) and  scattering-based
methods (static and dynamic light scattering)
have been extensively utilized in the
qualitative and quantitative evaluation of
protein aggregation.>

a.  Differential scanning fluorometry
Biophysics plays a crucial role in
modern drug discovery research by enabling
fast and high-throughput data collection
to screen extensive chemical libraries and
uncover novel bioactive compounds.®
Differential Scanning Fluorimetry (DSF)
is a biophysical technique widely used to
assess protein stability.> It is a cost-effective,
parallelizable, feasible, and easily accessible
method.”> DSF is commonly used in the
early-stage screening of proteins, including
different mutations, as well as in the later-
stage evaluation of final product formulations
to determine shelf life and product quality.’’
This method is utilized to monitor protein
folding state and thermal stability, serving as
a reliable tool for studying protein unfolding
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by gradually raising the temperature under
set conditions. The denaturation of a stable
protein necessitates a high temperature,
but an unstable protein can be denatured at
a lower temperature. DSF is employed to
analyze the unfolding of proteins when the
temperature rises, disrupting noncovalent
interactions responsible for protein folding.
Thus, it is also referred to as a thermal shift
assay. The process of protein denaturation
can be observed by monitoring alterations
in fluorescence emission that occur as the
temperature increases.’®

The conventional DSF assay utilizes
the fluorescence of the dye Sypro Orange
to indicate the extent to which hydrophobic
regions are exposed as the protein unfolds
at higher temperatures. Sypro Orange
fluorescence significantly intensifies in a
nonpolar environment. Elevated temperature
can induce protein aggregation, resulting in a
decrease in fluorescence.’®* The most recent
technology, Nanoscale Differential Scanning
Fluorometry  (nanoDSF®),  distinguishes
itself from conventional DSF by utilizing
dye-free techniques to detect changes in
the fluorescence signal released by the Trp
residues of a protein in response to changing
temperatures. Exposure to this generates a
change in the Trp Amax from 330 nm to 350
nm, known as a redshift (emission maxima
in the direction of longer wavelength), due to
a change in the polarity of the Trp residues'
surrounding environment. The NanoDSF
approach uses back-reflection technology to
assess protein aggregation. This technique
identifies the temperature at which protein
aggregation starts, crucial for evaluating the
protein’s colloidal stability, particularly under
elevated temperature conditions.®

b.  Fluorescence spectroscopy
Fluorescence spectroscopy utilizes the
occurrence of electron excitation caused by
collisions with high-energy particles such as
photons and other excited electrons, resulting
in the emission of photons as their energy falls
to the ground state. Compounds that exhibit
fluorescence activities, such as fluorophores,
can serve as physical indicators in the



biophysical evaluation of macromolecules,
such as proteins and nucleic acids, for their
structural analysis. The fluorophores may
be extrinsic, like dyes, or intrinsic, such as
specific amino acids within protein sequences.
Proteins contain intrinsic fluorophores from
the amino acids tryptophan, tyrosine, and
phenylalanine.®® Tryptophan and tyrosine
are commonly used in biophysical studies to
monitor alterations in the tertiary structure of
proteins to a greater extent than phenylalanine,
as phenylalanine yields lower fluorescence
than the other two amino acids. Fluorescence
intensity changes can be observed depending
on the surroundings of Trp and Tyr residues
inside the protein. The presence of Trp and Tyr
will enhance the fluorescence signal, leading
to a redshift, indicating that the tryptophan
residues were located within hydrophobic
pockets that were concealed through proper
protein folding.*

Proteins can be labeled with external
fluorophores using fluorescence dyes such
as  8-Anilinonaphthalene-1-sulfonic  acid
(ANS) and Thioflavin T (ThT). These dyes
specifically bind to the hydrophobic regions
of proteins that become exposed during the
unfolding process. Extrinsic fluorescent
dyes are used in various areas of protein
research, playing a crucial role in studying
folding intermediates, quantifying surface
hydrophobicity, and detecting aggregates.
Extrinsic dyes can either create covalent bonds
with amino acids, such as by attaching to the
a-amino group of the N-terminus, or the thiol
group of cysteine, or they can interact through
non-covalent means, such as hydrophobic or
electrostatic interactions.®

c. Size  exclusion  chromatography
(SEC) and multi-angle light scattering
(MALS)

Given the complex nature of protein
therapeutics, it is necessary to use several
complementary approaches to evaluate
important features of intermediary drug
components accurately. One aspect being
examined involves a quantitative assessment
of the aggregation phenomenon of the native
protein. Due to concerns about the potential
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implications for safety and effectiveness,
examining and quantifying dimers, trimers,
and larger aggregates of proteins in protein-
based therapeutic products has become
routine. Multiple approaches have been
developed to observe protein aggregation.
Still, SEC has been the favored option for
regular and validated studies because of its
substantial advantages in terms of speed and
reliability.** Proteins are exposed to greater
stresses beyond actual conditions to predict
forthcoming stability issues. Consequently,
the degradation products produced due to
these stresses are examined. The results
obtained from these "accelerated stability
studies" can be useful for estimating the
rate at which degradation processes occur
in practical situations when real-time data
may be unavailable due to time and resource
constraints.®

SEC is utilized for protein
characterization and measurement of
molecular mass, as it separates proteins based
on their size. However, the accuracy of mass
estimate by SEC can be limited at times since
it depends on the protein's retention time,
which its hydrodynamic radius can influence.
The possible interactions between the protein
sample and the stationary phase can also affect
retention time. SEC-MALS, which combines
SEC with MALS, is a valuable technique for
accurately analyzing the protein's molar mass,
oligomeric states, and hydrodynamic radius,
irrespective of the protein's retention time.®
MALS is based on static light scattering
to measure the amount of light scattered at
multiple angles. The measured intensity is
directly proportional to molecular weight
(Mw) and the concentration of the protein.
Combining these two techniques enables the
separation of individual protein molecules
from contaminants such as aggregates or
fragments. This facilitates the detection of
these impurities, providing essential data that
can be utilized to evaluate the quality of the
product.*!

d.  Other approaches
Various other methods can also be
employed to enhance understanding of



protein unfolding and aggregation. These
approaches include differential scanning
calorimetry (DSC), dynamic light scattering
(DLS), electron microscopy (EM), and
time-resolved fluorescence spectroscopy.’’-*
Small-angle X-ray scattering (SAXS) is
increasingly believed to be a reliable method
for characterizing intermediates in protein
solutions. It may be utilized to observe
changes in the structure of macromolecules,
interactions  between  proteins, forms
of assembly like oligomerization and
aggregation, and the attraction and repulsion
between molecules. Thus, SAXS can
potentially be a valuable supplementary
technique for studying the dynamics of
protein unfolding and aggregation.®

5. Conclusion and future direction

The discovery and development process
of protein-based therapeutic drugs can be quite
challenging and time-consuming. Therefore,
exploring innovative ideas or approaches that
could enhance this process is crucial. The
rapid development of protein therapeutics
necessitates optimizing the pharmacology-
related properties and ensuring the product's
stability. Protein therapeutic products face
substantial challenges in terms of stability
due to alterations in protein folding. These
alterations can cause the accumulation of
partially unfolded or misfolded proteins,
ultimately resulting in protein aggregation.
Hence, it is crucial to understand the
process of protein degradation, particularly
aggregation, using various analytical and
biophysical methods. This would greatly aid
in the advancement of biological therapeutic
development.

The advancement in  molecular
biotechnology and structural biology has
greatly contributed to the growth of structural
information on biological macromolecules.
Therefore, computational techniques
have become essential in drug discovery
and development initiatives. In-silico
aggregation predictors have assisted and
directed experimental aims to understand the
molecular pathways responsible for protein
aggregation-related disorders. In addition,
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they have advanced the design of engineered
protein variants by improving their solubility
and stability. This has resulted in time
and cost savings in producing therapeutic
proteins. Various computational toolboxes
have been created and made available to
predict protein aggregation tendencies,
pinpoint areas susceptible to sequential or
structural aggregation, evaluate the impact of
mutations on aggregation, and identify prion-
like domains. Navarro and Ventura categorize
these tools into sequence-based methods, such
as AGGRESCAN, Zyggregator, PASTA 2.0;
machine-learning methods, such as ANuPP
and Pafig; and 3D structure-based methods,
such as Aggscore and AGGRESCAN3D 2.0.
By integrating different approaches, methods,
and knowledge, the development and
manufacturing of protein-based therapeutics
can be greatly enhanced to ensure better
stability.
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