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Nano-bio interactions and drug delivery using soft
nanoparticles: a new paradigm in pharmaceutical
cargo release
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The bilateral relationship between nanomaterials and biological systems can play a significant role in
therapeutic interventions and diagnostics. The nanomaterials may lose their synthetic identity after
encountering biological fluids (e.g., serum or plasma), and it might lead to unintended outcomes in real-
time applications. Despite advances in nanomedicine, clinical translation and overall patient survival using
nanoformulations have largely remained elusive. The layer of biomolecules formed around nanoparticles
(NPs), often referred to as protein-corona (PC), can impact their physicochemical properties, including
size, surface charge/chemistry, chemical composition, solubility, etc. Recently, a few mechanistic evalu-
ations have demonstrated that the formation of a corona layer on nanoparticles can also have a conse-
quential effect on the release profiles of polymeric soft NPs. To evaluate their therapeutic efficacy and
resolve discrepancies that exist between in vitro and in vivo results, transition of NPs from their native to
the corona-coupled state and its impact on unloading of their cargo need to be understood. Here, we
highlight (i) how inherent properties of polymer precursors can affect PC build-up on soft NPs and its
impact on cargo-release kinetics and (ii) limitations of existing methods in analyzing PC in complex
systems, with emphasis on the impact nano-bio interactions have on the soft nanoparticle-based drug
delivery domain.

in drug delivery and diagnostics.>>>° Advantages of nano-
medicine include prolonged retention times, increased solubility,

Nanomaterials are revolutionizing medical interventions owing
to their ability to target specific sites and higher safety, as
measured by their therapeutic index over conventional treat-
ments. The last four decades have seen remarkable progress in
the development and application of engineered nanoparticles
(NPs) in the treatment of various diseases including cancer,"”
neurological ~ disorders,*""  autoimmune  diseases,"* ™
hepatitis,””™® infections,"*' muscular degeneration,>*>* and
hypercholesterolemia. The scope of fine-tuning the physico-
chemical properties of NPs such as their size, shape, surface
functionalities, and morphologies has offered a unique platform
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improved biodistribution, reduced immunogenicity, and low sys-
temic toxicity. NPs for biological applications have been fabri-
cated using either hard (inorganic) or soft (organic, lipid-based,
and polymeric) materials. The inorganic NPs from mesoporous
silica,*"** quantum dots,**?* silver,***® and gold®*’° have been
demonstrated to be highly efficient for imaging and diagnostic
purposes, due to their unique magnetic, optoelectrical, and
chemical properties. However, the uncertainty surrounding their
cytotoxic dosage-limits has been a major hurdle in transitioning
to clinical levels.*>*' Soft NPs are more suited for drug delivery
due to their modular build-up, inherent biocompatible
nature, ability to introduce multiple functions through targeting
ligands (antibodies, antibiotics, peptides, and nucleic acids),
as well as varied compositions including lipid NPs,**** poly-
meric micelles,***> polymersomes,*®™*® dendrimers, and
liposomes®™* (Fig. 1). In addition, the ability to load multiple
drugs makes them optimal candidates for combination therapy
to address drug resistance, as well as for interventions targeting
more than one type of pathogen or disease type, such as bacterial
infections.>® Stimuli-responsive NPs offer opportunities to take
advantage of internal (pH, enzymes, and small molecules) or
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Fig. 1 The main types of nanocarriers that have been used in drug delivery, together with a list of their biophysiochemical properties.

external (magnetic field, temperature, ultrasound, electric field,
and light) cues for sustained and controlled drug delivery to
disease sites.>>™°

Nanocarrier-based drug delivery has been extensively investi-
gated and its benefits in enhancing the efficacy of hydrophobic
drugs through encapsulation has been well documented.
However, since the effect of nano-bio interactions was not taken
into consideration, many nanocarriers failed at clinical trials
despite showing promising results in vitro.®**> By re-evaluating
the existing nanocarrier-based systems in more detail, it was pro-
posed that the protein corona (PC), at least in part, is respon-
sible for such disparities,**°® and the biological medium alters
the physicochemical properties of nanocarriers, which affects
their efficacy.”®®* When nanocarriers enter the bloodstream,
they interact with a complex biological environment rich in bio-
molecules, including proteins, lipids, and sugars. This inter-
action results in the adsorption of serum proteins primarily on
the surface of nanoparticles, a coating often referred to as
protein corona (PC).*>”° As proteins are the most abundant bio-
molecules in the bloodstream, they preferentially adsorb onto
the nanocarrier surface, forming a protein-rich layer. This
protein corona can significantly alter the physicochemical pro-
perties of nanoparticles”"”” (Fig. 2). The outer soft layer in PC is
composed of molecules in an active and rapidly exchanging state
with the surrounding biological environment as compared to
the inner hard layer, which is closely bound to the NP surface
and has a stable arrangement of biomolecules.” It is now
becoming evident that the PC can play a decisive role in
immune response, retention times, targeting capability, cyto-
toxicity, biodistribution, clearance rates, and biodegradation of
7473 1t is not only the concoction of plasma pro-
teins that affects the pharmacokinetic behavior of nanocarriers
but also several other factors such as gender, demographics, and
disease state that contribute to the variation in PC and even-
tually impact the overall in vivo efficacy of a nanocarrier.”® The
underlying biological differences in the plasma compositions of
animal models and humans account for the failure of clinical
trials of numerous lab-scale nano-formulations successfully
tested on animal models.

nanocarriers.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Recently, some comprehensive reviews have summarized
how the composition of plasma proteins can influence the
corona build-up on NPs and eventually change their thera-
peutic fates.”” However, a detailed analysis of how PC can
affect the release profiles of drugs from nanocarriers still
remains elusive. Its understanding can change the outlook of
the PC-NP relationship and its repercussions on the efficacy of
nano-formulations. The build-up of PC on NPs once they enter
into circulation or the targeted sites is still being explored, and
the kinetics of corona formation may help in better under-
standing its role in the release of drugs from NPs. Only a few
experimental studies are available in the literature that focus
on the characterization of PC, but they are quite simplistic and
limited to animal plasma such as bovine serum or single
protein systems which are far different from the human bio-
logical medium.”® If PC can capture and solubilize soft NPs, it
can increase the availability of drugs but its effect on the
overall sustained release and efficacy is still to be identified.
Hence, a detailed investigation on how PC manipulates release
profiles and the drug delivery behavior of nanoformulations is
imperative to understand the underlying mechanisms and to
help design more efficient nanocarriers in the future.

It has been shown that PC can shield the drug from release
in some cases, while aiding in sustained release in others.”®
Since the disease stage, gender, and demographics influence
corona composition, it becomes evident why the same NP-
based therapeutic kit produces different results when tested
for a larger set of patients. It is essential to understand the
evolution of PC in varied environments. Hence, to design the
most effective nanocarrier for drug delivery, we need to under-
stand the pattern and evolution of PC in humans. PC for-
mation and its evolution have been studied in different bio-
logical systems in vitro and in humans under different environ-
mental conditions.®*"®> Such studies can provide a roadmap of
the periodic evolution of PC and help design efficient NP-
based therapeutic systems. It is necessary to mention that
current methodologies lack the resolution to decipher the
mechanism or kinetics of PC formation, its composition on
NPs, and subsequent cargo release from NPs. It is unclear
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Fig. 2 A summary of factors affecting protein corona on NPs and the downstream effect of protein corona.

whether the corona build-up is a purely physical adsorption-
based phenomenon or a gradual chemical process and if it
could be reversed. However, some articles have reported it to
be an interplay between both forces.®® Using current method-
ologies, we can only create a simplistic biological medium
in vitro to track the temporal formation of corona. It is becom-
ing clear that in vitro results may not represent real-life
systems. It has been more than five decades since researchers
proposed therapeutic NP-based formulations, but these rep-
resent less than 22% of the total market share of the pharma-
ceutical industry.®” It begs the question that if NP-based
systems are superior to conventional drugs, as demonstrated
in numerous studies, then why do most fail to make it to clini-
cal translation. To address this, we propose the relevance of
evaluating the role of PC in the release profiles of soft NPs. It
is also clear that the failure at analyzing the kinetics of PC for-
mation on NPs is becoming a limiting factor in reassessing the
existing NP-based formulations. Advances in experimental
investigations are required to design more effective and robust
NP-based drug delivery systems and accelerate their successful
clinical translation. An understanding of the structure-prop-
erty relationships of surface functional groups of polymeric
NPs, which play a key role in interacting with plasma proteins,
is desired. Each polymeric particle is an individual platform
with different composition of polymers, surface charge, func-
tional groups, hydrophobicity, hydrophilicity, size, and shape.
The intermolecular forces have a strong contribution in PC for-
mation, with electrostatic forces as the most dominant and
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hydrophilic forces as the least dominant, as shown in Fig. 3.5
Without a common roadmap, it necessitates a complex exam-
ination of each one of them to understand the mechanism of
their interaction with human plasma proteins.

2. Factors affecting NP-PC build-up

The human body is a highly dynamic system, and changes in
serum proteins due to temporary conditions are inevitable.
Human plasma is composed of more than 1500 different types
of proteins,®*~°' which could contribute to the formation of
varied and diverse corona on the surface of NPs. This complex
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Intermolecular forces contributing to the formation of protein
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mixture contains antibodies, cytokines, secreted proteins,
transporters, lysosomal proteins, hormones, foreign proteins
due to infection, protein fragments, inter- and intracellular
proteins, receptor ligands, and the most abundant (>55%)
albumin protein.”> When NPs enter into circulation, inter-
actions with serum proteins inevitably impart a new nano-bio
interface to them, which may lead to changes in their targeting
ability and the payload release profiles.”® A study related to PC
kinetics has shown that 20 abundant proteins form the corona
within less than half a minute of exposure of silica and poly-
styrene NPs to human serum.’® Hence, the dynamics of
protein deposition and equilibrium among proteins based on
their affinity and stability to stay inside the PC layer dictates
the final composition of the protein layer formed on the
surface of different types of NPs. Based on the abundance,
serum albumin, apolipoproteins A1, and complement C3 out-
number all other proteins in participating in PC deposition.
Once PC is formed, the amount of bound proteins changes,
while its composition remains constant, which contradicts
earlier studies. Such analyses propose that PC formation is
independent of the Vroman effect, a phenomenon in protein
adsorption, where the composition of proteins on the surface
changes over time due to competitive binding.”” Interestingly,
the molecular weight of the proteins may also have a role in
corona build-up, as the most abundant proteins in the corona
layer have a molecular weight >60 kDa. Bioinformatic analysis
has revealed that irrespective of exposure time to serum pro-
teins or particle surface functionalization, the protein corona
exhibits a net negative charge at physiological pH, mimicking
the composition of net negatively charged cells inside the
human body.**?°

Apart from the diverse composition of human plasma,
there are multiple factors such as gender, age, demographics,
disease stage, habits, and temporary conditions such as preg-
nancy and medication that can influence PC composition. To
our knowledge, there are only two studies that carried out an
extensive analysis of the impact of disease states on the com-
position of PC.””"%” One of these investigated the composition
variation in PC in patients suffering from fauvism, hemophi-
lia, hypofibrinogenemia, diabetes, hypercholesterolemia, and
temporary conditions such as pregnancy, and in healthy indi-
viduals with lifestyle habits such as smoking, alcohol, and
diet.”” The SDS-polyacrylamide gel electrophoresis (PAGE)
protein analysis showed that patients suffering from the same
type of disease had similar PC composition, whereas the com-
position varied between patients with different diseased
states.”” In another independent study, clinically approved
liposomes (AmBisome) were used to analyze PC formation in
gastric, breast and pancreatic cancer patients.”” The results
demonstrated substantial variability in PC composition among
all cancer types, with liposomes in pancreatic cancer having
lower negative charge than in breast or gastric cancer, indicat-
ing a higher concentration of cationic proteins in the corona.
The SDS-PAGE analysis showed the presence of a band at
~37 kDa associated with immunoglobins A (IgA), which is a
marker for autoimmune response in cancer patients. Since

© 2025 The Author(s). Published by the Royal Society of Chemistry
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liposomes had varied PC in all cancer types, it was anticipated
that it will affect the pharmacokinetics of such nano-formu-
lations, implicating PC as a pivotal factor if the same liposo-
mal drug fails to generate a similar therapeutic response in
another disease type. Apart from these, it is essential to
analyze other factors that may affect the adsorption of proteins
on the surface of NPs. Understanding how proteins interact
with NPs is crucial. This includes analyzing factors that influ-
ence the formation of PC around the NP surface. In particular,
the role of surface charge and functional groups in attracting
or repelling proteins is important. Additionally, the hydropho-
bicity or hydrophilicity of the NP surface plays a critical role in
determining the types of proteins that get adsorbed.

3. Dynamics and statistics of PC

It has been suggested that protein adsorption on NPs is a
dynamic phenomenon. Predicting the fate of NPs in vivo
requires an understanding of this behavior, as well as
inclusion of the studies pertaining to the role of PC in in vitro
studies. The amount of proteins adsorbed on the surface of
NPs fluctuates until it reaches an equilibrium.’®® Because of
the Vroman effect, the PC changes over time as more mobile
proteins attach to the surface first and are then replaced by
those with higher affinity."°'** It brings about changes in
PC’s physical characteristics and composition. The timeline
might vary for different shapes, sizes, surface charges, and
morphologies of the NPs. It has been observed that PC builds
up within a few minutes, and subsequently only an exchange
of low affinity proteins with higher affinity proteins occurs. In
a study by S. Palchetti et al. in 2016, a remarkable difference in
the number of proteins adsorbed on PEGylated liposomes was
reported, when tested in static and dynamic systems.'®> A total
of 207 proteins were identified on liposomes in a circulating
fetal bovine serum, compared to only 118 proteins that were
adsorbed in a static fetal bovine system, which accounts for
almost 57% variation in the results.'® These data help in elu-
cidating discrepancies often seen in reproducibility of protein
adsorption on the same particles and media but tested under
relatively different flow conditions (Fig. 4). Such analysis also
highlights the significance of in vivo and dynamic systems
when establishing statistics of PC formation.

Another comprehensive study conducted a qualitative and
quantitative comparison of PC among bare liposomes,
PEGylated liposomes, and monoclonal antibody IgG-functio-
nalized liposomes.'® All three types of formulations were
tested in vitro and in vivo. It was found that the number and
types of proteins adsorbed had greater variation in same lipo-
somal NPs when tested in vitro than in vivo. Among bare lipo-
somes, 212 proteins were adsorbed in vivo, as compared to 30
in vitro exclusively, with an overlap of 241 proteins. In
PEGylated liposomes, a total of 502 proteins were found in the
corona layer, where 241 were exclusively in vivo and 24 in vitro,
with an overlap of 237 proteins.'® In IgG targeted liposomes,
which had more exposed charges, a denser layer of PC was
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formed with a total of 542 proteins, where 254 proteins
were in vivo as compared to 31 in vitro, with an overlap of 257
proteins. These differences in the number of proteins
adsorbed on the same liposomal surfaces when tested in static
and dynamic systems necessitate re-investigation of existing
in vitro studies in a dynamic system to establish a standard PC
composition and its influence on drug release behavior and
targeting capability in a more reliable manner. The study
showed that in addition to the surface morphology and
charge, the environment also influences corona composition
and plays a pivotal role in the type and quantity of proteins
adsorbed. The microscopic visualization of the PC showed a
network of fibrillary structures in vitro as compared to an
uneven morphology in vivo with a broken coverage of liposo-
mal surfaces. A further investigation into the targeting capa-
bility of liposomes showed that among all three formulations
tested, the PC significantly reduced the receptor binding and
cellular internalization of the IgG-coated liposomes. It shows
the influence of hydrophobic interactions and the propensity
of higher protein adsorption on charged surfaces as compared
to neutral ones.

4. PC impacting the payload release
from nanocarriers

The PC not only influences the physicochemical properties of
nano-formulations, but also impacts the release profiles of the
NP-conjugated or encapsulated drugs. It transforms the nano-
carriers into new identities, significantly changing their bio-
distribution and overall therapeutic efficiency. Numerous
studies have been performed to study the delivery profiles of
the payloads in nanocarriers, but it has become evident only
in the last decade that PC may have an indispensable effect on
release profiles in vivo. The significant differences between
human and mouse plasma compositions contribute to the dis-
crepancies observed between in vitro and in vivo studies. These
can affect drug release kinetics and often lead to failure of
promising NP-based formulations in clinical trials. Therefore,
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it is crucial to re-evaluate the release profiles of previously
studied nanocarriers in the presence of human proteins to
gain a more accurate understanding of their drug release
behavior. Recently, a few studies have demonstrated that PC
can strongly modulate the biotransformation and release
kinetics of encapsulated drugs, and it needs further detailed
investigation.

4.1 Effect of PC on drug release from inorganic and soft NPs

PC formation and its implications are not limited to only
organic nanocarriers, but it spans over other subtypes
including inorganic NPs. As more studies on metal NPs
demonstrate enhancement of the targeting ability and
overall efficacy as therapeutic carriers, the associated com-
plexities such as PC formation warrant a reinvestigation with
a new perspective. A study by Shahed Behzadi et al. used
superparamagnetic iron oxide nanoparticles (SPIONs), poly-
meric nanocapsules, and albumin-bound paclitaxel
(Abraxane) nanocarriers to evaluate the effect of PC on drug-
release profiles."”” It was found that there is a significant
difference in the thickness of corona layers surrounding
these nanocarriers. The PC layer on iron oxide particles was
thicker (32 nm) than nanocapsules (%10 nm), which led to
the different release profiles of the two nanocarriers.
Overall, PC had a shielding effect on all the nano-formu-
lations and particularly reduced the release of paclitaxel
from albumin-bound Abraxane NPs, highlighting an impor-
tant role of the nanomaterial composition in varying the pro-
pensity of NPs towards serum proteins. It was observed that
the stable shell of PC around the polymeric NPs reduced the
burst release of either protein-conjugated NPs or surface-
loaded drug nanocarriers and the formation of a protein
buffer layer made a shield onto the surface of small NPs
in vivo, impeding drug release, as compared to drug-loaded
liposomes that showed burst release even after the formation
of a PC layer (Fig. 5).

Soft and inorganic NPs, owing to their intrinsic compo-
sitional differences, will have varied NP-corona relation-
ships.”® Several factors, such as NP material composition,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of protein corona formation on the cargo release from nanocarriers.

surface properties, increase in particle size, corona-drug inter-
action, corona-NP interaction, PC composition, and modu-
lation of the entry mechanisms into the target site, play a criti-
cal role in modulating drug release kinetics. Table 1 summar-
izes the role of such factors affecting corona build-up on in-
organic and soft NPs. It is evident that most of the studies per-
taining to corona formation have been carried out on metallic
or inorganic NPs, but it is mostly soft NPs that are at clinical

stages. However, very little data are available on the effect of
human serum proteins on such nano-formulations, necessitat-
ing the need for more investigations. Among all the studies on
payload release under the influence of PC, it has been shown
that it slows down the release of drug from inorganic NPs. In
contrast, in most soft NPs including liposomes, PC leads to an
enhancement in the release of drug molecules. These studies
emphasize that it is critical to consider PC as a driving factor

Table 1 Examples of the effect of PC formation on the cargo release characteristics of nanoparticles

Mechanism by which PC affects release Payload
Types of NPs Loaded drug/molecule from NPs release Ref.
Inorganic NPs
(PEG) fumarate-coated Tamoxifen citrate Increase in particle size Slower 107
superparamagnetic iron oxide
PX albumin-bound NP formulation  Paclitaxel (PX) Increase in particle size Slower 107
(Abraxane®)
Mesoporous silica NPs Camptothecin Increase in particle size Slower 108
Poly-3-hydroxybutyrate-co-3- Coumarin-6 Increase in particle size Slower 109
hydroxyhexanoate NPs
Gold nanorods Doxorubicin (DOX) Increase in particle size Slower 110
Solid cationic Eudragit RS Dexamethasone Increase in particle size and interparticle Slower 111
aggregation
NH3-dependent dissolution of Silver ion Chelation of Ag” with the thiol and cysteine  Faster 112
silver (Ag) NPs of BSA
Silver NPs Silver ion Interaction of BSA with NPs Slower 113
Gold NPs Poly (acrylic acid) (PAA) Increase in size NA 114
Gold nanorods DNA Depends on the protein composition (soft Faster/ 115
corona or hard corona proteins) slower
Organic NPs (soft nanoparticles)
Doxoves (a PEGylated liposomal DOX Interaction of PC (mainly dysopsonins) with ~ Faster 116
DOX) NPs, which destabilized the liposome
membrane
Traditional temperature-sensitive DOX Interaction of PC with TTSL lipids, which Faster 117
liposomes (TTSLs) destabilized the lipid vesicles
Transferrin-functionalized Lomerizine and YM872 Change in pH Slower 118
P(HEMA-ran-GMA) copolymer NPs
Lipid NPs Zwitterionic lipid dioleoyl Increase in size Faster 119

phosphatidylethanolamine (DOPE)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the release kinetics, while deploying lipid-based nano-for-
mulations inside the human body.

4.2 Challenges surrounding PC formation on soft NPs

Protein adsorption on nanocarrier surfaces is influenced by
structural characteristics (including surface charge, size, and
shape) and environmental factors (composition, pH, and
temperature).’* Moreover, PC formation is the result of inter-
molecular interactions (van der Waals, hydrogen bonding, cou-
lombic and hydrophobic effects).'*" Although PC is considered
undesirable and could impair cellular targeting and
uptake,'**'** some studies show the advantages of protein
coatings. It has been shown that pre-coating NPs with serum
albumin improves blood circulation time,'** while pre-coating
with immunoglobulin reduces nanoparticle interaction with
phagocytic cells."®* Adsorption of vitronectin glycoproteins can
also enhance targeting for cancer cells,"*® and AuNP conju-
gation with albumin and apolipoprotein E promotes organ tar-
geting."”” Moreover, protein coating can also reduce cyto-
toxicity of nanoparticles, as noted for inorganic nanoparticles
coated with fetal bovine serum.'® Interactions in macro-
molecules are responsible for the colloidal stability of poly-
meric NPs. Hence, soft NPs are more prone to destabilization
inside the human body as electrostatic interactions with
serum proteins and polymeric functional groups disturb the
polymeric stability, leading to abrupt release of the
cargo.''®''” Abstiens et al'*® examined the interaction of
serum proteins with polymeric colloids with varying particle
charge and hydrophobicity. Fluorescence resonance energy
transfer (FRET) was used to quantify and measure the colloidal
stability of hard PC in polymeric NPs with uncharged methoxy
groups, positively charged amine groups, negatively charged
carboxylic acids, or zwitterionic NPs. Zwitterionic NPs were
least affected by the formation of a PC when compared to
neutral methoxy groups or negatively charged carboxylate
groups. This could be due to the fact that zwitterionic NPs
provide fewer opportunities for serum proteins to bind using
electrostatic and hydrophobic interactions. Positively charged
amine-NPs, on the other hand, had strong interactions with
serum proteins, resulting in a wider spectrum of proteins in
the hard corona.’*”'*! FRET and SDS-PAGE agarose gel elec-
trophoresis showed that the increased protein adsorption onto
colloidal surfaces damaged NP integrity, and the lipophilic
payload continuously leached out of the hydrophobic core.
Cargo leaching was demonstrated to be directly proportional
to protein concentration on SDS-PAGE. Herein, we collate all
the available studies focusing on soft NPs and their interplay
with PC and how these coronae affect encapsulated drugs,
their release, and overall functionality of the soft NPs.

4.2.1 Liposomes. Liposomes are spherical vesicles contain-
ing a phospholipid bilayer mimicking a cell membrane struc-
ture. Owing to the ease of preparation and biocompatible
nature, they are often used as nanocarriers."*>"** Liposomes
are the most studied NPs for drug delivery, and several lipo-
some-based drugs have seen clinical translation, circumvent-
ing issues such as low efficiency, non-specific biodistribution,
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and severe cytotoxicity otherwise faced by the free form of anti-
cancer drugs. However, a trend related to the limited overall
success of liposome-based drugs in humans has emerged.
Upon careful re-investigation into the reasons behind such dis-
crepancies, failures at the clinical stage could be attributed to
poor knowledge and understanding of nano-bio-interactions
occurring inside the human body. It is a validated fact now
that the accumulation of NPs at the targeted site is governed
by the new identity acquired by the NPs in the presence of
plethora of proteins in biological medium. Recently, a library
of ten liposomal particles varying in the composition of lipids
were assembled and exposed to human plasma to analyze
changes that occurred and their effect on liposomal thera-
peutic efficiency.®* An extensive characterization by zeta
potential measurements, micro-electrophoresis, and nano-
liquid chromatography-tandem mass spectrometry found an
accumulation of more than 200 plasma proteins, with a sub-
stantial increase in the hydrodynamic radii in all the liposomal
formulations. It significantly affected the uptake of liposomes
by the receptors on adenocarcinoma and insulinoma cells.
Interestingly, cationic liposomes containing 1,2-dioleoyl-3-tri-
methylammonium-propane (DOTAP) and (3p-[N-(V',N'-di-
methylaminoethane)]) carbamoyl adsorbed more proteins
than neutral and anionic liposomes, suggesting the synergistic
role of cationic functional groups in interactions with plasma
proteins. It can be concluded that PC may act as an endogen-
ous trigger, promoting or circumventing the internalization of
liposomes by the receptors on the target cells.

PC formation on a clinically approved liposomal drug for-
mulation (AmBisome) was examined by incubating it in blood
from gastric, breast, and pancreatic cancer patients."*> It was
observed that hard corona formed within few seconds of incu-
bation and its protein quantity remained constant over time,
which is commensurate with earlier reports."'® Plasma pro-
teins did not cause any aggregation of liposomes but rather
resulted in thick and heterogenous corona formation. Zeta
potential measurements showed variation in surface charges
after deposition of plasma proteins, which suggested that
diversity in the PC of healthy and cancer patients dictated
their propensity towards cationic lipids.

Another study focusing on the kinetics of protein binding
on PEGylated liposomes indicated the importance of temporal
evaluation of the dynamics of PC formation and its effect on
drug release.’*®'*” Liposomes were injected into mice intra-
venously and extracted from circulation at specific time inter-
vals. Extracted liposomes with PC were analyzed by dynamic
light scattering (DLS), transmission electron microscopy
(TEM), and mass spectrometry (MS). The findings indicated
that an intricate PC was established within 10 minutes after
injection. While the overall protein adsorption remained con-
stant, the abundance of each detected protein varied over
time, suggesting the occurrence of competitive exchange pro-
cesses. It was observed that at different time intervals, the
most abundant proteins remained the same, but their
adsorbed concentration fluctuated with time. At the 10 min
time interval, macroglobulin was most abundant, followed by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hemoglobin and apolipoproteins at subsequent time points.
This is very valuable information for designing time-based tar-
geted nano-therapies, as it would impact the kinetics of circu-
lation and clearance of nano-formulations. It is evident that
NPs reach the targeted site at different time points, and the
biological medium imparts a new identity to the NPs, which
could affect their circulating times, interaction, and uptake.
Despite such revelations, there are only a few studies that
focus on the dynamic nature and kinetics of PC of soft NPs,
and to date, true in vivo real-time analysis of NPs in humans
remains elusive and demands thorough investigation.

Most of the studies have been carried out to characterize PC
using in vitro static systems by end-point analyses. However, an
interesting investigation by Palchetti et al. showed that there is
a significant difference in the composition of PC on PEGylated
liposomes when tested in vitro and in circulating systems."*
They showed that the sizes of the liposomes did not differ
much, but the PC of circulating liposomes was more negative
with accumulation of serum albumin, while those tested in a
static system had higher accumulation of alpha-2-HS-glyco-
protein. Such analysis urges that a thorough re-evaluation of
the polymeric drug delivery vehicles in a dynamic circulating
platform is required to establish their true efficacy and help
identify disparities when tested in vitro and in vivo."*®

4.2.2 Polymersomes. Soft nano-sized drug delivery systems
(micelles and vesicles), in general, have been overlooked in PC
formation. One reason could be the lack of effective method-
ologies for separating the nanoparticle-protein complex from
unbound proteins. For example, centrifugation — a separation
method based on density differences — was primarily used to
separate incubated NPs from unattached proteins."*® However,
this approach is only suitable for purifying high-density NPs
and is unlikely to be effective for low-density polymeric NPs."*°
Polymersomes are artificial vesicles, with membranes com-
posed of amphiphilic block copolymers. They are similar to
liposomes but are reported to have better stability and cargo-
retention efficiency, making them a beneficial carrier for drug
delivery."*! PEG and poly(dimethylsiloxane) (PDMS) are two
polymers that are often co-polymerized for these purposes.'*?
Such vesicle-like structures contain an aqueous lumen
enclosed by a hydrophobic membrane enabling loading of
both hydrophobic and hydrophilic drugs, making them suit-
able for in vivo imaging and therapeutics,"**'** although clini-
cal transition has remained difficult."*® This is partly due to
the lack of fundamental knowledge about the alteration of
their physiochemical properties upon encountering living
systems and developing a PC."*® The formation of PC envelop-
ing polymersomes synthesized from poly(acrylic acid)-b-poly-
styrene block copolymer (PAA,,-b-PS;44) was studied in depth
by de Oliveira et al.'*” The interaction of three distinct bio-
macromolecules (lysozyme, immunoglobulin G - IgG and
bovine serum albumin - BSA) with the vesicle-like structure
was investigated. DLS was used to study the structural charac-
teristics of nanoparticle-protein complexes, while isothermal
titration calorimetry was used to study the thermodynamics of
protein adsorption. The experimental findings supported the
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occurrence of PC enveloping self-assemblies, with hydrogen
bonding and van der Waals being the main driving forces of
protein adsorption. The intensity of binding varied depending
on the chemical composition of biomacromolecules.

Overall, protein adsorption was found to be independent of
the chemical composition of biomacromolecules. Despite poly-
mersomes being negatively charged, protein adsorption
occurred regardless of isoelectric points and surface charges.
These findings imply that electrostatic forces cannot overrule
the intermolecular interactions that govern protein adsorption.
This is supported by the fact that the negatively charged pro-
teins (IgG and BSA) can bind to a surface of negatively charged
vesicles. Irrespective of the chemical makeup of PC or the
polymer concentration, protein-coated assemblies were less
cytotoxic than uncoated NPs, demonstrating benefits of PC.

4.2.3 Dendrimers. Dendrimers are hyperbranched macro-
molecules with varied compositions, generation numbers,
molecular weight, and surface entities. Amongst many dendri-
mer families, poly(amidoamine) (PAMAM) dendrimers are the
most common and are some of the most well-studied. PAMAM
dendrimers consist of a diamine core and tertiary amine
branching units, and their surface charge can be modified
with negatively charged carboxyl, neutral hydroxyl/acetamide,
or positively charged amine groups.'*® Dendrimers have been
employed as nano-delivery systems for several drugs to
increase their solubility and enhance therapeutic effects, as
well as for targeting cell receptors via ligands.'*® Dendrimer-
protein complexes have been shown to have a major impact on
biological processes in several studies.">”'*' The PC formed
on the surface can impact dendrimer biodistribution because
it promotes a longer circulation time by binding to dysopso-
nins, such as serum albumin and apolipoproteins. On the
other hand, binding to opsonins, such as fibrinogen, immuno-
globulin, and complement proteins, will increase macrophage
and phagocyte identification and trigger inflammatory
response, which is not a desired situation.

It has been shown that dendrimers bind to lipid mem-
branes'*? and soluble proteins>* via non-specific interactions,
including electrostatic and hydrophobic, with dendrimer gene-
ration and chemical composition playing a significant role in
protein binding affinity.">* Gel electrophoretic assays revealed
that G6 and G7 PAMAM dendrimers exhibited the highest
protein binding. A detailed study by Akesson et al. reported
hard corona formation on cationic PAMAM dendrimers of
generation G4 to G7 (with the same surface modification but
different sizes), showing generation-dependent interactions
with both cell membrane and cell toxicity."*®> The overlap in
the size and density of plasma proteins and PAMAM dendri-
mers makes it implausible to study PC using conventional
techniques based on varying sedimentation rates of coated
NPs from plasma proteins under centrifugal forces. Moreover,
there is no alternative way to distinguish what is bound, from
impurities in abundant proteins. To address these problems,
electrophoretic mobility methods that are commonly used to
separate charged small NPs that travel across the porous
gel matrix, such as SDS-PAGE (Sodium Dodecyl Sulfate
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Polyacrylamide Gel Electrophoresis), have been utilized. The
variation in plasma concentrations resulted in differences in
mobilities and surface charges spanning across the gener-
ations of dendrimers. Overall, the study confirmed that larger
dendrimers had a greater protein binding capacity, which was
later confirmed by mass spectrometry.'>”

Another study'®® investigated interactions between serum
proteins (HSA and IgE) and PAMAM dendrimers of different
sizes (G1-G4) and surface chemistry, including positively
charged amine, negatively charged succinic acid (SA), and
neutral hydroxyl (OH), polyethylene glycol (PEG), and phos-
phorylcholine. They reported that neutral PEG, and OH modi-
fications significantly decreased protein interactions when
compared to anionic or cationic surfaces. Neutral PAMAM den-
drimers form sporadic interactions with proteins, whereas
charged dendrimers tend to remain attached to proteins for a
longer amount of time. HSA with a negative charge favored
positively charged PAMAM-G1 to G4 with binding rates as high
as 80%. HSA bound less frequently to negatively charged
PAMAM-SA when compared to unmodified dendrimers, but
substantially more than the neutral dendrimers. IgE with a net
positive charge favored both positively and negatively charged
PAMAM dendrimers with a similar binding frequency of 10%,
which was higher than that of neutral dendrimers."® It is
noted that most studies carried out on polymersomes and den-
drimers do not explore the effect of PC on payload release,
which is becoming a critical factor in determining the overall
efficacy of any NP-based formulation.

5. Nano-bio interactions and drug
release

Interactions of plasma proteins with NPs can affect drug
release kinetics in NPs, which has implications in clinical
translation. Scientists have also seen a positive side of this
interaction and are now using the proteins accumulated in PC
as biomarkers. Studies dedicated to characterizing the PC and
how it can be of diagnostic value exploiting its accumulative
tendencies, are summarized below.

5.1 Hurdles in the characterization of PC

To minimize misinterpretations in the analysis of PC, the com-
plexity of the system needs to be minutely investigated. It has
been shown that PC can shield NPs and can change the drug
release behavior,®>®%%77159 put the exact mechanisms are still
elusive, as it is very difficult to isolate individual components
from drug-NPs and plasma concoction. The most common
technique used to study drug release behavior is the dialysis
method,*®*'** but the major hurdle in quantifying the drug
release in the presence of PC is the loss of drug due to adsorp-
tion on the inner surface of the tubing.'®® Moreover, in the
presence of serum or plasma proteins, there is the possibility
of interaction between the drug and the medium. It becomes
extremely challenging to isolate and identify pure forms of
drugs or the components of the complex plasma (Fig. 6). Such
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interactions can lead to the formation of irreversible drug-
protein complexes, which might result in inaccurate analyses.
These possibilities are inevitable and pose a major issue in
studying drug release profiles from nanocarriers. Moreover, it
is extremely difficult to analyze and identify the drug inside
the dialysis tubing because it might exist in a complex form
with NPs or serum, significantly impacting the quantification
of the released drug and ultimately the drug release profile.
The advanced methods to address these issues and measure
this difference are lacking and we need to revamp our
methods for a better understanding of altered release profiles.
As per the literature, currently the techniques are failing to
establish a reliable characterization regime for PC proteins
and quantify the effect on drug release.'®*'®* Variability in
measurements of proteins and drugs can be attributed to vari-
ation in the plasma components owing to different physiologi-
cal conditions such as disease state, gender, demographics,
and age group. Other factors such as storage conditions, dur-
ation of storage, polydispersity of NPs, and resolution of the
measurement techniques'® ™% also play a major role in the
differences observed in results when same samples are tested
at different time points. Apart from this, the polymeric compo-
sition and surface charges attract different proteins and play a
significant role in corona formation and drug release behavior,
which can potentially alter the release and adsorption of
drugs. Therefore, for such an analysis, we need robust charac-
terization of the NP-PC complex, which is only possible if we
have advanced and accurate technologies to identify individual
components of corona, which can improve reproducibility,
minimize misinterpretations, and provide an explanation for
the discrepancies in results. It is imperative to emulate in vivo
conditions in drug release behavior to envision a successful
translation of NP-based drugs to clinical levels.

5.2 PC as a biomarker for cancer detection: positive side of
the protein deposition

PC could be seen as a roadblock in maintaining controlled
release in NP-based targeted therapy that led to the failure in
reaching clinical translation. However, it can also serve as a
diagnostic platform for detection of NP-based protein bio-
markers for various diseases. With the challenges faced in
therapeutic interventions and diagnostic tool development
during the COVID-19 pandemic, a plethora of options to detect
the biomarker proteins of the corona virus have been explored,
leading to an evaluation of the associated properties of PC
with a particular disease type. A recent study has shown how
different surface chemistries can be effectively utilized to
detect Alzheimer’s disease at an early stage.'®® Interestingly,
the disease-specific PC formed around NPs could be utilized
to detect changes in the protein pattern in the plasma with
>92% specificity. These results were later used to train a classi-
fier machine learning algorithm to diagnose Alzheimer’s
disease at its different stages of development. Hence, the
ability of NPs to pick up the disease-specific biomarker pro-
teins at early stages can be advantageous in developing nonin-
vasive technologies for the timely detection of various diseases

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Overview of challenges surrounding nanocarriers’ release profile studies.

with high accuracy and specificity. The relevance of personal-
ized PC in the detection of various types of cancers has also
been examined.'® As it is evident that every cancer type has
specific antibodies or protein biomarkers, but in the absence
of early symptoms or inability of diagnostic platforms to pick
low amounts of biomarkers can lead to poor prognoses.
However, NPs owing to their inherent capability of binding to
plasma proteins can help pick up specific biomarkers from
cancer type. Therefore, where PC may negatively impact the
NP-based therapy in some cases, it certainly can prove to be a
vital tool in the development of diagnostic platforms or assays
for various diseases such as cancer, COVID-19, Alzheimer’s,
Parkinson’s, cystic fibrosis, and other neurodegenerative dis-
orders where proteins are the challenging factors.

6. Conclusions

Protein corona constitutes a dynamic layer of proteins that spon-
taneously forms on the surface of NPs upon interaction with bio-
logical fluids. It can significantly impact the fate and bioactivity
of NPs, as well as the release of their cargo. There are several
knowledge gaps in understanding the effect of PC formation on
NPs and its impact on drug release characteristics. A wide array
of nanocarriers have been utilized in delivering potent pharma-
ceutics; however, accurately predicting the composition of PC in
NPs in different biological environments remains a challenge.
This is due to the complex interplay of factors that influence
protein adsorption, such as NP surface properties, protein abun-
dance, protein-protein interactions, and protein-drug inter-
actions. The dynamics of PC formation and evolution, including
protein exchange, conformational changes, and protein-NP dis-
sociation, is not fully understood. This knowledge is crucial for
predicting the long-term behavior of NPs in biological systems,
as well as for quantification of the impact of PC formation on

© 2025 The Author(s). Published by the Royal Society of Chemistry

cargo release from NPs. Factors such as protein-cargo inter-
actions and PC thickness can influence cargo release rates and
mechanisms. Evaluating cargo release in complex biological
environments, such as blood or tissue fluids, is challenging due
to the presence of multiple proteins, competitive adsorption,
and dynamic interactions. In addition, our ability to control PC
formation to achieve specific biological outcomes, such as
enhanced targeting or reduced toxicity, is limited. A detailed
understanding of PC-mediated interactions is needed to ration-
ally design NPs with tailored outcomes. To address these chal-
lenges, a multidisciplinary approach combining experimental
and computational techniques is desired. Advanced analytical
methods, such as proteomics and single-particle tracking, are
needed to characterize PC composition, dynamics, and inter-
actions. Computational models that incorporate knowledge of
PC formation can be used to predict the behavior of NPs in bio-
logical environments, as well as to provide insights into the
mechanism of PC formation and its impact on cargo release.
Through such investigations, we can gain a deeper understand-
ing of the role of PC in nanomedicine and develop more
effective and safer nanotherapeutics.

Understanding the influence of PC formation on nano-
particles (NPs) and its effect on the release of cargo can signifi-
cantly improve the design of nanocarriers for drug delivery
and other biomedical applications. Specifically, this knowl-
edge can lead to enhanced targeting, reduced toxicity, con-
trolled cargo release, improved stability and circulation, pre-
dictable behavior and more clinical translations. By tailoring
PC composition, nanocarriers can be designed to selectively
interact with specific cell types or tissues. This can improve
drug delivery to the desired site of action and reduce off-target
effects. Understanding how PC affects the biocompatibility of
NPs can help in designing NPs that minimize toxicity and
immune responses. By controlling the interactions between PC
and the cargo, the release rate of drugs or other therapeutic
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agents can be modulated. It is known that PC can help stabil-
ize NPs and prolong their circulation time in the bloodstream.
Favorably modulating this behavior can help in building more
sustained drug delivery models and improve treatment
efficacy. This can enhance drug bioavailability and improve
treatment outcomes. The evolving landscape of PC research
not only deepens our understanding of NP biology but also
propels the development of new paradigms such as using NP-
based PC as a diagnostic tool in identifying protein bio-
markers associated with different diseases. As we navigate the
challenges posed by the dynamic PC, the collective progress in
unraveling its complexities promises a future where NPs can
be tailored with precision, generating next-generation NP for-
mulations with improved functionalities and ushering in a
new era of targeted and effective nanomedicine.
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