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Nanoparticles (NPs) inevitably interact with proteins upon exposure to biological fluids, leading to the
formation of an adsorption layer known as the “protein corona”. This corona imparts NPs with a new
biological identity, directly influencing their interactions with living systems and dictating their fates
in vivo. Thus, gaining a comprehensive understanding of the dynamic interplay between NPs and
proteins in biological fluids is crucial for predicting therapeutic effects and advancing the clinical
translation of nanomedicines. Numerous methods have been established to decode the protein corona
fingerprints. However, these methods primarily rely on prior isolation of NP—protein complex from the
surrounding medium by centrifugation, resulting in the loss of outer-layer proteins that directly interact

Received 27th May 2024 with the biological system and determine the in vivo fate of NPs. We discuss here separation techniques

as well as in situ characterization methods tailored for comprehensively unraveling the inherent

complexities of NP—protein interactions, highlighting the challenges of in situ protein corona characteri-
zation and its significance for nanomedicine development and clinical translation.
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Key learning points
1. The concept of protein corona and its composition, biological impacts, and the challenges associated with its analysis.
2. Separation techniques for isolating nanoparticle-protein complexes from protein media and the separation mechanisms.
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3. In situ characterization methods for protein corona analysis and their characterization mechanisms.

1. Introduction

Nanomedicines have drawn particular attention in cancer
therapy due to their enhanced drug solubility, targeted delivery,
and reduced systemic toxicity."”> Considerable efforts have been
devoted to advancing the clinical translation of nanomedicines.
Up to now, only ca. 14 nano-formulations have received FDA
approval for clinical anti-tumor practice. However, no active-
targeting nanomedicines have progressed through clinical
trials.® Indeed, the complex in vivo microenvironment and
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biological interactions present barriers to the clinical transla-
tion of nanomedicines.

Upon entering blood circulation, nanoparticles (NPs) inevi-
tably interact with biomolecules, mainly proteins, resulting in
the formation of protein corona that endows a new ‘“‘biological
identity” to the synthetic NPs. The unique protein corona
fingerprint may lead to unpredictable effects on the in vivo fate
of NPs,*® such as the aggregation or destabilization of NPs,”®
opsonization that accelerates NP clearance from blood,*°™*
and potential immunological reactions due to interactions
between NPs and immune cells.">™* Conversely, specific apo-
lipoprotein adsorption can be advantageous for NPs’ stealth
behavior (by Apo A1 and clusterin)*>'” and penetration of the
blood-brain barrier (by Apo E).'® Therefore, an in-depth under-
standing of NP-protein interactions is a prerequisite to reveal
their biological effects and predict the in vivo fate of NPs."

Protein corona formation is a thermodynamic and kinetic
equilibrium process of protein adsorption and desorption.*®
Depending on the binding affinity and dissociation rate of
proteins to NP surface, protein corona can be divided into
“hard” corona (HC) and “soft” corona (SC).*' The HC is
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composed of proteins with high binding affinity and low
dissociation rate, tightly adsorbing on NP surface. Whereas
the SC consists of proteins with low binding affinity and high
dissociation rate, leading to their loose adhesion to NPs and
continuous exchange with surrounding species. Notably, HC
and SC are relative concepts based on protein binding affinity
to NPs. Indeed, there are still no unified and specific methods
to clearly distinguish SC from HC due to their unclear bound-
aries. The most common separation technique is centrifuga-
tion, and it is generally considered that SC can be removed
from NPs after repeated washing by centrifugation. Although
the general concepts of HC and SC are similar in different
reports, varied compositions of HC and SC may obtain from
different separation techniques.
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The short residence time of SC proteins makes it challen-
ging to distinguish them from free proteins in the
medium. Conventional analysis methods of protein corona
such as SDS-PAGE and LC-MS rely on isolation of the NP-
protein complex from the medium by centrifugation, resulting
in the loss of SC proteins that directly interact with the
biological system and determines in vivo fate of NPs.*>** Hence

the obtained compositions do not accurately reflect the
real protein corona fingerprints. Therefore, scientific efforts
have been made for developing either efficient isolation
approaches that maximumly preserve the SC proteins or for
developing in situ characterization techniques capable of
directly detecting NP-protein interactions in biological med-
ium without isolation.
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Fig. 1 In situ characterization techniques for analyzing protein corona around NPs. DLS result was reproduced from ref. 24 with permission from
American Chemical Society. NTA result was reproduced from ref. 25 with permission from Elsevier Ltd. FCS result was reproduced from ref. 26 with
permission from American Chemical Society. TEM result was reproduced from ref. 27 with permission from the Royal Society of Chemistry. Cryo-TEM
result was reproduced from ref. 28 with permission from Nature Publishing Group. SEM result was reproduced from ref. 29 with permission from Elsevier
Ltd. AFM result was reproduced from ref. 30 with permission from American Chemical Society. SPR result was reproduced from ref. 31 with permission
from Controlled Release Society. ITC result was reproduced from ref. 32 with permission from American Chemical Society. QCM-D result was
reproduced from ref. 33 with permission from Nature Publishing Group. MST result was reproduced from ref. 34 with permission from American
Chemical Society. FRET result was reproduced from ref. 35 with permission from Wiley-VCH. CD result was reproduced from ref. 36 with permission
from Elsevier Ltd. SERS result was reproduced from ref. 37 with permission from Frontiers. NMR result was reproduced from ref. 38 with permission from

American Chemical Society.

In this review, we summarize the recent progress on separa-
tion techniques and in situ characterization methods for pre-
cise protein corona analysis. The separation techniques are
systematically discussed and classified according to their
mechanisms, including centrifugation, magnetic separation
and chromatographic methods. In situ characterization meth-
ods are categorized based on the analytical purpose, including
the size evolution of NPs, morphology of NP-protein complex,
kinetics of NP-protein interactions, conformation changes of
proteins, as well as composition of the protein corona (Fig. 1).

2. Separation techniques for isolating
NP-protein complex from protein
media

Isolation of the NP-protein complex from the biological fluids
is often required for ex situ analysis of protein corona. The
composition of obtained protein corona could be further
analyzed with protein identification techniques such as LC-
MS and SDS-PAGE. However, the separation procedure critically
affects the obtained composition of protein corona due to the
loss of loosely bound proteins. The most commonly used
separation techniques for isolating NP-protein complexes are
centrifugation, magnetic separation and chromatographic
methods.

This journal is © The Royal Society of Chemistry 2024

2.1 Centrifugation

Centrifugation is the most commonly applied separation tech-
nique for isolating NP-protein complexes,*®*° relying on the
density and size differences between NPs and free proteins. It is
considered an efficient means of isolating tightly adsorbed
proteins on the NPs.>® The sedimentation velocity V of spherical
NPs with a diameter D can be described by the Stokes equation

(eqn (1)):*

V:l(P—l)o)gDz (1)
18 n

with p and p, being the densities of NPs and centrifugation
medium, g is the gravitational force and # is the viscosity of the
medium. According to the Stokes equation, the sedimentation
rate is proportional to the square of NP diameter, resulting in a
significant difference in sedimentation rate between NPs and
free proteins. Moreover, significant differences in densities
enhance the efficiency of separation. For example, the densities
of silica NPs and AuNPs are ~2.20 and 19.30 g cm ?,
respectively, while human serum albumin has a density of
0.99 g cm 34>

The composition of obtained corona proteins is significantly
influenced by centrifugation parameters such as force, dura-
tion, and cycles. Increasing the number of washing cycles led to
the elimination of loosely bounded proteins, favoring the

Chem. Soc. Rev,, 2024, 53,10827-10851 | 10829
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formation of HC rather than SC.** Studies have revealed that
low abundance proteins such as apolipoprotein Al and
antithrombin-IIT became enriched in the protein corona as
the number of washing cycles increased from 1 to 3. This
enrichment occurred due to the easier removal of loosely
bounded SC proteins, thereby concentrating the low abundance
yet high affinity proteins within the obtained HC corona.*
Additionally, false positive or false negative outcomes may arise
from simultaneous precipitation of free proteins or protein
aggregates together with the NP-protein complexes, or detach-
ment of loosely bound proteins.*® Recent reports indicate that a
substantial amount of albumin, the most abundant protein in
plasma and serum, tends to sediment during the centrifugation
process for isolating the liposome-protein corona complexes.*”
Moreover, the medium solutions used for protein corona pre-
paration also affect the composition results. Briickner et al.*®
compared eight different solutions and found that the obtained
corona composition was dramatically affected by the washing
solutions. For instance, when water was employed as a washing
medium, there was an enrichment in immunoglobulins, a
phenomenon not observed with other aqueous solutions. Con-
versely, washing with Dulbecco’s Modified Eagle Medium
(DMEM) favored a strong binding of serum albumin. These
distinct protein corona signatures may stem from alterations in
protein structure induced by variation of pH and osmotic
pressure of the diverse washing media. Béhmert et al*’
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systematically reviewed studies on the critical centrifugation
parameters such as rotational velocity, time, and temperature,
in protein corona study (Fig. 2). They concluded that these
parameters should be considered in a holistic view. For specific
NPs and given biological medium, the centrifugation parameters
must be optimized in order to acquire accurate information.

Advanced centrifugation approaches such as using sucrose
cushions and ultracentrifugation have been employed for protein
corona isolation. A sucrose cushion improves centrifugation
separation efficiency by stratifying the sample components based
on their buoyant densities.”® This is achieved by creating a density
gradient with sucrose, wherein sucrose’s higher density relative to
the samples allows for more precise fractionation. Unbound pro-
teins in the incubation media can be separated from the NPs and
agglomerates by the sucrose cushion method.>"*> For the NPs with
low density, ultracentrifugation is a suitable approach to achieve
high separation efficiency. However, NPs and proteins may
aggregate upon the high centrifugation force (commonly above
100000 g). Therefore, it can be applied jointly with a sucrose
gradient cushion for better separation efficiency.’>** Multiple
centrifugation and purification steps may result in SC loss and
disrupt the adsorption equilibrium of corona proteins.

2.2 Magnetic separation

Magnetic separation is an important technique for preparing
protein corona of magnetic NPs (e.g:,, iron oxide NPs).”’
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Fig. 2 Overview of NP separation methodology based on centrifugation. (A) General procedure of centrifugation comprising repeated washing and
centrifugation steps. (B) Main parameters related to centrifugation techniques for protein corona analysis. (C) Number of literatures involving the study on
centrifugation speed, centrifugation time, centrifugation temperature, number of washing steps and controls. Green: the specific information is given in
the publication; red: no specific information is given in the publication; orange: only the rpm values are given in the publication but not the exact
centrifugation force.*® Reproduced from ref. 49 with permission from the Royal Society of Chemistry.
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(A) Incubation of NPs with different physicochemical properties (indicated by different colors) in blood plasma results in different protein corona

compositions. (B) Proteograph platform workflow based on multi-NP protein corona approach and mass spectrometry for plasma proteome analysis.

The proteograph workflow includes four steps: (1) NP-plasma incubation and

protein corona formation; (2) NP protein corona purification by a magnet;

(3) digestion of corona proteins; and (4) LC-MS/MS analysis. In this context, each plasma-NP well is a sample, for a total of 96 samples per plate.>®

Reproduced from ref. 59 with permission from Nature Publishing Group.

Compared with centrifugation, the magnetic separation pro-
cess is relatively mild and capable of selectively isolating the
NP-protein complex from its mixture with biological fluids
components such as blood cells and biomolecules.>® Hoang
et al.>’ compared the composition of protein corona obtained
by centrifugation and magnetic separation. It was found that
more proteins were lost during centrifugation compared to
magnetic separation. The magnetic force facilitated the
removal of more hydrophilic proteins by overcoming van der
Waals forces between proteins and NPs, whereas the intensive
centrifugal force was able to overcome electrostatic attraction
forces between proteins and NPs, resulting in the removal of
more positively charged proteins. Similarly, Bonvin et al.>®
investigated the influence of centrifugation and magnetic
separation methods on the HC composition. They found that
magnetic separation dramatically reduced the content of false-
positive proteins resulting from protein aggregation during
centrifugation process. Moreover, Blume et al.>® developed a
multiple magnetic NPs-based protein separation method that
relies on the differential interactions of distinct NPs with
proteins (Fig. 3). Therefore, employing multiple NPs with

This journal is © The Royal Society of Chemistry 2024

distinct surface properties could enhance proteomic sampling
and yield more comprehensive proteomics data. Nevertheless,
magnetic separation cannot function as a universal method for
protein corona preparation due to the limitation of NP types,
i.e. they must be superparamagnetic and responsive to an
external magnetic field. Additionally, such an automated
method may introduce protein contamination due to protein
adsorption from plasma to the well plates. Moreover, as the size
of NPs increases, agglomeration occurs during magnetic
separation. Therefore, NPs with diameters larger than 10 nm
are not suitable for the magnetic separation.

Magnetic levitation (MagLev) has been utilized to investigate
the heterogeneity of protein corona surrounding NPs.®® Unlike
conventional magnetic separation, the measured NPs do not
require responsiveness to magnetic fields. The principle relies
on the dispersion of diamagnetic objects, such as diamagnetic
NPs, in a paramagnetic medium under a non-homogenous
magnetic field. The diamagnetic object, provided that the
difference of magnetic susceptibilities between diamagnetic
object and surrounding paramagnetic medium is negative, will
levitate at a position depending on its density.’® Owing to the

Chem. Soc. Rev., 2024, 53,10827-10851 | 10831
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difference in density between bare NPs and NPs coated with
protein corona, a variation of protein corona composition on a
sole population of NPs was observed, corresponding to differ-
ent levitation height and hence revealing heterogeneities of
protein corona.®® However, it remains unclear whether the
paramagnetic medium influences the composition of the pro-
tein corona.

2.3 Chromatographic methods

Chromatographic methods, including asymmetric-flow-field-
flow-fractionation (AF4), size exclusion chromatography (SEC),
capillary electrophoresis (CE)**"** and hydrodynamic chroma-
tography (HDC),*® have been utilized for isolating NP-protein
corona complexes. Chromatographic methods effectively sepa-
rate different species based on their hydrodynamic sizes,
enabling the determination of protein affinity to NPs and the
association/dissociation rates of proteins with NPs. Compared
with centrifugation and magnetic separation, chromatographic
separation offers a milder process that minimizes perturbation
of protein corona. However, the chromatographic separation
methods are usually time-consuming and costly.

SEC is a conventional chromatography method that sepa-
rates species based on their hydrodynamic volumes.®®”® The
stationary phase of SEC is filled with porous beads that allow
small species to enter the pore cavity, while larger species are
eluted first by the mobile phase. NPs with tightly adsorbed
proteins are eluted faster than bare NPs due to the increased
size, whereas NPs with lower protein affinity result in easy
dissociation of proteins from NPs and therefore are eluted at
similar times as bare NPs. This separation mechanism enables
to determine association and dissociation rates of proteins.
However, the interactions of corona proteins with stationary
phase may reduce the separation efficiency. Additionally, the
shear stress occurring between the NP, protein corona and
stationary phase may lead to the detachment of loosely bound
proteins, consequently altering the corona composition.”"”?
Besides, it is found that unbound free proteins can co-elute
with liposomes during SEC isolation of liposome-protein com-
plexes. Notably, a comparison of isolation methods including
SEC, centrifugation and membrane ultrafiltration revealed that
SEC is susceptible to co-eluting PEGylated liposomes with other
free proteins, leading to contamination of the protein corona.>

Separation Procedure:

View Article Online

Chem Soc Rev

Field flow fractionation (FFF) is a flow-assisted separation
technique designed for samples with a molar weight lower than
10" g mol ',”? specifically for fractionating materials of nano-
scale dimensions.”* Unlike traditional chromatography meth-
ods such as SEC, FFF does not use a stationary phase, which
helps to avoid unwanted interactions between samples and the
stationary phase.”” Instead, solutes are fractionated within
layers of a continuous flow, directed by an external field
perpendicular to the direction of the mobile phase. FFF offers
significant advantages over other chromatography methods,
particularly in reducing shearing force and accurately analyzing
complex mixtures and fragile samples, such as aggregates.”®
AF4 is a mild separation technique suitable for separating
biological substances within the size range of 1 nm to
1 um.”” The AF4 channel consists of a porous wall on one side,
forming a perpendicular force to the sample flow that forces
sample separation (Fig. 4).”®° Species with different diffusion
coefficients can be effectively separated, with smaller sub-
stances eluting faster than larger ones.®* Compared with other
conventional chromatographic methods, AF4 replaces tradi-
tional gel permeation columns with a hollow channel without
the stationary phase, thereby minimizing nonspecific interac-
tions of proteins with the column materials. Moreover, the low
shear forces of AF4 can minimize the perturbation to the
protein corona composition.®>** Weber et al.®* compared the
protein corona patterns of polystyrene NPs obtained from
centrifugation and AF4. Their results revealed that human
serum albumin (HSA), typically associated with NPs as a soft
corona protein, was identified as a major component in the
protein corona following AF4 separation, whereas only a mini-
mal amount of HSA was detected in the protein corona after
centrifugation. These results implied that the AF4 is suitable
for isolating SC proteins without disturbing the weak interac-
tions of NPs with low affinity proteins. Although AF4 provides a
mild and efficient way to isolate NP-protein complex and
meanwhile preserves the SC, the establishment of AF4 metho-
dology is usually time-consuming owning to its multiple para-
meters to be optimized. Moreover, the adsorption of sample to
the membrane of AF4 channels has also to be considered.

Collectively, a range of separation techniques have been
developed to achieve comprehensive isolation of the protein
corona while minimizing the loss of its components.
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Fig. 4 Schematic illustration of the separation process of NP—protein complex from unbound proteins via AF4 and the isolated NP—protein complex.&°

Reproduced from ref. 80 with permission from Wiley-VCH.
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Table 1 Overview of the different protein corona separation techniques
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Techniques Advantages

Disadvantages

Centrifugation Commonly available
Economical applicability
High throughput®®
Economical applicability
High throughput

Short measurement time

Magnetic separation

Chromatographic methods 78,84

Reduced perturbation of protein composition

Nonetheless, these techniques inevitably disrupt the formation
and composition of protein corona to varying degrees, leading
to potential inaccuracies such as false positives or false nega-
tives. Table 1 provides a comprehensive overview of the diverse
separation techniques discussed in this review.

2.4 New techniques for protein corona separation

To overcome the dilemma of traditional separation methods,
considerable efforts have been devoted to develop mild and
specific techniques for efficient isolation of protein corona.
Mohammad-Beigi et al.®® developed a novel separation techni-
que based on strain-promoted alkyne azide cycloaddition
(SPAAC) “click” chemistry (Fig. 5). This capture process
enabled the identification of weakly interacting proteins along
with the long-lived protein corona forming around NP in
complex media. Specifically, silica and polystyrene NPs were
first incubated with fetal bovine serum (FBS) to form NP-HC
complexes after centrifugation. Then, the NP-HC and FBS (to
form SC layer) was separated modified to carry -N3; and -DBCO
groups, enabling a spontaneously click-chemistry reaction after
incubation. SC proteins can be then covalently captured for
further proteomic analysis. Proteomic results showed that most
of captured proteins are present in both SC and HC, indicating
that the same proteins can have both high and low binding
affinities to NPs. This click chemistry-based method is highly
versatile for the separation of protein coronas across various
NPs. However, chemical modification of proteins may alter
their characteristics and adsorption profiles. The modified
chemical identities, i.e., -N; and -DBCO groups, may also
contribute to the interaction of NP-HC with SC proteins.
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Due to their stereo-selective surfaces, chiral nano-
materials have been found to induce distinct biological
responses including cellular uptake, energy metabolism, and
cell differentiation.®” Baimanov and co-workers®® established a
bio-layer interferometry (BLI)-based fishing strategy for real-
time monitoring of the dynamic interactions of chiral NPs with
serum proteins (Fig. 6). Specifically, IgG was initially immobi-
lized on an amine-reactive 2nd generation biosensor (AR2G)
capable of reacting with protein or peptides containing primary
amine groups, followed by the binding of chiral Cu,S NPs (L-
NPs and D-NPs) via their high binding affinity to the IgG. The
obtained chiral biosensors were exposed to 10% mouse serum
at 37 °C under continuous shaking of the microplate. Protein
adsorption on NPs was monitored in real-time by measuring
the change of wavelength shift (AZ) in the biosensor, which
reflects changes in bio-layer thickness due to protein adsorp-
tion. The SC and HC proteins were obtained through sequential
washing steps and further subjected to LC-MS/MS analysis. The
results showed that the chirality of Cu,S NPs dramatically
affected the composition of SC and HC proteins, leading to
distinct blood clearance profiles of NPs. In comparison with
the SC of L-NPs, more opsonin proteins were detected in the
SC of D-NPs that resulted in shorter blood circulation.
This fishing strategy enables real-time detection of the evolu-
tion of HC and SC on NPs and reveals subtle difference in NP-
protein interactions even within several minutes. However, the
binding of IgG and Cu,S NPs may reduce the contact area of
NPs with serum proteins, therefore reducing the number of
adsorbed proteins and altering their spatial distribution. To
generalize this BLI-based fishing strategy for different NPs,
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Fig. 5 Schematic representation of capturing SC proteins. After protein corona formation (steps 1 and 2), the HC proteins were modified with N3 by
reacting with sulfo-SASD (step 3) followed by a SPAAC “click” reaction (step 5) with FBS-D proteins (prepared in step 4).8¢ Reproduced from ref. 86 with

permission from Nature Publishing Group.
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light blue, and red colors represent various types of proteins.8® Reproduced from ref. 88 with permission from Nature Publishing Group.

systematic screening of high-affinity proteins specific to each
NP is required.

Chu and co-workers®® developed an affinity chromatography
(AfC) method using His-tagged anti-PEG single-chain variable
fragment (PEG-scFv) for efficient and specific separation of
protein corona formed on the PEGylated liposomes (sLip)
(Fig. 7). In this method, the His-tagged PEG-scFv could readily
capture sLip without affecting protein corona compositions,
while also separating the sLip/protein complexes from plasma
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protein aggregates and endogenous vesicles through the Ni-
NTA column. Briefly, the PEG-scFv was tagged with His tag for
binding on the Ni-NTA column. Upon exposure in a sLip-
protein solution, the His-tagged PEG-scFv successfully capture
the sLip-protein complexes through specific binding of antigen
(PEG on sLip) with antibody (PEG-scFv). Therefore, the
protein corona on sLip can be separated from unbound free
proteins, protein aggregates, and other endogenous vesicles.
The AfC displayed a 43-fold increase of in vitro protein corona
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Fig. 7 Schematic illustration of the separation procedures of protein corona by affinity chromatography (lower row) and comparison with centrifugation
(upper row).8% Reproduced from ref. 89 with permission from American Chemical Society.
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separation efficiency compared to centrifugation. This method
avoided contamination from protein aggregates and endogen-
ous vesicles occurring during centrifugation and effectively
reserved the loosely bounded SC proteins due to the mild
separation condition. Collectively, the AfC provides an unpre-
cedented approach for deeply deciphering protein coronas and
is suitable for separating in vivo protein coronas due to its high
specificity and minimal sample volume requirement. However,
this method is only applicable to the PEGylated samples,
constraining its scope of application. Moreover, the protein
corona may shield the binding of PEG chains to the PEG-scFv
on the column.

Table 2 provides a comprehensive overview of the diverse
separation techniques discussed in this review. While the
delicate design of these novel methods enhances the efficiency
and specificity of protein corona preparation, they also face
several challenges. Often, they require complex preparatory
procedures or expensive materials, impeding their universal
applications. For instance, the BLI-based fishing strategy is
applicable only to Cu2S NPs due to their high affinity to IgG. To
broaden its application, it is essential to explore proteins with
high affinity for other types of NPs, such as lipid, polymer, and
silica NPs. The AfC method, based on PEG-scFv, is currently
limited to separating protein coronas on PEGylated NPs. Given
that PEGylation is a common modification in nanomedicine,
this approach holds promise as a versatile method. Further-
more, by leveraging diverse antigen-antibody interactions, this
method could be extended to other functionalized NPs, such as
those modified with antibodies or glycosylation. Collectively,
advancing towards direct measurement methods that circum-
vent the challenges of the separation step represents a promis-
ing strategy for protein corona studies.

3. In situ characterization methods of
protein corona

In situ characterization directly measures the NP-protein interac-
tions in biological media without the need of an extra separation
step for isolating the NP-protein complexes. Therefore the dis-
turbance of NP-protein interactions and the loss of weakly
adsorbed SC proteins during the separation procedure can be
avoided.”®®* Classical in situ characterization methods include
dynamic light scattering (DLS),**** fluorescence correlation

Table 2 Overview of the new techniques for protein corona separation
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spectroscopy  (FCS),”*°> transmission electron microscopy
(TEM),”® circular dichroism (CD) spectroscopy,””*® and isother-
mal titration calorimetry (ITC), etc.’®*'® These methods provide
insights into the size and morphology of NP-protein complexes,
the quantity, kinetics, and affinity of NP-protein interactions, as
well as the conformational changes of proteins upon adsorption.

3.1 Characterization methods for the size of NP-protein
complex

Determining the size change of NPs after their incubation with
proteins or in other biological media can reveal the protein
adsorption and aggregation state of NPs. Common methods for
this analysis include DLS, FCS, nanoparticle tracking analysis
(NTA), and diffusion "*fluorine-magnetic resonance (*°F-NMR)
spectroscopy.

3.1.1 DLS. DLS measures the apparent diffusion coefficient
of NP-protein complex through fluctuations in scattered light
and further translates it into hydrodynamic radius via the

Stokes-Einstein equation (eqn (2)):'°"!°
kgT
D= 2
6TEi’]Rh ( )

where D is the translational diffusion coefficient of NPs in a
fluid and kg is the Boltzmann constant. T is the temperature of
the fluid and 5 represents the viscosity of the fluid. Ry, is the
hydrodynamic radius of the NPs."%* Casals et al.’®* used DLS to
measure the size change of Au NPs after incubation with a cell
culture medium supplemented with serum. They found that
the hydrodynamic diameter of Au NPs increased from 10 nm to
16 nm upon the incubation. Rausch et al.'®® investigated the
aggregation status of PEGylated poly-I/-lysines (PLL-g-PEOx) with
various PEGylation degrees after incubation with human serum
by using DLS. Aggregates with sizes of a few hundred nan-
ometers were observed in the mixtures of serum and PLL-g-
PEOx with a PEGylation degree <10%. However, no aggregates
were detected when the PEGylation degree exceeded 20%.
Nevertheless, unbounded proteins in the medium may inter-
fere with the scattering signal of NP-protein complex.

To eliminate background signals from unbound proteins,
Balog et al.*°® applied the depolarized dynamic light scattering
(DDLS) to investigate size changes of differently PEGylated Au
NPs (coated with PEG-NH;', PEG-COO™, or PEG-CHj;) after
incubation in common biological fluids (Fig. 8A). Owing to
their polycrystalline nature, spherical metallic NPs (e.g., Au and

Techniques Advantages

Disadvantages

Click chemistry-based strategy =~ Wide applicability
High sensitivity
Simple operation process

BLI-based fishing strategy High sensitivity

Real-time monitoring of the protein corona evolution

Protein corona evolution
Mild separation condition
High specificity

Affinity chromatography

Chemical modification may affect intrinsic character-
istics and adsorption profiles of proteins

Costly and time-consuming
Only for Cu,S NPs with high binding affinity to 1gG

Complex preparatory procedures Expensive
Only applicable to PEGylated samples

Reduced perturbation of protein composition and

protein contamination
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(A) Standard polarized (top) and depolarized (down) DLS experiments. In the polarized scattering experiment scattering from the biomolecules is

present, while it is invisible in the depolarized scattering experiment and thus can be ignored compared to the depolarized scattering from the NPs.
Therefore, scattering exclusively from the NPs on an essentially zero background is detected in the depolarized scattering experiment.*°® Reproduced
from ref. 106 with permission from the Royal Society of Chemistry. (B) Detection of protein corona formation in situ by D-RLSCS; (a) schematic
illustration of D-RLSCS system measuring gold NPs (GNPs) in a microfluidic channel; (b) formation of protein corona on the surface of GNPs; (c) the curve
of D-RLSCS consisting of rotational and translational diffusion of GNPs with protein corona; (d) D-RLSCS curves of GNPs with protein corona flowed in
the microchannel varied with flow rate.'®” Reproduced from ref. 107 with permission from the Royal Society of Chemistry.

Ag NPs) exhibit an internally heterogeneous structure and
deviate slightly from perfect sphericity, resulting in a subtle
yet significant optical anisotropy. When excited by electromag-
netic waves, the Au NPs support the coherent oscillation of the
surface conduction electrons, known as localized surface plas-
mon resonance (LSPR). Upon scattering, the LSPR coupled with
inherent optical anisotropy of Au NPs leads to a depolarized
speckle pattern, whose temporal fluctuations of NPs can yield
information about the size of Au NPs. Contrasted with the
depolarized scattering of Au NPs, the depolarized scattering
arising from biological matrices, such as unbounded proteins
and lipids, was almost negligible and can be disregarded. The
finding demonstrated that the sizes of PEG-COO ™ and PEG-CH;
coated Au NPs remained unchanged after incubation with all
tested fluids (including PBS, bovine serum albumin (BSA) in
PBS, DMEM, and 10% FBS in DMEM), indicating their low
affinity to the protein molecules. Conversely, the size of PEG-
NH;" coated Au NPs increased by approximately 14 nm when
exposed to the BSA solution, implying a strong interaction
between the NPs and BSA. The DDLS efficiently mitigated
irrelevant signals within complex environments, enabling
real-time quantitative measurements of Au NP-protein com-
plexes with an unprecedented signal-to-noise ratio. Nonethe-
less, this approach is limited to spherical metallic NPs
characterized by a polycrystalline structure, such as Au NPs,
Ag NPs, and Cu NPs.

3.1.2 NTA. In addition to the previously mentioned DLS
and FCS, NTA has also been utilized as a complementary
method for detecting size changes of NPs upon protein inter-
actions. NTA monitors the Brownian motion of individual NPs
in liquids by analyzing their scattered light, and subsequently

10836 | Chem. Soc. Rev., 2024, 53,10827-10851

correlates this motion with NPs size using the Stokes-Einstein
equation.’®®™"* Compared to DLS, NTA is more suitable for
detecting polydisperse samples with high resolution, and the
presence of small amounts of large (1000 nm) NPs generally
does not compromise the accuracy of NTA measurements.™*?
This characteristic enables the measurement of interactions
between NPs and biological fluids."** For instance, Hajdt and
colleagues''* examined the alterations in the size of SPIONs
post-incubation with human plasma using NTA and DLS. The
NTA results revealed the formation of relatively monodisperse
protein-SPION complexes in human plasma, characterized by
larger hydrodynamic sizes and lower zeta potentials compared
to the pristine NPs, which correlated with the findings from
DLS. Owing to the intricate composition of serum samples,
conventional DLS and NTA analysis in scattering mode cannot
selectively detect the NPs. However, employing NTA analysis in
fluorescence mode enables specific tracking of the motion of
fluorescently labeled NPs. In a study conducted by Jeong and
colleagues, the formation of protein corona in different media
(i.e., single protein solution and serum) and its effect on change
of sizes of PEGylated doxorubicin-loaded liposomes were
directly detected using fluorescence-nanoparticle tracking ana-
lysis without prior isolation of the NPs.""® The NTA results
clearly demonstrated that PEG density on liposome surface
dramatically influenced the corona formation, leading to pro-
nounced protein adsorption on liposomes with low PEGylation
density compared to those with high PEGylation density. These
results underscore the advantage of NTA in fluorescence mode
for probing the natural protein corona formation in complex
biological environments compare to DLS. However, NTA
requires additional optimization steps and relies on user

This journal is © The Royal Society of Chemistry 2024
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experimentation for parameter settings, hindering its broader
adoption.

3.1.3 FCS. FCS is a fluorescence-based technique. It deter-
mines the diffusion coefficient of fluorescent species through
measuring fluctuations in fluorescence intensity in a small area
of a sample, and further translates it into hydrodynamic
radius.*>™'*""” Therefore, FCS can detect signals emitted from
the fluorescently-labelled NPs or the NP-protein complexes
with minimal interference from unbound proteins in biological
fluids. Using FCS, Pelaz et al.''® conducted in situ measure-
ments to assess change in the effective hydrodynamic radius of
NPs upon the adsorption of HSA and fibrinogen (FIB). The NPs
without PEG modification exhibited a thickness increase of ca.
3 nm, corresponding to adsorption of a monolayer of HSA at
high HSA concentration. In comparison, PEGylated NPs exhib-
ited only a modest size increase of about 1.5 nm. Although this
increase indicated the formation of protein corona, fluores-
cence lifetime and quenching analyses suggest that the
adsorbed proteins are buried within the PEG shell. The change
in NP diameter was less pronounced for FIB adsorption com-
pared to HSA, likely due to the enhanced penetration of FIB
molecules and subsequent deformation of the PEG layer.

However, the application of FCS for in situ measurements in
blood is limited by pronounced absorption and scattering of
light by blood components (e.g., cells and proteins) in the
visible spectrum where conventional FCS setups and common
fluorescent labels operate. Negwer et al''® addressed this
limitation by either labeling NPs or loading cargos with near-
infrared (NIR) dyes with excitation and emission wavelengths
falling within the range of 700-1100nm. This range corre-
sponds to the so-called NIR window in biological tissue,
wherein light exhibits maximal penetration depth. Utilizing
NIR labels and fitting the experimental autocorrelation func-
tions with an analytical model that considers the presence of
blood cells, they successfully monitored the size and drug
loading of NPs in the blood, achieving sensitivity down to
single dye molecule level. This technique enabled the investiga-
tion of protein corona formation on NPs within flowing blood.
While the translational diffusion of NPs determined by FCS is
directly proportional to particle size, the rotational diffusion
coefficient of NPs exhibits a proportionality to the cube of
particle size. This implies that the rotational diffusion of NPs
should exhibit greater sensitivity to size changes than their
translational diffusion. However, extracting this parameter
poses challenges due to the high rotation rate and subtle
optical signal fluctuations in conventional methods, resulting
in diminished sensitivity to NP-protein binding. Moreover,
introducing a fluorescence label on either the NPs or the
proteins may alter their properties and hinder accurate
measurement of rotational diffusion.

To overcome this issue, Zhang et a proposed a dual-
wavelength laser-irradiated differenced resonance light scatter-
ing correlation spectroscopy (D-RLSCS) technique, combined
with the modified generation method of the D-RLSCS curve to
in situ investigate the protein corona formation on the label-
free NPs. Specifically, the dissociation constants and binding

l 107
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rates of proteins, including BSA and FIB, to gold nanosheets
were determined by analyzing the binding-induced ratiometric
diffusion changes of NPs (the ratio of characteristic rotational
diffusion time to translational diffusion time) (Fig. 8B). The
results showed that BSA exhibits stronger binding constant and
faster binding rate to gold nanosheets compared with FIB. In
contrast to conventional methods such as FCS, this novel D-
RLSCS strategy provides comprehensive insights into protein
corona by averaging the diffusion behavior of numerous NPs.
Besides, it effectively mitigates the impact of increased viscosity
resulting from the high concentration of proteins.

F-NMR spectroscopy has also been utilized to detect size
changes of the NP-protein complex. Diffusion '’F-NMR mea-
sures the diffusion coefficient of '°F-labeled NPs by identifying
the chemical shift of '°F resulting from the protein binding,
and then converts it to the diameter of NPs using the Stokes—
Einstein equation (eqn (2)).'*° Owing to its non-optical nature
and the absence of interfering fluorinated molecules in phy-
siological media, the "’F-NMR spectroscopy can be applied in
turbid environments, even in the presence of cells. For exam-
ple, Carril and co-workers'*' employed '’F-NMR spectroscopy
to determine alterations in the hydrodynamic radius of fluori-
nated PEG-labeled Au NPs with different head groups (-COOH
and -NH,) and surface coating (poly(isobutylene-al¢t-maleic
anhydride), PMA) in complex media. The results indicated that
all three types of NPs remained colloidally stable and well
dispersed in blood and plasma, without any detected agglom-
eration. NP-F/NH,@PMA exhibited a size increase of approxi-
mately 5.5 nm after plasma incubation, while the size of NP-F/
COOH and NP-F/NH, decreased due to the shrinkage of the
PEG-containing ligands in plasma. These results illustrated the
suitability of ’F-NMR for in situ analysis of protein corona
formation without any purification. However, "’F-NMR spectro-
scopy results highly depend on the concentration of fluorine
atoms. The presence of fluorine head groups on NPs can repel
proteins and may hence affect their adsorption. Specifically, the
hydrophobic nature of fluorine head groups can affect interac-
tions with proteins like fibrinogen. Moreover, larger-sized NPs
may experience increased mobility constraints, leading to lim-
itations in accurately detecting diffusion coefficients. Addition-
ally, evaluating interactions between proteins and NPs with soft
coatings, such as PEG, presents challenges due to the inherent
shrinkage and compressibility of these coatings.

3.2 Characterization methods for the morphology of NP-
protein complex

Imaging techniques, notably transmission electron microscopy
(TEM), cryogenic transmission electron microscopy (Cryo-
TEM), scanning electron microscopy (SEM), and atomic force
microscopy (AFM), serve as intuitive and compelling means for
characterizing protein corona formation on NPs.'**'** These
methods are instrumental in providing a comprehensive under-
standing of the morphology, protein binding forms, and aggre-
gation state of the NP-corona complexes.'** ™%’

3.2.1 TEM. TEM is well-suited for visualizing the morphol-
ogy and intricate microstructures of NPs at the nanometer
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Fig. 9 (A) TEM images of protein corona surrounding polystyrene NPs; (a) HC and SC of polystyrene NPs in human serum. (b) HC and SC of NPs after
centrifugation and removal of the supernatant, but before washing steps. (c) Tomogram slice of the area in (b). (d) and (e) HC obtained after 1st wash, after
2nd wash, and after 3rd wash, respectively. (g) Electron tomogram slice of the area presented in (f). Scale bar: 100 nm.?” Reproduced from ref. 27 with
permission from the Royal Society of Chemistry. (B) Cryo-TEM images of polystyrene NPs; TEM images of (a) bare NPs without corona and (b) NPs with
corona; (c) and (d) Distribution of proteins and their association with NP surface at higher magnification. Black dots in the images are 10 nm gold fiducial
markers. The arrows indicate proteins accumulated between NPs as large clusters.?® Reproduced from ref. 28 with permission from Nature Publishing
Group. (C) SEM images of silica NPs; (a) SEM images and (b) corresponding size distribution of uncoated NPs and NPs pre-coated with HSA and y-
globulin; (c) SEM images and (d) corresponding size distribution plots of corona-coated NPs. Scale bars are 500 nm.2° Reproduced from ref. 29 with
permission from Elsevier Ltd. (D) Morphology of GO-protein complexes by AFM; AFM images of bare-GO (first column) and GO-protein complexes after
incubation of BSA, Tf, Ig, or BFG with GO for 5 min (a) and 60 min (b).>° Reproduced from ref. 30 with permission from American Chemical Society.

l 128

scale. Al-Ahmady et a employed TEM to examine the protein shell (Fig. 9A). Despite the advantages of TEM for

structural integrity and morphology of protein-coated thermo-
sensitive liposomes, revealing the evident presence of protein
corona on the liposome surface. Kokkinopoulou et al.*’
employed TEM to visualize the process of protein corona
formation, starting from the initial incubation of polystyrene
NPs with human serum and continuing through subsequent
washing/centrifugation steps. The images showed that the
protein corona constitutes an undefined and loose protein
network, rather than the conventional perception of a dense

10838 | Chem. Soc. Rev., 2024, 53,10827-10851

directly visualizing protein corona formation and structures,
the use of non-specific heavy metal staining to enhance the
contrast of protein molecules for imaging may potentially
disrupt the proteins’ secondary structure, leading to artifacts
and potentially misleading conclusions.***

3.2.2 Cryo-TEM. Cryo-TEM, a powerful imaging technique
applied at cryogenic temperatures, enables high-resolution 3D
reconstructions of biomolecules in near-native states, thereby
facilitating the precise elucidation of their complex molecular

This journal is © The Royal Society of Chemistry 2024
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architectures critical for comprehending their functions and
interactions. Franqui et al.’*® utilized cryo-TEM to investigate
the interaction of graphene oxides (GOs) with a cell culture
medium (i.e., DMEM) by evaluating protein corona formation
in fetal bovine serum (FBS). The study revealed an increased
electronic density across the hard corona-coated GO sheets
compared to the bare GO, indicating the adsorption of
FBS onto the GO. To visualize the biomolecules within the
corona and their association with the surface of polystyrene
NPs, Sheibani et al.”® developed a combined approach compris-
ing cryo-electron microscopy, cryo-electron tomography, and
three-dimensional reconstruction. Their findings revealed the
detailed morphology and nanoscale distribution of the protein
corona on the NP surface, showing a random distribution of
clusters of proteins and other biomolecules from the
plasma (Fig. 9B). Despite its advantages of high-resolution
observation in the near-native states, the limited accessibility
of cryo-TEM measurement due to costly equipment and
demanding sample preparation requirements constrains its
widespread application.

3.2.3 SEM. SEM employs a focused beam of electrons to
create highly detailed images of samples surfaces, allowing for
high-resolution visualization of their shape, texture, and com-
position at the micro- and nanoscale. The difference between
SEM and TEM imaging lies in their distinct image formation
methods: SEM utilizes reflected electrons for image generation,
whereas TEM relies on electrons passing through the material
for observeation.'*' Consequently, SEM can offer a more com-
prehensive 3D surface morphology image of the NP-protein
complex compared to TEM and cryo-TEM. Using SEM, Mirsha-
fiee et al.*® investigated the alterations of morphology and size
of silica NPs after pre-incubation with proteins (Fig. 9C). SEM
images revealed that pre-coating with HSA or jy-globulin
increased the size of silica NPs by approximately 5 or 9 nm,
respectively, along with the formation of small NP aggregates.
Nevertheless, visualizing the morphology of NPs with bound
proteins is highly complex and necessitates the coordination of
multiple characterization techniques to acquire comprehensive
and reliable information."*

3.2.4 AFM. AFM, characterized by high resolution, low
invasiveness, and minimal destructiveness, is another useful
analysis technique for determining sizes, aggregation state, and
surface roughness of the NP-protein complex.'*® Applying
AFM, Chong et al.?® investigated adsorption of BSA, immuno-
globulin (Ig), transferrin (Tf), and bovine fibrinogen (BFG) on
GO nanosheets. AFM images revealed diverse adsorption beha-
viors of the proteins on the GO surface (Fig. 9D). Specifically,
BSA and Tf formed complex aggregates on the GO sheets that
showed minimal changes during the incubation period. In
contrast, Ig and BFG initially displayed uniform adsorption
on the GO surface, which gradually transitioned into large
aggregates over time, indicating a heterogeneous adsorption
pattern. Kim et al.'** observed an increase in size and a more
round morphology of DNA tetrahedron with trivalent choles-
terol conjugation (Chol;-Td) following its incubation with high-
density lipoprotein (HDL) and low-density lipoprotein (LDL) as
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revealed by AFM. Although AFM can provide insights into the
actual state of NPs and allow the visualization of the protein
corona, discerning the formation of hard or soft corona on NPs
can be challenging. Moreover, the repeatability of AFM mea-
surements depends on precise calibration of multiple para-
meters, including tip’s shape, cantilever spring constant, and
optical lever sensitivity.'*’

While electron microscopic techniques offer valuable
insights into the morphology of protein corona, they also
present inherent challenges. The high vacuum conditions dur-
ing sample preparation at room temperatures, required for
sample drying, poses a risk of introducing artifacts and the
formation of large aggregates. Moreover, high protein concen-
trations in biological fluids can lead to significant background
levels."®® Hence, these techniques are typically used as com-
plementary methods of in situ characterization of the protein
corona.

3.3 Characterization of the kinetics of NP-protein
interactions

Monitoring NP-protein interactions in the bloodstream is of
crucial importance for comprehending the in vivo behavior of
nanomedicines administered intravenously. Key methods
for studying the kinetics of NP-protein interactions include
surface plasmon resonance (SPR),"*”"*° isothermal titration
calorimetry (ITC),"**"** quartz crystal microbalance with dis-
sipation monitoring (QCM-D),"**'** microscale thermophor-
esis (MST),'*®> and fluorescence resonance energy transfer
(FRET).146’147

3.3.1 SPR. Based on the propagation of surface plasmons
on a metal surface upon light excitation, SPR allows sensitive
and label-free monitoring of NP-protein interactions. NPs are
immobilized on a dedicated biosensor surface, followed by an
injection of protein solutions or biological fluids onto the
biosensor surface. Protein binding to NPs is monitored through
changes in the oscillation of surface plasmon wave on the
biosensor chip.'*®'* Notably, SPR not only detects protein
binding affinity to NPs but also provides real-time associa-
tion/dissociation kinetics with minimal sample quantities in
a label-free setting.'”® The equations describing the real-time
SPR response at any time ¢ in the dissociation phase Rq and the
real-time SPR response at any time ¢ in the association phase R,
are:"™'

Rq=Ae ™"+ Ry (3)
Ry = Ay — Ag-e (CFa+ k)t (4)

where Ry is the response at the start of the dissociation phase,
A is the slope of the fitting curve for the dissociation phase, 4,
and 4; represent the intercept and slope of the fitting curve for
the association phase, respectively. C is the concentration of
proteins while k, and k4 are the association and dissociation
constants, respectively.

Kari et al®' utilized multi-parametric SPR (MP-SPR) to
monitor protein corona formation and determine the affinity
(Kp) of C3b with liposomes in undiluted human serum. Their
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observations revealed formulation-dependent HC and SC with
distinct refractive indices, layer thicknesses, and surface mass
densities (Fig. 10A). Upon serum injection, a SC with a thick-
ness of 38-87 nm was formed on DOX liposomes, while the
layer thickness on DOX + PEG liposomes was slightly thinner
(26-60 nm). After washing with buffer, a significantly thinner
HC layer remained on the surface of DOX liposomes compared
to the DOX + PEG liposomes (3-7 vs. 8-13 nm). Moreover, the
Kp values were 3.8 x 107® M and 7.2 x 107® M for the
interaction of C3b with DOX liposomes and DOX + PEG lipo-
somes, respectively. Miclius et al'? introduced an LSPR
technique for quantifying both SC and HC formation on poly-
vinylpyrrolidone (PVP)-stabilized silver nanocubes (AgNCs).
This method capitalizes on the sensitivity of the LSPR phenom-
enon of AgNCs to the surrounding refractive index due to
coherent oscillation of surface conduction electrons, enabling
a precise quantification of protein binding to the NPs. Their
findings demonstrated a significantly elevated protein presence
in SC compared to HC at all time points (with an 8-fold
difference under 10% serum conditions), highlighting the
sensitivity of SPR in probing interaction dynamics. Neverthe-
less, the relatively high cost and the need to tailor SPR biosen-
sors for individual NPs limit the universal applicability of
SPR.?> Additionally, the detection limit of SPR is relatively high,
e.g., 1-10 nM for proteins with molecular weight smaller than
20 KDa.

3.3.2 ITC. ITC, a nondestructive method for in situ analyz-
ing biochemical thermodynamics, monitors the time-
dependent heat evolution and provides incremental heat as a
function of the protein-to-NP molar ratio. Apart from evaluating
the chemometrics of protein binding and NP-protein affinity,
ITC yields essential thermodynamic parameters like Gibbs free
energy (AG), enthalpy (AH), and entropy (AS) in real-time,
enabling the interpretation of the intensity and types of inter-
actions between proteins and NPs.'**™*” The corresponding
equation is shown below:'*®

AG = AS - TAH = —RTInK (5)

where AG, AS, and AH represent the Gibbs free energy change,
enthalpy change, and entropy change during protein-NP inter-
action, respectively. K is the associative binding constants
corresponding to temperature (7), and R is the gas constant.
De et al.®” investigated the interaction of Au NPs bearing
various r-amino acid functionalities with o-chymotrypsin
(ChT), histone and cytochrome ¢ (CytC), and quantified their
binding thermodynamics by ITC. The obtained thermodynamic
parameters (AG, AH, and AS) revealed significant variations in
the interaction mode between Au NPs and different proteins.
The binding of NPs with ChT was an enthalpy-driven process,
whereas binding with histones and CytC was driven by entropy
(Fig. 10B). Yin et al."® studied the mechanism of interaction
between gold nanoclusters functionalized with dihydrolipoic
acid (DHLA-AuNCs) with HSA and Tf. The results corroborated
that the interaction of DHLA-AuNCs with HSA was an endother-
mic dynamic process, while it exhibited an exothermic static
process with Tf. Besides, AH and AS associated with the
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interaction of DHLA-AuNCs with HSA were found to be approxi-
mately 64 k] mol ' and 327 J mol ' K ', respectively. In
contrast, AH and AS for DHLA-AuNCs-Tf interactions were
about —5 k] mol " and 74 ] mol ' K !, respectively. The
positive AS values indicate that the interactions between
DHLA-AuNCs and both proteins are entropy-driven, which is
attributed to desolvation of water molecules during hydropho-
bic interactions. However, potential aggregation of NPs due to
concentrated samples required for ITC measurements and
thermal perturbations caused by protein denaturation could
potentially lead to misleading outcomes. Therefore, integrating
complementary methods becomes imperative to validate ITC
results and retrieve additional insights into the nature of the
interactions.

3.3.3 QCM-D. QCM-D evaluates NP-protein interactions by
measuring the total mass change resulting from adsorbed
proteins, with a sensitivity ranging from micrograms to
nanograms.'®®'®" This methodology involves immobilizing
NPs on an oscillating quartz surface, which exhibits high
sensitivity to mass changes. Upon protein adsorption, QCM-D
can ascertain the mass adsorption, adsorption mechanism, and
protein thickness by monitoring alterations in resonant fre-
quency and damping.'®>'®* The deposition or adsorption of
proteins results in a decrease of resonance frequency (Af) of
QCM-D, which can be correlated with the mass added (Am)
according to the Sauerbrey equation:'®*

_ oy

where Am is the areal mass (the mass adsorbed on the surface
of quartz crystal, ng) or mass variation over the sensor surface (ng
em?), and C is the mass sensitivity factor. C =17.7 ng cm™ > Hz
for a quartz crystal with a fundamental resonance of 5 MHz.
When driven by an alternating current, the mass sensor of QCM-D
oscillates at both its fundamental and overtone resonance fre-
quencies. 7 is the overtone number and Afis the frequency shift
(Hz) measured for the selected harmonic 7.

Bisker et al.** monitored the adsorption of fibrinogen onto
DPPE-PEG5k-labeled single-wall carbon nanotubes (SWCNTs)
on a gold-coated crystal, and subsequently determined the
resulting layer thickness. The adsorption process, as evidenced
by a gradual decrease in the crystal’s oscillation frequency
(Fig. 10C), suggested an increase in layer thickness. Upon
measurement, it was revealed that a fibrinogen monolayer
(approximately 5 nm thick) was attached to the top of the
SWCNTs, implying a parallel alignment of the protein’s long
axis with the nanotube surface. Kaufman et al.'® investigated
the adsorption of BSA, CytC, and myoglobin (Mb) onto mer-
captoundecanoic acid-stabilized Au NPs using QCM-D. The
results indicated the formation of adsorption layers for all
three proteins, consisting of both reversibly and irreversibly
adsorbed fractions. BSA exhibited the highest affinity for
AuNPs, forming a rigid, irreversibly adsorbed monolayer with
a side-down orientation. The irreversibly adsorbed fraction of
CytC exhibited a monolayer structure, whereas that of Mb
displayed a bilayer. Nevertheless, the presence of water and

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 (A) Interactions between liposomes and proteins; layer modelling for (a) DOX and (b) DOX + PEG liposomes under different conditions using
measured full SPR angular spectra. Solid curves and dotted curves represent measured and fitted full SPR spectra, respectively. The black line is SPR
spectra of metal sensor surface. I, Il, and Il represent SPR spectra of pure DOX liposomes, SC, and HC, respectively.>* Reproduced from ref. 31 with
permission from Controlled Release Society. (B) The binding capacity of proteins to NPs detected by ITC; ITC analysis for the binding of (a) ChT with
NP_Phe, (b) histone with NP_Ala, and (c) CytC with NP_Glu in 5 mM sodium phosphate buffer (pH = 7.4). The squares represent the integrated heat
changes during the formation of the NP—protein complex and the curve fit to the binding isothermal functions.>® Reproduced from ref. 32 with the
permission from American Chemical Society. (C) Changes of frequency (dashed blue curve) and layer thickness (solid orange curve) for a fibrinogen layer
deposited on top of a (a) DPPE-PEG5k -SWCNT layer and (b) the gold-coated quartz crystal as measured by QCM-D, and calculated by Voigt viscoelastic
model, respectively.>® Reproduced from ref. 33 with permission from Nature Publishing Group. (D) Characterization of NPs in mono-component protein
solutions as a function of protein molar concentration along binding isotherms; (a) normalized apparent diameter of NP—protein complexes to the value
of bare NPs; (b) normalized NP fluorescence Fnom after NPs diffusion under a thermal gradient. The symbols represent experimental data and the lines
are the best fits with related equations.>® Reproduced from ref. 34 with permission from American Chemical Society.
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ions can affect mass change during protein adsorption. Distin-
guishing the experimental impact of solvents and adsorbed
proteins on QCM frequency is particularly challenging.'®®
Furthermore, the mass change detected by QCM-D is influ-
enced by the viscoelastic properties of adsorbed proteins,
complicating the interpretation of quantitative analysis.

3.3.4 MST. MST, a powerful biophysical technique, detects
and quantifies binding events based on the directional motion
of fluorescently labelled molecules (such as proteins) under a
temperature gradient.'®® By integrating fluorescence detection
with thermophoresis, MST offers a sensitive and precise plat-
form for identifying binding-induced interactions between NPs
and fluorescently labelled proteins. The normalized relative
fluorescence (Fnorm) and dissociation constant (k;) can be
obtained from the following eqn 7-9.%

F hot
F = 7
form F cold ( )
Fnorm = (1 - FB)'Fnorm,unbound + Fnorm,bound (8)

[A] + [B] + ko — \/([A] + [B] + ko)'—4 - [AB]

B = 2B

©)

Fhot is the fluorescence intensity after thermodiffusion and
F.oa is the initial fluorescence intensity of NPs. Fynpouna and
Fuouna are the normalized fluorescence intensity of unbound
and bound fluorescent proteins, respectively. FB is the bound
fraction of [B] while [AB] is the concentration of the binding
complexes of [A] and [B]. [A] and [B] are the concentrations of
ligands and receptors, respectively.

MST avoids the immobilization procedures necessary for
SPR and QCM-D, and minimizes sample consumption com-
pared to ITC, thereby enhancing assay design flexibility."®®
vilanova et al.** employed MST and differential centrifugal
sedimentation (DCS) to assess the binding affinity of HSA, Tf,
and Fib with silica NPs. By analyzing the F,, under thermal
gradients, they calculated the kq order as: HSA > Tf > Fib,
corroborated by DCS results (Fig. 10D). Likewise, Wang et al.'®
used MST to investigate the binding between BSA and various
nanoscale metal-organic frameworks (NMOFs), and they dis-
covered that BSA exhibited a lower binding affinity with amino-
modified NMOFs compared to unmodified ones. Despite its
high sensitivity to diverse binding-induced interactions, MST
cannot measure binding constants in cases of substantial NP
aggregation and significant adsorption on the capillaries.'®”
Moreover, fluorescence labelling of proteins required in MST
may change the protein structure and hence influence the
adsorption of protein to NPs.

3.3.5 FRET. FRET relies on the measurement of non-
radiative transmission of excitation energy from a donor fluor-
ophore to an acceptor chromophore through dipole-dipole
interactions.’*® It has been widespread applied in various
biological and biophysical fields, including the investigation
of biomolecule-NP binding and protein conformational analy-
sis due to its rapid detection and high sensitivity to the donor-
acceptor distance.’*”'**'7° The binding parameters of NPs
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with proteins can be analyzed by fitting the obtained fluores-
cence data using eqn 10-12:"""

“Fp - (1) - &(2) - 2*dA
J= Jo Dm( )-e(4) - 4d (10)
Jo Fp - (A1)dA
111(10) k2 . ¢D
RC = . . 11
9000 128 75 - Npy - n? (11)
F RO Enax
R T (KD)” (2)
L+ (&

where J represents the overlap of the fluorescence emission
spectrum of the donor and the absorption spectrum of the
acceptor, while Fy, is the fluorescence spectrum of the donor in
the absence of the acceptor. ¢ and A are the extinction coeffi-
cient and wavelength of the acceptor, respectively. Besides, x>
represents the spatial orientation factor, and ¢, is the quan-
tum yield of the donor. n and N,y represent the refraction
coefficient and Avogadro’s number, respectively. E denotes the
energy transfer efficiency, and E,,. is the saturation value of
FRET efficiency. F and F, represent the fluorescence intensities
in the presence and absence of proteins, respectively. R is the
critical distance between donor and receptor, at which distance
the FRET efficiency is 50%. Additionally, r represents the
distance between the donor and receptor, and Kp is the
dissociation constant. The parameter n in eqn 12 refers to the
Hill coefficient, a parameter that describes the degree of
interaction between proteins and NPs. C is the concentration
of proteins or NPs.

Using FRET, Qu et al®® investigated HSA adsorption on
InP@ZnS quantum dots (QDs) with different chirality (d- and
I-penicillamine), revealing distinct binding behaviors, includ-
ing the affinity and adsorption orientation related to chirality
(Fig. 11A). The Kp value of I-PA-QDs (0.14 x 10 ® m) was
approximately 1.65 times lower than that of d-PA-QDs (0.23 X
10~® m), indicating that the chirality of surface ligands influ-
enced protein binding to QDs. The 1-PA-QDs demonstrated a
stronger binding affinity compared to d-PA-QDs. Furthermore,
the Epax value for 1-PA-QDs (0.70) was lower than that for d-PA-
QDs (0.82), suggesting that HSA may adopt a more compact
configuration on the surface of d-PA-QDs compared to I-PA-
QDs. These results underscore the potential of FRET in eluci-
dating NP-protein interactions. Nevertheless, the effectiveness
of FRET highly relies on the distance between the donor and
acceptor, making it challenging to detect loosely bound SC
proteins on the outer layers of NPs. Moreover, while FRET
analysis detects NP-protein interactions, it does not yield
quantitative and qualitative insights into the protein corona,
e.g., adsorption amount and corona compositions.

3.3.6 New characterization methods. New characterization
methods have been developed to overcome the challenges in
protein corona formation detection. To distinguish the ‘“hard”
from the “soft” corona, Weiss et al.'”> monitored the real-time
evolution of protein corona formation on silica NPs using
confocal laser scanning microscopy (CLSM) combined with

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (A) (a) Schematic representation of FRET between InP@ZnS QDs and fluorescently labeled HAS; (b) schematics of the FRET of chiral InP@ZnS
QDs.*® Reproduced from ref. 35 with the permission from Wiley-VCH. (B) Kinetics of protein corona formation around silica particles under static particle
conditions; (a) representative images obtained from 2D CLSM imaging, depicting the changes in fluorescence intensity of NPs during incubation; (b) an
enlarged version of linearized data, focusing mainly on the first two phases of adsorption.'’? Reproduced from ref. 172 with permission from American
Chemical Society. (C) Standard workflow of DDM: bare NPs are mixed with labeled proteins followed by transferring the mixture into a glass capillary for
fluorescence microscopy imaging. Time series of images are then analyzed to extract the 2D Fourier transform and the differential image correlation

function (DICF).}”® Reproduced from ref. 173 with permission from Wiley-VCH.

microfluidics (MF). By immobilizing silica NPs in the MF
channel and injecting fluorescently labeled HSA, precise quan-
tification of surface fluorescence intensity of NPs can be
achieved through CLSM with meticulous regulation of key
parameters like channel size and flow rate. The results revealed
three distinct phases in the protein corona formation process:
phase 1 (Pi.cq) representing the high-affinity protein adsorption
and formation of HC, phase 2 (Pg,.q) signifying irreversible HC
protein interaction with newly adsorbed proteins, and phase 3
(P3,z) representing the final reversible SC formation (Fig. 11B).
While this technique shows promise in defining new cutting-
edge protocols for studying protein corona kinetics and differ-
entiating protein layers, it encountered challenges in distin-
guishing fluorescent signals between proteins adhered to NPs
and those attached to the immobilized channel. Moreover, the
intricate control of parameters in the MF setup may increase
application complexity and experimental errors.

Latreille et al.'”® applied differential dynamic microscopy
(DDM) in fluorescence imaging mode to quantitatively assess
protein adsorption on NPs and monitor the resulting NP
aggregation behaviors in situ. Their experimental setup

This journal is © The Royal Society of Chemistry 2024

involved a standard epifluorescence microscope equipped with
an sCMOS camera. Upon the adsorption of fluorescently
labeled proteins onto the surface of polystyrene NPs, the NP
surface emitted fluorescence signals. By analyzing the fluores-
cence fluctuations resulting from NP Brownian diffusion, DDM
quantifies the contributions of free and adsorbed proteins in
NP-protein interactions (Fig. 11C). The results showed that
protein adsorption promoted the NP aggregation over a wide
concentration range. Moreover, the binding affinity of proteins
to polystyrene NPs was dependent on NP concentration, and
the composition of protein corona changed with the dilution of
proteins in complex solutions. This method is primarily suita-
ble for isotropic NPs (spherical NPs) and may require adjust-
ments when applied to highly anisotropic NPs such as
nanorods, nanocubes, and nanosheets.

3.4 Characterization of the conformation change of proteins

Protein binding to NPs can induce significant conformational
or structural changes of adsorbed proteins. Given the biological
significance of such structural alterations in maintaining phy-
siological homeostasis, it is essential to investigate the impact
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structure.'”*17¢

of NP-protein interactions on protein
Commonly used characterization techniques include
circular dichroism (CD) spectroscopy, surface-enhanced Raman
scattering (SERS), and nuclear magnetic resonance
spectroscopy (NMR).

3.4.1 CD. The far ultraviolet (UV) region (190-250 nm) of
CD spectroscopy is commonly utilized for monitoring protein
peptide bonds, facilitating the determination of alterations in

the secondary structure of proteins bound to NPs, including
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conformations. Liu et al”® analyzed the conformation
changes of fibrinogen (Fg) proteins upon adsorption to parti-
culate matter (PM2.5). The results revealed a decrease in the a-
helix rate from 16% to 6%, accompanied by an increase in the
B-sheet content from 31% to 39% in the presence of PM2.5
(Fig. 12A), indicating that the interaction with PM2.5 led to
alterations in the secondary structure of Fg. Similarly, CD
spectroscopy was utilized to investigate the impact of SWCNT
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(A) Secondary structure changes detected by CD; (a) CD spectra of Fg in the absence and presence of PM2.5; (b) Content of a-helix, B-sheet,

turn and random of Fg in the absence and presence of PM2.5, calculated by DichroWeb.*® Reproduced from ref. 36 with permission from Elsevier Ltd.
(B) SRCD spectroscopy of oxyHb in the absence and presence of SNPs at 22 °C in (a) phosphate buffer pH 7 and (b) NH4Ac buffer pH 9.28° Reproduced
from ref. 180 with permission from American Chemical Society. (C) SERS spectroscopy of BSA solution in the absence and presence of Au NPs. The blank
curve is the SERS spectroscopy of pure BSA. The red, green, and blue curves represent the SERS spectroscopy of the sample with the Au NPs : BSA ratio of
1:107, 1:140 000, and 2.5:1, respectively.>” Reproduced from ref. 37 with permission from Frontiers. (D) 2D [**N-*H] NMR spectroscopy of free hUbq
(red) and hUbq plus Au NP (yellow) samples at pH 7. Black arrows indicate NH backbone groups with the largest chemical shift perturbations (Q2, L15, and
E18) in this spectral window.'®! Reproduced from ref. 38 with permission from American Chemical Society.
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incubation on the conformation change of BFG, gamma glo-
bulin (Ig), Tf, and BSA."”® Significant conformational changes
in BFG and Ig were observed after a 10-min incubation with
SWCNTs, and these alterations remained largely unchanged
over extended incubation periods. Although CD spectroscopy
provides information about structural changes in proteins, it
requires a high concentration of protein samples and cannot
provide detailed information on the conformation of target
proteins in complex environments due to interference from
other proteins or cells.

Synchrotron-radiation (SRCD) is
exploited as an advanced tool for characterizing protein
structures.'®® Leveraging the intense light of a synchrotron
beam, SRCD improves the precision of CD spectroscopy and
facilitates the analysis of protein structures in the low UV
regions.'® Sanchez-Guzman et al.'®® applied SRCD to investi-
gate the impact of silica NPs on the secondary structure of
oxyhemoglobin (oxyHb) present in SC and HC, revealing sig-
nificant alterations in the secondary structure of oxyHb within
the HC, while no influence on the weakly bound oxyHb in the
SC (Fig. 12B). Notably, light scattering arising from aggregated
or large particles can potentially interfere with CD results.

3.4.2 SERS. When proteins adsorb onto or come into
proximity with the active surface of SERS (mainly metal
NPs like Ag or AuNPs), they generate enhanced Raman scatter-
ing signals that provide insights into protein conformation and

circular dichroism

side-chain environments based on their vibrational
characteristics."®**'*¢  Using SERS spectroscopy, Szekeres
et al.*” examined the structural changes of BSA upon exposure

to Au NPs, revealing alterations in BSA conformation upon the
BSA-NP interaction (Fig. 12C). Similarly, Kuschnerus et al.'®
examined structural changes of BSA exposed to mesoporous
silica particles (MSPs) using SERS, indicating significant con-
formational changes in adsorbed BSA on NPs. However, SERS is
limited to metal NPs and is not applicable to materials like

Table 3 Characterization methods for investigating protein corona on NPs
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carbon, silica, or polymers. The weak Raman signal necessi-
tates highly sensitive instrumentation with optimized para-
meters, and sample fluorescence can interfere with detection.
Additionally, SERS does not provide information on the com-
position of protein corona.

3.4.3 NMR spectroscopy. Diffusion ordered NMR spectro-
scopy (DOSY-NMR) has been used for quantifying the size
changes of NPs in dispersions resulting from NP-protein
interactions.'®® DOSY-NMR correlates the changes in the
NMR signals of specific atoms/groups (such as '°F) within
NPs to their Brownian motion, thereby offering an effective
method to measure the diffusion coefficient of various
materials.’® In addition to detecting size changes, NMR is
predominantly employed for investigating structural modifica-
tion of proteins induced by their interactions with NPs. Lever-
aging the magnetic properties of 'H, *C, °N, '°F, ?°si, and *'P
nuclei, NMR spectroscopy enables the analysis of chemical
shifts, intensity, and linewidth of analytes.'®® Owing to the
unique chemical shifts and intensity of specific NPs and
proteins, alterations in chemical shifts and intensity in con-
ventional NMR spectra can accurately reflect the impact of NP-
protein interactions on protein structures.'®! Lundqvist et al.**?
investigated the effect of silica NPs with varying diameters on
the secondary structure of human carbonic anhydrase I (HCAI)
by NMR spectroscopy. Their findings revealed that the curva-
ture of silica NPs strongly affected the secondary structure of
HCAI, with larger perturbations observed with silica NPs dis-
playing larger diameters. Additionally, the results indicated
that the tertiary structures of HCAI were unaffected by the
curvatures of the silica NPs. Calzola et al.'®' employed NMR
spectroscopy to analyze the interactions between ubiquitin
protein and Au NPs, and the 2D ["’N—"H] NMR spectra showed
that the presence of Au NPs affected the position of specific
peaks, indicating the interaction of a specific domain of human
ubiquitin with Au NPs (Fig. 12D). NMR faces challenges due to

Characteristics Characterization methods Abbreviations Brief description Ref.
Size changes Dynamic light scattering DLS Hydrodynamic size 102 and
104
Nanoparticle tracking analysis NTA NP concentration and size 108 and
110
Fluorescence correlation spectroscopy  FCS Changes in diffusion coefficient and size of NP 26 and
117
Diffusion '°fluorine-magnetic resonance '’F-NMR Changes in diffusion coefficient and size of NP 120
Change of morphology Transmission electron microscopy TEM Morphology of NP-protein complex 128
Cryogenic TEM Cryo-TEM 28
Scanning electron microscopy SEM Thickness of protein corona 132
Atomic force microscopy AFM 134
NP-protein interactions Surface plasmon resonance SPR Adsorption kinetic parameters 138
Isothermal titration calorimetry ITC Thermodynamic parameters of binding 140 and
141
Quartz crystal microbalance with dis- QCM-D Mass changes induced by protein adsorption 144
sipation monitoring
Microscale thermophoresis MST Non-radiative transmission of excitation energy 145
Fluorescence resonance energy transfer FRET Binding parameters 147
Conformation changes Circular dichroism CD Secondary structural changes of proteins induced by 177
of protein Surface-enhanced Raman scattering SERS NP-protein interaction 184
Nuclear magnetic resonance NMR 190
This journal is © The Royal Society of Chemistry 2024 Chem. Soc. Rev., 2024, 53,10827-10851 | 10845
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complex sample preparation and a time-consuming, costly
measurement process. Additionally, its weak signals make it
unsuitable for analyzing sulfur-containing structures. Com-
pared to other methods for structural analysis, the high mole-
cular weight of proteins and the difficulty of interpreting NMR
spectra in the presence of free proteins within complex fluids
further limit NMR’s application in protein corona studies.*®

The above-mentioned methods for protein corona charac-
terization are summarized in Table 3.

4. Conclusions and outlook

The coverage of blood proteins reshapes the innate surface
properties of NPs and thus dictates their ultimate fate in vivo,
impacting critical behaviors such as pharmacokinetics, biodistri-
bution, targetability, and therapeutic efficacy. A comprehensive
understanding of NP-protein interaction along with an insight
into the composition of protein corona is crucial for elucidating
the suboptimal therapeutic outcomes of nanomedicines during
clinical trials and advancing the clinical translation of nanome-
dicines. This review provides an overview of separation and in situ
characterization techniques for comprehensively unravelling the
intricacies inherent in NP-protein interactions.

Previous techniques for characterizing the protein corona
in situ are primarily focused on the size, morphology, and
adsorption kinetics, yet lack robust tools for quantification of
the protein corona. Although the BCA assay offers a means to
quantify corona proteins, the process of detaching adsorbed
proteins from NPs following the isolation of NP-protein com-
plexes from the incubation medium may lead to the loss and
alteration of protein corona fingerprints.'**'** Consequently,
current research has focused on developing new methods that
allow in situ quantitative analysis of protein corona. Lo Giudice
et al.'®® utilized flow cytometry to investigate NP-protein inter-
actions by employing an immunoprobe (mTfQD630) designed
to specifically recognize the Tf epitope AA. This approach
facilitated the in situ characterization of specific motifs pre-
senting in the biomolecular corona, thereby contributing to a
better understanding and potential prediction of NP-
biomolecular interactions with cells. Moreover, a key focus in
current protein corona analysis lies in achieving direct and
quantitative determination of NP-protein interactions in situ
and at the single-NP level. For instance, Tan et al.'°® developed
an innovative real-time three-dimensional single-particle-
tracking microscopy combined with a lock-on filtering algo-
rithm (RTY-3D-SPT) to detect the NPs-protein interactions at
the single particle level, providing insights into in situ protein
corona on a per-particle basis and bridging gaps in corona
characterization at the single-particle level. Although signifi-
cant strides have been made in characterizing the protein
corona, the direct deciphering of protein corona compositions
in situ and understanding the heterogeneity among NPs remain
challenging.

Nonspecific NP-protein interactions are typically highly
heterogeneous, resulting in an undetectable biological

10846 | Chem. Soc. Rev, 2024, 53, 10827-10851
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behaviors for individual NPs. Therefore, in addition to detect-
ing the NP-protein interactions in situ and at the single-NP
level, it is also important to analyze the heterogeneity of protein
interaction among different NPs. Niu et al.'®” established an
in situ approach allowing quantitative analysis of NP—blood
protein adsorption at the individual NP level and also the
interparticle heterogeneity of NP-protein interactions based
on a dual fluorescence quantification technique. This approach
not only allowed the in situ quantitative monitoring of protein
adsorption kinetics and the aggregation status of NPs in the
serum, it also revealed the interparticle heterogeneity of NP-
protein interactions with the single-NP resolution.

In summary, achieving a precise and comprehensive analy-
sis of the protein corona requires careful consideration of
several crucial points. Firstly, gaining a holistic understanding
of various aspects of the protein corona require the application
of multiple complementary techniques, given the distinct
focus of these methods. Secondly, standardizing both prepara-
tion and characterization procedures is a prerequisite for
generating reproducible data, therefore providing reliable
insights into the biological effects of nanomedicines. Thirdly,
characterizing NPs at the single-particle level is essential to
unveil the heterogeneity of NPs and their intricate interactions
with proteins, potentially leading to varied behaviors among
NPs within the same sample. Last but not least, multi-omics
approaches should be applied to obtain insights into proteins
as well as lipids and other relevant components present in
phycological fluids associated with NPs. Looking forward,
collaborative interdisciplinary efforts hold great promise of
inspiring breakthroughs in the characterization of protein
corona in the future.

Data avaibility

No primary research results, software or code have been included
and no new data were generated or analysed as part of this review.
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