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Abstract

Proteins are vital for the regulation of several cellular functions, including the synthesis of structural components. The change
in environmental conditions will impact conformational stability and result in aggregation. Protein aggregation involves
different states of proteins, like nonnative, unfolded, and native states, which make them complex processes. The proper
understanding of protein aggregation pathways involving the role of thermodynamically unfavoured lag phase, soluble
protofibrils triggered polymerization through an exponential phase, and depleted free monomers owing to the saturation
phase resulted in the leveling off of the polymerization process. The aggregated therapeutic proteins can induce deleterious
immune responses in patients, and control of the aggregation is essential for better therapeutic protein stability and targeting
with the help of stable protein structures and function. Protein—protein interactions (PPIs) are important for protein stability,
aggregation rate, and solubility, while advanced computational and biophysical methods have been developed to character-
ize therapeutic protein aggregation better. Hence, an effective strategy for controlling, monitoring, and reproducing protein
aggregation propensities of the polypeptide chains is required. An in-depth understanding of protein aggregation mecha-
nisms, characterization, and combat strategies will counter the issues of protein aggregation. It will also reduce the cost of
the product, time constraints, stable & effective product availability, and potential immunogenicity.
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Introduction
Therapeutic protein aggregation

Biotherapeutics has witnessed remarkable progress in
recent years, revolutionizing healthcare by offering tar-
geted and precise treatments for various diseases. These
pharmaceutical, biological products derived from living
organisms have opened new medical avenues, provid-
ing innovative solutions for complex medical challenges.
Among the diverse range of biotherapeutics, protein-based
pharmaceutical products have emerged as the cornerstone
of modern medicine, presenting a promising arsenal that
includes vaccines, monoclonal antibodies (mAbs), gene
therapy, cytokines, and enzyme therapies [1].

mAbs have garnered immense attention for their pre-
cision in targeting specific antigens. These engineered
proteins mimic the body’s natural antibodies, exhibiting
high specificity and affinity toward their targets [2, 3].
mADbs have revolutionized the treatment landscape, par-
ticularly in oncology, where drugs such as trastuzumab
(Herceptin®) and rituximab (Rituxan®) have signifi-
cantly improved outcomes in breast cancer along with
non-Hodgkin lymphoma, respectively [4]. Other types of
protein-based biological products include cytokines and
enzyme therapies. Cytokines are involved in the regulation
of the immune system for the modulation of inflammatory
responses. They treat conditions such as cancer and auto-
immune diseases [5-7].

Enzyme replacement therapy involves delivering func-
tional enzymes to individuals with enzyme deficiencies, as
seen in lysosomal storage disorders such as Gaucher disease
and Fabry disease [8]. While advances in biotherapeutics
have revolutionized healthcare, the development of stable
and effective protein-based formulations remains a signifi-
cant challenge. Stability is a critical attribute of biotherapeu-
tics, ensuring that the product retains its desired properties
over its shelf life and during storage and administration [9].

Stable protein formulations have multiple benefits,
including extended shelf life, enhanced efficacy, and
improved patient safety [10]. One of the major challenges
in achieving stable protein-based formulations is protein
aggregation. Protein aggregation refers to the spontaneous
association of proteins into larger, nonnative structures,
leading to the formation of aggregates with distinct physic-
ochemical properties compared to their native counterparts
[11]. Such aggregation can profoundly impact biological
product safety, efficacy, and stability, making it a critical
concern in the biopharmaceutical industry [12].

The three-dimensional structure and inherent thermo-
stability of therapeutic proteins play a pivotal role in main-
taining their biological activity and desired therapeutic
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effects. However, temperature variations can induce pro-
tein misfolding or unfolding, forming physical aggregates.
When proteins aggregate, they may expose new epitopes
or conformational changes not present in their native form.
The immune system recognizes these altered structures as
foreign, producing antibodies against the aggregates [13].

The antibodies or anti-drug antibodies (ADA) can have
variations in the effects on the therapeutic protein. In some
cases, ADAs may bind to the therapeutic protein and neutral-
ize its activity, reducing its efficacy in treating the targeted
condition [14]. This can lead to suboptimal treatment out-
comes and diminish the therapeutic benefits for the patient.
The immune system may recognize the therapeutic protein-
ADA complex. The immune system can recognize the thera-
peutic protein-ADA complex as that of the foreign entity,
which results in the clearance of the therapeutic protein from
the body [15].

The interplay between protein aggregation and immu-
nogenicity highlights the importance of understanding and
controlling protein aggregation in therapeutic formulations.
It is also worth mentioning that proteins exhibit diverse
self-assembly mechanisms, creating intricate and specific
complexes that play pivotal roles in various biological pro-
cesses [16].

These protein complexes often involve intermolecular
solid interactions, requiring delicate conditions to maintain
their native state and functionality. Understanding the rates
of the various stages of the aggregation process significantly
influences the population and size distribution of diverse
aggregates, which is crucial for elucidating their behav-
ior and impact on biological products (Fig. 1) [17]. The
nature of protein aggregates can vary based on concentra-
tion, pH, and ionic strength. Reversible protein aggregates
can readily dissociate upon dilution or slight adjustments
in environmental conditions, enabling their separation and
characterization outside of their original environment [18].
However, a significant challenge arises when reversible
aggregates transform into unstable, irreversible derivatives
within practical concentration ranges. These irreversible
aggregates resist dissociation upon dilution and may grow
further in response to fluctuations in pH or ionic strength
[7]. The transformations leading to irreversible aggregates
often involve changes in the secondary or tertiary structures
of the constituent monomers, presenting complex challenges
during the formulation development process [19].

To address this challenge, it is vital to understand the fac-
tors contributing to protein aggregation. Intrinsic factors, such
as protein structure and sequence, dictate aggregation propen-
sity [20]. External factors, including temperature and various
processing steps during manufacturing (e.g., fermentation,
unfolding/refolding, purification, freeze—thaw, shaking, and
shearing), significantly impact protein aggregation [20, 21].



AAPS PharmSciTech (2025) 26:189

Page3of29 189

\J
DO
ol

s

Intricate &
crucial
methods

drugs

Purification &
storage

|

Cumbersome
process

Fig. 1 Summary of the consequences of protein aggregation. 1. Pro-
cessing and economic loss are induced due to intricate and crucial
methods for product preparation, while protein aggregates can cause
drug waste. 2. The protein aggregates also impacted on the quality
and efficiency of protein with less yield, less reactivity, and abnor-

Several factors like pH, ionic strength, type of excipi-
ents, protein concentration, and contact surfaces influence
the aggregation of the therapeutic proteins. Other factors
include container systems, irradiation, and light [19, 22, 23].
Recently, a trend has been observed in developing and utilizing
advanced characterization techniques like analytical ultracen-
trifugation and size exclusion chromatography. It also includes
dynamic light scattering and electron microscopy to assess
protein aggregation and guide formulation optimization [24].
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mal toxic response. 3. It also involves some cumbersome processes
in high maintenance. The loss of functionality has been found in pro-
tein aggregates. 4. Protein aggregates play a major role in neurologi-
cal and metabolic disorders such as Alzheimer’s disease, Parkinson’s
disease, and diabetes patients

Moreover, various mitigation strategies are being explored to
minimize immunogenic risks associated with protein aggrega-
tion. Rational drug design, engineering specific amino acid
sequences to reduce aggregation-prone regions (APRs), and
utilizing formulation additives that stabilize the protein in its
native state are among the approaches to mitigate immuno-
genic side effects. Additionally, manufacturing processes are
optimized to minimize the exposure of therapeutic proteins to
conditions that promote aggregation [25, 26].
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This review paper aims to comprehensively understand
protein aggregation mechanisms, characterization tech-
niques, and effective mitigation strategies in biological prod-
ucts. By exploring the complex interplay between protein
aggregation and biotherapeutics’ safety, efficacy, and stabil-
ity, this review intends to equip researchers, formulation sci-
entists, and developers with valuable insights to enhance the
success of therapeutic protein formulations and ultimately
benefit patients worldwide.

Mechanisms of Protein Aggregation

The aggregation of proteins can result in the formation of
both soluble and insoluble aggregates, with the latter often
precipitating out of solution. The morphology of these insol-
uble aggregates is influenced by the intrinsic properties of
the protein and its surrounding environment and generally
manifests as either amorphous or fibrillar structures. Fibril-
lar aggregates are highly ordered, characterized by extensive
B-sheet—rich architecture, and are commonly associated with
amyloid formation. In contrast, amorphous aggregates are
structurally disordered and lack defined secondary or ter-
tiary organization. Both forms pose significant challenges
to protein stability and can compromise therapeutic effi-
cacy. Therefore, a clear understanding of their formation
mechanisms and morphological characteristics is essential
for rationalizing stable formulations and optimizing biop-
harmaceutical development processes [10, 27].

Illustrative Mechanisms of Native and Non-Native
Aggregation

Reversible Association of the Native Monomer

Native protein monomers can self-assemble into oligom-
ers via attractive electrostatic interactions or covalent bonds
generated between hydrophilic and hydrophobic residues on
the protein surface [28, 29]. Individual monomers begin to
self-associate, resulting in small reversible oligomers. Mul-
tiple “sticky” or complementary patches may exist on the
monomer surface. These may produce a variety of interfaces,
resulting in the formation of oligomers with varying pat-
terns and conformations. Larger oligomers form as protein
concentrations rise, owing to the law of mass action, while
the larger aggregates generally convert irreversibly over
time. The larger aggregates involve the formation of cova-
lent bonds, e.g., disulfide linkages. For instance, insulin is
a therapeutic protein that forms reversible oligomers under
physiological and formulation conditions. Insulin also shows
how such an association could have substantial bioactivity
implications and how association via mutation has resulted
in significant new products [29]. Notably, Insulin lispro and
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aspart contain substitutions at ProB28, disrupting dimer for-
mation and promoting monomeric forms, though they can
form reversible hexamers in the presence of phenolic excipi-
ents, which dissociate rapidly after injection. In contrast,
insulin glulisine features substitutions at B3 (Asn— Lys) and
B29 (Lys — Glu), preventing hexamer formation through
steric and electrostatic effects, while a salt bridge between
the N-terminus and B29E enhances monomer stability [30].
At high concentrations, interleukin-1 receptor antagonists
(rhIL-1RA) undergo reversible dimerization, followed by
the formation of an irreversible type of dimer along with the
trimers. The mechanisms of protein aggregation are illus-
trated in Fig. 2 [31].

Aggregation of Conformationally Altered Monomer

In contrast to the previous mechanism, the native monomer
has a very low propensity to form reversible aggregates.
The transient conformational changes into the native protein
resulted in a nonnative monomer with altered conformation
and strong association. Since the initial step in Mechanism
2 is a conformational change to a nonnative state and the
fraction of protein in the aggregation-prone nonnative state
is relatively low, this represents a crucial difference between
Mechanisms 1 and 2. Heat or shear is responsible for the
initial conformational change [32]. Two therapeutics have
reported this mechanism: recombinant human interferon-y
(rhIFN-y) and G-CSF [33, 34].

Aggregation of Chemically Modified Products

Chemical instability, such as methionine oxidation, deami-
dation, or proteolysis, can alter the covalent structure of a
protein, while the disruption of non-covalent interactions
(e.g., hydrogen bonds, ionic interactions) can also induce
conformational changes in the native protein, ultimately
leading to aggregation. The chemical modifications induce
the new sticky patch on the surface or show differences in
the electric charge. The latter induces the decreased elec-
trostatic attraction between the monomers [9]. The chemi-
cally different species are occasionally not degradable but
a typical variety within the bulk medicinal product, such as
an under- or unglycosylated fraction prone to glycoprotein
aggregation. The chemically modified aggregates could be
enriched (Fig. 2). Native monomers are sometimes recruited
into aggregates by chemically modified monomers. As a
result, the aggregate fraction sometimes consists of more
than modified monomers (although not shown in Fig. 2).
When this mechanism is active, improving chemical stabil-
ity will also reduce aggregation, whereas improving confor-
mational stability may not. Additionally, chemically altered
protein aggregates may be immunogenic [35]. Mechanism
3 is explicitly described as a variant of Mechanism 2. In
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Fig.2 Mechanisms of protein aggregation. Five mechanisms are
involved in protein aggregation. The first involves a change in mon-
omer interaction and its impact on protein aggregation. The second
deals with the aggregation of conformationally altered monomers,
while the third relates to chemically modified product aggregation.

Mechanism 3, chemical modifications alter protein con-
formation, creating new aggregation-prone surfaces, thus
making chemically altered monomers aggregate similarly
to conformationally altered monomers (Fig. 2).

Nucleation-Controlled Aggregation

In this mechanism, the monomer produces small and
medium-sized oligomers, while adding monomers to these
smaller aggregates is not thermodynamically preferred. Nev-
ertheless, if a large enough aggregate is formed, monomer
addition to this so-called “critical nucleus,” followed by
expansion, and the formation of a giant aggregate becomes
rapid. The essential nuclei are also referred to as “seeds”

The fourth mechanism is coordinated with a nucleation-controlled
aggregation system. The last mechanism is surface-induced aggrega-
tion, which involves hydrophobic and air-liquid interactions in pro-
tein aggregation

or “templates” for aggregate formation because the proce-
dure is comparable to growing enormous crystals by adding
microcrystal “seeds” to a saturated solution [16, 36].

A lag phase distinguishes a nucleation-controlled pro-
cess. No particles or precipitates are visible for a long time
(perhaps months), but then aggregation appears and accu-
mulates. Particles may appear in different vials at different
times because the length of the lag phase varies from vial
to vial within a single production lot. Thus far, the process
has been dubbed “homogeneous nucleation,” with product
aggregation as the critical nucleus. The critical core (seed) in
the second variant of this mechanism is not a product parti-
cle but rather originates from external particulates, a process
referred to as heterogeneous nucleation [36]. The nucleation
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phase generally initiates with monomeric species and is cat-
egorized as either primary or secondary nucleation, contin-
gent upon the absence or presence of preformed aggregates,
respectively. Primary nucleation can proceed through one of
two distinct mechanisms: nucleated polymerization (NP) or
nucleated conformational conversion (NCC). The NP mech-
anism predominates at relatively low protein concentrations,
where monomers progressively assemble into oligomeric
nuclei characterized by ordered B-sheet structures. Alterna-
tively, the NCC mechanism, described for proteins such as
the yeast prion Sup35, involves a two-step process. Initially,
disordered oligomers with low B-sheet content are formed,
which then slowly undergo conformational rearrangement
into B-sheet—rich prefibrillar oligomers [37, 38].

Surface-Induced Aggregation

According to this mechanism, the aggregation process
begins with binding the native monomer to a surface. Hydro-
phobic interactions are likely the driving force for binding
at an air-liquid interface, but favorable electrostatic interac-
tions could also be involved in the case of a container. Ear-
lier studies have demonstrated that proteins, including BSA
and HSA, exhibit greater diffusion rates and mobility when
adsorbed onto hydrophobic surfaces in contrast to hydro-
philic surfaces. The conformation of the monomer changes
after this initial reversible binding event (for instance, to
enhance the contact area with the surface).

In Mechanism 5, the conformationally altered monomer
aggregates similarly to Mechanism 2; however, this time,
it may occur on the surface or after the altered monomer
is released back into the solution. Although Mechanism 5
can also result from aggregate formation at the surfaces of
ice crystals or excipient crystals, other processes, such as
pH changes, can also result in freeze/thaw loss. Notably,
Mechanism 4 is a subset of Mechanism 5, with the surface
of the crucial nucleus as the surface that induces aggrega-
tion (Fig. 2) [39].

Factors Responsible for Protein Aggregation
Intrinsic Factors-Protein Structure and Sequence

Several hydrophobic residues in the protein sequence,
when exposed due to partial unfolding or conformational
changes, play a pivotal role in driving aggregation by pro-
moting intermolecular hydrophobic interactions [40, 41].
The occurrence of glycosylation and structures of glycans
in the CH, domains could impact protein stability. While an
increased degree of glycosylation helps stabilize the native
conformation of a protein by enhancing internal noncovalent
interactions and reinforcing structural rigidity, the expansion
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of glycan molecular size appears to reduce the stability of
the unfolded state, potentially altering the protein’s overall
folding dynamics [42]. It has been determined that glycan-
protein interactions are essential for the stability of CH,
domains within the Fc region of IgG antibodies, as degly-
cosylation severely weakens the CH, domain and eliminates
its capacity to attach to low-affinity FcRs [43]. CH, domain
sequences that promote N-glycan conformational flexibility
and expose the hydrophobic inner surface of the CH, domain
can aggregate IgG antibodies and therapeutic protein-Fc
fusions. Figure 3 summarizes intrinsic and extrinsic factors.

Extrinsic Factors
Temperature

Thermodynamic instability, hydrophobic interactions, pro-
tein transport, and chemical reactions that promote aggre-
gation are just a few of the effects of high temperatures on
proteins. Higher temperatures may also change the shape
of polypeptide chains within protein structures and cause
them to unfold, promoting aggregation [44, 45]. The size and
stage of the aggregation affect reversibility [46]. The pro-
tein melting point (Tm) and thermodynamic stability have a
positive relationship [47]. When the temperature approaches
the Tm, proteins partially unfold and form aggregates. A
rise in temperature above the Tm frequently results in faster
aggregation by contact with hydrophobic residues [48]. A
protein with a greater Tm appears to have a lower tendency
to aggregate [18].

Effect of Processing Steps

Protein aggregation can occur during several processing
stages, including unfolding/refolding, freeze-thawing, puri-
fication, fermentation/expression, pressurization, shaking/
shearing, and drying. The preparation and administration
of protein drug delivery systems also influences aggregation
[20, 49, 50].

Fermentation/expression The initial step in large-scale
protein manufacturing is fermentation or cell culture [51].
Proteins can be expressed in various cell systems and under
several process circumstances. Several proteins cluster into
inclusion bodies in bacterial expression [52]. In these sys-
tems, aggregate formation competes with correct folding.
The host systems profoundly influence the glycosylated
state/pattern of the produced proteins, resulting in various
protein aggregation behaviors [53].

Unfolding/refolding The unfolding and subsequent
refolding of proteins are pivotal steps in large-scale protein
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production using microbial expression systems. During the
refolding process, proteins traverse multiple intermediate
conformational states, making them highly susceptible to
misfolding and aggregation. As a result, protein aggrega-
tion has significantly reduced the yield of correctly folded
biologically active proteins during refolding [54].

Purification Residual host cell protein and impurities can
be removed through the purification stage used in protein
manufacturing. The purification conditions may cause issues
of protein aggregation with the involvement of pH, tem-
perature as well as conductivity [55, 56]. One of the pro-
tein purification methods is affinity chromatography, which
requires a low pH for the protein elution, and it can induce
protein aggregation issues during the elution [57]. The mild
purification conditions also triggered the protein aggrega-
tion, which can be countered by proper control through the
addition of additives to the protein purification conditions.
These include cosolvents (e.g., sugars, polyhydric alcohols)
that promote native protein stability; chaotropic agents that
disrupt intermolecular interactions; kosmotropes that favor
the native folded state; reducing agents (such as DTT and
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B-mercaptoethanol) to prevent improper disulfide bond for-
mation; and specialized agents like ethanol and detergents
that assist in stabilizing folding intermediates or membrane
proteins [58]. The impact of the purification on the protein
aggregation is presented in Fig. 4. Many antibody purifica-
tion methods are involved in the affinity purification tech-
nique like ammonium sulfate precipitation, immobilized
protein A, G, A/G or L utilization, immobilized antigen,
antibodies, ion exchange chromatography, size exclusion
chromatography, hydrophobic interaction chromatography,
multimodal chromatography, immunoprecipitation along
with the co-immunoprecipitation [59-61].

Freeze-thaw method The type of protein and the con-
centration of the protein, along with other excipients during
the freezing process, can induce protein aggregation. The
solute concentration, low temperature, phase separation, pH
changes, and ice water interfaces cause the protein aggrega-
tion in the freezing process. The freezing temperature can
induce cold denaturation, where proteins may spontaneously
unfold at low temperatures [62]. The freezing rate impacts
the ice crystals’ size and the ice-water interface’s surface
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Fig.4 The impact of extrinsic
factors on protein aggregation.
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area. The selective crystallization of the specific buffering
agents triggered through the freezing-induced pH change
resulted in protein aggregation. The container configura-
tion and solution pH before the freezing/thawing are also
important for protein aggregation [63]. The inhibition of
freeze—thaw-induced protein aggregation can be done by
properly selecting formulation excipients by reducing pro-
tein-ice interactions and suppressing preferential interactions
and pH change. The inhibition of excessive protein—protein
interactions and uncontrolled increase in solution viscosity
can decrease the protein aggregations [64].

Shaking and Shearing The shaking and shearing encoun-
tered during shipment and protein synthesis can favor pro-
tein aggregation. The intensity of the stress given by these
factors, along with the extent of exposure, is crucial for the
extent of protein aggregation. The protein aggregation at
the interface begins with the shaking process by generating
the air-to-water interfaces to develop a hydrophobic nature
of the air compared to that of the water [7]. The exposure
of the hydrophobic regions or the protein domains by the
shaking can lead to aggregation. High shear stress can
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induce protein aggregation to a larger extent than moder-
ate shear. The protein aggregation induced by the shearing
and shaking can be reduced through the surfactant through
competition with the protein molecules for the hydropho-
bic surfaces. A controlled reduction in the protein mobility,
achieved by enhancing solution viscosity through stabiliz-
ing excipients, and their direct attachment with the protein
surface can reduce the protein aggregations, for example,
hydroxypropyl-beta-cyclodextrin [65, 66]. The bioprocess-
ing of biological materials like proteins and cells involves
shear and stress induced by different forces like mechanical
forces, hydrodynamic forces, and interfacial phenomena.
The shear effects are necessary to produce the antibodies
along with the enzymes, while the fermentation, formula-
tion, and purification procedures are required for the protein
pharmaceutical products [67-69]. Nikolai F. Bunkin et al.
demonstrated two effects of shaking using immunoglobulin
G (IgG) dispersions in water and ethanol/water combinations
(36.7 vol%). First, it increases the rate of IgG macromol-
ecule aggregation. Second, it generates bubbles with a differ-
ent size spectrum in each solvent. Aggregation is facilitated
in ethanol and water combinations due to IgG denaturation.
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IgG aggregates in ethanol and water are 300 nm in size and
900 nm in water [70].

Pressurization Lower pressures to moderate pressures in
the filtration process can cause protein aggregation. The high
pressure increases the hydrophobic interactions, resulting
in protein unfolding and aggregation [71, 72]. The pres-
sure treatment of moderate concentrations of the chaotropic
agents induces the chemically linked type of aggregates. At
the same time, protein disaggregation is promoted by solu-
bilizing aggregates with the high-pressure treatment. Hawley
et al. predicted that proteins had a closed stability contour in
P—T space, the key characteristic of the thermodynamics of
pressure-induced protein transitions [73]. With some excep-
tions, many monomeric proteins undergo pressure-induced
denaturation at pressures of approximately 400 MPa at tem-
peratures ranging from 25 to 37 °C. It has been demonstrated
that moderate pressures of roughly 200 MPa can dissociate
native oligomers from nonnative aggregates and separate
protein molecules from them, allowing the molecules to
fold into their native conformations. When the pressure is
released, the proteins can refold adequately, resulting in less
aggregation [74, 75]. Richard J et al. demonstrated that low,
nondenaturing guanidine hydrochloride (GdmHCI) concen-
trations and high hydrostatic pressures (1-2 Kbar) promote
the disaggregation and refolding of aggregated and dena-
tured human growth hormone, lysozyme, and lactose inclu-
sion bodies. Application of hydrostatic pressure up to 2 kbar
to suspensions containing aggregates of recombinant human
growth hormone (up to 8.7 mg/ml) in the presence of 0.75 M
GdmHCI enables complete disaggregation and facilitates the
recovery of the protein in its fully folded, native conforma-
tion with 100% efficiency [76].

Drying Many drying methods involve preparing solid pro-
tein products, including freeze-drying, vacuum drying, and
spray drying. The drying process removes the protein hydra-
tion layers, resulting in the disordered native state of the
protein, inducing varying degrees of protein aggregation.
Vacuum drying induces rapid dehydration, which triggers
protein aggregation [77, 78]. Both the drying and freezing
stresses influence protein aggregation due to the involve-
ment of covalent and noncovalent bonds. The inhibition of
protein aggregation can be done by adding protein stabilizers
like sugar into the drying process [79]. Another well-studied
method for protein dehydration is spray drying. Proteins are
briefly subjected to higher temperatures and a significant
air—water interface rise during atomization. Surfactants
are frequently effective at inhibiting protein aggregation
[80-83].

The requirement of high temperatures gets eliminated into
spray freeze during the method, but the air—water interfaces

are still formed, which could contribute to protein aggrega-
tion to a greater extent than simple spray drying [84].The
protein aggregation can also be induced by the supercriti-
cal fluid drying [85-87]. The presence of other excipients,
reconstitution methodologies, and mediums can induce var-
ying degrees of protein aggregation into the reconstituted
dried protein products [88].

Miscellaneous processes Other processes that destabi-
lize proteins and cause protein aggregation have also been
reported. Filtration: Protein supersaturation and high solvent
velocity (shear) in the concentrated layer close to the mem-
brane surface play a role in protein aggregation. The protein
molecules on the membrane surface are likely unfolded by
solvent flow shear, which causes particle collisions to cause
flocculation [89]. Filling: Shear forces may exist when phar-
maceutical solutions are loaded into dosing equipment and
containers. Such shear forces may hurt shear-sensitive sub-
stances, lowering the quality and yield of the finished phar-
maceutical product [90]. Nebulization: A solid substance or
liquid droplet must be dispersed or suspended in a gaseous
medium to generate an aerosol. This process involves physi-
cal stressors that could cause changes in protein conforma-
tion and may induce aggregation [91, 92]. Protein labeling:
While grafting small radio labels has minor impacts on pro-
tein properties, oxidizing conditions used in many labeling
reactions can result in protein aggregation and formulation
development. During formulation development stages, pro-
tein aggregates include excipient screening, concentrating,
purification, freeze-thawing, and storage [93].

Impact of the Environmental Factors on Protein
Aggregation

Many environmental factors can influence protein denatura-
tion along with protein aggregation. Some crucial factors
involved are the concentration of proteins, solution con-
ditions, container/closure system and surfaces, and light
irradiation.

Effect of general solution conditions on protein The
impact of solution conditions on protein aggregation is pre-
sented as follows,

pH. The surface charges on proteins are determined by
solution pH and affect intramolecular and intermolecular
folding interactions, resulting in protein unfolding. The
lesser protein charge-charge repulsion is observed at mini-
mal protein solubility at the isoelectric pH [94, 95]. The
greater reduction in protein aggregation by selecting the
solution pH away from the protein isoelectric pH is not
fruitful in every attempt, while the change in the pH of the
solution can induce the indirect effect of the rate-limiting
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«Fig.5 An investigation was conducted into mAbl’s aggregation
behavior at pH 3.5 and varying salt concentrations. a Aggregation
Kinetics: We examined mAbl aggregation kinetics at a 1 g/L. con-
centration, reporting mean values and standard deviations from tripli-
cate measurements across three independent samples. b Nanoparticle
Tracking Analysis (NTA): Representative frames from NTA measure-
ments were shown, conducted at 0.1 g/L mAbl concentration, with
variations in NaCl concentration and incubation times. ¢ Initial NTA
Analysis: An initial NTA analysis was performed immediately after
adding NaCl to a 0.1 g/L mAb] sample at t=0 min. d Field Imag-
ing Microscopy (FIM): Representative FIM images depicted particles
categorized by size after a 1-h incubation of 1 g/LL mAbl under two
NaCl concentrations: 0.5 M and 1.5 M. Copyright permission was
obtained from [105]

steps/mechanisms involved in the protein aggregation [96,
97]. Despite the availability of various buffering agents for
pH adjustment, protein stability, and aggregation behavior
could vary considerably among buffer systems and con-
centrations. Buffer-binding effects have been blamed for
the various effects [98].

Ionic strength. The ionic strength showed a dependent
impact on protein aggregation. The destabilization into
the protein can be done through enhanced ionic strength
owing to the hydrophobic patches. The increase in pro-
tein aggregation can be done by charge induction on the
neutralizing protein surface for the promotion of protein
stability or the folding [94]. The solution’s pH and the
glycosylation state of the protein can induce protein aggre-
gation with the help of ionic strength. The in vivo and in
vitro stability of the protein therapeutics can be achieved
through the utilization of glycans by manipulation of the
glycosylation parameters with the help of glycoengineer-
ing [42]. Glycosylation is one of the most promising meth-
ods to reduce or prevent protein instability. It is generally
believed that altering important glycosylation factors like
glycosylation degree, glycan size, and glycal structural
composition allows the protein’s molecular stability to be
tuned to the right level.

Glycosylation has been demonstrated to concurrently
stabilize a wide range of proteins against nearly all the key
physicochemical instabilities encountered throughout their
pharmaceutical development [99, 100]. Protein pharma-
ceuticals are frequently administered intravenously rather
than orally because proteases in the digestive system chemi-
cally degrade them. However, proteins delivered via other
routes are extremely vulnerable to proteolytic destruction
due to the systemic production of proteases. As a result,
protein therapeutics’ in vivo molecular stability and thera-
peutic potency are intimately connected to their resistance
to proteolytic degradation. Glycosylation protects proteins
from protease degradation. For example, G-CSF (GRANO-
CYTE®, Chugai Pharma), lipase (MERISPASE®; Meristem
Therapeutics), protein C (XIGRIS®; Eli Lilly), ribonuclease
(ONCONASE®; Alfacell), and thyroid-stimulating hormone

(THYROGEN®; Genzyme) are a few examples [101-103].
Tonic strength could influence protein aggregation indirectly
by impacting the rate of chemical reactions or the effect of
other aggregation-inducing agents [96, 104].

Fabian Bickel et al. [105] studied the aggregates and fac-
tors affecting the reversible aggregation induced by sodium
chloride (NaCl) into that of the monoclonal antibody at
lower pH conditions. The assessment of protein conforma-
tion before salt addition and after salt addition in pH values
from 2 to 7 into 1.5 molar NaCl through size exclusion chro-
matography and turbidity measurement. Other assessment
studies include nanoparticle tracking analysis, flow imaging
microscopy, circular dichroism, FTIR, and differential scan-
ning fluorimetry. The high level of ionic strength and lower
pH value supported the aggregation propensity, while the
thermal stability decreased with pH. A pH value less than
3.5 showed no significant changes in the secondary struc-
ture, while protein precipitation reversed into monomers in
a salt-free buffer, as presented in Fig. 5. Trehalose provided
fewer protein aggregates, while the experimental results
showed that with fewer pH conditions, there were limited
changes in the tertiary structure of the protein, resulting in
reversible aggregations. The salt addition induces colloidal
instability due to electrostatic repulsion.

Excipients/additives. Few additives destabilize proteins
and encourage aggregation, whereas others stabilize them.
The preferential exclusion of excipients/additives from pro-
teins can accomplish protein stabilization. The enhanced
protein folding rate, increment into the solvent viscosity,
reduced solvent accessibility, and conformational mobility
are other mechanisms for the proposed protein stabiliza-
tion [106]. The binding into the additives like amino acids,
amines, polymers, surfactants, polyols, and sugars to that
of the intermediate aggregation can accomplish protein
stabilization [64]. Numerous minor neutral compounds
influence protein stability or aggregation. A primary class
of these neutral excipients is sugars/polyols. These sugars/
polyols naturally stabilize and prohibit protein aggregation
in various practical conditions [107]. These excipients are
known as osmolytes or chemical chaperones because they
can keep proteins in the correct conformation. Depending
on the formulation or solution requirements, these excipients
are typically used in 5-10% concentrations to stabilize the
protein in solution and reduce Fc-Fc or Fc-Fab and air—
water phase interactions. Christoffer Olsson et al. has studied
the role of the polyols along with the sugar on that of the
protein—protein interactions along with aggregation-induced
from the small-angle neutron scattering (SANS) by using
myoglobin in the aqueous solutions of the sucrose along
with the trehalose. The distinctive protein—protein distance
has been caused by sucrose and trehalose, which further sup-
ported their role as inhibitors of protein—protein interactions
and protein aggregation [108]. In another work, Gregory
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A. Bowden et al. showed the formation of the Escherichia
coli inclusion bodies into the periplasm by using the over-
production of the secreted protein called p-lactamase. The
lactamase aggregation was inhibited with the help of non-
metabolizable carbohydrates like raffinose and sucrose in
the growth medium. The amount of the soluble protein was
enhanced fourfold under the ideal conditions [109-111].

The inhibition of protein aggregation can be done by
hydroxyproline, glycine, lysine, arginine, histidine, proline,
betaine, putrescine, spermidine, sulfobetaine, and imidazole.
Some compounds have negatively impacted protein aggrega-
tion, including histidine, glycine, dopamine, and trimethyl-
amine-N-oxide. The excipients have shown stabilization and
destabilization effects on the protein molecules based on
their concentration use [112, 113]. The protein denaturation
or aggregation can be caused by the solid hydrophobic/elec-
trostatic interaction between the polymer and protein, which
is later addressed by applying surfactants to the protein solu-
tions. The nonionic surfactants have a negative effect on
protein aggregation, as observed through accelerated sta-
bility studies [114, 115]. The surface protein binding of the
nonionic surfactant induces protein aggregation. Antioxi-
dants, reducing agents, organic solvents, and preservatives
are examples of formulation additives/excipients that may
affect protein aggregation.

Protein concentration. The protein concentration has an
impact on the protein aggregation. The enhanced concentra-
tion of the protein could induce three different outcomes,
including reduction in the aggregation due to crowding,
elevation of the aggregation due to possible association,
and precipitation due to the solubility limit. The crowded
intracellular environment is described by the term “macro-
molecular crowding” [116]. The increase in the probability
of protein—protein association leading to protein aggregation
was observed through enhanced protein concentration. Solu-
tion conditions influence the protein solubility limit. The
proteins may get aggregated, precipitated, and crystallized
due to protein concentration exceeding the limit [117].

Contact surfaces and container/closure systems. The
protein tends to bind to a wide range of interfaces/surfaces.
Protein denaturation changes into structural integrity, and
protein adsorption can trigger aggregation. Protein adsorp-
tion reduces the energy barrier to aggregate the seed devel-
opment. Protein aggregation increases with protein adsorp-
tion into multiple layers. The surfactant may or may not
impact the protein adsorption depending on the surface and
the proteins’ nature [118]. The effect of the protein adsorp-
tion can be reduced due to surfactants through accelerated
surfactant mobilization to the interface and high surfactant
affinity at the interface compared to the protein or through
the development of the surfactant—protein complex [119].
Surface-related protein aggregation can be induced through
container/closure systems, especially in the case of metal
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containers/surfaces. The effect of the surface material on
the protein aggregation can be increased under stressful
conditions like mechanical stress occurring during agita-
tion, tumbling, dropping, and freeze—thaw cycling at dif-
ferent temperatures. Thus, the protein aggregation can be
monitored by container and closure chemistry [118, 120].
Mechanical movement and fluid interactions at the inter-
face of rubber stoppers or the syringes can aid in protein
aggregation, while the presence of the residual tungsten
extract in the syringe manufacturing process has presented
an impact on the protein aggregation [121]. The effect of
the agitation stress on the rapid aggregation of the therapeu-
tic monoclonal antibodies (mAb1) was studied by Sharvan
Sreenivasan et al. using interfacial agitation with the help
of the air-bubbling method. Rapid bubbling was induced
into the phosphate-buffered saline solution using a peristaltic
pump, and the flow rate was 11.5 ml per minute. The sam-
ple assessment was done through cell-based activity assays,
dynamic light scattering, infrared spectroscopy, and circular
dichroism. A protein loss of 53% at 240 min was found in
the mAb1 sample under stress conditions with increased tur-
bidity. The visible aggregates were observed with bubbling
time, while the secondary structure alteration and greater
hydrophobicity were shown during the aggregates’ assess-
ment. The later effects resulted in a reduction of 40% reduc-
tion in activity. At the same time, the impact of the sample
volume, protein concentration, air flow rate, temperature,
and surfactant role can be explored to identify the degree
of protein aggregation, as presented in Fig. 6. Air bubbling
is a convenient method for interfacial stress degradation in
mADbI and can be implemented in further studies [122].
Light and irradiation. The ultraviolet light (UV) can
affect the protein after exposure and fuelled the protein
unfolding, which further results in the protein aggregation or
inhibition of the photocrosslinking reactions, leading to cova-
lent aggregation [121]. The UV radiation showed crosslink-
ing induction into the cysteine and the tryptophan residues.
It produces the photolysis of the native disulfide bonds to
form or exchange new disulfide bonds. The UV light can
oxidize the tryptophan residues, forming the thiol radicals
and the new disulfide bonds. In addition, amino acid residues
like tyrosine and phenylalanine are also prone to undergo-
ing oxidative reaction [123-125]. Gamma radiation gener-
ates ceruloplasmin and hemoglobin aggregation; thus, light
protection is necessary for light-sensitive biotherapies [126].

Prediction and Mitigation Approaches
for Protein Aggregation

Proteins, the most prevalent biomolecules essential to
various biological functions, rely heavily on natural intra-
chain and interchain connections that govern their folding,
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Fig.6 Illustrates the effect of several factors on the stability of
the 1 mg/ml of mAbl in the PBS when subjected to bubbling for
240 min. The stability assessment factors involve a sample volume,

binding, and functional activity [127]. The conformational
changes of proteins within living cells are driven by achiev-
ing the state with the lowest free energy. During this process,
native contacts are crucial in agglomerating the protein sur-
face. Unfortunately, nonnative intermolecular interactions
can also occur, forming amorphous, nonstructured aggre-
gates, negatively impacting protein function and increasing
toxicity [128, 129]. The aggregation of proteins into insolu-
ble moieties is a significant obstacle in developing protein-
based therapeutics and biotechnological products. Produc-
tion processes often subject proteins to nonnative stresses
and concentrations, promoting aggregation and reducing
final product yield and activity [130]. Furthermore, this
phenomenon can trigger unpredictable immune responses
in patients. Understanding the molecular basis of abnormal
protein oligomerization in the absence of native control has
been the focus of extensive research [131]. Factors such as
protein conformational stability, colloidal stability in solu-
tion, and environmental stressors during transit and storage

b temperature, ¢ the presence of silicon oil or polysorbate, and d the
bubbling rate. Turbidity (A350) and protein loss (%) were used as
measurements. Copyright permission was obtained from [122]

significantly influence the quality of protein products.
Protein aggregation can be encouraged at solid-liquid or
air-liquid interfaces through adsorption, which is attributed
to electrostatic interactions or hydrophobic effects on mate-
rial surfaces [131-133].

Developing effective techniques to prevent protein
aggregation in these applications is critical for advancing
protein- and biologics-based therapeutics. One of the most
widely adopted strategies to hinder protein aggregation in
solution involves incorporating compounds that impede
the process [134]. Such compounds include amino acids,
sugars, urea, polyols, and specific polymers. For instance,
polyethylene glycol has successfully prevented the bind-
ing of interferon and tissue plasminogen activators during
refolding by forming hydrophobic bonds with unfolded
proteins and folding intermediates. Consequently, reducing
the unfolded protein’s free energy increases the final yield
of active protein [135]. Sugars such as sucrose have also
been found to prevent the nonnative unfolding of protein
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molecules by increasing the unfolding free energy barrier,
thereby reducing the population of intermediates and slow-
ing aggregation [136]. Another promising anti-aggregation
additive is the amino acid arginine, which appears to exert
its effect by preferentially increasing the protein association
barrier [137]. Despite their resource-intensive nature, time-
consuming aspect, and dependence on detailed mechanis-
tic knowledge, empirical approaches, although successful,
have certain limitations. The following section focuses on
recent strides in computational methodologies for forecast-
ing therapeutic protein aggregation and innovative strategies
to counter these challenges.

Computational Methods to Predict Protein
Aggregation

The primary structure of proteins harbors intrinsic fac-
tors that significantly influence their aggregation tenden-
cies. Among these factors, hydrophobic interactions play
a major driving force in protein aggregation. Regions with
high hydrophobicity in the protein sequence promote intra-
chain and interchain contacts, thereby leading to aggregation
[138]. Conversely, hydrophilic regions may act as gatekeep-
ers, counteracting aggregation by preventing hydrophobic
residues from interacting with each other [41].

The local and net charges of protein residues can also
influence aggregation. Electrostatic repulsion between
charged residues can prevent aggregation, whereas oppo-
site charges or the absence of repulsive forces may facilitate
aggregation [94]. Numerous aggregates exhibit a cross-f3
fold, wherein fB-sheet structures play a critical role. Amino
acids with high p-sheet propensity are favored in aggrega-
tion, while p-sheet-breaking residues such as proline (Pro)
and a-aminoisobutyric acid (AIB) can counteract aggrega-
tion [139]. Notably, the aggregation propensity of a protein
is not uniformly distributed along the sequence but tends to
concentrate in specific short linear stretches referred to as
APRs. These regions are sufficient and necessary for nucle-
ating protein aggregation and are often enriched in hydro-
phobic residues [140]. In globular proteins, APRs are com-
monly found in the hydrophobic core, but they can also be
exposed in regions involved in catalysis and binding [141].
Furthermore, external factors such as pH, ionic strength,
temperature, and environmental conditions can modulate
aggregation propensities, leading to polymorphism, where
different aggregates may form under varying conditions. The
linear code of protein sequences not only governs folding
into native globular states but also determines the propen-
sity for partial or complete unstructured conformations, as
observed in intrinsically disordered proteins [142, 143].

This convergence between folding and aggregation codes
has facilitated the development of computational methods
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to predict aggregation propensities from protein sequences.
Over 20 prediction algorithms have been designed to recog-
nize linear APRs in polypeptides. These algorithms employ
diverse metrics to derive aggregation propensity, solubility,
and thermodynamic stability [144].

All prediction methods use protein sequences as input,
but their APR identification and quantification strategies dif-
fer, relying on either phenomenologically or theoretically
derived parameters [140]. Table I summarizes different com-
putational methods (with examples) used to predict protein
aggregation. Figure 7 illustrates computational approaches
employed in predicting protein aggregation, focusing on
intrinsic determinants, sequential features, and the evalu-
ation of aggregation propensity using Al and machine
learning. The utilization of structure-based algorithms is
currently constrained to a limited subset of structures avail-
able in the protein data bank. This constraint arises from a
notable practical limitation in the predictive methodologies
employed. Specifically, these algorithms demonstrate satis-
factory accuracy solely when a high-resolution experimental
structure is accessible [145]. Consequently, when dealing
with intricate molecular models, the predictive accuracy of
these algorithms may be significantly compromised. Nev-
ertheless, these methods represent a significant step toward
understanding and predicting protein aggregation, but fur-
ther research is required to overcome challenges and enhance
the reliability of in silico predictions [146]. Additionally, it
is imperative to advance in silico models to improve their
capability to predict potential adverse effects and immuno-
genicity associated with protein aggregation in biopharma-
ceuticals. These efforts will significantly contribute to devel-
oping safer and more effective biopharmaceutical products
[147]. Furthermore, computational tools aimed at identify-
ing APRs continue to face notable constraints, including ele-
vated false-positive rates, dependence on sequence length,
and restricted applicability across diverse protein classes.
In parallel, the trajectory of predictive methodologies has
strikingly advanced, progressing from initial machine-learn-
ing approaches to intricate deep-learning architectures that
incorporate sequence embeddings and pretrained language
models. Pivotal breakthroughs, exemplified by AlphaFold’s
revolutionary contributions to structural prediction and
the emergence of sophisticated protein language models
(PLMs), have facilitated previously unattainable precision
in elucidating the relationships between protein sequences
and their corresponding structures [148].

Development of Aggregation Resistance in Proteins
In addition to optimizing formulation factors (e.g., protein

concentration, pH, buffer components and other cosolutes,
temperature, etc.), achieving aggregation resistance in



a more comprehensive assessment of aggrega-
tion tendencies. However, their accuracy is cur-
rently constrained to a subset of structures avail-
able in the protein data bank, as they heavily rely
on high-resolution experimental structures. 3D
structure-based methods are valuable for under-
standing the spatial arrangement of residues and
their impact on aggregation propensity
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Table! Computational methods to predict protein aggregation
Type Overview Example Reference
Sequence-based methods These methods predict protein aggregation by AGGRESCAN [149]
analyzing the primary amino acid sequence. Waltz [150]
They utilize .experlmentally. determlngd aggrega- 1 NGO (151]
tion propensity scales for different residues or
employ specific physicochemical properties, PASTA 2.0 [152]
such as hydrophobicity and p-sheet propensity. ~ SecStr [153]
By identifying APRs in the sequence, they cal- BETASCAN [154]
culate aggregation susceptibility, solubility, and
thermodynamic stability to predict the likelihood STITCHER [155]
of protein aggregation GAP [156]
Machine-learning methods ~ These methods employ algorithms to predict pro- ANuPP [157]
tein aggregation based on data-driven patterns  NetCSSP [158]
and correlations derived from training datasets.
These approaches use features extracted from Budapest [159]
protein sequences or structures and learn to CORDAX (160]
classify sequences as either aggregating or non- AgMata [161]
aggregating based on these features. Machine-
learning models, such as neural networks,
random forests, and support vector machines,
offer more sophisticated and accurate predictions
by considering multiple factors and interac-
tions. They are valuable for analyzing complex
molecular models and improving prediction
accuracy
Consensus methods Consensus methods enhance predictive accuracy ~ Amylpred 2 (combines Aggrescan, AmyloidMu-  [162]
by combining the outputs of multiple prediction tants, Amyloidogenic, Pattern, Average Packing
algorithms. These approaches integrate results Density, Beta-strand contiguity, Hexapeptide
from various sequence-based, machine-learning, ~ Conformational Energy, NetCSSP, Pafig, SecStr,
or other aggregation predictors to generate a Tango, and Waltz)
consensus prediction for protein aggregation. MetAmyl (combines SALSA, PAFIG, Waliz, and  [163]
By leveraging the strengths of different methods  Fold Amyloid)
and mitigating individual method limitations,
consensus methods offer more robust and reli-
able predictions. They are precious when dealing
with diverse protein sequences and structures
3D structure-based methods These methods utilize three-dimensional structural SolubiS 1.0 [164]
information of proteins to predict aggregation Aggscore [165]
propensity. By considering the influence of pro- AGGRESCAN3D 2.0 (166]
tein tertiary structures on aggregation, they offer ’
Camsol [167]

therapeutic proteins by employing mutational design meth-
ods represents a novel promising avenue. By introducing
specific amino acid substitutions or deletions, researchers
can strategically modify the protein’s sequence to disrupt
APRs and enhance its stability and solubility [117].

These targeted mutations aim to reduce the like-
lihood of unfolding and the formation of reactive
monomers, critical precursors to irreversible aggre-
gation [168]. Mutational design methods for achiev-
ing aggregation resistance include two key strategies:

directed evolution and high-throughput screening. It
involves creating diverse mutant libraries through
random mutagenesis or DNA shuffling. These librar-
ies are then subjected to iterative rounds of selection
and amplification to identify variants with improved
aggregation resistance [169]. High-throughput screen-
ing methods enable the rapid evaluation of a large
number of mutants, allowing the identification of
aggregation-resistant proteins with enhanced stabil-
ity and solubility [170].
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The successful application of this approach relies on the
careful design of selection criteria and screening assays,
coupled with the availability of robust analytical tools to
assess aggregation propensity [171].

Knowledge-based or informatics approaches: These
approaches harness existing information on homologous
proteins to discern sequence or structural characteristics
associated with aggregation rates. Leveraging bioin-
formatics tools and databases, researchers can analyze
protein sequences and structures to identify key deter-
minants influencing aggregation propensity [172].

By understanding how specific amino acid substitutions
or sequence patterns influence protein stability and con-
formational dynamics, rational choices for mutational
design can be made to enhance the protein’s resistance
to aggregation. This method demands a comprehensive
understanding of protein structure—function relationships
and accurate bioinformatics tools for data analysis [173,
174].

Chemistry- and physics-based design approaches: Often
referred to as rational design strategies, these approaches
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employ molecular simulations and computational mod-
eling to study protein—protein interactions, folding kinet-
ics, and thermodynamic stability. By elucidating the
fundamental principles governing protein aggregation,
researchers can make rational modifications to disrupt
aggregation-prone regions and stabilize the protein’s
native conformation [175].

These approaches provide valuable insights into the
impact of specific mutations on the intrinsic aggregation
propensity (IAP) of proteins, aiding in the development
of aggregation-resistant proteins with improved struc-
tural integrity and reduced aggregation potential [176].
This approach requires expertise in computational bio-
physics, accurate force fields, and sophisticated simula-
tion algorithms to model protein dynamics and interac-
tions accurately [177].

The rational design approach can be used to control
protein aggregation and achieve enhanced effectiveness.
The conformational stability of the protein can be achieved
through proper efforts at the unfolding stage [178]. The
minimization of the generation of the “reactive” monomers
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into the solution, which usually increases the propensity of
the interaction with each other, can lead to the formation
of stable irreversible aggregates. The rational design can
focus primarily on introducing the specific mutations that
enhance the electrostatic repulsion among the monomers
[179, 180]. The reduction into the reversible oligomer for-
mation can mitigate the progression of protein aggrega-
tion [181]. Furthermore, the rational design strategy can be
implemented in the nucleus formation stage, identification
along with the disruption of the intrinsic aggregation-prone
regions which are involved in the interprotein solid con-
tacts like amorphous or fibril-like interprotein beta sheets
leads to nucleation as well as overall growth of the aggre-
gates [179].

The protein’s IAP can be diminished through targeted
disruption of these APRs. The IAP refers to the protein’s
inherent inclination to aggregate when these APRs are fully
solvent-exposed, i.e., in an unfolded or intrinsically disor-
dered state [182]. By employing this strategy, nucleation
rates from reactive monomers can be effectively reduced
compared to wild-type (WT) proteins, even if the monomers
become “reactive” due to unfolding [29]. Particularly note-
worthy is the application of the APR identification strategy
for native human proteins associated with various human
diseases. In this context, the discovery of peptide-based
inhibitors targeting these APRs holds immense promise.
Such inhibitors could impede the formation of toxic aggre-
gated species, thereby mitigating the onset or progression of
related human diseases (e.g., amyloid formation/fibrillation)
[183-185].

Advanced Formulation Techniques to Maintain
Protein Stability

Numerous nontraditional technologies have been developed
or are under development to tackle the challenging issue of
protein aggregation in biological products.

Chemical Conjugation

Chemical conjugation or protein fusion has primarily been
devised to extend the in vivo half-life and promote a longer
duration of action for therapeutic proteins. This approach
involves attaching specific moieties, such as polyethylene
glycol (PEG), glycans, or other hydrophilic substances,
to the protein [186]. PEG reduces protein aggregation by
inducing repulsive interactions between the PEG-modified
surface, and it also enhances the thermal stability of pro-
teins. PEGs, in particular, are widely utilized as conjuga-
tion agents due to their biocompatibility and demonstrate
effectiveness in stabilizing proteins against various stresses,
including thermal stability, pH-induced or protease-induced
degradation, and oligomerization [187].

Glycosylation of proteins with maltodextrins, lactose,
dextran, and modified trehalose polymers has also shown
promise in inhibiting protein aggregation [188, 189]. For
instance, glycosylation of ovalbumin with more hydrophilic
substituents enhanced its thermal stability by altering inter-
molecular interactions [190].

Similarly, protein fusion with more stable partner proteins
has been shown to enhance the stability of the fused protein,
reducing aggregation and improving overall drug character-
istics. For example, fusion of the MpAFP698 protein with
maltose-binding protein (MBP) significantly increased the
thermal stability of the resulting MBP-MpAFP698 fusion
protein compared to MBP alone [191].

However, both chemical conjugation and protein fusion
introduce additional complexities into the drug substance
manufacturing process, necessitating extra processing steps.
Furthermore, the larger size of the final drug candidate poses
challenges in characterization and stability monitoring.
Additionally, careful consideration must be given to select-
ing appropriate conjugation moieties and partner proteins
to avoid potential immunogenicity or other adverse effects.

Employing Polar Organic Solvents

The use of polar organic solvents presents another avenue for
addressing protein aggregation. Although traditionally, add-
ing a miscible organic solvent to an aqueous protein solution
could lead to protein unfolding and instability, modifying the
solvent properties can reduce protein solution viscosity, such
as dimethyl sulfoxide or dimethylacetamide [192].

While they effectively reduce the viscosity of protein
solutions, the melting temperatures of the protein drop with
increasing concentrations of these solvents, potentially
compromising the storage stability of the protein. However,
using a neat organic solvent could significantly change the
interaction of proteins with the solvent, enabling the prepa-
ration of nonaqueous suspensions to reduce the viscosity of
protein preparations [193].

Protein therapeutics suspended in various organic sol-
vents showed significantly reduced viscosities compared to
their aqueous solutions, with viscosity reductions depending
on the properties of the solvent, particularly its hydrogen-
bonding characteristics. Nevertheless, the toxicity and tol-
erability of organic solvents for human use pose concerns
[194]. Careful selection of suitable solvents and thorough
toxicological evaluation are crucial before considering this
approach for clinical use.

Developing Protein Suspensions
Suspensions have yet to be widely explored as commercial

dosage forms for proteins. However, proteins can hypotheti-
cally be prepared as crystalline or amorphous particulate
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suspensions to stabilize proteins and facilitate high-concen-
tration formulations [195].

Crystalline suspensions of mAbs have been success-
fully prepared, retaining their structural integrity and
biological activity. For example, crystalline suspensions
of the mAbs rituximab, trastuzumab, and infliximab
were designed with no detectable structural alteration
and exhibited a reduced viscosity compared to their sol-
uble counterparts. The shorter t,,, of soluble infliximab
was doubled after SC injection when administered as a
crystalline suspension, showcasing the potential of this
approach to improve drug delivery [196]. However, sev-
eral challenges must be addressed when considering crys-
talline suspensions. The solution conditions optimal for
crystallization may not be suitable for long-term protein
storage [197]. Additionally, any additives that promote
protein crystallization must be safe for injections. The
crystalline suspension drug products filling during the
manufacturing also produces challenges owing to the con-
stant settling of the crystals [198].

Developing Non-Freeze-Dried Formulations

Non-freeze-dried solid formulations have traditionally been
prepared to accommodate unstable proteins in solutions.
While freeze-drying has been a popular method, alterna-
tive drying techniques such as spray-drying, spray freeze-
drying, supercritical fluid drying, and vacuum foam drying
have been explored [83, 199]. The spray drying method has
shown great promise as an effective tool for producing solid
formulations with the advantages of cost and scalability. The
protein can induce stress during the spray drying due to dry-
ing temperature and air—water interfaces. The spray drying
also showed a reduction in the structural integrity of some
proteins [80].

These issues can be countered by using spray freeze
drying use, which further eliminates the drying process,
but it also creates the air—water interfaces, which can cause
protein aggregation [200]. The spray freeze-drying tech-
nique was used for darbepoetin a with the help of ultra-
sonic atomization at the specific frequencies, generating
minimal insoluble aggregates as compared to the conven-
tional spray-drying [201]. The protein aggregation issues
are also found with supercritical fluid (SCF) drying, which
can get critical due to the involvement of the stringent
requirements of instrumentation, process-induced excipi-
ent crystallization with the protein reconstitution into the
same [85]. Vacuum foam drying has shown several advan-
tages for process efficiency reduction without the propen-
sity of excipient crystallization. The high drying efficiency
through vacuum foam drying requires stringent control of
the process conditions [202].
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Developing Protein Nanoclusters

The crowder-like trehalose involves nanoclusters, densely
packed protein molecules showing equilibrium hydrody-
namic diameters without the gelation at high concentrations
[203]. The nanocluster dispersion is suitable for subcutane-
ous injection due to its reduced viscosity and the improvised
syringeability [204, 205]. It is plausible that interprotein dis-
tances within nanoclusters are significantly reduced com-
pared to those in bulk solution. The shorter distance could
enhance protein—protein interactions and potentially lead
to stability issues. Nonetheless, the nanocluster concept is
relatively new and requires further evaluation to understand
its implications and potential applications in biopharmaceu-
ticals fully [88, 206, 207].

Protein Aggregation and Clinical
Immunogenicity

Protein aggregates comprise several monomers, repeti-
tive patterns, or sequences of amino acids that may mimic
a ligand of scavenger and other receptors, resulting in
increased uptake by antigen-presenting cells (APCs) [28].
They must interact with immune cells to become immuno-
genic biotherapeutics. In general, biotherapeutics can induce
immune responses in patients in one of two ways. In the
first case, biotherapeutics may be suitably foreign, must be
recognized by the patient’s immune system, and must elicit
an adaptive immune response [208, 209]. As a result, these
biotherapeutics could be internalized, processed, and pre-
sented by antigen-presenting cells (APCs), resulting in CD4
and T-cell responses and antibody elaboration, as shown in
Fig. 8 [210-212].

However, suppose the biotherapeutics exhibit a more
significant complete homology with endogenous proteins
to which the patient is immunologically tolerant. In that
case, B-cell tolerance must be broken for the antibody to
be effective [213-216]. The primary effector mechanism in
the immune response to biotherapeutics is antibody genera-
tion. While anti-drug antibodies (ADAs) may be clinically
ineffective, side effects such as loss of drug efficacy and
anaphylaxis reactions may occur [14, 217].

After processing by APCs, ADA generation against bio-
therapeutics is proposed via T-cell-dependent and T-cell-
independent pathways [218]. Furthermore, APCs use major
histocompatibility complex (MHC) molecules to process
and present protein fragments to T-cell receptors (TCRs)
on naive T-cells [211, 219, 220]. Most importantly, once
the binding between TCRs and MHC is recognized, APCs
can form secondary connections with T cells via costimula-
tory molecules such as CD86. CD80, and B7 [221]. This
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activated T-cell then proliferates and releases cytokines,
which may be involved in communication between activated
T and B cells [222].

Furthermore, mature B cells secrete memory B cells
and long-span plasma cells, which can generate ADAs,
primarily IgG1 [214]. However, in the T-cell-independent
pathway, protein aggregates could have directly activated
B cells, resulting in the generation of short life span cells
(mostly IgG2b, IgG3, or IgM) and subsequent ADAs
[223]. In general, these ADAs are categorized as neutral-
izing and nonneutralizing subtypes. Neutralizing ADAs
interferes with a drug at the active site; therefore, it could
reduce the therapeutic efficacy. Conversely, neutraliz-
ing ADAs bind to the epitopes, which do not interfere
with drug-target interactions [224]. The development
and validation of ADA detection assays is a broad topic
beyond the scope of this discussion, which has focused
on regulatory aspects of aggregation and immunogenicity.
However, it can be found in the FDA’s final guidance for
the industry issued in January 2019 [225]. A comprehen-
sive summary of FDA-approved biologic therapeutics is

provided in Tables IT and III, detailing antibody-based
agents and other biologics, respectively, along with their
reported immunogenicity profiles as documented in regu-
latory prescribing information [226].

(Note: Products are designated recombinant human
(rHu), plasma-derived (PD), or recombinant (r). Compa-
nies that obtained a majority stake in any companies that
performed the initial drug development of the biologics
listed are indicated in brackets).

Methods for The Characterization
of Protein Aggregates and Their Regulatory
Requirements

Proteins can aggregate during development and produc-
tion at any moment, such as through bioprocessing, puri-
fication, formulation, packaging, and storage [227]. As a
result, characterizing protein aggregates is as essential as
detecting them, as it aids in the successful development
and manufacturing of biopharmaceuticals. Molecular
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Table Il FDA-approved antibody therapeutics (adapted from http:// information available at http://www.accessdata.fda.gov/scripts/cder/

www.fda.gov/BiologicsBloodvaccines/ucm133705.htm, [226] Dis- drugsatfda/index.cfm.)
playing the level of immunogenicity observed in patients (prescribing
Antibody name Company Type Target Indication(s) Reported Immunogenic-
ity*
Muromanab (OKT3) Ortho Biotech Murine CD3 Allograft rejection 25% (24)
Abciximab (Reopro) Centocor (Johnson & Chimeric Fab GPiib/iiia PTCA adjunct 6%—44% (36)
Johnson)
Rituximab (Rituxan) Genentech (Roche)/Biogen ~ Chimeric CD20 Non-Hodgkin lymphoma 11% (2578)
Idec
Daclizumab (Zenapax) Hoftman Laroche Humanized IL2r Transplant rejection 14-34%
Trastuzumab (Herceptin) Genentech (Roche) Humanized Her2/neu Breast cancer <1%
Palivizumab (Synagis) Medimmune (Astra Zeneca) Humanized rSv F rSv prophylaxis 0.7%-2% (1002-639)
Basiliximab (Simulect) Novartis Chimeric IL2r Transplant rejection 1-2% (138-339)
Infliximab (Remicade) Centocor (Johnson & Chimeric TNFa RA/Crohn 10-15%
Johnson)
Arcitumomab (Cea-Scan) Immunomedics Murine CeA Colorectal cancer < 1% (3/400)
Canakinumab (Tlaris) Novartis Human IL-1p Cryopirin-associated peri- 0% (64)
odic syndrome
Fanolesomab (Neutrospec) ~ Palatin Tech Murine CD15 Imaging for appendicitis 0-16.6% (30-54)
Imciromab (Myoscint) Centocor (Johnson & Murine Myosin Cardiac imaging for Mi <1% (914)
Johnson)
Capromab (Prostascint) Cytogen Murine PSMA Prostate cancer diagnostic 8%—-19% (27-239)
Nofetumomab (Verluma) Boehringer Ingelheim Murine 40 kDa Glycoprotein Detection of SCLC 6% (53)
Gemtuzumab (Mylotarg) Wyeth Pharma (Pfizer) Humanized CD33 Acute myeloid leukemia 0% (277)
Alemtuzumab (Campath) Tlex Pharma (Genzyme) Humanized CD52 B-cell chronic lymphocytic  1.9-8.3% (133-211)
leukemia
Ibritumomab (Zevalin) Idec Pharma (Biogen Idec) = Murine CD20 Non-Hodgkin lymphoma 1.3% (446)
Adalimumab (Humira) Abbott Human TNFa rA/Crohn/PsA/JiA 2.6%-26%
Ankylosing spondylitis/
plaque psoriasis
Omalizumab (Xolair) Genentech (Roche) Humanized IgE Asthma <0.1% (1723)
Efalizumab (Raptiva) Genentech (Roche) Humanized CDlla Psoriasis 6.3% (1063)
Tositumomab (Bexxar) Gsk Murine CD20 Non-Hodgkins lymphoma 11% (230)
Cetuximab (Erbitux) Imclone (Eli Lilly) Chimeric EGFR Colorectal cancer 5% (1001)
Bevacizumab (Avastin) Genentech (Roche) Humanized VEGF Colorectal, breast, renal, and 0% (~500)
NSCL cancer
Panitumumab (Vectibix) Amgen Human EGFR Colorectal cancer 4.6% (613)
Ranibizumab (Lucentis) Genentech (Roche) Humanized VEGF Macular degeneration 1-6%
Eculizumab (Soliris) Alexion Pharma Humanized C5 Paroxysmal nocturnal hemo- 2% (196)
globinuria
Natalizumab (Tysabri) Biogen Idec Humanized o—4 integrin MS & Crohn 9% (627)
Golimumab (Simponi) Centocor (Johnson & Human TNFa rA/PsA/Ankylosing 4% (1425)
Johnson) spondylitis
Cetolizumab Pegol (Cimzia) Ucb Humanized TNFa rA/Crohn 8% (1509)
Ofatumumab (Arzerra) Gsk Human CD20 CLL 0% (79)
Ustekinumab (Stelara) Centocor (Johnson & Human IL-12/IL-23 Plaque psoriasis 3-5% (743-1198)
Johnson)
Tocilizumab (Actemra) Genentech (Roche) Humanized IL-6r rheumatoid arthritis 2% (2876)
Denosumab (Prolia) Amgen Human RANKL Osteoporosis <1% (8113)

*The frequency of anti-drug antibody responses (neutralizing and nonneutralizing antibodies) observed in patients is expressed as a percentage,
with the size of the patient group evaluated in immunogenicity studies indicated in brackets

weight, conformation, and size are a few physicochemi-
cal characteristics that must be identified. Recent techni-
cal breakthroughs have greatly accelerated the speed of
protein characterization, and as a result, many analytical

techniques for characterizing protein aggregates are now
available. Several methods exist for quantifying and esti-
mating the size of protein aggregates and characterizing
them [29, 228]. However, there could be discrepancies in
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Table Il FDA approved other biologics (adapted from http://www.fda.gov/BiologicsBloodvaccines/ucm133705.htm, [226] Displaying the level
of immunogenicity observed in patients (prescribing information available at http://www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm)

Biologic name Company Type  Target Indication(s) Reported Immunogenicity
Prolastin Talecris biotherapeutics PD al-proteinase inhibitor al-antitrypsin deficiency =~ None reported
Aralast Baxter Healthcare PD al-proteinase inhibitor al-antitrypsin deficiency =~ None reported
Zemaira Aventis Behring (CSL PD al-proteinase inhibitor al-antitrypsin deficiency =~ None reported
Behring)
Kogenate FS Bayer (Bayer Schering rHu Factor viii Hemophilia A 15%
Pharma)
Refactor Genetics Institute (Wyeth) rHu Factor viii Hemophilia A 30%
Zyntha Wyeth (Pfizer) rHu Factor viii Hemophilia A 2.2% (89)
Novoseven Novo Nordisk rHu Factor Fvii Hemophilia <1%
Benefit Wyeth (Pfizer) rHu Factor iX Hemophilia B 3%
Atryn GTC Biotherapeutics rHu Anti-thrombin Thromboembolism None reported
Babybig California Department of ~ PD Botulism immune Globu-  infant botulism
Health Services lin intravenous Human
Berinert CSL Behring rHu C1 esterase inhibitor Angioedema
Cinryze Lev Pharmaceuticals rHu C1 esterase inhibitor Angioedema
Rhophylac CSL Behring PD Rho(D) immune Globulin ITP 0% (447)
Evithrom OMriX Biopharmaceu- rHu Thrombin, Topical Coagulation 3.3%
ticals
Recothrom ZymoGenetics rHu Thrombin, Topical Coagulation 1.2-1.5%
Wilate Octapharma PD von willebrand Factor Coagulation 1.5-3%
Cerezyme Genzyme rHu B-glucocerebrosidase Gacher Disease 15%
Exenatide Or Byetta Amylin Pharmaceuticals/ r Glucagon Like Peptide-1 ~ Type ii diabetes 6%
eli Lilly
Introna Schering Corp (Bayer rHu IFNa Leukemia, Kaposi sar- <3-13%
Schering Pharma) coma, hepatitis B/C
Betaseron Bayer Schering Pharma rHu IFN Multiple sclerosis 16.5-25.2%
Novolog Novo Nordisk rHu Insulin analog Type ii diabetes Transient antibodies
Leukine Genzyme rHu GM-CSF Preventing infection in 2.3%
cancer
Neupogen Amgen rHu G-CSF Preventing infection in 3%
(Filgrastim) cancer
Retavase PDL Biopharma rHu TPA Myocardial infarction, 0% (2400)
pulmonary embolism
Humatrope Eli Lilly rHu Growth hormone Dwarfism 1.6%
Adagen enzon Pharmaceuticals Bovine ADA Adenosine deami- inherited immunodefi- Not reported (SCiD)
nase ciency
Pulmozyme Genentech (Roche) rHu DNase i Cystic fibrosis 2-4%
Procrit Amgen rHu EPO Anemia in chronic renal
disease
Proleukin Novartis rHu IL-2 Oncology <1%

the reported mean size, size distributions, and amount of
an aggregate species for a given sample due to the inherent
variances in what is being measured and the specifications
of the majority of these methods for data evaluation.

The lack of a common approach to quantify sub-
micron particles makes one of the biggest problems
with protein aggregation analysis the fact that no one
analytical method presently exists to cover the whole
size range in which aggregates may arise. However,

only a tiny portion of the overall protein mass, pro-
tein aggregates, are particularly noteworthy because of
their potential to play a role in immunogenicity [217].
Due to their small size, ranging from a few nanom-
eters to hundreds of micrometers to massive visible
particles, several analytical techniques must be uti-
lized to detect these minute aggregate fractions. The
summary of methods for characterization is tabulated
in Table I'V.
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Table IV The methods of characterization for protein aggregate inclusion bodies [228]
Sr. No Method Applications in Protein Characterization Specifications

1

10

11

12

13

14

16

17

18

Analytical Ultracentrifugation (AUC)

Size Exclusion Chromatography (SEC)

Dynamic Light Scattering (DLS)

Microscopic Flow Imaging

Zeta Potential

Gel Electrophoresis (Native, SDS—PAGE)
Cryo-Transmission Electron Microscopy

Atomic Force Microscopy

Differential Scanning Calorimetry (DSC)

Nanoparticle Tracking Analysis

Fluorescence Spectroscopy
Circular Dichroism (CD)

ATR-FTIR Spectroscopy

Raman Spectroscopy

X-ray Diffraction

Protein Thermal Shift (PTS)

Nuclear Magnetic Resonance (NMR)

Wettability

Determination of protein size, shape, and
sedimentation behavior

Separation and quantification of protein
aggregates by size

Measurement of particle size and monitor-
ing of protein aggregation

Visualization and characterization of protein
aggregates

Study of stability and interaction of protein
aggregates in different dispersing media

Separation and analysis of proteins and
aggregates based on charge and size

Characterization of the morphology and
internal structure of inclusion bodies

Investigation of morphology and conforma-
tion and detailed visualization of fibril
morphology, stiffness, chirality, and con-
formational changes during incubation

Determination of thermal stability and tran-
sition temperatures of protein aggregates

Identification of heterogeneous mixtures
through simultaneous measurement of
particle size and scattering intensity

Monitoring changes in fluorescence proper-
ties during protein aggregation

Assessment of changes in protein secondary
structure due to aggregation

Study of the kinetics of protein aggrega-
tion during inclusion body formation. It
helps determine the secondary structure of
protein for information related to intramo-
lecular vibrations of compounds

Characterization of molecular vibrations
and structural changes in protein aggre-
gates

Analysis of crystalline structures and perio-
dicity in protein aggregates

Evaluation of protein stability and aggrega-
tion propensity under various conditions

Detailed investigation of protein aggregate
structure and dynamics

Investigate surface properties, protein
adsorption, and interaction of different
inclusion bodies

Particle size range: Nanometers to microm-
eters; Concentration range: Low pM to mg/
mL

Particle size range: Nanometers to microm-
eters; Resolution: < 1 nm

Particle size range: Nanometers to microm-
eters; Concentration range: 0.1 mg/
mL—100 mg/mL

Imaging resolution: Submicron; Particle size
range: Micrometers to millimeters

Measures surface charge and potential of
aggregates; Concentration range: Low pM
to mg/mL

Separation based on charge and size; Concen-
tration range: ng/mL to mg/mL

Resolution: Subnanometer; Sample prepara-
tion: Frozen-hydrated samples

Resolution: Subnanometer; Imaging mode:
Contact or tapping mode

Temperature range: Room temperature to
200 °C; Concentration range: mg/mL

Particle size range: Nanometers to microm-
eters; Concentration range: Low pg/mL to
mg/mL

Wavelength range: Ultraviolet and visible;
Sensitivity: Fluorescence intensity changes

Wavelength range: Ultraviolet and visible;
Sensitivity: Down to 0.1 mdeg

Infrared spectral range; Resolution: Down to
single bonds

Raman shift range: Infrared to visible; Sensi-
tivity: Structural vibrational changes

Resolution: Atomic-level; Requires crystal-
line samples

Temperature range: Room temperature to
95 °C; Sensitivity: Fluorescence intensity
changes

Atomic-level resolution: Requires isotopic
labeling

Contact angle measurements; Surface tension
and hydrophilicity analysis
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FDA Regulatory Guidelines on Protein
Aggregation and Immunogenicity
Assessment for Therapeutic Proteins

The development and approval of biologics, which include
monoclonal antibodies, cytokines, and other therapeutic proteins,
undergo thorough evaluation by regulatory agencies like the FDA
in the United States. Protein aggregation and immunogenicity are
crucial factors that are assessed during this process, as they can
significantly affect the safety and efficacy of these drugs.
Protein aggregation refers to the clumping together of
protein molecules that occurs unintentionally. This can com-
promise the stability, bioactivity, and safety of therapeutic
proteins. Aggregates may happen at different stages of bio-
logics manufacturing, storage, and administration, leading to
adverse effects like decreased efficacy and increased immu-
nogenicity. Therefore, regulatory guidelines mandated by
the FDA stress the importance of controlling and assessing
protein aggregation throughout the lifecycle of biologics.
The FDA recommends a comprehensive approach to deter-
mining protein aggregation that begins with understanding
the underlying causes and mechanisms of aggregation. Man-
ufacturers must use analytical techniques like size-exclusion
chromatography, dynamic light scattering, and imaging
methods to detect and quantify product aggregates. These
methods help identify aggregates’ size, morphology, and
concentration, enabling the assessment of their potential
impact on safety and efficacy. Additionally, manufacturers
are encouraged to implement strategies to minimize protein
aggregation during formulation, storage, and handling. This
may involve optimizing pH, buffer conditions, and excipient
selection to maintain protein stability and prevent aggrega-
tion. Appropriate storage conditions, such as temperature
control and stabilizing agents, are essential to minimize
aggregation risk during product storage and distribution.
Immunogenicity is another critical consideration for
regulatory evaluation, referring to the ability of a protein to
induce an immune response in patients. Immune responses
can lead to adverse reactions or loss of efficacy over time.
The FDA requires manufacturers to assess and mitigate the
immunogenic potential of therapeutic proteins through pre-
clinical and clinical studies. Preclinical assessments usually
involve evaluating the protein sequence for potential immu-
nogenic epitopes and conducting animal studies to assess
immune responses. Clinical studies play a crucial role in
characterizing immunogenicity in human populations, focus-
ing on sensitive detection methods for anti-drug antibodies
(ADAs) and neutralizing antibodies (NAbs). These stud-
ies help identify patient populations at risk of developing
immune responses and inform risk mitigation strategies.
To address immunogenicity concerns, manufacturers may
employ various approaches, including protein engineering to

reduce immunogenic epitopes, co-administration of immu-
nomodulatory agents, or implementation of patient monitor-
ing programs. Post-marketing surveillance also allows for
ongoing immunogenicity assessment in real-world patient
populations, facilitating early detection of safety concerns
and informing risk management strategies [216].

The investigational new drug (IND) application should
include a risk assessment and justification for testing. The
risk assessment includes in-depth analyses and discussions
of therapeutic protein factors that may influence immuno-
genicity. The FDA recommends that biological drugs with a
positive ADA assay result be tested for neutralizing antibod-
ies. Titer, isotype, and domain specificity of the ADA may
be assessed in addition to PK, PD, and clinical outcomes
[216]. Overall, the FDA regulatory guidelines on protein
aggregation and immunogenicity assessment for therapeu-
tic proteins emphasize the importance of a systematic and
proactive approach to ensure the safety and efficacy of bio-
logical drugs. Manufacturers can minimize patient risks and
maximize the therapeutic benefit of these important treatment
modalities by understanding and controlling protein aggrega-
tion and immunogenicity throughout the product lifecycle.

Conclusion and Summary

Protein aggregation is a complex, multifactorial phenom-
enon influenced by a range of solution conditions and pro-
cessing variables, including pH, ionic strength, excipients,
shear stress, and thermal or mechanical stress during manu-
facturing and storage. Aggregation can occur via chemical
degradation, physical unfolding, or self-association, and it
proceeds through heterogeneous pathways that yield diverse
aggregate species, soluble, insoluble, reversible, or irrevers-
ible. Controlling protein aggregation requires an understand-
ing of the causes of aggregate formation as well as the use of
appropriate analytical techniques. Critically no single ana-
lytical method exists to cover the entire size range or type
in which aggregates may appear due to the wide size range
and structural diversity of protein aggregates. While methods
such as SEC, SDS-PAGE, and light scattering (SLS, DLS)
are routinely employed, each has inherent limitations in reso-
lution, detection range, and data comparability. Therefore, an
orthogonal, multi-technique approach remains essential for
accurate aggregate profiling, particularly in the development
of biopharmaceutical formulations. Moving forward, the
development of standardized, cross-platform analytical work-
flows and data interpretation guidelines is paramount. Inte-
gration of advanced tools such as microfluidics, Al-driven
modeling, and high-resolution imaging may offer deeper
insights into aggregation kinetics and structural transitions.
Additionally, rational design of stabilizers, including amino
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acids, sugars, polyols, and surfactants, should be guided by
mechanistic understanding of protein, additive interactions
specific to structural motifs. In summary, a holistic strategy
combining stress-specific stabilization, predictive analytics,
and complementary analytical techniques will be crucial in
mitigating protein aggregation and ensuring the safety and
efficacy of therapeutic proteins. Continued research into
aggregation pathways and innovative analytical platforms
holds the key to overcoming current limitations and advanc-
ing biopharmaceutical stability science.
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