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The "biological identity” of a nanoparticle is determined not only by its surface but by the complex protein
corona (PC) it forms when entering a biological system. There have been significant advances in
nanoparticle (NP) design that overcome various barriers, however, the protein corona remains a major
challenge in the field of nanotechnology. Despite the use of various analytical techniques and a wide
range of experimental conditions in protein corona research, there is a critical need for standardized,
high-resolution methods to achieve the most accurate and comprehensive characterization of the
protein corona. Improving technical transparency and reproducibility will help develop a more
predictable framework for nanomedicine. This review first highlights how the physicochemical properties
of NPs and the biological environment influence PC formation. Next, we emphasize the urgent need for

standardized methodologies and techniques for their characterization to enhance understanding of
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Accepted 12th May 2026 protein corona formation and to increase reproducibility in nanomedicine studies. itionally, to
explore the untapped potential of NPs in either accelerating or inhibiting the pathological hallmarks of

DOI: 10.1035/d6ra01255h neurodegenerative diseases, this review summarizes how NPs modulate protein aggregation and fibril
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1 Introduction

Any material that falls within the size range of one to several
tens of nanometers, regardless of whether it is organic, inor-
ganic, or a combination of both, can be classified as a nano-
particle (NP)."? Interestingly, NPs are comparable in size to
biological macromolecules, and tend to be quite stable with
low-to-null systemic toxicity, which makes them a promising
area of research for a variety of applications.** These nano-
systems can be finely tuned in their peculiar physico-chemical
properties, such as shape, size, charge, hydrophobicity, and
surface features which can all be precisely controlled to achieve
desired outcomes.® Furthermore, nanoparticle-based therapies
have the potential to offer several benefits, including more
precise drug delivery, improved solubility, prevention of drug
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formation, and discusses the impact of PC on the process of amyloid fibrillation.

degradation, enhanced therapeutic efficacy, and reduced
immune response.®®

It is important to consider the complexity of the environ-
ment in which nanoparticles function, as this can greatly
influence their behavior and performance. One key difference
between well-controlled in vitro experiments and in vivo appli-
cations is the presence of a complex mixture of extracellular
proteins.® Despite numerous preclinical researches on nano-
medicine, their clinical translation still limited. In fact, in
protein-rich biological fluids, NPs quickly acquire a layer of
proteins on the surface, forming the so-called “protein corona”
(PC).* Protein corona gives to NPs a new biological identity that
determines various biological responses including cellular
uptake, bio-distribution, pharmacokinetics, cell interaction,
and toxicity.""* For instance, growing evidences indicate that
protein corona mediates the impact of nanomaterials in the
fibrillation process.”®** Therefore, protein corona formation
remains the major bottleneck in the application of nano-
particles in specific drug delivery.

To date, numerous analytical techniques and a diverse set of
experimental conditions are being used to properly characterize
the parameters that pertain to the nanoparticle, to the bio-
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system, and to the interaction surfaces of the nanoparticle-
protein corona. However, there are still challenges in this
research area, that mainly regard the methods providing the
most precise and comprehensive characterization of the protein
corona.

Here in this review, first, we highlight the influence of
physicochemical properties of NPs and biological environment
on PC formation. Then, we outline the pressing need of more
standardized methodology and techniques for their character-
ization to further drive our understanding of protein corona
formation and improve reproducibility in nanomedicine
reports. Moreover, despite the fact that the NPs interaction with
neurodegenerative diseases causing proteins have been
a subject of extensive research in the field of nanomedicine, the
influence of protein corona-NP interaction in the fibrillation
process seems at its early stage. NPs penetrate biological
barriers and accumulate within the brain, triggering oxidative
stress, disrupting the blood-brain barrier (BBB), promoting
chronic neuroinflammation, and accelerating the aggregation
of hallmark proteins such as amyloid-f, tau, and a-synuclein. In
contrast, engineered platforms such as nanobodies, nano-
zymes, and advanced NPs offer transformative therapeutic and
diagnostic capabilities, highlighting the precision of modern
nanomedicine. Therefore, building on these crucial findings
this review also summarizes the role of NPs in modulating
protein aggregation and fibril formation. Furthermore, moni-
toring the fibrillation process of amyloidal proteins in the
presence of corona-coated NPs, rather than NPs only, could help
to achieve a more reliable and predictable outcome. In this
context the review introduces the impact of PC in the process of
amyloid fibrillation and details the role of NP-PC complex as
either an anti-fibrillatory or a pro-fibrillatory role in the fibril-
lation process of amyloid proteins. Finally, the review concludes
with several mechanistic models describing how the protein
corona competes with amyloidogenic proteins for the NP
surface. These includes kinetic trapping, biomolecular shield-
ing, steric hindrance (or and monomer
sequestration.

exclusion)

2 Protein corona formation,
composition and its dynamic exchange

Protein corona is the biomolecular shell formed on the surface
of NPs. Based on the binding force of proteins to nanomaterials,
protein corona is categorized into “hard corona” and “soft
corona”. The inner layer of protein corona is composed of
tightly bound proteins termed “hard corona” while the outer
layer is composed of weakly bound and rapidly exchanging layer
of proteins termed “soft corona”.*

When NPs are coated with proteins, they acquire new prop-
erties such as increased particle dimension, altered zeta
potential and aggregation size, and new functional groups,
among others.’ The protein corona composition and interac-
tion with NPs will influence their biological fate in either
negative or positive way impacting various stages such as blood
circulation, accumulation and penetration at targeting sites,
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cellular uptake, and interactions of NPs with receptors on
immune cells."”*® Furthermore, the formation of protein corona
may cause changes in the secondary structure of proteins so
that they lose their actual biological activity.*

The evolving PC-nanoparticle interaction is a highly complex
phenomenon that relies on the dynamicity of the biological
environment and on NPs physicochemical properties. In vitro
and in vivo studies demonstrated that protein corona formation
is affected by the nanoparticle size, surface charge,* surface
chirality** and curvature,” and by biological environment, and
nature of fluid dynamics,* as well as by temperature,* time of
exposure* and techniques of preparation. Furthermore, injec-
ted NPs traverse vascular networks, and the vascular features
(branching and diameter) by themselves can impact the protein
corona composition.>®

2.1. Influence of nanoparticle properties on protein corona
formation

The optimization of NPs features allows the customization of
their functionalities to suit various biomedical applications.
Thus, to fully utilize and appropriately modulate the distinctive
characteristics of nanoscale materials during their delivery to
the target tissues, it is very important to achieve a better
understanding of how NP physicochemical properties such as
the size, shape, and/or surface chemistry, affect the formation
and composition of protein corona (Fig. 1).*

2.1.1. Type of nanoparticle (composition). NPs can be
categorized into several groups based on their origin, size and
chemical characteristics.” Among hundreds of NP types, metal
oxide NPs and metal-based NPs are commonly used in nearly
30% of protein corona research reports. Others, such as poly-
mer based, lipid based, carbon based, peptide or protein based
NPs, and organic NPs have also been reported in NP based
studies.>>*°

2.1.2. Size of nanoparticle. Among the numerous parame-
ters involved during the complex interaction of NPs with the
bulk biological environment, the size plays a major role that
ranges from the determination of the dynamics of protein
corona formation to the delivery of NPs to the target tissues.*"**
Even though there are continuous size ranges, and the size
classification can result specific to their application, generally
NPs can be considered as small if their size is between 1 nm and
30 nm, medium in the size range 30 nm to 70 nm, and large NPs
within 70 nm to 100 nm range.*® Given the heterogeneous and
interconnected nature of NPs' interactions with the cellular
milieu, their size ultimately determines the amount of mole-
cules adsorbed onto their surface. First, the particle sizes with
their surface to volume ratio determine the characteristics of
the PC, the kinetics of its hardening that in turn determine the
quantity of proteins adsorbed.** Secondly, the size of NPs
influences the thermodynamics of protein adsorption such as
enthalpy and entropy changes, that in turn control the
adsorption effect of NPs.>**¢ Thirdly, NPs size determines the
morphology of the corona® and affects the conformation of
proteins adsorbed on the NP surface.’”*® Other characteristics,
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Fig. 1 Cartoon representing the different classes of Nanoparticles (NPs). Each class has numerous broad advantages and disadvantages
regarding cargo delivery. The scheme provides a representative overview of the three primary classes in current nanomedicine: polymeric NPs
(e.g., polymeric micelles, polymersomes, nanospheres), engineered for controlled drug release; inorganic NPs (e.g., gold, silica, iron oxide),
utilized as high-performance contrast agents due to their unique physical properties; and lipid-based NPs (e.g., liposomes, lipid nanoparticles),
a prominent class of nanocarriers for nucleic acid (mMRNA) vaccines and the encapsulation of hydrophobic therapeutics. The size scale (right)
indicates the importance of the nanometric range in overcoming biological barriers and dictating circulation time. The shapes (bottom) illustrate
diverse morphologies engineered to move from spherical geometries to non-spherical shapes (e.g., rods, stars, or plates) to improve cellular

interactions and targeting efficiency.

such as heterogeneous nature and relative density of adsorbed
PC, are also dependent on the NP size.

Size of NP seems to determine also the binding affinity that
critically governs the absorption and desorption equilibrium of
protein corona.*® As demonstrated from different NPs such as
solid-lipid NPs, AgNPs, and AuNPs, a weaker affinity with the
protein was observed when the NPs are small sized.*>** On the
other hand, the larger the size of NPs, the greater the interaction
forces are needed for gathering; large sized NPs tend to have
larger potential interfaces.***> Wang et al. also employed
a combination of versatile techniques and demonstrated the
effect of size of solid lipid nanoparticles that ranges from 120 to
480 nm at pH 6.0 and 7.4 onto the bovine serum albumin and
revealed reduced protein adsorption on small particle size and
hydrophilic surface of nanoparticle.**

Numerous studies, in vitro and in vivo, on the interaction of
nanomaterials with cells demonstrated the differential roles of
adsorbed proteins as a function of the surface of NPs. For
example, smaller sized NPs (size <70 nm) showed lower affinity
to Human Serum Albumin (HSA) as compared to larger sized
NPs (size around 200 nm).** Similar findings were also reported
in the cases of metal NPs,* silica NPs,* polymeric NPs*” and
polystyrene NPs.*

27426 | RSC Adv, 2026, 16, 27424-27452

NP size has also a direct influence during extravasation of NP
in the circulation and cellular uptake. Small NPs generally cross
capillary walls more easily than large NPs.*>*° In line with this,
marked differences on cellular uptake mechanism have been
observed in endothelial cells for different sized NPs. As a result,
while 50 nm NPs were primarily internalized by caveolin-
mediated endocytosis, the internalization of 70 nm NPs
occurred through clathrin-mediated endocytosis.** These facts
highlight the impacts of the size of NPs on the phagocytosis of
macrophages and its consequences results on inflammatory
and humoral response.*

Overall, apart from the formation of protein layer during the
biodistribution, NPs will face other biological and physical
barriers. Thus, to overcome the barriers, controlling the NP size
is one of the widely practiced mechanism during nanoparticle
design.>

2.1.3. Shape of nanoparticle. Given the advancements of
modern synthesis techniques, NPs can be engineered and
designed into variety of shapes. Among these, spherical shaped
NPs are commonly used in most protein corona research liter-
ature. Others such as rod, sheet, tube diamond, star, cube
shaped NPs etc. have also been reported.>*** Nanoparticles
shape is one physical parameter which exerted a significant

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra01255h

Open Access Article. Published on 21 May 2026. Downloaded on 6/22/2026 5:17:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

effect on protein corona formation with a resultant change in
the biological properties or biodistribution of the nano-
particles.”® The change in shape of nanoparticles also influence
protein corona architecture.>®®” Indeed, as demonstrated for
gold nanoparticles, PC formation and aggregation behaviors of
the AuNPs were largely influenced by their morphologies that in
turn affected the structures and functions of adsorbed fibrin-
ogen (FIB) and trypsin (Try).*® Similarly, adsorption behavior of
immunoglobulins and albumin proteins from both plasma and
serum was correlated with the shape of nanoparticle.*

2.1.4. Surface charge. The surface charge of NPs is another
factor that regulates the composition of protein corona (PC), the
NP-PC binding affinity, and the proteins structural changes,
which ultimately affects the interaction of proteins with each
other and the functions of NPs in biological systems.**"** A study
on plain carboxyl-functionalized and amino-functionalized
polystyrene nanoparticles showed that the surface chemistry
of the nanomaterial determines the protein composition of the
~15 nm hard corona.*® It has been also evidenced that even
a small initial difference in the surface of nanoparticle could
lead to significant change in the protein adsorption and
thereby, in different protein layers. From their analysis of
protein corona formation on mesoporous silica nanoparticles,
Fener-Garcia et al. clearly demonstrated surface dependent
evolution of heterogeneity in protein absorption over time.*
From serum albumin and lysozyme coated polystyrene nano-
plastics of different nanometer sizes and charges, regardless of
the protein type, the soft corona complexes adopted a structure
where the nanoplastics are surrounded by a loose protein layer
and hard corona complexes formed fractal-like aggregates.®®

Positively charged NPs consistently adsorb more proteins
than NPs bearing negative surfaces independently from the type
of material used. However, increasing the negative surface
charge density on nanoparticles can also increase the mass of
adsorbed protein.®” The adsorbed proteins retain their folded
structures on anionic or neutral surfaces, while they become
unfolded on cationic surfaces, which more predominantly
occurs for larger particles with lower surface curvature.*®®
Remarkably, the work from Oberldnder and his colleagues
demonstrated that even at fixed temperature and plasma
concentration, the surface charge influence the protein corona
composition of polystyrene nanoparticles.*

2.1.5. Hydrophobicity. Several studies have revealed that
highly hydrophobic nanoparticles can absorb larger quantities
of protein compared to the hydrophilic ones.®”” Hydropho-
bicity is examined as the determinant of the protein adsorption
onto NP surface and circulation time,”*” implying that the
hydrophilic and hydrophobic feature of NPs should be consid-
ered in the methodology design. For example, Bewersdorff et al.
observed differences in corona formation with varying hydro-
phobicity of Nanogels (NGs). With respect to hydrophilic NGs
they observed a significant increment in the hydrodynamic
diameters of hydrophobic NGs suggesting an increased protein
adsorption.” Due to their higher hydrophobicity riboflavin-
coated superparamagnetic iron oxide nanoparticles adsorbed
more serum proteins than the bare one, although both showed
similar sizes and zeta potentials.” On the other hand, protein
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adsorption onto NPs can be suppressed by coating their
surfaces with different molecules like zwitterionic, PEGylated or
carbohydrate moieties, which produce extremely hydrophilic
NPs.”>”® Subsequently, without proteins present on their
surfaces, these hydrophilic NPs can evade clearance from the
immune system and for this reason they are called “stealth”
NPs.

2.1.6. Surface chirality. The interaction between the NPs
chiral surface and the bioactive molecules determines the
surface energy of the NP, thereby influencing their bio-
distribution and cellular uptake efficacies.”” The chiral surface
of NPs governs the orientation and conformation of PC, influ-
ences protein adsorption and mediates the interaction with
specific categories of proteins.”®”® Stereo-selective interactions,
due to chiral subunits, influence the protein adsorption
dynamics. For example, a study on chiral gold NPs demon-
strated distinct cell uptake and tissue accumulation in vivo with
diverse protein composition, including lipoproteins, comple-
ments, and acute phase proteins.** Similarly, the chiral mole-
cule determines the amount of internalized molecules, as
demonstrated from poly-1-lysine and poly-p-lysine coated peri-
odic mesoporous organosilica, which results in cells to inter-
nalize more poly-i-lysine than poly-p-lysine.*

It is of interest to note that recent research introduces
a robust, thiol-independent ligand engineering strategy to
precisely modulate protein corona formation on nanoparticles
across different biological compartments. This approach
enables researchers to move beyond conventional, often
unstable thiol-based attachments, thereby allowing for the
deliberate selection of protein adsorption profiles both in the
bloodstream and within the intracellular environment.®

2.2. Influence of biological environment on PC formation

Although the driving forces and mechanisms of the conforma-
tional changes in proteins adsorbed on NP surface remain
greatly unknown, it is widely recognized that both interactions,
protein-NP and between neighboring proteins on NP surface,
can influence protein adsorption behavior and conformational
changes.*»® For these reasons, the crowded environment inside
cells ultimately determines the destination of nanoparticles.
The type of protein source and incubation environment, among
others, influence the protein corona formation and protein
identification.®* In line with this, in this subsection we high-
light the impact of temperature, pH, source of biological fluids
and other related factors on PC formation.

2.2.1. Temperature. The temperature at which the protein
corona is formed affects its composition on each NPs surface,*®
in terms of type and amounts of proteins,*” and influences also
the binding affinity of proteins in the NPs hard corona.*®** In
fact, a pronounced effect of temperature was observed for
magnetic NPs between 5 to 45 °C.”

The absorption of proteins on NPs could be increased or
decreased by temperature variation, and this could be due to the
change in protein conformation. For instance, while the
proteins in their native conformation have specific character-
istics in terms of hydrophobicity, specific surface charge, and

RSC Adv, 2026, 16, 27424-27452 | 27427
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exposed residues, conformational changes, such as partial or
complete unfolding, can expose new hydrophobic regions that
could subsequently lead to changes in the amount of protein
absorbed on the NPs surface.”* Interestingly, Prawatborisut
et al. observed that at physiological temperature (37 °C) the NPs
were enriched with apolipoprotein A1 and apolipoprotein E
while 25 °C favored apolipoprotein J (clusterin) absorption.**

Moreover, the effect of the incubation temperature on the
corona composition can vary based on the concentration of the
protein sample.

The significance of working in temperature controlled envi-
ronment can also be explained in terms of the role of temper-
ature in cellular processes. The reason behind this is related to
endocytosis processes that are naturally temperature-depen-
dent.”*** In fact, temperature-dependent endocytosis of single-
walled carbon nanotubes was observed at various temperature
windows.**

At increasing coating temperature (4 °C, 25 °C, and 37 °C),
Oberlénder et al. observed decreased NPs uptake by cancer and
endothelial cells. In their analysis, Apolipoproteins, clusterin
and ApoE proteins were enriched across different NPs, and the
composition of the PC was generally different at low tempera-
tures (4 °C) and at physiological temperatures (37 °C).>*

2.2.2. pH. Since the pH of biological microenvironment
was found markedly different in diseased and normal condi-
tions, a detailed evaluation of corona formation in different pH
conditions is of paramount importance to understand the
corona dynamics. So, the model cells lines used in the experi-
mental settings should represent the pH of the microenviron-
ment where the NPs are targeted.

Indeed, external factors like pH of the medium can influence
the conformation and charge of the proteins on NPs surface,”
and thereby affects their interaction.’® Without neglecting the
impact of other factors on corona composition, a study con-
ducted on bovine serum albumin and gold NPs reports few
adsorbed proteins at pH 7.4 with unaffected secondary struc-
ture of the protein while aggregation of proteins on NPs with
altered folding of the secondary structure was observed at pH
4.0.7

In this regard, the secondary structure content of each
protein can determine the inherent stability of the protein,
which in turn contributes to the conformational changes upon
NP interaction.”® For example, the human serum albumin
(HSA), one of the most abundant protein in blood plasma and
component of protein corona, is known to undergo pH-
dependent conformational and functional changes.®® The
structure of HSA was also demonstrated influenced by PEG-
OMe, PEG-COOH, PEG-NH2, and glycan functionalized AuNP
with the observation of different degree of corona formation at
acid, neutral and basic pH.*

Besides, the intensity of interaction between different NPs
and the protein corona depends on the pH and ionic strength.
For instance, the molecular weight and isoelectric point of each
specific protein type, pH, and ionic strength were shown to
determine the dispersion or agglomeration behavior of gold
nanoparticles in protein solutions.'®'* In line with this, gold
NPs were found to be stable in neutral and alkaline solutions

27428 | RSC Adv, 2026, 16, 27424-27452
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while aggregation took place at lower pH.'* Importantly, the
effect of ionic strength on NP aggregation can vary with the NP
size.'®® As such, from the commonly studied model system of
silica NPs and their interaction with lysosome proteins,
different patterns of morphology have been shown that depend
from NP size and pH. As a result, a decrease in pH enhanced
electrostatic interaction increasing the adsorption coefficient
on NPs.”

Over all, the composition of protein corona depends on the
strength of interaction at the nano-bio interface’™ since
different pH can maintain different interaction forces. For
example, the interaction between solid lipid nanoparticle and
bovine serum albumin is maintained principally by van der
Waals forces and hydrogen bonding at pH 7.4 while at pH 6.0
electrostatic attractions are favored.*

2.2.3. Source of biological fluid and related factors. Protein
corona formation is a dynamic process, which makes difficult to
fully understand the influence of blood proteins on the struc-
ture assembly and dynamics at the biomolecule-nanoparticle
interface. This multi facet interaction relies on the amount of
protein, and their interaction time controls adsorption process,
whereas, desorption from NP surface depends on binding
energy of protein-nanomaterial complex.” Numerous in vivo
and ex vivo studies demonstrated the effect of source of sample,
plasma concentrations, incubation time, animal sex on the
protein corona composition in different nanoparticle
systems.****# Thus, changes in type and composition of bi-
ofluid can lead to differences in the protein corona composition
on NPs surface.®'* For instance, in the dynamic flow study of
lipid NPs circulating fetal bovine serum in human cervical
cancer (HeLa) and human breast adenocarcinoma (MCF7) cell
lines, the PC composition has been shown dependent on both
exposure time and NP's surface with a notable effect of shear
force on PC.**®

From the reports of literature, there are disagreements
between PC formed on NPs in in vitro and in vivo experiments,
that makes a challenge to do comparisons. Researchers
hypothesized that varied results may be partly due to the vessel
structure and its impact on fluid dynamics. Therefore, signifi-
cant variation of in vivo corona formation with respect to in vitro
may be observed in terms of both variety and quantity of
proteins.’” Additionally, loosely attached protein corona on
NPs may strip off because of fluid sheath force, as demonstrated
in fluid flow mimicking biological vessels.'®® Collectively,
evidence suggests that injected NPs traverse vascular networks,
and the vascular features by themselves can impact the protein
corona composition.

Another finding that could explain the complexity of the bio-
nano interface dynamics is the finding from Nandakumar and
his researcher group who have identified 58 proteins that are
unique to the AB;_4, samples and 31 proteins unique to the AB;_40
samples in human blood plasma. All of these identified proteins
are fibrillar coronae significant in complement activation,
inflammation, and protein metabolic pathways."*

As demonstrated from different studies, another factor that
influence the protein corona composition is the incubation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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time: different time point incubation enables to resolve or
characterize the evolution of proteins.™’

In general, the dynamics of intracellular release or exchange
of the blood protein corona from nanomaterials following their
cellular internalization, and the biological footprints of the
nanoparticle-protein corona traversing cellular compartments,
are diverse and the mechanism seems less understood. On the
other hand, precise manipulation of interaction modes of
functional plasma proteins on the nano-surface could provide
corona-mediated targeting for specific drug delivery.

2.3. Physicochemical properties of nanoparticles:
implication on neurodegenerative diseases

In this subsection, we introduce NPs and their interactions with
amyloidogenic proteins, and the challenges that parameter
variability poses to the reproducibility of NP-related reports.
Details on the effect of NPs in either accelerating or inhibiting
the pathological hallmarks of neurodegenerative diseases and
PC-amyloid protein interaction is discussed in Section 4.

Among the various properties of NPs investigated, a plethora
of research has shown that the NP surface acts as a heteroge-
neous catalyst that induces a conformational switch in amy-
loidogenic proteins. Consequently, surface charge of NPs
promotes early aggregation of amyloidogenic peptides and
accelerate oligomer formation."* For instance, TiO,-NH, NPs
with a positive surface charge showed higher tendency to
adsorb the AB42 peptide, thereby enhancing the capacity of
AB42 oligomer aggregation.™ In the case of a-synuclein, its
amphiphilic N-terminal or acidic C-terminal domains provide
alternative interactions with positively or negatively charged
NPs. Nonetheless, both negatively and positively charged
nanoparticles have been shown to either inhibit or accelerate o-
synuclein fibrillation."*

In this regard, it is of interest to mention that targeted
application of engineered nano-approaches leverages precise
molecular design strategies, including nanobodies, nanozymes,
and advanced engineered NPs."** As such, advanced engineered
NPs hold promises for precision medicine as a therapeutic or
diagnostic device. For instance, design advancements in the
shape of polymer NPs, which are useful for treating neurological
diseases involving inflammation,'** and the surface modifica-
tion of inorganic NPs, applicable as both therapeutics for
neurological disorders® and diagnostics for Alzheimer's
disease,'” are notable examples of successful design
approaches to meet solubility, administration and bi-
odistribution requirements. These findings underscore that the
surface charge of NPs is central to neurodegenerative diseases
intervention.

However, despite these advancements and opportunities,
research on NPs in Alzheimer's and Parkinson's is limited by
short-term experimental studies that fail to capture the long-
term, real-world effects of chronic exposure on neurodegene-
ration. Moreover, the reports in the nanomedicine field did not
commonly consider the effect of the protein corona on
fibrillogenesis of amyloidogenic proteins."**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Indeed, the variability in nanoparticle physicochemical
characteristics, including surface chemistry, charge, size
distribution, agglomeration state, hydrophobicity, hydrophi-
licity and PC formation introduces significant heterogeneity
across studies. Consequently, this challenges the reproduc-
ibility of reports in disease-related research. Furthermore, the
clinical use of nanotherapeutics can be hindered by poor BBB
penetration, instability, and safety concerns, such as off-target
effects and immune reactions.***

3 Research methodology approaches
for preparation and characterization of
the protein corona

In the field of nanotechnology a comprehensive understanding
of the interaction of NPs with biological systems is critical in
designing and developing safe and efficient clinical diagnostic
and therapeutic applications with approaches reflective of the
physiochemical complexity of nanoparticle-based
agents.** Despite myriads of published studies, application of
various analytical techniques and a wide range of experimental
conditions in the protein corona research, there is no standard
protocol on methodologies to provide the most precise and
comprehensive characterization of the protein corona.
Furthermore, it is highly possible that non-standard method-
ology could induce misinterpretation and poor outcomes.
Consequently, this poses a challenge in the reproducibility and
reliability of methodologies in nanomedicine. Therefore,
considering each nanoparticle formulation, there is a need to
develop standard analytical approaches and characterization
techniques for robust and precise investigation of parameters of
the nanoparticle, bio-system and the nanoparticle-protein
corona interaction surfaces (Fig. 2).

Herein, in the following subsections, we highlighted the
experimental facts and challenges regarding methodology and
characterization of the protein corona. We also introduce field
expert's proposed strategies that can be applied to minimize the
shielding effect of protein corona.

vast

3.1. Preparation of protein corona (preparation, washing
media, and isolation etc.)

The successful translation of drug delivery vehicles into clinics
relies on the biological microenvironment, robust character-
ization of nanomaterials and accurate methodological
approaches to study the formation and subsequent analysis of
the protein corona.

In general, the composition of protein corona and surface
interactions with nanoparticles are being studied in pure
protein solutions,® in complex protein solutions, such as
blood serum,"®*** in cell lysates,”* and in living cells.””* As
compared to serum, in vitro model based studies demonstrate
significant differences in protein corona composition.'*
However, in vivo corona formation is more complex and not
static (i.e. it changes over time) thereby acquiring new tissue- or
cell-specific proteins from the local environment.** In this
regard, at the initial stage, rigorous quality control of the
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Fig. 2 Overview of NPs characterization approaches and techniques.®® (A) The formation of the protein corona on NPs and its robust char-
acterization mainly require parameters from NPs characterization, nano-bio parameters, and biosystem elements listed in (A), but not limited to
those. (B) Characterization of NPs before and after corona formation. Among several techniques, DLS, EM, and zeta potential are the major
methods used for characterizing NPs. These methods are also employed to investigate the protein corona on NPs and include other techniques
as well, generally focusing on size changes, morphological alterations, NP—protein interactions, protein conformation changes, and other

characteristics.

biological fluids such as human sources (serum/plasma),
bovine derived biological materials and other sources must be
undertaken for the best possible precise protein corona anal-
ysis. Moreover, as preparation and collection of the biological
fluids can affect the accuracy of the corona analysis, care must
be taken into consideration on the source of sample, sample
history, storage medium, sex, age and other critical
factors.®***>*¢ For instance, notable differences of protein
concentration on the same nanoparticles were observed among
osteoarthritis patient synovial fluid and fetal calf serum protein
sources."”” Similarly, in vitro study of polystyrene nanoparticles
incubated in fetal bovine serum, human serum, human citrate
and heparin plasma, clearly demonstrated the influence of
protein source and cell type on nanoparticle uptake. As a result,
macrophage cell line showed more uptake for nanoparticles
incubated in human heparin plasma, whereas the HeLa cells
had greater uptake for those incubated in human citrate
plasma.**®

Based on the nature of each corona type, mixed corona, soft
corona and hard corona, the number of washing steps has
different effects. Different washing numbers in different

27430 | RSC Adv, 2026, 16, 27424-27452

isolation methods such as centrifugation or magnetic retrieval
were reported to yield different protein concentration in mass
spectrometric proteomic analysis.'* As such, at least three
washing steps were recommended to ensure the effective
removal of unbound protein from the original biological
fluid.**>*** Meanwhile, washing media influence the composi-
tion of the hard corona of different nanocarrier systems and,
thereby, affects the protein stability and cellular uptake
behavior."** Hossen et al. observed from 2 to 22 fold variation in
PCs composition on 20 nm gold-NPs (AuNPs) incubated with
urea lysates as compared to radioimmunoprecipitation assay
(RIPA) lysates,'* suggesting the importance of pre-processing
conditions to modulate the PC composition. Another impor-
tant factor is the type of cell culture media. For example, apart
from differences in the composition of hard protein corona,
researchers observed different degree of dispersion stability of
bare and hard corona-coated single layer and multiple layer
graphene oxide materials in ultrapure water, DMEM medium,
and DMEM with 10% of fetal bovine serum,”"***** suggesting
the effects of culture media on protein corona-nanoparticle
interaction.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The percentage of incubated protein and selective sequential
pre-formation of protein complexes prior to incubation can also
alter the biological behavior of nanoparticles.*****” The forma-
tion of single layer protein can affect the aggregation of
proteins. The presence of a pre-incubated layer of fibrinogen
around the nanoparticles, before a protein corona is formed in
bovine serum, showed significant increment in the cellular
uptake.”® Another factor that should not be ignored at this
stage is the choice of the incubation temperature since the
stability of the protein changes as function of the temperature,
and thereby impacts the outcomes.*

Investigation of the hard protein corona is the starting phase
to scrutinize the biological behavior of NPs. Therefore, the
choice of appropriate hard protein corona isolation methods is
quite important. It is well known that centrifugation is the most
commonly used standard method to isolate NPs from a biolog-
ical matrix,* but, for deeper understanding of all corona types,
experts in the field recommended more gentle means of
retrieval and then, quantitative proteomic analyses to provide
qualitative characterization of protein corona.*® In addition to
the existing magnetic separation method (MagSep), a multi-step
centrifugation method (MSCM) showed better reproducibility.
The MSCM for single-domain magnetic NPs, applied to iron
oxide NPs in interaction with human blood and lymph serum,
showed the different hard protein coronas content higher than
when the MagSep is applied.**

In centrifugation-based protein-separation techniques the
effect and suitability of different eluents should be also
considered. For example, different protein denaturants like
sodium dodecyl sulfate, dithiothreitol, and urea significantly
contributes for efficient desorption of PC on gold nanoparticles
and silica nanoparticles.” In phenol red, penicillin-
streptomycin, r-glutamine, and B-mercaptoethanol supple-
mented cell culture media, the NP-protein corona took more
time to form with altered density and composition.**>

Methodological advancements and availability of suitable
techniques can help the comprehension of the differential
expression of proteins under physiological conditions. For
example, different groups of researchers utilized high-
performance liquid chromatography coupled with electrospray
ionization with ion trap mass analyzer (HPLC/ESI-Orbitrap) and
have identified hundreds of differentially expressed proteins.
Using different software search engines like MASCOT and gene
ontology they also characterized proteins functional behavior
and interactions based on their regularity, locality, molecular
functionality and molecular masses."**'** Application of specific
X-ray photoelectron spectroscopy with other protein separation
techniques enabled to discriminate stably adsorbed coronas
from weakly adsorbed coronas from functionalized and
unfunctionalized nanoparticles.*** In another study, Szekeres
et al. applied combined approach of reversed phase high-
performance  liquid  chromatography coupled  with
quadrupole-time-of-flight mass spectrometer using electrospray
ionization, and were able to identify the hard corona proteins of
citrate-stabilized gold nanoparticles in MCF-7 cells and J774
macrophage cells.™*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Similar to protein corona in the circulation, around the
extracellular vesicles intracellular protein corona'”*** can be
formed on nanoparticles when transported inside the cells.
Therefore, it is essential to back-track the transport pathways of
nanoparticles. For this case, application of high-performance
liquid chromatography-tandem mass spectrometry-based pro-
teomics with dual-filtration strategy enables research groups to
identify specific intracellular corona proteins.***

Another key point in PC formation is the issue of homoge-
neity or heterogeneity. To face this problem, analytical tech-
niques such as fast screening mechanism can be applied before
quantitative analysis of the protein corona composition. In this
regard, Magnetic levitation (MagLev) is the most suitable tool
and is becoming a promising technique to separate corona
coated NPs.*** Similarly, given the fact that recovering the
protein corona from the nanoparticle surface is necessary for
characterization, the gold standard nano-LC-MS is being used
for this specific purpose. Capillary electrophoresis with
electrospray ionization mass spectrometry and on-particle
tryptic digestion methods also showed higher reproducibility.*>

Nonetheless, while traditional analytical methods like gel
electrophoresis, mass spectrometry, and surface plasmon
resonance provide structural insights, they often fail to capture
the dynamic, heterogeneous protein-nanoparticle interactions
occurring in real-time in vivo conditions. Indeed, the co-
isolation of endogenous impurity nanoparticles, including
extracellular vesicles (EVs) is a significant challenge in the final
proteomics analysis.*** Standard isolation techniques like
centrifugation or magnetic separation often pull down EVs and
other endogenous biological nanoparticles from the biofluid,
thereby introducing highly contaminated corona profile in the
final proteomics stage (Fig. 3). This leads to false positive
outcomes in the number of identified proteins and wrong
conclusion on the binding affinity of proteins to NPs. Interest-
ingly, a recent comparative study of standard pooled human
plasma and EV-depleted plasma (using the immunoaffinity
MACSPlex multiplex bead platform) revealed that the removal of
endogenous EVs led to a substantial 60-75% drop in proteins
identified on polystyrene NPs and a 45-50% drop on magnetic
beads.” These findings highlight that moving beyond the mere
observation of a nanoparticle's ‘biological identity’ to actively
defining its true composition is a necessary evolution for the
field.

3.2. Overview of common and emerging techniques for
characterization of PC-NP complex

Understanding the composition and kinetics of the PC at the
molecular level is of considerable importance for controlling NP
interaction with cells. Altering the bulk physico-chemical
properties of NPs is the widely practiced approach to target
specific protein subsets. Even though, in most cases its effect on
protein adsorption, either to increase or decrease it, depends on
the NP system, a general relationship between surface chem-
istry and protein adsorption that applies to any NP system has
not yet been established.
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Fig. 3 General process for the preparation of protein corona. The preparation of a protein corona for in vitro or ex vivo analysis follows
a standardized workflow involving: (1) preparation: preparation of NPs and biological fluids (in vitro or ex vivo). (2 and 3) Mixing and incubation:
mixing of NPs and biological fluid under specific time and temperature conditions. (4) Isolation: separation of the protein corona coated NPs
using five primary methods: centrifugation-based, gradient centrifugation, size exclusion chromatography, magnetic separation, field-flow
fractionation. (5) Purification: removal of the unbound proteins and impurities. (6) Characterization: identification and quantification of the
corona using proteomic techniques. The text highlighted in red identifies methodological patterns known to introduce errors into PC proteomics

results.

For the study of PC formation in terms of Kkinetics,
researchers suggested three phases model characterization. In
the first phase, proteins that are irreversibly and directly bound
to the nanoparticle surface are categorized. In the second and
third phases, irreversibly bound proteins interacting with pre-
adsorbed proteins, and reversibly bound soft protein corona
proteins, can be characterized.****** As such, classical in situ
characterization methods, including dynamic light scattering
(DLS), transmission electron microscopy (TEM), fluorescence
correlation spectroscopy (FCS), circular dichroism (CD) spec-
troscopy, and isothermal titration calorimetry (ITC) provide
critical insights into the size and morphology of NP-protein
complexes, the stoichiometry and binding kinetics of their
interactions, and the conformational transitions that proteins
undergo upon surface adsorption.”****” A concise summary of
the most common and currently emerging tools and their
application is provided in Table 1.

Current hypotheses underscore the pivotal role of charge
screening in mediating corona formation. The rationale is that
the protein corona development is governed by collective
interactions at the nano-bio interface driven by a complex

27432 | RSC Adv, 2026, 16, 27424-27452

interplay of forces, including hydrogen bonding, steric
hindrance, hydrophobic interaction, van der Waals forces,
electrostatic and entropic contributions. This has been
demonstrated in different materials such as in Ti;C,T, nano-
sheets,”® DNA-functionalized single-walled carbon nano-
tubes,” monodisperse silica nanoparticles,'® N-acetyl-t-
cysteine-capped CdTe quantum dots (QDs),'** Zn doped
cadmium-based quantum dots*®> and others.**>***
Super-resolution microscopy (SRM) is another powerful and
growing tool that can be applied in a broad range of nano-
materials under physiological conditions. However, plasmonic
substances, such as gold, may quench fluorescence and special
considerations should be taken while working with such type of
materials. Beyond these challenges, strict labeling require-
ments, potential artifacts, and the need for complex instru-
mentation and technical expertise render SRM less applicable
to the current protein corona research.'®® Weiss et al. employed
a combination of confocal laser scanning microscopy with
microfluidics to trace the time-evolution of protein corona
formation in situ. As a result, during the particle-protein inter-
actions on low-fouling zwitterionic-coated particles they

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1 Summary of most common and recent techniques for examining and characterizing PC—NP complex

Method Application Advantage Limitation/challenge Ref.
DLS (dynamic light e Routine screening of e Fast, non-destructive e Cannot identify specific protein 86
scattering) and zeta PC formation and types

potential

SAXS (small-angle X-ray
scattering)

Photocatalytic
proximity labeling
technology in
nanoparticles (nano-
PPL)

cIEF-MS/MS (capillary
isoelectric focusing-MS/
MS) (top-down)

LC-MS/MS (bottom-up)

AFM (atomic force
microscopy)

DCS (differential
centrifugal
sedimentation)

colloidal stability

e Emerging as most
suitable tool for in situ
corona analysis

e Resolves interactions
at the nano-bio
interface

e Emerging tool

e High-resolution
dynamic studies of the
soft and hard corona
evolution

e Advanced proteomic
fingerprinting for
biomarker discovery

e Comprehensive
identification and
quantification protein
on NPs

e Visualizing structural
changes and
orientation of adsorbed
proteins

e Characterizing
complex, multi-layered
coronas in
heterogeneous samples

e Standard for measuring
hydrodynamic size and charge
shifts

e Better for resolution of
polydispersity

e Suitable for very
concentrated samples

¢ Analyzes the entire
population of particles in
solution

e Captures soft corona in real-
time with 5 seconds of
precision

e Rapid and precise labeling of
corona proteins in situ

e High-throughput

e Preserves proteoforms and
post-translational
modifications

e High sensitivity

o Identifies protein identity

e Easier to separate and ionize

e Nanoscale visual resolution
of single-molecule
bioconjugation

e High resolution, low
invasiveness, and minimal
destructiveness

e Higher resolution than DLS
for multi-modal size
distributions

e Suitable for monitoring
subtle changes in dispersion
stability resulting from thin
surface coatings

e Sensitive to polydispersity

o Difficultly to resolve the low- 166
contrast, thin protein corona

e Limited to discriminate protein
layer from background (buffer
solution)

e Limited for heterogeneous or
highly complex systems

e Requires photosensitive probes 167
like chlorin e6 catalyst and biotin-

phenol

e Requires complex 168
instrumentation and data and
processing 169

e Challenging to identify large

proteoforms (>30 kDa) from

complex samples

e Poor reproducibility 170
e Relies on ensemble-averaged
measurements

e Loos of soft protein corona

e Peptide level uncertainty

e Limited to size range

e Low throughput; sample 156
preparation (drying) may alter the

corona structure

e Limited in discerning formation

of hard or soft corona

e Requires precise knowledge of 171
particle and medium density

e Limited for complexes <5 nm in
size

observed only a soft protein corona formation onto silica
microparticles.’*

Characterization of nanoparticles before and after exposure
to sample (serum/plasma) is a fundamental prerequisite for
precise protein corona analysis. Therefore, controlling the
particle size is the most feasible method during NP design. To
this aim, the size, morphology, hydrodynamic size, and zeta
potential are extensively studied by transmission electron
microscopy and dynamic light scattering.>*”> In a comprehen-
sive research work done by Hajipour and co-workers,* DLS was
described as the most conventional method that is used to
determine the hydrodynamic size distribution of NPs before

© 2026 The Author(s). Published by the Royal Society of Chemistry

and after adsorption of protein corona. However, it has been
shown that most studies do not report the standard deviation
for DLS or charge measurements, highlighting the challenge of
assessing the reproducibility of data acquisition for coronated
NPs.” Reasons to choose DLS over others could be due to its
sensitivity to soft biomolecules leading to a better suitability to
study size change of NPs as spherical nanoparticles.'”*'"*

FCS and fluorescence cross-correlation spectroscopy (FCCS)
are also sensitive techniques that measure fluorescence inten-
sity fluctuations of single molecules inside a femtoliter confocal
volume. Protein corona stability in situ in biological matrix was
studied using these techniques.”"”” Single-molecule
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sensitivity allows FCS to be performed with very low sample
concentrations and volumes. Furthermore, using fluorescent
labeling in multi-color FCCS experiments provides a distinct
advantage over DLS."”® A shared limitation of both FCS and DLS
that warrants specific attention is an overrepresentation of large
particles in the data.

As extensively reviewed by Fu et al., TEM is ideal for visual-
izing the morphology and detailed microstructures of NPs.
However, the use of non-specific contrast agents may potentially
disturb the proteins' secondary structure, leading to artifacts
and possibly misleading conclusions.’®

As demonstrated from the biochemical and biophysical
characterization, the interaction of ultrasmall GNP (usGNP)
with proteins like chymotrypsin, trypsin, thrombin, serum
albumin, cytochrome c, and factor XII, permanently altered
protein function in time dependent manner. The effect of both
short-(10 min) and long- (24 h) term interactions yield short-
lived complexes, indicating no time-dependent “hardening” of
the interactions at the binding interface as usually seen with
large GNPs.'”®

Beyond the biophysical techniques highlighted here, quali-
tative and quantitative approaches such as western blot and
Bradford assay, SDS-PAGE and LC-MS/MS can be used to eval-
uate the impact of surface end group identity, matrix polymer
hydrophobicity, molecular weight of distinct serum and cellular
proteins, and NP formulation agents like Poly-lactic co-glycolic
acid on the protein corona composition.”*#

As discussed earlier, one significant challenge in traditional
methods, such as mass spectrometry, is the loss of weakly
bound proteins during sample preparation. Consequently,
alternative and more robust strategies are required to capture
the full protein corona profile. In this regard, NMR spectroscopy
is a promising tool for studying PC-NP interactions in their
native, liquid-state environment without the need for destruc-
tive separation. For instance, from a study on interaction of
polystyrene nanoplastics with human ubiquitin protein at
atomic resolution, researchers were able to discern protein
corona formation, conformational changes in ubiquitin and
protein induced coalescence of nanoplastics.™*

Moreover, together with experimental procedures, molecular
dynamics simulations can be a complementary tool to deeply
characterize at atomic level the interaction phenomena occur-
ring in the protein corona formation and how the physico-
chemical properties of NPs can modulate them. Indeed, coarse-
grained and mesoscopic simulations allowed to study bigger
complexes by-passing the limitation of computing power.'*

3.3. Emerging advances, current gaps, and strategies
towards NP-protein corona methodological standardization

The vast majority of protein corona literature to date has used
the traditional bottom-up proteomics (BUP) approach, where
proteins are digested into small peptides before being analyzed
by the mass spectrometer.®*® However, BUP fails to distinguish
between different proteoforms, leading to a loss of critical post-
translational modification data and an inability to predict the
specific biological interactions of NPs.' This underscores the
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urgent need for method integration. Application of top-down
proteomics (TDP) enables direct analysis of intact proteins
and provides a more accurate map of the active corona.*® Thus,
current research is pushing for TDP. It is noteworthy that the
successful integration of mass spectrometry-based TDP and
BUP advances proteoform-level analysis of the protein corona
leading to identification of specific proteoforms."* Remarkably,
using TDP, Morteza and his team identified 3505 proteoforms
from 344 genes in human plasma samples. This is a 4-fold
increase over previous polystyrene nanoparticles studies and
currently stands as the largest proteoform dataset ever reported
for a protein corona. Similarly, the BUP analysis identified 4570
protein groups and over 45 000 peptides. Notably, by combining
these massive datasets, the researchers improved the charac-
terization quality of 35% of all identified proteoforms that
showed mass shifts.'*

There is also a significant development towards in situ and
high-throughput techniques that capture the soft corona, which
traditional centrifugation-based methods often lose.*®
Emerging automated platforms and microfluidic technologies
now enable the high-throughput screening of hundreds of
nanoparticle formulations within the complex biological
milieu. Microfluidic devices can bridge the gap between in vitro
and clinical studies by precisely controlling microenvironments
(geometry, pH, and temperature). Thus, application of micro-
fluidic platforms for in vitro NP evaluation is undoubtedly
promising.'*®

Moreover, in the protein corona research, the development
of machine learning models can also contribute to predicting
protein corona compositions and the consequent biological
impacts.”®”'®® As an example, Sengottiyan et al. developed
quantitative structure-property relationship (QSPR) (nano-
QSPR models) specifically targeted to calculate zeta potential
(£), one of the crucial parameter determined by the complex
interaction of corona and NP, with the aim to quantitatively
correlate it with the coating of NPs, and their PC fingerprints.'*
This study employed corona-derived descriptors to effectively
demonstrate how the protein corona re-codes a NP's surface
charge. This approach represents a biological identity model
that offers a distinct predictive advantage in calculating the zeta
potential of NPs within the biological milieu, positioning the
work as a cornerstone for global standardization and modeling
efforts.'®

However, despite these emerging promising advances, there
is still a major gap regarding clinical translation and industrial
scalability of NPs. These necessitate a scientific consensus and
community initiatives to advance the nanomedicine field. For
instance, there is a significant lack of data on how patient-
specific factors, including age, sex, disease state like neurode-
generative, diabetes or inflammation alter the PC. This
personalized protein corona tailored for personalized medicine
is an emerging concept that needs a shift from standardized
serum samples to patient specific NP-PC analysis."*® Moreover,
the vast amount of descriptive data on NP-PC interactions can
be leveraged by robust machine learning frameworks to accu-
rately predict the corona fingerprint of a novel synthetic particle
prior to its synthesis. Indeed, the role of an in silico based

© 2026 The Author(s). Published by the Royal Society of Chemistry
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predictive modeling approach has been ignored to date.
Another major critical gap lies in the analysis of the in vivo
protein corona. Despite numerous bottlenecks regarding an in
vivo corona analysis, the successful translation of nano-
medicine ultimately relies on the transition from in vitro NP-PC
characterization into in vivo systems.

Furthermore, to the best of our knowledge there is almost no
community-led initiatives or guidelines on how the protein
corona should be documented for approval. This underscores
that some regulatory and quality control roadmaps should be
implemented in the NP-PC methodological standardization to
predict and reproduce protein corona reports (Fig. 4). In one
notable example, the Morteza Mahmoudi group employed
standardized protocols and unified sample preparation work-
flows. Their findings demonstrated a significant enhancement
in the consistency of protein corona data. Specifically, the use of
standardized workflows increased protein identification overlap
from 11% to 40% across multiple facilities using identical
instrumentation and search parameters.*”*

In the context of neurodegenerative research, such as Alz-
heimer's or Parkinson's disease, the PC presents unique
hurdles that current methodologies struggle to address: BBB
translocation, protein misfolding and associated toxicity, and
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compromised barrier dynamics. The first difficulty lies in
capturing the true composition of the PC inside the brain. This
is because the PC composition evolves dynamically and drasti-
cally upon crossing the BBB. Consequently, methods that only
characterize the corona in the bloodstream fail to account for
the brain-specific corona acquired beyond the barrier, which
ultimately dictates how NPs interact with neurons.****> Indeed,
techniques such as pre-incubation in serum overlook the
dynamic, continuous exchange of proteins that occurs over
time. Furthermore, since adsorption onto a nanoparticle
surface can cause proteins to denature or unfold, the effects of
protein misfolding and toxicity must be considered in meth-
odological standardization, specifically in neurodegenerative
contexts. Most importantly, in diseased states, conditions such
as neuroinflammation promote BBB permeability, causing
proteins like albumin to leak across the barrier into the brain.
However, standard experimental designs typically utilize
a healthy BBB, failing to capture how a diseased environment
alters corona formation and nanoparticle biodistribution.'**
Furthermore, it is imperative to note that most NP character-
ization reports fail to account for the effect of PC on fibrillog-
enesis of amyloidogenic proteins, such as amyloid-f, tau, and o-
synuclein.
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Fig. 4 Scheme of proposed framework for NP-protein corona methodological standardization. The top panel shows three pillars: preparation,
characterization, and documentation of the protein corona and NP. The bottom panel (phases) shows the implementation roadmap for the three
approaches. Phase 1 (Consensus): establishing a reference plasma and minimum working protocol through international consortiums, Phase 2
(Validation): multi-center characterization of the NP-PC across a defined minimum of global labs to ensure reproducibility and community
consensus, and Phase 3 (Regulation): integrating NP-PC characterization into chemistry, manufacturing, and control platforms for regulatory

approval.
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Therefore, bridging the gap between laboratory research and
clinical success requires a more holistic approach to NP char-
acterization. There is a need for dynamic methods capable of
tracking PC evolution during systemic transport. In-situ char-
acterization must account for how pathological states, like
a diseased brain environment alter the PC coating and
composition. Furthermore, the influence of the NP surface on
protein structural changes and the potential for misfolding into
toxic aggregates must be addressed.

3.4. Possible strategies to address challenges of protein
corona formation

The effect of protein corona on NPs application cycle from the
injection process to the degradation is the major hurdle.
Considering the general steps of NP-protein corona character-
ization (Fig. 3), any limitation or misinformation in either of the
steps can be a source of errors.

In line with this, collection and storage of biological fluid is
a pivotal step in the nanomedicine development in which
misinformation or inadequate information can create
pronounced error in the downstream processes that could
potentially result in inappropriate NP protein corona data
analysis. Concomitantly, the protein source, pre-processing
conditions including lysis conditions, incubation and serum/
plasma treatment and media used for washing absolutely
affects the PC composition and cellular uptake, and therefore
are fundamental steps towards the effective in vitro protein
corona analysis.”* For instance, factors including choice of
anticoagulant,*® long term storage of plasma samples at —80 °
C** and temperature® heavily affect the protein corona
composition.

Asides the common sources of poor corona data analysis in
the biosystem, another challenge relies on the techniques and
methodologies utilized for characterization of physicochemical
properties, colloidal stability of corona-coated NPs and PC
composition, all of which are key to accurately predict the bio-
logical fate of NPs."”'° Thus, to precisely characterize protein
corona the fundamental understanding of the sources of
information and the choice of suitable techniques is critical.

3.4.1. Protein-repellent coating and pre-coating strategies.
In this approach, molecules that can act as protein repellent to
prevent or reduce the shielding effect of corona protein can be
employed to achieve improved colloidal stability, prolonged
circulation time, better targeting capability and minimal
immunogenicity.

One common strategy is nanoparticle surface functionali-
zation using antifouling polymers such as polyethylene glycol
(PEG) conjugation (PEGylation).””'* Because of its biocom-
patibility, and sustained release properties, PEG is one of the
most widely used molecule in the NP surface modification
strategies to develop controlled and targeted drug delivery
systems.’**** Based on density, size, length and heterogeneity
of the polymeric coating,®* NPs functionalized with PEG
molecules significantly reduced macrophage cellular uptake,
performed better targeting efficiency and notable reduction of
bound proteins.>*?% However, the non-degradable nature of
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PEG causes multiple side effects and repeated intravenous
administration of NPs such as gold nanoparticles leads to PEG
antibodies (anti-PEG Abs) generation and, thereby, to rapid NP
clearance.>**>%”

Molecules that create a zwitterionic surface on nanoparticles
are also used as protein-repellent coating.***® For instance,
nanostructures which have a protective shell such as surface
enhanced Raman scattering tags become a promising tool to
reduce PC formation. Experts in the field demonstrated their
applicability by synthesizing small cyclic arginine-glycine-
aspartic acid-phenylalanine-cysteine (RGDFC) peptides func-
tionalized on the surface of spherical gold nanoparticles, that
showed resistance to corona formation.”

Another employed approach to manipulate the protein
corona composition is pre-coating the nanoparticle surface so
as to recruit the proteins that can increase targeting efficiency of
NP.2**2!* One notable example is the use of affibody (RA) scaf-
fold and glutaraldehyde (GA) to load trastuzumab (TZ) on to
magnetosome that showed to recognize and target cancer cells
even in the presence of protein corona.?** In a simulated in vivo
milieu, Ma et al. demonstrated that the RA promotes and
orients the arrangement of targeting ligands and reduces the
shielding effect of corona proteins that improved the targeting
capability and drug delivery of NP.>*> Similarly, Chitosan (Ch)-
based nanoparticles, including Ch and carboxymethyl dextran
or thiolated dextran polyelectrolyte complexes, accumulate low
amounts of proteins corona that improves uptake of nano-
particles, and exhibit low liver uptake and notable heart blood
pool accumulation.**®

Other proteins such opsonin, which help immune cells to
engulf particles, are also hypothesized to control the phagocy-
tosis process.”™* On the contrary, pre-coating NPs with specific
PC proteins that lack opsonins was showed to reduce associa-
tion of NPs with leukocytes.**>>*¢

Since different surface coatings change the PC size and
composition, characterization of NPs before and after corona
formation and detailed studies on the PC are of utmost
importance to determine the most suitable NP surface modifi-
cation for biomedical use.

3.4.2. Conjugation to protein corona strategies. Several
proteins are preferentially bound to either hydrophobic (e.g.,
vitronectin) or hydrophilic NP (e.g., haptoglobin), providing
eligibility of the NP for potential therapeutic or diagnostic use.”
From interaction study with r-methionine capped silver nano-
particles (AgMet), bovine serum albumin (BSA) exemplified as
a potential external stabilizer agent.””” Though, BSA can cause
“BSA corona-caused aggregation” as noticed in solid lipid
nanoparticles (SLNs) with increasing particle size of 120 to
480 nm and different pH,* affecting secondary structure of BSA
and cellular uptake of SLNs. In other corona modified nano-
delivery systems (NDS) study, conjugation of BSA on a chito-
san core was used for sustained and effective delivery of carva-
crol under the influence of various simulated gastrointestinal
conditions. Accordingly, the BSA corona provided extra stability
to NDS by maintaining positive zeta potential, ensuring delayed
release and limited degradation in the gastric conditions, and
reduced the mucoadhesion of NDS at gastric pH.**®
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Another related emerging strategy is pre-adsorption of anti-
bodies by means of physical approach (physisorption) to attach
target moieties to nanoparticle surface.”*

3.4.3. Protein modification strategies. Modification of
proteins can be used as alternative strategy to reduce the re-
absorption of protein corona and minimize the adverse effect
of protein corona on targetability. One such notable example of
this is the human serum albumin (HSA), one of the most
abundant protein in blood plasma, and important component
in the protein corona.***** With the potential of preventing
nanoparticle aggregation,*** its availability and surface modifi-
cation makes HSA suitable for specific applications including
cancer targeted drug delivery.**>** For example, Yang et al. were
able to demonstrate remarkable reduction in reabsorption of
protein corona from blood serum wusing fluorescein-
isothiocyanate and folic acid-modified human serum albumin
shell on hybrid nanomaterials with bismuth sulfide (Bi(2)S(3))
nanorods.”** Interestingly, it is also mentioned that conjugating
ligands to an equilibrated nanoparticle-corona can help to
enhance the ligand-targeting function, especially when
compared to direct ligand conjugation to the naked NP surface

in serum.>*

3.5. Protein corona cellular uptake, trafficking, and immune
response

In the rapid development and progress of nanotechnology and
nanomedicine, numerous efforts has been made by scientists to
investigate the application of NPs for delivery of large-cargo
molecules through the cell membrane for diagnostic and ther-
apeutic purposes.®****?® It is also widely believed that the entry
of NPs into the cell interior is a critical step to improve intra-
cellular delivery of pharmaceuticals.?**%*

However, as extensive research documents, the blood circu-
lation, accumulation and penetration of NPs at targeting sites
could be influenced by the formation of protein corona, in
either negative, or positive ways. This ultimately defines the
cellular uptake, biodistribution, pharmacokinetics, cell inter-
action, and toxicity of nanoparticles. Furthermore, the cellular
uptake in different diseases targeting delivery and the interac-
tions between NPs and receptors on immune cells for immu-
notherapy could be also influenced.*****

The cell membrane is selectively permeable allowing mate-
rials to enter into the cell, either via active transport or passive
diffusion.”®* As such, the process of NP uptake relies on these
two mechanisms.”*® In general, cellular uptake of nano-
materials can be categorized in to three endocytic pathways
namely receptor-mediated endocytosis, receptor-independent
pathway and micropinocytosis.>*>**” Clathrin-mediated endo-
cytosis is a major pathway for receptor-mediated endocytosis.
Receptor-independent pathway can be further classified as
caveolin-mediated endocytosis, clathrin-independent endocy-
tosis, clathrin- and caveolin-independent endocytosis
(Flg. 5)'238,239

It is well understood that the cellular uptake of NPs is not
only determined by the nature of cell membrane but also the
NPs properties itself.>***** For this reason, each type of
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nanoparticles are expected to be internalized via different
endocytosis pathways based on their physico-chemical
features,>**** on the biological microenvironment,****** and
on the adsorbed protein corona.****** Interestingly, a work done
by Ding and his colleagues clearly demonstrated the key role of
size, shape, and protein corona in cellular uptake mechanisms
of gold nanoparticles.>*® According to this study, NPs with size
of 15 nm, 45 nm, and the rod-shaped NPs were internalized into
cells via a receptor-mediated endocytosis pathway. Moreover,
while the star-shaped NPs adopted both clathrin-mediated and
caveolin-mediated endocytosis pathways, the 80 nm sized NPs
were internalized into the cells by macropinocytosis pathway.>***
Other group of researchers also demonstrated that the protein
corona on 40 nm polyethylene glycol coated AuNPs altered the
internalization mechanisms mediated by clathrin.> In line
with this, recent study reported 20 nm sized AuNPs inhibition of
macropinocytosis endocytic pathways.>*® From time point eval-
uation of protein corona composition on 15 nm citrate stabi-
lized gold NPs, Wang et al. were able also to demonstrate
clathrin-mediated uptake as main endocytosis pathway of
AuNPs."'* Moreover, a systematic study on the internalization of
AuNPs of various size, shape, and surface coating, reported
reduced cellular uptake in the presence of serum. While
regarding the shape of particle, rod shaped were better inter-
nalized followed by cubic, spherical, prism-like AuNPs.>** In
general, the most common route of NPs uptake in non-
specialized mammalian cells is the clathrin-mediated endocy-
tosis.>*® Specific interactions with negatively charged NPs may
also result in caveolin-mediated or clathrin-mediated endocy-
tosis.”®® In non-specific cell membrane interactions, smaller
NPs have a greater chance of being engulfed by macrophages
compared to larger NPs, which will be taken by pinocytosis.?**

In summary, given the dynamic protein composition of
protein corona, the mechanistic evaluation of cellular uptake of
NPs is quite complex. In one hand, endocytosis processes are
intrinsically temperature-dependent,”®*  suggesting that
working in different incubation temperature would be of great
importance to understand evolution of protein corona. On the
other hand, physico-chemical properties of NPs will influence
protein corona adsorption, thereby dictating the cellular uptake
and intracellular trafficking.>**>>

For these reasons, cellular uptake of NPs it is continuously
being aided by the design of nanocarriers with desired physico-
chemical properties.®*** For example, NPs superficial modifi-
cation aids to utilize particular interactions between NP
superficial ligands and the existing receptors on the cells, so
that facilitates active targeting and cellular uptake.**>°° It was
also demonstrated that rod-shaped AuNPs showed more
elevated membrane adhesion efficacy compared to spherical
AuNPs.?”” Furthermore, increased cellular internalization was
observed proportional to positively charged NPs,*>****° which
could reverse the decreased uptake of negatively charged NPs.>*
In a similar approach, cationic and anionic parts of NPs were
manipulated to bind to the targeted receptor and the protein
receptor, respectively.”® Therefore, to achieve a desirable
cellular uptake efficiency, considering these elements in every
step is indeed a point to be highlighted.>**
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Fig. 5 General mechanistic pathways and intracellular sorting of NPs. Larger NPs and bulk extracellular fluid are internalized via macro-
pinocytosis, whereas small-to-mid-sized NPs predominantly enter through specialized receptor-mediated pathways, such as clathrin- and
caveolae-mediated endocytosis. (Left) Macropinocytosis and (Center) Clathrin-mediated endocytosis involve the uptake of particles into vesicles
that mature into the endolysosomal system. The transition from blue to red arrows during lysosomal fusion indicates the acidification of the
compartment that ultimately leads to the lysosomal degradation of the NPs. On the other hand, (Right) Caveolae-mediated endocytosis provides
a non-degradative alternative. As indicated by the solid blue arrows, nanocarriers in this pathway mostly bypasses the acidic lysosome, thereby
trafficking via the caveosome to the Endoplasmic Reticulum (ER). Dashed blue lines indicate secondary trafficking events, such as surface

recycling or endosomal escape.

It is well understood that the protein corona formation
promotes the interaction with cells and thereby influences the
cellular uptake of nanoparticles, in either positive or negative
ways. Indeed, the nano-bio interface can dictate nanoparticles
to modulate cellular structures, intervene cell-cell communi-
cation and many other biological processes. Thus, protein
corona caused shielding of targeting groups and displacement
of initial protein on the nano-surface could cause the loss of
active targeting and could also lead to disruption of major
cellular processes from disruption of key cellular metabolism
pathways to cell death.>*>*** The protein corona surrounding
NPs in serum contains proteins such as complement,

27438 | RSC Adv, 2026, 16, 27424-27452

immunoglobulins, and apolipoproteins that can trigger the
immune system.*** Complement proteins deposited on NP
surfaces could potentially make them more susceptible to
removal by immune cells, which could possibly lead to some
negative effects.”” When PC-mediated immune system captures
nanoparticles, it can have a negative impact on their systemic
half-life, delivery capability, and overall safety profile thereby
causing immune perturbation.*

Overall, understanding, predicting, and manipulating the
nanoparticle protein corona and its interaction with immune
system-related cells is of the utmost importance in development
of drug delivery nanoplatforms.'**® As a matter of fact, precise
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investigation of interactions of NPs with cells could be
extremely challenging due to the existence of numerous cell
types and multitudes of key environmental factors. As we
highlighted in the previous sections, manipulating the NPs
features can also be applied to alter NPs tropism for immune
cells. However, the modifications of NPs are complicated and
costly and make the NPs even harder for industrialization.

4 Protein corona amyloid protein
interaction and neurodegenerative
diseases

It is widely recognized that the main pathophysiologic pathway
for the onset and progression of Alzheimer's disease is the
aggregation and fibrillation of AP protein.**”**® Over the past few
decades, several experiments have been conducted to identify
an effective approach to inhibit Ap aggregation and fibrillation,
as it could potentially halt or even prevent the progression of the
disease.”® For that purpose, NPs have been gaining recognition
as a promising approach to cease the progress of the disease by
regulating the fibrillation kinetic process.>’**”* In fact, studies
have proven that NPs can modulate protein aggregation and
fibril formation in the context of amyloid diseases.***”>*”* The
reason why NPs would have an advantage over anti-
amyloidogenic small molecules is their controllable size and
surface chemistry, especially when compared to anti-
amyloidogenic small molecules (having single amyloid
binding sites and weak binding capability).?”**”* Specifically, the
design of NPs allows them to provide multiple binding sites,
a strong binding event, and delivery across physiological
barriers, making them indeed a promising option.>*>*”¢

The NP surface acts as a heterogeneous catalyst that will
induce a conformational switch of the amyloidogenic proteins.
As such, NPs may act as pro-fibrillatory, where the surface
concentrates proteins, increasing the local density and lowering
the energy barrier for nucleation. On the contrary, the NP may
also act as anti-fibrillatory by sequestering the monomers,
keeping them trapped in a non-amyloidogenic state or sterically
hindering the addition of new monomers to a growing chain
(Fig. 6).”

The fibrillation of amyloid proteins follows a three-stage
kinetic model characterized by nucleation, elongation, and
saturation phases; during this process, monomers undergo
primary nucleation to form intermediate oligomers and proto-
fibrils before finally assembling into mature amyloid fibrils
(Fig. 6).>”” In primary nucleation, the spontaneous formation of
the first aggregate seeds from monomeric proteins. NPs often
act as a heterogeneous surface that lowers the energy barrier for
this step. On the other hand, during the elongation phase, NPs
act as competitive inhibitors; an NP with a high-affinity corona
can sequester monomers, reducing the concentration available
for fibril elongation.'™ Conversely, during secondary nucle-
ation, new nuclei form on the surface of existing fibrils rather
than in the bulk solution. At this stage, the NP can coat the
existing fibrils via steric hindrance, thereby blocking the sites
needed for secondary nucleation.>”®

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

The interaction between NPs and amyloidogenic proteins is
a dynamic interplay of surface chemistry and molecular
kinetics. As such, selective adsorption of nanoparticles, and
their biological identity, and the conformational modification
of the amyloidogenic protein determines the molecular inter-
play between the protein corona and pathologic proteins,
including AR, tau, and a-synuclein.?”® For instance, the amphi-
philic properties of the corona, driven by its lipid and protein
composition like apolipoproteins, allow it to act as a modulator
of the local peptide concentration and conformational changes
of AB.™

The A fibril growth is not a continuous addition of mono-
mers. Instead, it consists of intermittent periods of elongation
and pausing that follows a ‘stop-and-go’ kinetics.”®® A study by
Yagi-Utsumi et al. demonstrates a kinetic model in which
a protein first docks or associates with the fibril end or a surface
such as a NP before locking into the final B-sheet conforma-
tion,** highlighting the pausing phase is a critical kinetic
bottleneck where inhibitors like nanoparticles or antibodies
can most effectively intervene. Within the same scenario, the N-
terminal amphipathic motifs (KA/TKE/QGV) of a-synuclein
initiate an enthalpically driven adsorption onto the NP interface
while the subsequent bulk-protein adsorption onto the hard-
corona triggers a conformational switch.>®" For instance, while
elevated concentrations of a-synuclein exhibit stronger affinity
for the negative surface potential of a ZNO NPs,*® these inter-
facial interactions induce a shift in the aggregation landscape,
kinetically trapping the protein into off-pathway, non-toxic
species that lack the inherent pathogenicity of mature
fibrils.?®* Similarly, anionic proteins in the hard corona undergo
induced fit to bind the microtubule-binding repeats of Tau
protein. Mainly the electrostatic forces (anionic/cationic inter-
actions) regulate the interaction of Tau nanocondensate with
hard corona of anionic proteins, triggering a cascade of struc-
tural and functional changes that will result in either failure
within the neuron or promote Tau protein in a functional
physiological state.*®>

A recent review article on kinetics of amyloid oligomer
formation demonstrates how chemical kinetics is used to
determine whether a modulator (like NPs) affects primary
nucleation, secondary nucleation, or elongation.”® These find-
ings suggest that while nanoparticles accelerate the ‘go’ phase
of the ‘stop-and-go’ cycle by offering stable docking sites, the
protein corona can counteract this effect. By acting as
a competitive inhibitor, the corona traps the amyloidogenic
protein in a paused state, effectively blocking the transition
from docking to final fibril incorporation.

Notable findings from studies related to NPs and amyloid
fibrillogenesis indicate that NPs can have varied effects on
amyloid fibrillogenesis, as promoters, or even delay/inhibit the
process, and these effects are influenced by various factors such
as sequence of the polypeptide, physicochemical conditions
present, as well as the physio-chemical properties of the
NP.?#+2%¢ One hypothesis regarding NPs role in accelerating the
rate of fibril formation is that NPs provide a seeding surface for
the adsorption of peptide monomers, enabling nucleation to
oligomers and fibril formation.”® Likewise, adsorption of
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Fig. 6 Nanoparticle-mediated effects in the central nervous system. (A) Amyloid aggregation pathways. (B) Possible effects of NPs on each step
of amyloid aggregation pathways that could lead to either inhibitor or activator effects. (C) The dual nature of NPs interactions within the brain,
categorized into protective effects (left) and degenerative effects (right). Left Side: NPs can provide neuroprotection and anti-inflammation
mostly through microglial modulation, neuroregeneration and other mechanisms. Conversely, NPs exposure can also trigger pro-inflammatory
microglia and subsequent neurodegeneration. As illustrated in the right side, neurotoxicity and pro-inflammation can be driven by chronic
neuroinflammation (such as over-activation of microglia), protein aggregation (for instance, the presence of specific metallic NPs like ZnO or Ag)
and can accelerate the misfolding and aggregation of pathological proteins such as Amyloid-beta or Tau), and other pathological mechanisms.

proteins onto the NP surface could deplete their concentration
in solution, which may inhibit aggregation as well. Overall,
there still remains a lot to learn regarding the characteristics of
NPs and how they interact with various proteins to gain
a comprehensive understanding of their influence on amyloid
aggregation.

4.1. Anti-fibrillation effect of nanoparticles

A crucial point to discuss is the impact of the physicochemical
properties of a nanoparticle, such as its size,”® charge,”” and
shape/morphology,”®® on its ability to inhibit or promote
amyloid fibril formation. A study done using gold NPs coated
with various substances such as citrate, CTAB (cetyltrimethyl-
ammonium bromide), PAA [poly (acrylic acid)] or PAH [poly-
electrolytes poly (allylamine)hydrochloride], showed that size and
surface chemistry of NPs determine their inhibition ability, as
well as surface charge determines the morphological features of
the aggregates.”® Similarly, silver NPs caused rapid dissolution
of fibrils, and in comparative experiment performed, the
poly(vinyl) pyrrolidone (PVP)-stabilized negatively charged trian-
gular silver nanoplates (AgTNPs) were found to be more effective
than the PVP-stabilized silver nanospheres, and dissolved the
fibrils at 1 hour and 70 hours respectively.> Another experi-
mental study focused on the effect of different nanoparticle
morphologies on fibrillation/antifibrillation: Giannousi et al.
synthesized two types of ZnO nanoparticles (ZnO nanoflowers
and polyol-coated ZnO NPs), revealing that both nanomaterials
impacted the amyloid formation mechanism and disaggrega-
tion, with ZnO nanoflowers, which have sharp edges, showing
the greatest amyloid degradation rate.””* Moreover, surface
modification of NPs could increase the efficacy of the anti-
fibrillation effect. As such, selenium NPs conjugated with tar-
geting peptides were found to be more effective for inhibiting

27440 | RSC Adv, 2026, 16, 27424-27452

the aggregation process of AB1-40, via a synergistic effect that
blocks the active site of fibril formation.>*

So far it is well studied that NPs have the ability to inhibit the
formation of fibrils by preventing the assembly of monomers
and oligomers, and this is achieved through altering hydro-
phobic interactions or with specific ligands; they could also
bring conformational changes in monomeric species too
(Fig. 6).2¢9>* Especially gold nanoparticles (AuNP) have gained
popularity as efficient inhibitors of fibrillation owing to their
unique features such as inert behavior, and tunable structural
and chemical properties.****** Recently, a fascinating technique
is being developed to prevent amyloid fibrillation by designing
a nanoparticle cluster, which uses a point-to-point strategy to
expose more binding sites in different types via multivalent
binding: once this cluster reaches the AD nidus, it decomposes
into ultra-small nanoparticles and binds with the AB sequence
preventing aggregation.”**

NIR (near infrared) light-responsive NPs have an added
advantage as they can efficiently penetrate the blood-brain
barrier (BBB), and subsequently inhibit amyloid-p1-42 (AB1-42)
fibrillation and disaggregate fibrils, by exhibit extremely strong
binding affinity for the AB1-42 protein.>® It has also been stated
that the strong bond between nanoparticle and amyloid
competitively reduces amyloid-amyloid interactions thereby
disintegrating amyloid fibrils, eventually forming (NP-&Af)
complex, thereby further normalizing microglial immunologic
dysfunction for AR removal.*** Moreover, Sutherland et al. also
proposed the mechanism of inhibition of insulin amyloid
fibrils, stating that the biopolymer-coated AuNPs strongly
interact with the insulin monomers and inhibit the oligomer
formation as well as elongation of the protofibrils.>*® Further-
more, cytotoxicity experiments showed that AuNP-insulin
amyloid fibrils are less toxic compared to insulin amyloid
fibrils alone. NPs could also destroy preformed proto-fibrils, as

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra01255h

Open Access Article. Published on 21 May 2026. Downloaded on 6/22/2026 5:17:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

shown by the hydroxylated single-walled carbon nanotube
(SWCNT-OH) that showed not only excellent anti-amyloid
properties, but, also the attachment of B2-microglobulin
(B2m21-31) on its surfaces adopting unstructured formations,
which impede the fibrillation process.>” By employing a mech-
anistic model, Liu et al. proposed that hydrophobic binding and
electrostatic repulsion are mainly responsible for the interac-
tion between AB1-42 and NPs, then, the ‘A31-42-copolymeric NPs
interaction’ leads to the stretching of AB1-42 molecules avoiding
the formation of fibrillogenic B-sheet structures.*® Similarly
zinc oxide (ZnO) NPs inhibited fibril formation by decreasing
cross-pf sheet amount, and preventing an increase in surface
hydrophobicity.*

Another side of the nanoparticle-amyloid interaction is how
and at what stage of the fibrillation NPs act on it, as the
mechanisms of action can vary and are dependent on the
specific target.””® For instance, polymeric nanoparticles affect
the nucleation step which is the initial stage of fibrillation
process.*® The starch-capped ZnO (ZnONPST) NP prolonged the
nucleation phase and shortened the elongation phase of
amyloid growth.*****> Counterintuitively, redirecting the
amyloid fibril formation toward non-toxic pathways is also
another therapeutic strategy. NPs might prevent the formation
of smaller, more toxic oligomeric species by accelerating the
formation of large stable fibrils, and thereby positively affect the
(initial) progress of amyloid-related diseases.

Surface modifications of NPs could also help to enhance the
efficacy of anti-fibrillation process. The inhibitory activities
appear to stem from the favorable interactions between modi-
fied NPs and early pre-amyloid species.””*** For example, in the
case of Citric acid surface-modified magnetite nanoparticles
(COAT-MNPs), the interaction potentially reduces the formation
of nuclei and oligomers that are necessary for amyloid fibrilla-
tion*** while curcumin-conjugated silver NPs inhibit the
amyloid fibrillation of lysozyme by restricting the formation of
larger fibrils.** The presence of certain amino acids on the
surface of AuNPs might have the potential to control the
aggregation of proteins.** As such, strategically synthesized
stable gold (AuNPs (Tyr), AuNPs (Trp)) and silver (AgNPs (Tyr))
NPs surface functionalized with either tyrosine or tryptophan
residues showed inhibition of both spontaneous and seed-
induced aggregation of insulin, and triggered the disassembly
of insulin amyloid fibrils.**

4.2. Fibrillation effect of nanoparticles

It's interesting to note that while the impact of NPs on anti-
fibrillation has been discussed, there seems to be a contradic-
tion when it comes to the effects of NPs on amyloid fibril
formation. Studies have shown varying results, and more
exploration is needed in this area. What we do know is that NPs
may either promote, delay, or inhibit amyloid fibrillogenesis,
depending on their properties. This is worth considering when
administering nanomaterials for brain delivery, as they may
promote aggregation and lead to amyloid fibrils.

As such, poly (propylene imine) (PPI) dendrimer, lacking
a positive charge,**® polyethylene terephthalate (PET)*”’

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles promoted amyloid fibril formation. Besides, as
shown by molecular dynamics simulation, TiO, NPs can adsorb
on the surface of the AB,, peptide and accelerate its oligomer-
ization, by stabilizing the binding site with hydrophobic inter-
actions.”® This is also supported by other findings, that
demonstrated hydrophilic TiO2 may have an effect on the
formation and aggregation of AB42 fibrils by shortening
nucleation stage.'*>** Furtherly, Surface-Enhanced Raman
Spectroscopy (SERS) and Tip-Enhanced Raman Spectroscopy
(TERS) experimental study showed that TiO,-NPs and ZnO-NPs
exposure to amyloid protein caused morphological changes and
stimulated aggregation and fibrillation kinetics of B-amyloid
fragment 1-40 (BA) and a-synuclein protein after incubation at
37 °C.*" In addition, it has been observed that the interaction
between human islet amyloid peptide (h1IAPP) and MoS2 nano-
sheet results in a specific nano-bio interface phenomenon,
which is enabled by the MoS2 nanosheet's ability to attract
hIAPP monomer, dimer, and oligomer on its surface through
van der Waals forces.>"

Interestingly, amyloid formed in the presence of ZnONP
actually exhibits significantly reduced cellular toxicity when
compared to pure amyloid, that was found to have profound
cellular toxicity in both mouse carcinoma N2a and normal cells,
such as human keratinocytes HaCaT cells.***

For the factors mentioned above and other reasons, so far,
the studies done on the effect of NPs on amyloid fibrillation had
shown varying results (promotory/inhibitory), thereby when
studying the effect of NPs on amyloid fibrillation, the physico-
chemical characteristics of the NPs need to be considered.
Sideways, it is important to note that nanomaterials can have
serious health implications if they enter the bloodstream and
make their way to other organs, such as the brain. The reason
for this concern is that nanomaterials have a large surface area
and strong interaction energy, which allows them to absorb
proteins in their surroundings. Therefore, whenever adminis-
tering NPs in an experiment, making precaution is always
cardinal.

As discussed earlier, the complex interplay between the NP
surface, the protein corona, and the bulk biological fluid
determines the corona formation. When amyloid proteins (like
B-amyloid or a-synuclein) encounter a NP, they bind to the
surface based on hydrophobicity, charge, and curvature. This
will eventually lead to the formation of either the hard corona
(i.e., proteins bound with high affinity, often undergoing
significant conformational changes) or the soft corona (ie.,
loosely associated proteins that exchange rapidly with the
environment). Consequently, such an NP-PC complex may play
either an anti-fibrillatory or a pro-fibrillatory role in the fibril-
lation process of amyloid proteins (Fig. 7).*

4.3. Overview of amyloid protein-protein corona interaction,
and its effect on oligomerization and fibrillation

While numerous studies have focused on the impact of nano-
particles (NPs) on oligomerization and fibrillation processes,
most of these studies have overlooked the influence of the
biomolecular corona on the fibrillation process. Given that the
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K = Constant of adsorption kinetics

Low affinity
proteins

K adsorption

e
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T = Immediate exposure

Hypothetical Effect
on Fibrillation

The dynamic Soft Corona may act
as a biomolecular 'stealth' layer,
providing steric hindrance that
inhibits AB nucleation and fibril
growth

High affinity
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K adsorption

Biological fluid
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T = Longer exposure

Hypothetical Effect
on Fibrillation

Surface-Mediated Nucleation:
the Hard Corona may act as a
biomolecular scaffold, kinetically
promoting pro-fibrillatory
aggregation

Fig.7 Schematic illustration of kinetic aspects of protein corona formation. It depicts the time-dependent evolution of the soft and hard protein
corona on NPs that consequently could hypothetically lead to either anti-fibrillatory or pro-fibrillatory aggregation effects on fibrillation process
of amyloidal proteins, respectively. Figure reproduced with minor modification from ref. 312.

protein corona plays a crucial role in determining the biological
fate of NPs, it's essential to investigate its molecular dynamics
thoroughly.

When NPs are administered in vivo, the delivery of NPs and
their interaction with A protein is not pristine anymore, rather
protein coated, which can affect the NPs to either promote or
inhibit fibrillation processes.** For instance, PEGylated poly-
styrene NPs and transferrin-modified NPs lose their active tar-
geting characteristics towards bEnd.3 and C6 cells when
incubated with CSF in vivo and in vitro.*** Therefore, an
emerging field nowadays is to try to understand and harness the
NPs-PCs-amyloid proteins interaction as a whole, rather than
solely the NPs-amyloid proteins interaction. Making a study in
this whole-round approach will not only enable us to under-
stand the biological effects of nanomaterials, but also can help
us get a deep insight into the evolution of amyloid diseases.

The assembly of fibrils proceeds via primary nucleation and
elongation, incorporating secondary mechanisms like
secondary nucleation and fragmentation.®® Thus, under-
standing the inhibitory role of the protein corona requires an
analysis of the competitive adsorption kinetics occurring at the
nanoparticle interface, which can effectively sequester mono-
mers away from the fibril's elongation front.

In this context, the protein corona actively interferes the
‘stop-and-go’ mechanism of fibrillation.

Here we highlight some possible mechanistic models on the
mechanism of a protein corona competition against amyloi-
dogenic proteins for the NP surface, and resulting possible

27442 | RSC Adv, 2026, 16, 27424-27452

effects on the fibrillation (Fig. 8). The first mechanism is steric
hindrance (or steric exclusion), which enables a protein corona
mask reactive sites on the nanoparticle surface. For instance,
when non-amyloidogenic proteins like albumin cover the NP
surface, they physically block amyloid monomers from reaching
the surface where they would otherwise nucleate.**® A second
possible mechanism is that the protein corona acts as a mono-
mer sink by sequestering the building blocks of the fibril. By
pulling monomers into the corona, the NP effectively starves the
growing fibril of the precursors required for elongation, thereby
slowing the rate of fibrillation." A third possibility is that the
protein corona induces kinetic trapping, creating off-pathway
oligomers. When amyloidogenic proteins enter the corona,
the NP surface may stabilize a conformation distinct from the
native or B-sheet folds. These structurally incompatible oligo-
mers cannot join the fibril, resulting in an accumulation of off-
pathway species instead of fibril growth.™ Last but not least,
specific proteins may act as molecular chaperones or competi-
tive guards against pathological proteins, leading to the inhi-
bition of key steps within the amyloid aggregation
pathways.**%*¢

Based on the above hypothesized mechanistic insights,
monitoring the fibrillation process of amyloidal proteins in the
presence of corona-coated NPs, rather than NPs only, could help
to achieve a more reliable and predictable outcome.

Likewise, the targeting specificity and cellular uptake of NPs
could also be shielded by protein corona from serum albumin
or CSF,* and so far researchers have identified 58 proteins that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 PC competition against amyloidogenic proteins for the NP surface.

are exclusive to AB1-42 samples and 31 proteins exclusive to
AB1-40 samples in human blood plasma, significant in the AD
pathology, with an impact on complement activation, inflam-
mation, and protein metabolic pathways.'* Interestingly, when
amyloid fibrils are in vivo, they also form a PC, which alters their
biological identity according to an experimental study done on
the characterization of the PC of human islet amyloid poly-
peptide (IAPP) fibrils in FBS (fetal bovine serum) which revealed
a clear evidence for the formation of a significant protein
corona.*** This will take us to a new perspective according to
Pilkington et al. statement,*'® which affirms that the formation
of amyloid coronae can help to reduce the toxicity of the fibril,
which could be a promising new mechanism for mitigating
IAPP toxicity in vivo.

Generally, according to several studies, protein corona
creates a shell over different nanomaterials, resulting in
reduced levels of amyloid B-fibril formation, compared to pris-
tine nanomaterials."*** In complement to these findings, the
binding of islet amyloid polypeptide (IAPP) with two

© 2026 The Author(s). Published by the Royal Society of Chemistry

homologous proteins, cationic lysozyme (Lys) and anionic
alpha-lactalbumin (alac), also reinforced the statement that
protein “corona” plays a crucial role in conferring the biological
impact of amyloidogenic peptides.**

Simultaneously, the inhibitory strength of NPs is determined
by the amount of proteins that are adsorbed onto their surface
which ultimately also shows the significance of the surface
properties of NPs in determining their effect on altering fibril-
lation process. Furthermore, an experimental study done on the
effect of PC coated NPs on the fibrillation of a-Synuclein showed
that the primary nucleation becomes slower, as PC reduces the
accelerating effect of NPs, which eventually results in the
formation of short fibrils and long fibrils in the absence and
presence of PC respectively."* Similarly, protein corona formed
a shell at the surface of gold NPs, regardless of their size and
shape, reducing the access of AB to the gold inhibitory surface
and, therefore, affecting the rate of Ap fibril formation: specif-
ically, the anti-fibrillation potencies of various corona-coated

RSC Adv, 2026, 16, 27424-27452 | 27443
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gold NPs were strongly dependent on the protein source and
their concentrations.***

However, the dynamicity of the PC-amyloid protein remains
complex, as opposite results were obtained from a study
demonstrating that biomolecular corona can dictate either an
inhibitory or acceleratory effect of NPs on fibrillation processes.
Their finding stated that biomolecular-corona-coated gold NPs
has less inhibitory effect on AB,;_4, fibrillation kinetics, while
good inhibitory effect on AB,s 35 peptide.*** Interesting mech-
anistic convergence between viral and amyloid pathologies has
also been elucidated, like respiratory syncytial virus (RSV) and
herpes simplex virus type 1 (HSV-1) accumulate a rich and
distinctive protein corona. In in vitro and animal model studies,
it has been shown that amyloidogenic peptides bind in the
corona and catalyze amyloid formation via surface-assisted
heterogeneous nucleation.**

Overall, NP surface acts as a competitive interface where
plasma proteins and amyloidogenic monomers undergo
dynamic exchange for adsorption sites. Thus, the question
remains: does the resulting PC primarily shield the NP's
inherent fibrillation-modulating properties, or can it be engi-
neered to enhance targeting? Crucially, the PC can also act as
a scaffold, where surface-induced crowding may unintention-
ally promote aggregation. Thus, beyond simple inhibition, NP
probes can be utilized as a strategic platform to manage this
nano-bio self-assembly. Such a perspective enables a transition
from treating the PC as a biological barrier to utilizing it as an
active, programmable tool for the advancement of
nanomedicine.

5 Conclusions and future
perspectives

The development of nanoparticles is increasingly evolving in
broad range of clinical applications, holding promises to over-
come limitations of drugs or therapeutics and navigate
systemic, microenvironmental and cellular biological barriers.
Nanoparticle-based therapies have the potential to offer several
benefits, including more precise drug delivery, improved solu-
bility, prevention of drug degradation, enhanced therapeutic
efficacy, and reduced immune response. All of this can be
achieved by engineering nanosystems to finely tune their
peculiar physico-chemical properties, such as shape, size,
charge, hydrophobicity, and surface features. However,
manufacturing and quality control, clinical or regulatory
hurdles and biological or physiological barriers, are challenging
the nanomedicine and nanoparticle-based therapeutics.

As discussed herein, the biomolecular corona, mostly con-
sisting of proteins but also of other types of biomolecules, form
spontaneously upon delivery of NPs in biological tissues or
fluids, thereby ultimately determining the fate of nano-
materials. Therefore, the development of safe and efficient
nanoparticle-based diagnostics and therapeutics necessitates
robust nano-bio information and reliable characterization of
the protein corona.
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Indeed, in the protein corona research, lack of standard
methodology poses a challenge in the reproducibility and
transparency of nanomedicine reports. Despite a milestone
success, there is still a need for robust and accurate methodo-
logical approaches that can be reproduced in the wider research
community. Thus, the application of appropriate characteriza-
tion techniques during the preparation of the protein corona,
and tailoring analytical methods and testing to specific nano-
particle designs or formulations helps create better nano-
particle medicines. Furthermore, strategies that are appropriate
to actively controlling and exploiting protein corona properties
demand protein corona engineering and advancing in situ
characterization techniques. These integrated approaches will
help to accelerate the achievement of safer and more effective
biomedical applications.

Finally, successful clinical translation of nanomedicine
technologies (i.e. timely and effective success) necessitates the
integrated functioning of all stakeholders including regulatory
agencies, funding agencies and the scientific community.
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