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Over the past few decades, nanoparticle-based therapeutic and diagnostic systems have gained immense
recognition. A relative improvement in the status of the global cancer burden has been successful due to
the advent of nanoparticle-based formulations. However, exposure of nanoparticles (NPs) to a real-time
biological media alters its native identity due to the formation of the biomolecular corona. Such
biological interactions hinder the efficiency of the NPs system. The parameters that govern such intricate
interaction are generally overlooked while designing nano drugs and delivery systems (nano-DDS).
Fabricating nano-DDS with prolonged circulation time, enhanced drug-loading, and release capacity
along with efficient clearance, remain the primary concerns associated with cancer therapeutics. This
present review firstly aims to summarize the critical aspects that influence protein coronation on
therapeutic nanoparticles designed for anti-cancer therapy. The role of protein corona in modifying the

overall pharmacodynamics of the nanoparticle-based DDS has been discussed. Further, the studies and
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Accepted 15th July 2020 patents that extend the concept of protein corona into diagnostics have been elaborated. An

understanding of the pros and cons associated with protein coronation would not only help us gain
better insights into the fabrication of effective anti-cancer drug-delivery systems but also improve the
shortcomings related to the clinical translation of these nanotherapeutics.
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1. Introduction

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Extensive research in the field of nanotechnology has led to
substantial use of various forms of nanoparticles (NPs) in
environmental, agricultural, industrial, and medicinal fields."™*
NPs-based systems have enabled researchers to solve several
critical aspects associated with disease diagnostics and thera-
peutics.> The administration of the NPs to the complex
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Fig. 1 Graphical representation of studies on protein corona formation on different nanoparticles over the past 5 years.

biological media exposes its pristine surface to several
biomolecules. As suggested by K. A. Dawson, the biomolecules
present in the immediate environment inevitably adsorbs onto
the NPs and forms a corona.® The corona formation eventually
alters the native property and desired functionality of the NPs.”™®
Thus only a few nanoparticle-based formulations are success-
fully translated into the clinical phase.
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To narrow the gap between this bench-to-bedside researches,
a proper understanding of the biological interactions with the
NPs is obligatory. A simple PubMed search shows that over
awhile, there has been a tremendous increase in the attempt to
understand protein corona. Several research groups have cate-
gorically reported various aspects related to the formation of
protein corona on different NPs (Fig. 1). Others have empha-
sized on diverse detection strategies employed to evaluate
protein corona either quantitatively or qualitatively.'"* Elabo-
rate studies conducted by our group has helped in under-
standing the protein corona formation based on variation in
surface functionalization over a dumbbell-, rod-bimetallic-gold
nanorods and also selenium NPs.”™ With the conclusions
from our previous study, we further strategically applied the
coronated nanostructures as an effective drug delivery agent for
cancer chemotherapy.’® Over the past 5 years, several review
articles have collectively summarized the principles and
parameters that govern corona formation.>'”'* However, there
are very few reports that illustrate the utility of the protein
corona in the emerging field of nanotherapeutics and diag-
nostics. For successful clinical trials, it is necessary to tactfully
deal with the aspects of protein corona that determine the
efficiency of the final product in vivo.

The current review firstly gives a comprehensive overview of
the theories of protein corona formation and briefly summa-
rizes the characteristics of the NPs that influence the same. The
performance of a therapeutic or diagnostic NP is constantly
challenged by the complex nature of an individual's physio-
logical system. The review discusses the specifications of the
exposure conditions that directly regulate coronation on
different NPs. The analysis of protein corona as a potential drug
delivery tool and its impact on pharmacokinetics and

This journal is © The Royal Society of Chemistry 2020
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pharmacodynamics of NPs in a biological system has been
elaborated. Other important takeaways from the review are the
possible application of protein coronated NPs as an advanced
diagnostic tool. The concept of personalized corona from an
individual can give a specific molecular identity to the NPs
which in turn can be utilized for early-stage disease screening or
even post-treatment when the majority of the disease-specific
biomarkers are removed. In this regard, some of the recent
patents have also been discussed. The summarized details aim
to highlight the critical facets governing nanobio-interactions
and the strategies employed to use such parameters in diag-
nostics and therapeutics.

2. Understanding the theories of
protein corona formation

The introduction of NPs in the physiological system leads to the
adsorption of biomolecules on the NPs surface. Proteins being
the most abundant biomolecule, layers over the surface of the
NPs, and form an NP-protein corona complex (Scheme 1).*°
Terminologies like hard and soft corona classify the corona
layer, in terms of their binding affinities towards the NPs
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surface.* The characteristics of the hard and soft corona have
been listed in Table 1.

The dynamics of protein corona formation is governed by
several forces such as electrostatic, van-der-Waals, and hydro-
phobic interaction.’*® Different conclusions regarding the
mechanism of protein corona formation have been reported. A
simplistic diffusion-based approach was put forward by Leo
Vroman that described adsorption kinetics of proteins for
several flat and curved NPs surfaces. The Vroman effect states
that during NPs incubation in a complex multiprotein system,
the high mobility proteins (having low molecular weight) arrive
first and adsorb on the NPs surface, in the due course of time
the adsorbed proteins are replaced by more stable less mobile
proteins that have a higher binding affinity for the NPs.*** To
put it simply, a critical balance between the kinetics and ther-
modynamics of proteins determines the corona formation on
the NPs surface. In another theory put forward by Hirish et al. it
is described that the entire dynamic exchange occurs via the
formation of “transient complex”. Time-of-Flight Secondary Ion
Mass Spectrometry (ToF-SIMS) and Atomic Force Microscopy
(AFM) analysis suggest that adsorption of the initial layer of
proteins is followed by the embedding of the second layer of

—— Soft Corona

(Weakly bound to NPs via protein-protein interactions, low
molecular weight, dynamic in nature, high dissociation constant)

= Hard Corona

(Tightly bound to NPs via electrostatic/Van-der-Waals/hydrophobic
interactions, low desorption rate, high molecular weight, vulnerable
to higher degree of structural changes)

Scheme 1 Schematic representation showing nanoparticle—protein interaction and properties of bound corona proteins.

Table 1 Characteristics of soft and hard corona

Parameter Soft corona

Hard corona

Type of adherence to the NPs
protein-protein interaction)

Dissociation constant
Structural changes

High, dynamic in nature
observed

Mode of detection

Bradford assay
Isolation from NPs surface
centrifugation

This journal is © The Royal Society of Chemistry 2020

Loose (indirectly associated with NPs via

A lower degree of conformational changes
Liquid chromatography with tandem mass
spectrometry (LC-MS/MS), protein
quantification by bicinchoninic acid (BCA)/

Sucrose-gradient centrifugation, ultra-

Tight (directly associated with the NPs via
electrostatic, van-der-Waals, hydrophobic
interactions

Low, strongly associated with the NPs surface
A higher degree of conformational changes are
observed

Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE), LC-MS/MS,
transmission electron microscopy (TEM),
fluorescence correlation spectroscopy (FCS)
Treatment with laemmli buffer followed by
heating and centrifugation
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protein which in turn results in a formation of multilayered
aggregate. The aggregated complex (transient complex) finally
exposes the initially adsorbed proteins which desorb from the
NPs surface into the solution leaving the NPs with the
proteins.>® A better understanding of the evolution of protein
corona is explained by the dynamic density functional theory
(DDFT) which combines the steric and electrostatic interac-
tions. In addition to the classical diffusion-based Vroman effect,
the non-monotonic adsorption pattern of corona formation is
rather dependent on parameters such as adsorption energy,
bulk density, and charge of the protein. It also suggests that
inter-particle interaction can promote cooperative binding of
proteins on the NPs surface and not just competitive binding.**
However, other studies do not limit the formation of protein
corona only to the Vroman effect.”?® The difference in the
opinions is possibly due to the diversity of the experimental
protocols in terms of variation in NPs, analytical methods, and
choice of protein source. The principle of competitive
displacement of proteins was not applicable and a stable
protein composition throughout an extended period of 4 h was
observed in the case of metal oxide NPs.* Label-free liquid
chromatography-mass spectrometry (LC-MS) studies conducted
by Tenzer et al. also revealed that protein corona formation does
not solely depend on the principles of the Vroman effect but
instead complex interplay of multiple parameters determine the

View Article Online

Review

presence of any particular protein on the NPs surface.** The
Vroman effect of time-bound protein displacement also does
not apply to solid lipid nanoparticle (SLN) incubated with dilute
human plasma.** Oil-in-water emulsions and iron oxide NPs
have also shown similar trends.>*** Table 2 summarizes a few of
the studies wherein theories of protein coronation varied for
different NPs.

Reporting a discrete mechanism of protein corona formation
is a challenging task. A case-by-case approach is thus required to
address the questions related to the formation of corona on NPs.
The understanding of the interactive process would enable us to
answer the vital questions regarding the biological response of
these coronated NPs. Considering the inevitable nanobio-
interactions it is necessary to tactfully work on the architectural
framework of the NPs. Several reviews have summarized and
categorized the varying nature of protein corona formation over
a plethora of NPs and how it influences the cellular interac-
tions.*7** Though several research groups have collectively
provided new insights about protein coronation there are few
pivotal aspects regarding corona formation that are unanswered

e What role does protein corona play in a drug delivery
system?

e Can artificial engineering of the protein corona help NPs
attain a better disease targeting efficiency?

Table 2 Summary of the mechanism of protein corona formation on different NPs

Mechanism of protein corona

Nanoparticle type Protein source formation Ref.
Sulfonate and carboxyl-polystyrene Transferrin and blood plasma Exchange of transferrin from the 22
NPs soft corona layer in the presence of

different concentration of blood

plasma
Polystyrene NPs Cellulase enzyme mixture Vroman effect showing 23

Oil-in-water emulsion Human plasma

Citrate capped gold NPs Ubiquitin

Citrate-capped gold NPs with PEG
coating

Human plasma

Metal oxide NPs (TiO,, SiO,, ZnO) Human plasma

Ultrasmall supermagnetic iron Plasma

oxide nanoparticles (USPIO)

27164 | RSC Adv, 2020, 10, 27161-27172

displacement of proteins along with

transient complex formation

No displacement of proteins was 25
observed. Apolipoproteins were

dominantly present in the corona

component

A combinatorial effect of NPs 27
electrostatic potential, surface

coating and slow reorientation of

the NPs to find ubiquitin's specific

binding site promotes corona

formation

No competitive displacement of 28
proteins were observed.

Quantitative variation in bound

protein due to surface coating was

observed

No typical Vroman effect was 29
observed. Shape of the NPs played

important role in adsorption of

particular class of proteins

No typical Vroman effect was 32
observed. An increase in the

amount of immunoglobin and

fibrinogen was observed for longer

incubation time points

This journal is © The Royal Society of Chemistry 2020
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e How does the protein corona affect the sustainability of
therapeutic NPs?

e Can we extend the concept of protein corona for sensing
and/or diagnostic applications?

3. Morphological variations in NPs
affecting protein corona

The type and quantity of corona formation on NPs is dependent on
the intrinsic property of the NPs. Size, shape, surface charge, and
hydrophobicity can effectively modulate the corona formation.
The physicochemical property of the NPs not only alter the identity
of the adsorbed protein but also induce conformational change.
Reports suggest that smaller sized NPs due to a higher degree of
surface curvature generally tend to adsorb less protein and also the
protein adsorbed forms a thick layer whereas, particles with rela-
tively large size generally adsorb more proteins and the proteins
are more evenly layered.* In a combination study, the effect of
surface charge and size of polystyrene NPs was studied. It was
observed that both the parameters simultaneously influence
protein coronation.** It has been reported that rod-like structure
tends to adsorb more proteins as compared spherical particles.*
The surface charge or zeta potential of the NPs have a significant
impact on the electrostatic interactions. The positive and negative
amino acid residues play a significant role in binding to charged
particles. Reports suggest that positively charged particle generally
tends to attach to proteins that have a pI < 5.5 whereas negatively
charged particles bind to protein with pI > 5.5.*” Adsorption of
human serum albumin (HSA) which is predominantly negatively
charged at physiological pH has shown higher binding affinities
towards cetyltrimethylammonium bromide (CTAB)-capped sele-
nium NPs as compared IgG which is positively charged.” The
repulsive forces along with other parameters play a critical role in
the enrichment of the corona proteins. Study shows that the
increase in the hydrodynamic size of positively charged magnetic
nanoparticles (MNPs) (3000 nm) following incubation in serum
decreases its cellular uptake as compared to negatively charged
MNPs which adsorbs less protein.*®* The degree of protein
conformational loss follows the pattern positive > negative >
neutral.*’ In the case of the nature of the material i.e. hydrophobic/
hydrophilic, it is observed that hydrophobic NPs tend to adsorb
more proteins as compared to hydrophilic NPs. Reports suggest
that hydrophobic carbon NPs show considerably higher protein
adsorption as compared to hydrophilic metal NPs.* It is suggested
that the stabilizing interactions such as hydrogen bonding,
hydrophobic and van der Waals are generally disrupted when
protein comes in contact with a hydrophobic NPs. During the
attachment of proteins to the NPs, new secondary bonds are
established along with the breakdown of the old stabilizing bonds
resulting in conformational loss.**

4. Extrinsic parameters influencing
protein corona formation

The physiological barriers that the NPs composite encounters
upon entering the biological system such as a change in pH and

This journal is © The Royal Society of Chemistry 2020
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temperature, change in the composition of the biological fluids,
and several immune cells significantly impact the overall
performance of the NP system. Optimizing the crucial factors
for the formulation of more efficient and stable nanomedicine
thus remains a challenging concern. Smart modification and
alterations in the architectural framework of the study can
enhance the understanding of NPs—cellular interactions. The
complex process of nanobio-interactions is also dependent on
the blood flow dynamics and the presence of various other
primary cells in the human whole blood.*>** In this regards, the
alterations can be introduced into the NPs system by either be
modifying the material composition (metal, semiconducting,
magnetic), morphology (size and shape), surface functionali-
zation (positive/negative or neutral charge); or by engineering
several parameters related to the interacting analyte. While we,
aim to focus mainly on protein's interaction with the NPs in this
review, it is necessary to highlight some of the studies wherein
modifying functional moieties, or changing the type and
concentration of the protein affected the corona formation as
well as impacted cellular interactions.

4.1. Protein corona upon varying the concentration and
composition of serum

In an attempt to understand the biomolecular corona, several
studies have been reported wherein, the concentration of the
protein in the medium was varied. It was suggested that expo-
sure of NPs at a low protein concentration allows relatively few
proteins to adhere and distribute on the NPs surface forming
a stable NP-protein complex. The protein layers experience
a higher degree of conformational changes while masking the
NPs surface. However, when the exposure media contains
a high concentration of proteins, dense layering occurs and in
this case, the majority of the interactions are governed by the
adjacent polypeptide fragments. Comparatively lesser confor-
mational changes are noticed since the contact between the NPs
surface and the proteins are minimized.****

Polystyrene- and silica-NPs (200 nm) demonstrated varied
patterns of bound corona upon incubation with an increasing
concentration of plasma (3-80%). Densitometric analysis
showed that for polystyrene NPs increasing the protein
concentration directly increased the amount of bound corona,
whereas for silica NPs the amount of protein decreased. SDS-
PAGE and LC-MS/MS analysis suggested that in a multi-
protein system such a blood plasma, high binding proteins
which are present in smaller amounts such as histidine-rich
glycoprotein tends to replace low-binding affinity protein such
as fibrinogen and proteins with a molecular weight in the 50-70
kDa range (present in comparatively much higher amounts in
the blood plasma).** Similarly, for MNPs, for increasing serum
concentration the apolipoprotein E-1 (ApOE-1) protein compo-
nent significantly increased as compared to albumin and
transferrin.*® Analysis of potential protein adsorptive property
of poly(lactic-co-glycolic acid) nanoparticles (PLGA-NPs)
demonstrated that variation in the protein source such as
fetal bovine serum (FBS) or human serum, can impact corona
formation in terms of both quantity and quality. For 0.08 m>

RSC Adv, 2020, 10, 27161-27172 | 27165
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area of PLGA-NPs incubated with 50 pL. human serum or FBS,
the bound protein was observed to be 160.91 pg and 23.08 ng
respectively. Apart from this, LC-MS/MS showed that PLGA-NPs
incubated with human serum tended to adsorb opsonins,
components of proteases Clr, and other cationic proteins
whereas that with FCS adsorbed hemoglobin subunits.”
Modifying the composition of the incubating media such as
complement depletion by heat inactivation was seen to alter the
cellular uptake of coronated-polystyrene particles in A549
cells.*® In another study, HSA was modified by succinylation and
arylation. It was observed that succinylated-HSA had a weaker
binding affinity towards dihydrolipoic acid-coated quantum
dots (DHLA-QDs) and formed a thick clustered layer on the NPs
surface as compared to its counterpart. Internalization of such
modified-protein-coronated QDs in HeLa cells were seen to be
influenced by the varying pattern of coronation.*

4.2. Effect of incubation time, temperature, shear stress and
pH of the media

Several external factors such as incubation time, temperature,
pH, and shear stress can either be co-dependent on each other
or function individually while forming protein corona on NPs.
Considering the several forces involved in the formation of the
biomolecular corona, studies have reported that adsorption of
proteins onto the NPs surface occurs rapidly mostly within 30 s
of incubation. In an attempt to understand the combined
effects of incubation time and temperature, MNPs were

View Article Online

Review

incubated with fetal calf serum (FCS) for different time points
(1, 5,10, and 20 min). SDS-PAGE analysis revealed an increase in
protein content on the NPs at 25 °C and 37 °C. However, the NPs
incubated at higher temperatures such as at 50 °C and 70 °C
demonstrated accumulation of the denatured polypeptides in
the range of 25 to 75 kDa on NPs surface.” In another study
30 nm polyethylene glycol (PEG)-coated gold NPs were incu-
bated with pooled plasma samples at room 37 °C wherein it was
observed that the total amount of protein decreased with time
from 5 to 60 min, but there was no dramatic change in the
composition of the protein corona.?

External factors such as temperature and pH can change the
binding parameters of proteins to NPs. Reports have shown
enthalpy-driven binding of bovine serum albumin (BSA) to QDs,
wherein at high temperature the BSA binding was lowered.*
The normal body temperature of an individual varies depending
on the physiological conditions. Reports on magnetic and
copper NPs have shown that change in temperature can control
both the pattern and quantity of corona formation
respectively.*>%

FCS demonstrated that the binding nature of BSA to QDs
altered at different pH (6, 7.4, and 9). The weaker binding was
observed due to an increase in repulsive forces at a lower pH,
whereas at pH-9, due to loss in rigidity and tertiary contact, BSA
acquired a more flexible conformation which in turn led to
stronger interactions.” Different pH inside the cell (lyso-
somal—5.3; endosomal—4.6) can trigger similar reactions

Factors influencing protein corona |

I Media exposure conditions |

— ™
D D —_— . ' Compositional variation in the serum induces

different pattern of corona formation on same NPs
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Scheme 2 Schematic representation showing the external media conditions and intrinsic property of the NPs that influence protein corona

formation.
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wherein, the conformational stability and biological activity of
the coronated proteins may be altered.*

Another factor, such as shear stress imparted by the blood in
the blood vessels, has also been reported to alter corona
formation on PEGylated-liposomes. Analysis via dynamic light
scattering (DLS), nanoLC-MS/MS has proved an increase in the
size of the NPs following incubation in FBS. Nearly 108 proteins
were identified on the liposome surface under both dynamic
and static reaction conditions. Enrichment of complement
proteins was observed in case of dynamic incubation whereas
albumin, transferrin, and alpha-2-HS-glycoprotein appeared
more abundantly in the case of static incubation.> A schematic
representation summarizing the overall factors that influence
protein corona formation is given below (Scheme 2).

5. Role of protein corona in
nanomedicine

5.1. Employing protein corona for drug loading

The nano-size property of the NPs makes them efficient as drug
delivery agents as it enables them to escape the immune system
and reach the targeting site. Apart from this the leaky vascula-
ture of the blood vessels readily helps the NPs to penetrate and
accumulate via enhanced permeability and retention (EPR)
effect.”*® The composition, shape, size, and surface properties
determine the half-life, rate of uptake, toxicity, and accumula-
tion rate within the targeted cells/tissues.*® From the parame-
ters described in the above sections, it can be suggested that
several modifications in the architectural design of the nano-
composite or the incubating medium can help us generate
effective NPs-based DDS. In a few of the recent reports, several
research groups have rather utilized the corona components as
such for the delivery of the desired drug. Ideally, albumin which
contributes nearly 50-60% of the total plasma proteins acts as
an effective transportation molecule. It has the potential to hold
onto several payloads. Shahabi et al. have mentioned “sponge”
like properties of the corona that can hold onto several charged
molecules. Silica NPs incubated in 10% FCS have thus been
utilized for loading doxorubicin or meloxicam simultaneously.
The drug-loaded composite had excellent anti-proliferative
properties.®” Considering the tunable physicochemical proper-
ties of gold nanorods (GNRs) several studies have combined the
benefits of protein corona on GNRs for designing effective
nano-DDS. Protein coronated CTAB-capped gold nanorods
(GNRs) were used to load doxorubicin (dox) and DNA.*® The
passive release of the payload was optimized by tuning the hard
and soft corona composition around gold-nanorods, nano-
bones, and carbon nanotubes.*® Few other studies have incor-
porated the same strategy for multimodal cancer therapy and
combined photodynamic therapy (PDT) and photothermal
therapy (PTT).**®* Apart from this, prodrug nanoassemblies
with exposed surface maleimide groups could effectively recruit
albumin corona upon incubation in rat plasma. The presence of
albumin enhanced their accumulation in tumor cells and also
was showed better activity as compared to commercially avail-
able Abraxane®.®

This journal is © The Royal Society of Chemistry 2020
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5.2. Protein corona and its effect on drug release kinetics

The release kinetics of drugs is an important parameter that
needs to be considered while designing a targeted DDS. The
presence of protein corona has shown a significant reduction
in the burst release of drugs. Reports suggest that a sustained
release profile was observed for commercially available
Abraxane®.® Similarly the release of camptothecin from silica
NPs was also slowed in the presence of protein corona.** A
controlled release of the payload was obtained by using
ultrafast laser excitation of the GNRs at longitudinal surface
plasmon resonance (LSPR). Such an approach dismantles the
corona layer and disrupts the binding between the proteins
and the payload, finally releasing it at the desired site.>® CTAB-
capped GNRs along with polystyrene sulfonate- (PSS) and PEG-
capped GNRs were similarly employed for drug loading and
pH-triggered release. The study demonstrated the combined
effect of exposed surface ligand along with protein corona
upon loading and sustained release. Owing to partial protein
coverage of NRs surface, the exposed PSS ligand could addi-
tionally hold an excess of dox payload and also comparatively
had slower release under different pH-trigger." In another
similar approach sustained dox release from selenium NPs
showed a direct relation with the adsorbed albumin corona on
the NPs surface.’ These studies reveal that the corona can
tactfully hold and release drugs in a controlled fashion.
However, reports also suggest that protein corona tend to
disturb the integrity and leakage of dox from commercially
available Doxove drug.®

5.3. Protein corona and disease targeting

Efficient disease targeting is one of the crucial parameters that
need to be considered while designing therapeutic nano-
formulations. Under all the circumstances, it is necessary to
analyze the change in the functional properties of the
composite material after its interaction with the physiological
milieu. Several studies have been reported wherein attach-
ment of targeting ligands have improved the efficiency of NPs-
based DDS.® Pristine NPs coated with peptide fragments and
layers of proteins are what the cell sees. Hence, under the ideal
in vivo situation, the identity and the performance of the tar-
geting NPs are significantly altered and the desired perfor-
mance is also compromised. It has been reported that
transferrin coated NPs are masked due to protein adsorption
layer which in turn results in a loss in active targeting ability of
the NPs.” In another interesting study, IgG pre-coated NPs that
was designed for opsonization mediate-uptake by the macro-
phage cells (RAW 264.7) did not significantly increase NPs
cellular uptake due to protein coronation.®” Selenium NPs with
different surface functionalization CTAB, polyoxyethylene-
(20)-cetyl ether (Brij-58 and SDS) showed reduced cellular
uptake upon individual corona formation with HSA and IgG,
however, the presence of transferrin corona on positively
charged CTAB-capped selenium NPs enhanced its uptake and
cellular toxicity in MDA-MB-231 cell lines."”® There are other
studies wherein, pre directing protein corona formation can
maintain the targeting ability of the NPs system. It was
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reported that apolipoprotein E4 adsorption on polysorbate 80
stabilized NPs enhanced in targeting ability towards cerebro-
vascular endothelium and promoted a 3-fold higher accumu-
lation in the brain parenchyma as compared to bare NPs
system.®® Apart from pre-directed corona formation with
desired proteins, another approach is to design a biomimetic
cell-membrane coated NPs system which successfully prevents
protein coronation.* Considering the inherent problems
associated with cancer cell targeting, researchers have
partially mitigated corona formation by altering the surface
properties of the NPs. Modulating the NPs surface with PEG
helps the targeting ligand maintain its specific binding prop-
erties. The steric hindrance created by the linear chain
prevents the accumulation of proteins over the NPs surface.
The strategy of pegylation can significantly circumvent
opsonin adsorption. Due to lesser protein adsorption, smaller
particle size will be maintained resulting in decreased
recognition/clearance by the immune cells and higher cellular
uptake. However, the PEG chain length must be selected such
that it does not interference ligand linker.”® It must be noted
that there are limitations associated with the use of PEGylated
NPs. The immunogenic response generated due to the pres-
ence of anti-PEG antibodies promotes faster clearance of PEG-
based drugs which in turn lowers the desired efficacy of the
delivery system. Hypersensitive reactions caused due to the
immunogenic response can further impart life-threatening
side effects.”

5.4. Sustainability of protein coronated nanomedicine

For nano-formulation to function efficiently, it is necessary that
the NPs remain in their active form and is also not eliminated
from the system too soon. It was observed that myeloperoxidase

The corona can be used for loading hydrophilic and
hydrophobic drugs

Improves biocompatibility

Drug mediated acquired corona facilitate entry into

View Article Online
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(MPO) release and hypochlorite (OCI-) production enhanced the
degradation of HSA attached to single-wall carbon nanotubes
(SWCNTSs) in the neutrophils.” Also the protein corona initiated
a sulfidation-mediated decrease in the toxicity of silver NPs.”?
PEG as mentioned previously reduces the process of coronation
and prevents the premature clearance of the NPs from the body.
Apart from this, the usage of hydrophilic polymers such as
polyvinylpyrrolidone (PVP) has also been reported. However,
NPs coated with PVP had lower retention time due to the
adsorption of a higher amount of opsonins as compared to PEG-
coated NPs.” Reports also suggest that engineering the corona
on the NPs surface by incorporating dysopsonins (albumin or
apolipoproteins) tend to increase their circulation time. It has
been shown that albumin forms protein corona around poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) NPs and
decreases complement activation.” Apart from that to prevent
macrophage-based clearance of large protein coronated parti-
cles use of poly(2-ethyl-2-oxazoline) has also shown good
results.”® Other antifouling agents that promote longer stay of
NPs in the physiological system includes brushed phosphor-
ylcholine and zwitterionic coatings.”””®

Scheme 3 collectively summarizes the role of protein corona
in nanomedicine. It can be suggested that while designing novel
techniques for corona-based drug delivery systems one should
consider the following factors:

e Elucidating the relative affinity of the corona proteins for
particular drug payload so that the corona components can
itself be utilized for controlled loading and release.

e The predetermination of the plasma concentration at
which the corona is enriched with targeting proteins e.g. at 50%
plasma concentration liposomes was enriched with vitronectin
which can be used further for targeting several tumor cells.”

Pre-directed corona formation with antibodies, targeting
proteins improves targeting

Coating NPs surface with cell-membrane reduces coronation
Modifying the surface coating with PEG/PVP reduces adsorption

tumor cells L n of proteins
(1, I
L J <
o
)
'cée
® Drug delivery | Active targeting <)
4 A
]C - o —o 9 Xy [{
0 )  Drug release | Sustainability —__ AN
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Heat and/or UV-irradiation e +/—
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Surface modifications with brushed polymers/zwitterions
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Promotes sustained and slow release of drugs

Drug release profile can be coupled with the properties of
NPs

Scheme 3 Summary of the role of protein corona in nanomedicine.
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Surface modification with dysopsonins prevents rapid clearance
Presence of corona promotes degradation in neutrophils
Presence of corona promotes sulphidation and alters toxicity
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e Use of hydrophilic surface or anti-fouling polymers so that
the protein adsorption is minimized.

e Promoting the binding of dysopsonins on the NPs so that
the retention time of the NPs is increased.

6. Protein corona and its diagnostic
applications

Apart from using the corona components only for therapeutics,
it has been suggested that they can even be exploited for disease
diagnostics. The concept of personalized protein corona gives
rise to the idea that NPs interacted with serum obtained from
individuals having different pathological conditions would
behave differently and would acquire a unique identity that is
particular to the diseased condition the individual is suffering
from.*® Recent patent by the inventors O. C. Farokhzad and M.
Mahmoudi claim the development of liposome-based sensor
array that has the potential to detect five different types of
cancers (lung, pancreas, myeloma, meningioma, or glioblas-
toma) based on the varying pattern of protein corona finger-
print.** Few of the other patents related to protein corona based
disease diagnosis,**®* biomarker analysis,* and therapeutic
response,” has been summarized in Table 3. Zheng et al
exploited the concept of the dynamic nature of protein corona
and developed a protein corona based assay system specific for
prostate cancer.*® Misfolded or denatured proteins occurring
during several pathological conditions such as amyloidosis,
Parkinson's disease can coronate differently on the surface of
the NPs as compared to the normal protein which has its native
conformation intact.*”*®* Deng et al. in a study demonstrated the
protein corona containing fibrinogen could attach itself to gold
NPs and could unfold itself, the unfolded protein can further
interact with leucocyte receptors and generate an inflammatory
response, however, normal fibrinogen structure could not do
the same. The approach can readily act as a biosensing platform
for disease diagnosis.** Another interesting lung cancer
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detection strategy utilized the principles of the Vroman effect.
The competitive replacement of low molecular weight cells by
high weight cells facilitated a change in the refractive index
which further introduced wavelength shift in the multilayered
grated surface plasmon resonance (SPR) sensor.” In an attempt
to extend the application of protein corona based detection
beyond cancer diagnostics, Hajipour et al. analyzed the
components of hard corona formed on graphene oxide sheets.
The serum samples used for the study included healthy indi-
viduals along with patients with cardiovascular disease, dia-
betes, thalassemia, rheumatism, etc. The hard corona
components analyzed via gel electrophoresis showed the
appearance of disease-specific bands that acted as finger-
prints.”* Sensing systems that could identify the probable
composition of protein corona under ideal in vivo situation
would ease the task of designing an effective NPs system.
Surface immobilized liposomes were used as a multi-
parametric SPR system to determine the composition of
protein without interfering with its natural dynamics.® It can be
suggested that such detailed work protocols can not only help
us understand the nano-biointerface better but also pave new
ways to resolve several problems associated with the elimina-
tion of NPs in clinical trials.

7. Summary and future perspectives

Instead of several research outputs over the decade, there are very
few nanomedicines that practically reach clinical trials. The
limitations and inherent problems that inhibit the progression
and utility of such NPs lies in the fact that several pivotal nano-
bio interactions are generally overlooked during the study.
Thorough knowledge regarding the varying pattern of corona
formation is very important as under ideal in vivo conditions the
true identity, fate, and performance of the desired NPs depend on
the adsorbed biomolecules. The toxicity, drug loading efficiency,
sustainable release, biodistribution, and accumulation can be

Table 3 Patents involving protein corona based disease screening and diagnosis

Inventors Title Application no. Ref.
O. C. Farokhzad, M. Mahmoudi System and method for protein W02018112460A1 81
corona sensor array for early
detection of diseases
Q. Huo Methods for biomolecule and WO02011088128A2 82
biomolecule complex (bmc)
detection and analysis and the use
of such for research and medical
diagnosis
K. Dawson, L. Lynch, M. Lundqvist, A method for the selective WO02010097785A1 83
T. Cedervall concentration of a specific low
abundance biomolecule
K. Kostarelos, M. Hadjidemetriou Detection of cancer biomarkers WO02018046542A1 84
using nanoparticles
Q. Huo Biomolecular interactions and US20130058923A1 85

interaction products as biomarkers
for detection, diagnosis, prognosis
and predicting therapeutic
responses of human diseases

This journal is © The Royal Society of Chemistry 2020
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altered based on the protein-adsorptive behavior of the NPs.
Critical aspects such as mapping the protein binding sites and
evaluating the spatial organization have technically improved the
understanding of the NPs-protein interaction.”® The details of
protein coronation at a molecular level still needs more work.
Additionally, advanced analytical instruments such as super-
resolution fluorescence microscopy and Forster resonance
energy transfer spectroscopy that can analyze/visualize real-time
protein coronation would potentially add interesting insights.
Information about protein corona evolution based on the indi-
vidual's physiological condition, age and lifestyle can be used as
a potential disease monitoring tool. To practically employ such
applications, all the parameters that determine protein corona-
tion should be studied in a simulated biological system. Several
groups have identified different physicochemical properties of
corona proteins; however, sometimes results from different labs
were contradicting in nature even when the investigating NPs
were the same.”*** Hence, the interaction of the NPs with the
proteins based on the circadian rhythm, body temperature, pH,
and shear-stress from the fluids in the presence of other major
biomolecules such as lipids, carbohydrates, immune -cells,
degrading enzymes, should be collectively analyzed. Apart from
the immune cells, the presence of white blood cells (WBCs) and
coagulation factors can also influence the interaction of NPs with
the proteins. Experimental setups thus can include the use of
whole blood to understand the impact of such interfering factors.
Also to better understand the scenario of corona formation it is
necessary to take into consideration the hemodynamics of the
blood in the vascular system.

Reports have demonstrated that in the case of NPs that are
designed for cancer targeting the architectural framework
wherein, targeting ligands that are embedded onto the surface
of the NPs, gets masked due to corona formation.” Under such
circumstance careful modification in the surface chemistry
(incorporation of anti-fouling polymer) or topography of the
NPs can partially help in maintaining the pristine properties of
the NPs; however since complete elimination of corona forma-
tion is not possible, the corona can itself be engineered to
achieve active targeting and prolonged circulation. The prop-
erties of the corona proteins to further hold onto several
charged payload can also be exploited and the coronated-NPs
can be used as nano-carriers. While such strategies of pre-
formed corona are put into use, it must be kept in mind that
changes in the protein structure can in itself generate an
immunogenic response, the overall complexities both after
interaction with NPs and payload individually and in combi-
nation must be carefully analyzed.

In summary, studies that enhance the in-depth under-
standing of the adsorptive behavior of the proteins can open up
new nanoplatforms that would enable screening, diagnosis,
and therapy of several diseases. Efficient overall planning thus
would ease the inherent problems associated with the in vitro-in
vivo transitions often faced by researchers.
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