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ABSTRACT: Nanoparticles entering biological systems or fluids
inevitably adsorb biomolecules, such as protein, on their surfaces,
forming a protein corona. Ensuing, the protein corona endows
nanoparticles with a new biological identity and impacts the
interaction between the nanoparticles and biological systems.
Hence, the development of reliable techniques for protein corona
isolation and analysis is key for understanding the biological
behaviors of nanoparticles. First, this review systematically outlines
the approach for isolating the protein corona, including
centrifugation, magnetic separation, size exclusion chromatogra-
phy, flow-field-flow fractionation, and other emerging methods.
Next, we review the qualitative and quantitative characterization
methods of the protein corona. Finally, we underscore the
necessary steps to advance the efficiency and fidelity of protein corona isolation and characterization on nanoparticle surfaces.
We anticipate that these insights into protein corona isolation and characterization methodologies will profoundly influence the
development of technologies aimed at elucidating bionano interactions and the role of protein corona in various biomedical
applications.
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1. INTRODUCTION
Engineered nanoparticles (NPs) have a wide range of
applications in the biomedical field, including imaging,1,2

drug delivery,3,4 diagnosis,5,6 and treatment.7−10 However, due
to the high surface energy of NPs, once they encounter a
biological fluid, their surface inevitably adsorbs specific
biomolecules forming a biomolecular corona.11 In cell culture
medium and blood, the biomolecular corona is mainly
composed of proteins, and most of the current research
reports are also aimed at the protein components of the
corona. Therefore, this review focuses on the latest develop-
ments in the protein corona (PC). The formation of the
corona is a dynamic evolution process (Figure 1a). Initially,
due to the Vroman effect, the high abundance proteins first
bind to the surface of NPs and then dynamically exchange with
low abundance and higher affinity proteins.12,13 Thus, the
enrichment of PC composition at the NPs surface does not
correlate with the abundance of proteins in the biological
fluid.14,15 The formation of a corona is influenced by multiple
factors, including (1) the physical and chemical properties of
NPs: type,16,17 size and shape,18−23 rigidity,24 surface
morphology,25 surface charge,16,22 surface functionaliza-
tion,26−29 and so on; (2) formation condition: the medium
type,30−32 temperature,33 pH,34 concentration,35−37 fluidity of
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Figure 1. (a) Basic structure of NP-PC complexes. (b) Factors
affecting the formation of PC. (c) The impact of PC formation on
NPs. Created with BioRender.com.
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medium,38 and incubation time;39 and (3) the source of
biological body fluids: the species,40,41 age,42 gender,43

habits,12 disease and medication taken by the subjects,44−46

and administration route of NPs (Figure 1b).47 When the NP-
PC complexes are distributed to a new biological environment,
the composition of the corona and the conformation of the
protein molecules therein also change accordingly. Therefore,
to accurately understand and evaluate the real biological effects
of PC, it is essential to have the capability to detect and analyze
NP-PC complexes from the media both in situ and in vivo. As
shown in Figure 1a, according to the difference in relative
affinity of proteins for NP, the PC can be divided into a “hard
corona” (HC) and a “soft corona” (SC). The former carries
the tightly associated proteins on the NP surface, while the
latter majorly consists of loosely bound proteins.48 Initially,
high-abundance proteins preferentially come into contact with
NPs, followed by gradual replacement of low-affinity proteins
by high-affinity proteins.49 When analyzing the interactions
over time, it is evident that the relaxation time of the HC is
much larger than the recognition time, which implies that the
proteins in the HC are relatively stable during the recognition
process and are not easily replaced or rearranged.50 This
stability makes the HC play a vital role in the cellular
recognition process and will directly participate in the cellular
recognition and signaling process, thus affecting the biological
fate of the NPs.51,52 In contrast, the relaxation time of the SC is
shorter, usually in the range of milliseconds to seconds, which
indicates that the molecules in the SC are more prone to
dynamic changes, such as adsorption, desorption, rearrange-
ment of molecules, etc.50 The SC is not directly involved in the

cellular recognition process, but the dynamic exchanges of
molecules in the SC affect the formation of the HC, indirectly
affecting the cellular response to NPs. For instance, specific
molecules may transfer from the SC to the HC, or molecules in
the HC may rearrange as a result of changes in the molecular
structure of the SC.50,51

The PC endows NPs with a new biological identity and
impacts the interaction between NPs and biological systems,
such as toxicity, biodistribution, biodegradation, and targeting
efficiency (Figure 1c).53−56 Therefore, efficient extraction and
isolation of NP-PC complexes from biological fluids is
paramount in advancing the application of NPs by deciphering
the biological information on PC. In this review, we initially
summarized the isolation method of PC, including centrifuga-
tion, magnetic separation, size exclusion chromatography, field
flow separation, and other merging methods. Next, we
reviewed the approaches to analyze PC morphology,
qualitative and quantitative biomolecular analyses, adsorption
kinetics, and structural characterization. Then, we outlined the
emerging PC purification methods and characterization
techniques, emphasizing the challenges in developing and
regulating specific biomolecular fingerprints. Finally, we
summarized progress, challenges, and opportunities in PC
research to understand the current state-of-the-art.

2. ISOLATION OF NP-PC COMPLEXES
Protein adsorption on the surface of NPs is a highly dynamic
and complex process. Accurate interpretation and comparison
of corona across various NPs and studies necessitate
dependable methods for isolating the PC from protein-rich

Figure 2. General methods for NP-PC complex isolation such as centrifugation, magnetic isolation, size exclusion chromatography and field-flow
fractionation. Created with BioRender.com.
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matrices. In this section, we systematically summarized the
methods for isolation of PC (Figure 2 and Table 1), including
density gradient centrifugation, differential centrifugation
sedimentation, magnetic separation, size exclusion chromatog-
raphy (SEC), and flow-field-flow fractionation (F4). Fur-
thermore, we have also critically reviewed emerging methods
for PC extraction.

2.1. Centrifugation. Centrifugation (including ultracen-
trifugation) separates NP-PC complexes from the matrix based
on the density difference between complexes and proteins57

and has been widely used, especially in inorganic NPs
research.58,59 However, this method still faces some challenges.
First, NPs with lower density, such as liposomes and lipid NPs
(LNPs), typically necessitate high g-force, which may lead to
NPs aggregation or disruption, inevitably altering the corona
composition.60 The ultrahigh centrifugal speed may also lead
to the isolation of protein aggregates along with the complexes,
deposition of proteins, and other biological molecules onto
NP-PC complexes that do not naturally exist in the PC or the

dissociation of loosely bound proteins of SC from the NP-PC
complexes.61,62 For example, Francia et al. found that high
levels of protein contamination, originating from nonadsorbed
proteins with similar density, such as lipoproteins, also
segregated into the same layer as the NPs. This cosegregation
may potentially lead to a misunderstanding of experimental
results.60 Additionally, Sheibani et al. discovered that the PC
layer on polystyrene NPs after centrifugation could harbor a
substantial amount of small-sized, agglomerated impurities
(≤10 nm) that are unrelated to the corona composition.63

More importantly, this method is not suitable for isolating NPs
from high-viscosity or dense biological fluids.64

To improve this approach, differential centrifugation
sedimentation (DCS) and density gradient centrifugation
(DGC) have been proposed and utilized in numerous PC
studies.57,65−67 DCS, also termed the two-layer settling
method, separates materials of varying mass by gradually
increasing centrifugal speeds. DCS offers higher isolation
efficiency than conventional centrifugation with no significant

Table 1. Summary of the General NP-PC Isolation Methods and Their Advantages and Disadvantages

Methods Advantages disadvantages

Centrifugation Based on the density difference Cause NPs aggregation or damage
Most frequently used technique Lead to changes in PC composition

Not suitable for separating NPs from high-viscosity or dense biological fluids
High throughput PC composition is affected by centrifugation force, washing duration, and washing

solution volume
Magnetic Separation Minimal impact on the structure of NP-PC

composites
Limited to magnetic NPs

High throughput Separation efficiency decreases with the decrease of magnetism and is more time-
consuming

Size Exclusion
Chromatography

Separate low-density NPs Low throughput and more time-consuming

High resolution Not suitable for larger or more dispersed NPs, as well as NPs that are easily adhered
to column materials

Flow-Field-Flow
Fractionation

Keep the structure of NP-PC composites Sample loss due to adsorption on the membrane

The separation process is flexible and
controllable

Complex protocol: must be optimized for different particle types, and not widely
available

High cost and low throughput

Table 2. In Situ and Ex Situ Characterization Methods of PC

Characterization parameters In situ analysis method ref. Ex situ analysis method ref.

Morphology Dynamic light scattering 112 Atomic force microscopy 145,146
NP tracking analysis 113,114 Scanning electron microscopy 147,148
Fluorescence correlation spectroscopy 115,116 Transmission electron microscopy 147−149
Dark-field microscopy 117−119 Cryo-electron microscopy 63

Differential centrifugation sedimentation 56,152,153
Qualification, Quantification, and
Epitope analysis

Isotope labeling & NMR 124−127 Bicinchoninic acid assay 154

Quartz crystal microbalance 129 Mass spectrometer 154
Stochastic optical reconstruction
microscopy

132,133 Bradford protein analysis 156,157

3D single-molecule active Real-time
Tracking

134 Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

158−161

Stimulated emission depletion 135
Flow cytometry 136 Immuno-Au 56,165
Microfluidic technology 137,138 Isobaric labeling 166

Adsorption kinetics Real-time optical NP analysis scattering
microscope

139 Isothermal titration calorimetry 167,168

Fluorescence resonance energy transfer 140,141 Localized surface plasmon resonance 169,170
Structural characteristics Synchrotron-Radiation Circular

Dichroism
143 Fourier transform infrared spectroscopy 171

Sum-frequency generation spectroscopy 144 Circular dichroism 172
Surface-enhanced Raman spectroscopy 173
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differences in the qualitative composition of the corona.68

DGC separates the NP-PC complexes based on the difference
in centrifugation coefficients of samples in different density
gradients. The NP-PC complexes are loaded into a medium of
graded density, and different density fractions are subsequently
collected to identify the one containing NP-PC complexes.
This approach is less disruptive compared to traditional
centrifugation, as particles are more likely to remain suspended
and presumably intact.69

Notably, centrifugation and washing conditions need to be
tailored according to the types and properties of NPs and the
culture media used to develop the PC. For example, Brückner
et al. found that the choice of washing media significantly
influences protein stability and, consequently, the interaction
with the NPs.70 In addition, the formation of the PC can
increase the density of NP-PC complexes in some cases,
potentially enhancing their collection by centrifugation or
enabling precipitation at a lower centrifugation speed.
Therefore, optimization of the centrifugation protocol for the
number of washing steps, centrifugation time, and speed is
crucial in effectively isolating NP-PC complexes from a
protein-rich medium. By fine-tuning these parameters, it is
possible to mitigate structural damage to soft NPs, loss of PC,
or excessive protein sedimentation. However, such optimiza-
tion is often overlooked or neglected, leading to failure in
reproducing the reported separation efficiency or achieving a
uniform yield on repetition. Thus, optimizing various
parameters in the centrifugal separation process warrants
greater attention from researchers to achieve the optimum
separation of NP-PC complexes and, subsequently, obtain
more reliable information about PC.

2.2. Magnetic Separation. Magnetic separation is another
strong technique for the isolation of NP-PC complexes of
magnetic NPs, such as superparamagnetic iron oxide NPs and
magnetic multicore NPs.71−74 The separation efficiency is
related to the magnetic strength of the NPs.74 Compared with
the centrifugation, the magnetic separation has a minimal
impact on the NP-PC complex structure, reducing the
occurrence of false positive proteins and limited protein loss
during washings.75,76 For example, Francia et al. successfully
realized the mild isolation of LNPs-PC complexes from
biological fluids with magnetic separation method.77 Encapsu-
lation of magnetic NPs inside LNPs facilitated relatively
moderate isolation under a magnetic field while maintaining
the structural integrity of LNPs and the composition of PC.
Similarly, Hoang et al. successfully collected the gold-coated
iron oxide NP-PC complexes from biological systems.78

2.3. Size Exclusion Chromatography. SEC is a
separation technique based on the fluid dynamic volume of
the analyte.79 During SEC, NP-PC complexes can be
fractionated according to their size, facilitating the subsequent
analysis.80 Throughout SEC separation, smaller particles tend
to interact more with the porous particles of the stationary
phase, requiring more time to traverse the column, whereas
larger particles lack such interaction and elute more rapidly.
Kristensen et al. compared the efficiency of conventional
centrifugation and SEC to separate the LNP-PC from serum.
Although centrifugation did not completely precipitate LNP as
a fine pellet, SEC was able to successfully separate LNP-PC
complexes, despite some protein contamination.81 The
resolution of SEC can be improved by selecting the correct
resin type, increasing the length and diameter of the
chromatographic column, or combination with other meth-

ods.60 For instance, Hadjidemetriou et al. integrated
membrane ultrafiltration as a secondary purification step to
ensure the removal of large proteins and protein aggregates,
thereby isolating liposome-HC complexes from unbound and
loosely bound plasma proteins.82,83

The application of SEC is limited by time-consuming
procedures and relatively low sample throughput. In addition,
this approach is not suitable for larger or polydisperse NPs, as
well as those prone to adhere to column materials.84 More
importantly, the competitive interactions among NPs, PC, and
stationary phases as well as the presence of shear forces can
result in the desorption of the PC from the NPs surface.75

2.4. Flow-Field-Flow Fractionation. The Field-Flow
Fractionation (FFF) method combines chromatography and
field-driven techniques for the separation of macromolecular
species using the nonuniform distribution between various
external fields and cross-sectional flow in fine channels. Similar
to chromatography, FFF operates as an elution technique
based on the principles of differential flow displacement; and
like field-driven techniques, it relies on the application of
external fields or gradient-like force to separate compo-
nents.85,86 FFF can be classified into various types based on
external fields such as gravitational/centrifugal, thermal,
magnetic, and electric fields. Among them, F4 has been most
widely studied and applied for the NP-PC complexes isolation.

F4 applies an additional lateral flow that moves perpendic-
ular to the main flow channel and causes the analyte to be
pushed toward the semipermeable wall of the channel, where it
is isolated by a membrane that only allows current to pass
through.87 Particles with different diameters possess distinct
diffusion coefficients in fluid dynamics and are located at
different flow velocity levels. The application of an external
lateral flow further segregates the analyte for collection at
different times and locations.88 There are three types of F4,
including symmetrical F4 (SF4), asymmetrical F4 (AF4), and
hollow-fiber F4 (HF5). Among them, AF4 is considered more
acceptable due to the simple channel design and lower
cost.87,89−91

The F4 method offers a significant advantage over the other
FFF techniques. The absence of the stationary phase eliminates
the mechanical and shear stress on PC, thereby preventing
conformational changes or dissociation of proteins during the
purification process.88,92−94 Moreover, a cross-flow that acts as
a perpendicular field in F4 makes the isolation process gentler,
and the adjustable cross-flow intensity enhances the flexibility
and controllability of the isolation process.92,95 These features
make F4 a preferred choice for isolating the NP-PC complexes
with wide size range (1 nm to a few μm).92,96,97 For example,
Alberg et al. purified polymeric NP-PC complexes with a
hydrodynamic radius of only 20−30 nm by AF4 that were
difficult to separate by centrifugation.94 The gentle nature of
F4, especially AF4, allows for the capture and analysis of
delicate molecular interactions. In a study by Marin et al., AF4
was applied to measure the binding isotherms and dissociation
constants between poly[di(carboxylatophenoxy)phosphazene]
(PCPP) and two model proteins, lysozyme (model antigen)
and human serum albumin (HSA). By combining AF4 with
isothermal calorimetry, they uncovered differences in the
binding mechanisms between the polymer and the proteins,
with antigen polymer complexes found to be more stable.98

The techniques discussed above are commonly used but
inevitably result in the loss of SC components or alterations in
the molecular composition of HC (Table 1). Their
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applications are also limited, as they cannot accurately capture
the delicate interaction between NPs and biological fluids
during the brief contact time. These limitations hinder the
rapid and high-resolution analysis of PC. Therefore, there is a
demand for reliable, real-time, in situ monitoring methods to
separate NP-PC complexes from the biological environment
with the least contamination and without altering the corona’s
composition and spatial orientation.

2.5. Emerging Methods. Currently, many new ap-
proaches have been investigated for the NP-PC complexes
analysis. Based on this principle, emerging methods can be

divided into the following three categories, including labeling
of PC, fixing the PC onto the NPs, and utilizing the biological-
specific interaction between protein and ligand.

One primary approach involves labeling proteins in the PC
followed by their isolation, collection, and analysis. In one
study, Zhang et al. employed photocatalytic proximity labeling
in NPs (nano-PPL) to isolate NP-PC complexes (Figure 3a).
The authors prepared LNP (NPs@CeBP) with a “core-shell”
structure containing a photosensitive catalyst (chlorin e6, Ce6)
and a probe biotinylphenol (BP). After exposure of NPs@
CeBP to biological fluids, a photocatalytic reaction can be

Figure 3. Separation method by labeling PC proteins. (a) Photocatalytic proximity labeling protein technology in NPs (nano-PPL). Reproduced
with permission from ref 99. Copyright 2023, John Wiley and Sons. (b) Based on unbiased photoaffinity to capture proteins from PC. Reproduced
with permission from ref 101. Copyright 2020, American Chemical Society.

Figure 4. Engineering method for PC isolation. (a) Photocatalytic proximity labeling technology in NPs. Reproduced with permission from ref 102.
Copyright 2021, American Chemical Society. (b) Unbiased photoaffinity to capture PC. Reproduced with permission from ref 105. Copyright
2020, Springer Nature.
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initiated by irradiation, in which the photocatalyst activates BP
and causes its release from the NPs. The BP radicals rapidly
couple with the surrounding proteins with a biotin tag.99 The
half-life of BP radicals is extremely short, and the biotinylation
of proteins was confined to a small range, demonstrating high
spatial resolution.99,100 This technology can accurately identify
proximal interacting proteins within a range of 78 nm from the
surface of NPs within 5 s of interaction time. Pattipeiluhu et al.
proposed a technique based on unbiased photoaffinity to
capture liposomes-PC complexes (Figure 3b).101 They
designed a probe (IKS02) with a structure similar to
phospholipids containing long-chain fatty acids (>C12) with
a diazirine functional group at one end and an azide functional
group at the other end. Under irradiation, diazirine
functionality generates highly active carbene intermediates
that can spontaneously cross-link with proteins bound to the
surface of liposomes. Then, liposomes are separated from the
biological medium and solubilized to collect protein−
phospholipid conjugates by coupling the fluorescent alkyne-
Cy5 probe with another terminal azide functionality.101

To avoid the loss of PC components, some separation
methods were developed by fixing PC onto the NPs. For
example, Wang et al. developed a paraformaldehyde (PFA)
cross-linking method to stabilize the corona compositions
during PC extraction (Figure 4a).102 Due to its excellent
compatibility, PFA has the potential to work both in situ and in
vivo. The extremely small molecular length limits the cross-
linking distance between two functional groups, and it
empowers PFA to preserve the original PC compositions
formed in cells during the extraction process. In addition, the
cross-linking induced by the PFA can be reversed by exposing
it to high temperatures (>90 °C), which provides a possibility
for the subsequent quantitative and qualitative analysis of NP-
PC complexes.102−104 The results demonstrated that PFA-
induced cross-linking suppressed the dissociation or exchange
of PC’s proteins.102 Similarly, Mohammad-Beigi et al.
developed an experimental method based on a bioorthogonal
reaction between dibenzocyclooctyne (DBCO) and azide to

immobilize SC proteins on the NPs surface (Figure 4b).105 In
detail, NP-HC complexes were modified with an azide group
and then incubated with fetal bovine serum (FBS) modified
with DBCO. The SC is formed on the surface of the HC and
immobilized by the bioorthogonal reaction between two
functional groups. The NP-PC complexes containing both
the HC and SC can be separated by centrifugation.

Meanwhile, a new method based on biospecific interaction
between protein and ligand has been used to isolate PC. Chu
et al. employed antibodies targeting poly(ethylene glycol)
(PEG-scFv) with a strong affinity for PEG to isolate and
characterize total PC on PEGylated liposomes (Figure 5a).
His-tagged PEG-scFv efficiently captures PEGylated liposomes
without altering the composition of PC, allowing for the
isolation of PEGylated liposomes-PC complexes from plasma
protein aggregates and endogenous vesicles through the Ni-
NTA column.106 This method exhibited the advantages of high
sensitivity, accuracy, and nondestructive for isolating
PEGylated liposomes from biological environments. In
addition, Baimanov et al. developed the “in situ Fishing”
method based on the high binding affinity between the
immunoglobulin G (IgG) and NPs (Figure 5b).107 The
researchers immobilized IgG on the biosensor via an amine-
coupling reaction and immersed it in Tween 20 buffer to
exclude nonspecific protein adsorption, and then the NPs were
captured into the IgG-coated biosensor. Subsequently, the
sensor was immersed in serum to form a corona. The high
binding affinity between IgG and NPs enables the NPs to
remain on the sensor even after washing with washing buffer,
which makes it possible to separate PC in situ. Interestingly,
this technique allows for the isolation of SC and HC proteins
under different elution conditions. It is worth noting that the
combination of NPs and IgG may affect the type and quantity
of corona proteins on the NPs.

The aforementioned methods possess distinct advantages
and drawbacks, which restrict their application to specific
conditions. Presently, a comprehensive approach that seam-
lessly integrates real-time, in situ, and nondestructive

Figure 5. Separation is based on special interaction forces or high constraint forces. (a) Specific binding of poly(ethylene glycol) antibodies to
poly(ethylene glycol) liposomes. Reproduced with permission from ref 106. Copyright 2021, American Chemical Society. (b) In situ fishing
method using biosensors. Reproduced with permission from ref 107. Copyright 2022, Springer Nature.
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capabilities while accurately preserving both HC and SC
components remains elusive. Nonetheless, we can select the
most suitable method for the desired application and actively
pursue the development of novel techniques.

3. ANALYSIS OF PC
Quantitatively and qualitatively characterizing PC through
various techniques is core to understanding the mechanism
behind the biological effect of PC.67,108−111 In this section, we
classify existing characterization techniques of PC into in situ
and ex situ categories based on whether it is necessary to
separate the NP-PC complexes from the culture medium. The
former can directly detect the complex in the culture medium,
while the latter needs to separate the complex from the culture
medium before detection. In situ characterization makes it
possible to monitor the dynamic evolution of NP-PC
complexes in real time.

3.1. In Situ Analysis. The current in situ techniques for
analyzing PC involve complex sample processing steps that
disturb the adsorption equilibrium of the NP-PC complexes,
leading to the desorption of some SC proteins. Therefore,
understanding the mechanism of PC formation and structure is
to design simple procedures with minimum handling steps.
This is also necessary for real-time and dynamic observation of
the evolution of PC over time in a physiological environment.
In this section, in situ characterization techniques are broadly
categorized into four distinct groups including morphology
characterization, qualitative and quantitative characterization,
adsorption kinetics characterization, and protein structure
characterization.
3.1.1. Methods for Morphological Characterization. The

characterization technologies for the thickness and morphol-
ogy of NP-PC complexes are relatively highly developed due to
advancements in analytic techniques used to study proteins
and other biological macromolecules. The characterization
technologies for the thickness of NP-PC complexes mainly
include dynamic light scattering (DLS), NP tracking analysis
(NTA), and fluorescence correlation spectroscopy (FCS). The
principle of both DLS and NTA is based on Brownian motion
and light scattering technology. They involve the determi-
nation of the sample’s apparent diffusion coefficient and then
calculate the particles’ hydrodynamic radius based on the
Stokes−Einstein equation.112 Comparatively, DLS is suitable
for analyzing monodisperse NPs and determining their size
distribution. However, the results of DLS may be affected by
the dispersion of unbound proteins. On the other hand, NTA
is less susceptible to interference from numerous large NPs and
provides the added advantage of measuring NPs concen-
tration.113,114

Furthermore, FCS empowers us to track subtle alterations in
the NP diffusivity resulting from protein adsorption from a
solution with precisely defined protein concentrations.
Leveraging the Stokes−Einstein relation, the diffusion
coefficient can be translated into the hydrodynamic radius,
affording us the capability to ascertain NP-PC sizes with
subnanometer precision, thereby facilitating in situ anal-
ysis.115,116 Compared to DLS, FCS only detects fluorescent
molecules without interference from other nonfluorescent
components, such as the unbound proteins within the culture
medium. However, this technique depends on the fluorescent-
labeled NPs and proteins, which may cause a change in PC
composition and lead to distortion of the results.

Microscopy, such as Dark-field microscopy (DFM), has also
been used to visualize the thickness and morphology of NP-PC
complexes in biological fluids in situ.117−119 When NPs are
exposed to biological fluids, the adsorption of a large number
of biomolecules causes changes in localized surface plasmon
resonance (LSPR), resulting in changes in light intensity and
color at the level of individual NPs, which can be observed
through DFM.120,121 DFM is especially suitable for metal
NPs.117,122,123 For example, Lin et al. used high-speed DFM to
detect the size changes of optical anisotropic gold nanorods
before and after PC formation.117

3.1.2. Methods for Qualification, Quantification, and
Epitope Analysis. It is well-known that determining the
composition of the PC is of great significance for studying the
biocompatibility and potential toxicity of NPs. However, since
only the biomolecules in the outer layer of the corona are
involved in binding to other biomolecules, cell membranes,
and cell receptors, it is not sufficiently capable of studying the
types and quantities of proteins in the PC and elucidating key
epitope information, including its location and orientation. In
situ qualitative and quantitative techniques for PC analysis
include combining isotope labeling with nuclear magnetic
resonance (NMR), quartz crystal microbalance (QCM), 3D
Single-Molecule Active Real-time Tracking (3D-SMART),
stochastic optical reconstruction microscopy (STORM), and
combining flow cytometry with microfluidic technology. At the
same time, some of these techniques can also be used to
determine the epitopes of corona proteins.

Isotopic labeling, an in situ analysis method, quantitatively
detects PC adsorbed on NPs.124,125 Isotopes, such as 2H, 15N,
13C, and 19F, have been used to label NPs for the detection by
NMR and decode the structure information on surface PC
based on the protein peak intensity, chemical shift, and line
width of the NMR results.126,127 Due to no interference from
unlabeled substances, this method can be used in complex,
opaque biological fluids such as intracellular compartments. In
addition, NMR can be used to study the orientation, structure,
and kinetic changes of PC proteins on the surfaces of NPs.
Assfalg et al. discussed the application of solution NMR
spectroscopy in the study of protein-NP interactions. They
highlighted that analyzing the changes in chemical shifts can
identify the binding sites and orientations of proteins on the
surface of NPs. Additionally, the changes in the signal intensity
of the proteins represent the proteins’ coverage on the surface
of NPs as a measure of the degree of adsorption. Finally,
measuring the amide proton exchange rate and relaxation
parameters of proteins can reveal the dynamic behavior and
structural stability of proteins in PC.126 Lin et al. also
investigated the orientation of proteins on gold NPs with
different modifications by NMR spectroscopy.128

In addition, QCM is also widely investigated to analyze NP-
PC complexes in biological fluids. The adsorption of proteins
will cause changes in the vibration frequency of quartz crystals
which is used to calculate the mass of the proteins and the
affinity and binding strength between proteins and specific
ligands or other biological molecules. Therefore, QCM is
mainly utilized to study protein binding and dissociation rates
to reveal the kinetic properties between proteins and their
interacting molecules.129,130 Gianneli et al. quantified the
accessible functional epitopes of NPs with transferrin (Tf)
coronas through a QCM-based “sandwich” biochemical
analysis method and correlated them with the size and surface
functionalization of the NPs.129 QCM is highly flexible and can
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be combined with other analytical techniques to expand its
application. QCM combined with Dissipation Monitoring
(QCM-D) technology utilizes resonance frequency with the
dissipation of oscillations for higher resolution. For example,
Wang et al. used QCM-D to study the effect of the chirality of
NPs on the orientation of the corona protein and its
interaction with receptors.131

Super-resolution microscopy has developed as a versatile
and powerful imaging technique for biological study and has
recently been used for the PC study. STORM is a super-
resolution imaging technique that uses photoswitchable
fluorophores to achieve subdiffraction limit resolution (20−
30 nm). STORM has enabled direct visualization and
quantification of the individual proteins formed on the surface
of silica NPs.132,133 For instance, Clemment et al. developed a
quantitative method based on STORM to study the
penetration of proteins within porous silica NPs.132 Relying
on the 3D-SMART microscope, Tan et al. developed real-time
three-dimensional single-particle tracking (RT-3D-SPT) spec-
troscopy. Using RT-3D-SPT, they can continuously and
simultaneously monitor single particles and measure the
protein and particle interaction at a single protein level.134 In
addition, Wang et al. studied PC on individual silica NPs using
stimulated emission depletion (STED) microscopy to analyze
the structural characteristics of PC on individual particles.135

They found that the distribution of PC on the surface of NPs
was uneven and speculated that it was caused by uneven
surface functionalization during protein adsorption.

A modified flow cytometry method was also developed to
quantify levels of specific proteins by analyzing the interaction
between fluorescently labeled immunoquantum dots (Immu-
no-QDs) and proteins by measuring the intensity and
distribution of the fluorescent signal. The immuno-QDs
(conjugates of quantum dots with specific antibodies) are
incubated with NP-PC complexes to enable the antibodies to
recognize and bind to specific epitopes on the surface of the
NPs.136 After the application of the laser, the scattered light
and fluorescence signals of these NP-immuno-QD complexes
are utilized to provide information about the size and shape of
the NPs. The fluorescence signals reflect the binding of the
immuno-QDs to infer the number, distribution, and availability
of specific epitopes on the surface of the NPs. A higher
concentration of immune-QDs can be used to simultaneously
identify multiple protein epitopes.

Microfluidic technology allows real-time and in situ
monitoring of the dynamic PC formation process. Srivastava
et al. combined integrated microfluidic platforms with
electrical resistance measurement devices to achieve in situ
monitoring of PC formation.137 This method can accurately
control fluid flow in dynamic environments and can be used to
simulate natural biological environments. Further, by combin-
ing microfluidics with confocal laser scanning microscopy,
Weiss et al. in situ captured the adsorption process of proteins
onto silica NPs and revealed three phases of PC formation,
including proteins irreversibly and directly bound, irreversibly
bound proteins interacting with preadsorbed proteins, and
reversibly bound “soft” protein corona proteins.138

3.1.3. Methods for Characterizing Adsorption Kinetics.
For a deeper understanding of the dynamic evolution of PC, a
real-time, all-optical analysis of the adsorption kinetics between
NPs and proteins at the single-particle level can be achieved
with scattering microscopy (RONAS).139 This method
leverages the sensitivity of a particle’s scattering cross-section

to its local surroundings, allowing for the simultaneous
monitoring of PC formation in serum across multiple particles.
A study by Dolci et al. utilized RONAS to study protein
adsorption kinetics and PC evolution in various NP
morphologies. They found that the surface chemistry is the
primary factor influencing protein adsorption. The chemical
nature of the core or the size of the NPs may also play a role
depending on the specific type of NPs.

Fluorescence resonance energy transfer (FRET) can be used
for in situ analysis of the affinity and adsorption orientation of
the surface PC on NPs. For example, a study by Qu et al.
found that the different chirality of InP@ZnS QDs affected the
affinity and adsorption orientation of proteins.140 Similarly,
Gao et al. detected the binding affinity and thermodynamic
parameters of HSA on GSH-CdSe/ZnS core/shell quantum
dots (GSH-QDs) using FRET and FCS. FRET measured the
distance between the fluorophore and GSH-QDs to reveal the
orientation of HSA on the QDs surface. At the same time, FCS
revealed the monolayer structure and thickness of HSA-PC
around 5.5 nm.141

3.1.4. Methods for Characterizing Protein Conformation.
The physical binding and conformation of corona protein are
the basis for the transmission of complex nanostructured
information across membranes, which is crucial for the
biorecognition and subsequent biological effects of NPs.142

The conformation of corona protein often directly affects its
function and its interaction with NPs, which in turn affects the
stability and composition of the corona and the transport,
metabolism, and toxicity of NPs in vivo. The in situ
examination of corona protein conformation poses a challenge
with many existing technologies overlooking the intricacies of
protein conformational change. The PC on the surface of NPs
is always in a dynamic state; therefore, real-time in situ
characterization of the PC is crucial for understanding the
interaction between NPs and proteins as well as between NPs
and cell membranes. However, in addition to the PC bound to
NPs, there is also free protein in the medium, which may
interfere with the accuracy of the analysis and is regarded as
the main challenge in characterizing PC in situ.

A few methods can do in situ analysis of the protein
conformation in PCs. For example, Sanchez-Guzman et al.
analyzed the secondary structural changes of proteins adsorbed
on NPs using the Synchrotron-Radiation Circular Dichroism
(SRCD) technique. The researchers measured the circular
dichroism changes of proteins at different wavelengths to
identify secondary structural changes in proteins, such as α-
helix, β-folding, etc. after interaction with NPs.143 Zhang et al.
analyzed the transition of the PC from soft to hard utilizing
molecular dynamics (MD) simulations and sum-frequency
generation (SFG) spectroscopy, including the deflection and
distortion of the protein’s tertiary structure and the change of
the PC’s ring structure from vertical to horizontal.144 However,
this method revealed the structural changes of the PC as a
whole during interaction with the lipid bilayer rather than on
the detailed conformation of the individual protein molecules
in the PC. The current methods do not accurately analyze the
conformational changes of individual proteins in the PC, which
also indicates that the development of real-time dynamic
corona protein conformation analysis methods will be an
important direction.

3.2. Ex Situ Analysis. 3.2.1. Methods for Morphological
Characterization. Visualization techniques such as atomic
force microscopy (AFM), scanning electron microscopy
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(SEM), transmission electron microscopy (TEM), and cryo-
electron microscopy (cryo-EM) have been widely used to
study the morphology of PC on the surface of NPs.63,145−150

AFM’s high lateral and vertical resolution allows for detailed
imaging of PC morphology, providing information about NP-
PC interactions, such as changes in adhesion; the sample
preparation of AFM is relatively simple, only requiring the
sample to be fixed on the substrate but with slow imaging
speed. SEM can provide high-resolution imaging of PC
morphology and NPs surface morphology, but it requires
coating the sample with conductive materials, which may affect
the morphology of PC. TEM can provide detailed structural
information about NP-PC interactions, including the internal-
ization process, but its sample preparation involves cutting the
specimen into thin sections, and imaging necessitates invasive
staining procedures, which may destroy the PC structure.
Cryo-EM images samples that have been rapidly frozen in
vitreous ice, preserving their native structure without artifacts
and allowing for high-resolution imaging of biological speci-
mens. In certain studies, a combination of multiple character-
ization techniques is employed to gain more comprehensive
insights. For instance, Zhou et al. utilized both AFM and TEM
for the characterization of PC. TEM was used to identify the
presence of PC followed by AFM analysis, which further
elucidated the surface adhesion force between NPs and the
incubation medium.151

Recently, researchers have been repurposing conventional
characterization techniques like ultracentrifugation and DCS to
analyze the particle size distribution of NPs.56,152,153 For
example, Perez-Potti et al. used DCS to characterize different
types of functionalized NPs. This method measures the
adsorption of polymers and biomolecules on the surface of
NPs by detecting changes in the effective density of the NP.
The density of the core and surface coatings of NPs, such as
polymer coatings and PC, is the main factors responsible for
the density change depicted as sedimentation shift and altered
sedimentation time.153

3.2.2. Methods for Qualification, Quantification, and
Epitope Analysis. Bicinchoninic acid (BCA) assay, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and proteomics are the main strategies for qualitative
and quantitative detection of proteins.154,67,155 The BCA assay
is a colorimetric method to quantify the protein concentration
in a sample by detecting peptide bonds. It not only quantifies
protein concentration but also provides qualitative information
about the presence or absence of proteins in a sample by
comparing the color intensity to known protein standards.
Bradford assay is also commonly used as an indirect
quantitative method to determine the concentration of
proteins adsorbed on the surface of NPs.156,157 SDS-PAGE is
widely used for the qualitative analysis of proteins by
visualizing their separation patterns on the gel. It can also
provide semiquantitative information by comparing band
intensities between samples.158−161 SDS-PAGE has advantages
such as wide use, low cost, and simple operation, but it also has
disadvantages such as low flux, low sensitivity, and artifacts.47

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) based proteomics is a comprehensive qualitative and
quantitative method to reveal the composition of PC on NP
surface.162 After isolation of the NP-PC complexes, the corona
proteins are digested into peptides with a proteolytic enzyme
such as trypsin. Then, the peptides are separated by LC,
ionized by ion, and separated under an electromagnetic field

based on the mass-to-charge ratio. The proteins are identified
by comparing the mass spectrum with that of the existing
protein database. To accurately identify and quantify corona
protein, quantitative proteomics, such as tandem mass tagging
(TMT) or stable isotope labeling of amino acids in cell culture
(SILAC), also can be used for PC analysis.163,164 For example,
Cai et al. cultured HeLa cells with SILAC medium and
extracted intracellular proteins through cell lysis. They
coincubated extracted proteins with NPs, separated the NP-
PC complexes, and analyzed the proteins therein using LC-
MS/MS.164 Comparison of the signal intensities of different
SILAC-labeled proteins was performed to quantify the binding
efficiency of proteins to NPs. Compared with the direct use of
LC-MS/MS, SILAC-LC-MS/MS can compare multiple
samples in the same mass spectrometry run. The isotopic
labeling provides distinct signals for quantification, which can
improve the accuracy and reproducibility of the quantification.
However, this method does not produce a clear model of
protein orientation.56,165

To map the protein orientation on NPs surfaces with MS,
Liessi et al. developed a new strategy using the isobaric labeling
method.166 This method first uses an isotopically labeled tag
(e.g., TMT) covalently bound to the amino acid residues
(usually lysine or N-terminal amino acids) on the outer surface
of the PC. The PC is then detached from the surface of the
NPs by denaturation treatment, exposing the inner surface, and
labeled with another tag of equal weight. The labeled PC was
digested by trypsin, and the generated peptides were analyzed
by LC-MS/MS. Due to the equal-weight properties of the two
tags, different labeled forms of the same peptide will have the
same mass-to-charge ratio in the mass spectrometry profile but
will produce different reporter ion signals in the MS/MS
spectrum. The relative orientation of the peptide in the PC can
be inferred by comparing the relative intensities of the two
reporter ions in the MS/MS spectra; if the reporter ion signal
of the outer surface label is stronger than the signal of the inner
surface label, then it indicates that the peptide is more
outwardly oriented in the corona and vice versa. Similarly, the
reporter ion signals of all of the peptides were counted and
analyzed to determine the overall orientation trend of the
corona protein.

Meanwhile, Kelly et al. have proposed an immuno-Au
labeling technique to identify and locate specific protein
epitopes on the surface of NPs.56 The immuno-Au labeling
uses the ability of antibodies to recognize and bind to tiny
regions of specific antigens (i.e., epitopes) to determine the
spatial distribution. In this method, antibody-Au NP
complexes (immuno-Au labeling) combine the antibody’s
specificity and the Au NPs’ high electron density. The
immuno-Au complexes are incubated with the NP-PC
complexes to bind the target epitope (such as Tf), and the
unbound immuno-Au complex is removed by washing. Then,
the number of immuno-Au markers can be determined by
TEM to quantify the number of epitopes, and their spatial
distribution on the surface of the NPs can be reconstructed,
which in turn determines the number and spatial location of
epitopes.165

3.2.3. Methods for Characterizing Adsorption Kinetics.
Isothermal titration calorimetry (ITC) has been applied to
characterize the adsorption kinetics of proteins on the surface
of NPs. ITC measures the process of heat exchange between
biomolecules with a calorimeter and evaluates the thermody-
namic parameters of PC formation, such as affinity constant
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and binding stoichiometry. In this way, ITC reflects the
strength and adsorption kinetics of the interaction between
NPs and proteins, which can deepen our understanding of the
NP-PC formation mechanism.167,168 In addition, the LSPR
characteristics in the UV−vis-NIR spectral range of metal NPs
can also be used to characterize the adsorption kinetics of
proteins on the surface of NPs. The principle of this method is
based on the interaction between free electrons on the surface
of metal NPs and the incident light field. When the size of NPs
approaches the wavelength of light, free electrons will resonate
and oscillate, producing a surface plasmon resonance. This
resonance amplifies the electromagnetic field on the surface of
metal NPs, forming a locally enhanced electromagnetic field.
When biomolecules (such as proteins) adsorb onto the surface
of metal NPs, they alter the local electromagnetic field on the
surface of the NPs, thereby affecting the properties of the
LSPR signals. However, research has shown that LSPR
frequency is susceptible to small changes in the surrounding
environment of NPs.169,170

3.2.4. Methods for Characterizing Protein Conformation.
Fourier transform infrared spectroscopy (FT-IR) and circular
dichroism (CD) are classical methods to detect protein
conformation. FT-IR is highly sensitive to the displacement
and shape changes of the vibrational bands corresponding to
amide bonds and can observe changes in the secondary
structure of proteins and measure the trend of binding between
PC and NPs.171 CD is also employed to determine the changes
in the secondary structure of proteins as discussed above.172 In
addition, surface-enhanced Raman spectroscopy (SERS) can
provide information on the structure, composition, and
interaction of molecules near the surface of metal NPs.173

Overall, many analysis techniques are currently available to
characterize NP-PC complexes comprehensively. To compen-
sate for the limitations of a single method, researchers often
combine multiple techniques and make adjustments based on
the scientific problem being studied and specific needs. A
summary of current in situ and ex situ characterization methods
is provided in Table 2 to aid readers in making well-informed
decisions.

4. CONCLUSION AND OUTLOOK
NPs offer immense potential in biomedical science, yet a
thorough understanding of their behavior and fate within
biological systems is essential for their safe application.
Nevertheless, the complex dynamics of bionano interactions
present significant challenges. The formation of PC upon NPs
in biological fluids confers a new biological identity and masks
their original biofunctions. Therefore, a comprehensive
understanding of the complex interplay between NP-PC
complexes and biological entities is key for nanomedicine
research. Accurate and nondestructive isolation and robust
characterization of PC will guide the development of safer and
more effective NPs for human health and the environment.
Consequently, this review delineates strategies for PC isolation
and analysis using in situ and ex situ methods to study its
morphology, composition, structure, and orientation.

The big challenge for PC analysis is composition loss and
protein contamination from the biological samples. The
currently available techniques still have several limitations for
PC isolation and characterization, but it is rapidly evolving.
The future of corona analysis technology relies on integrating
multiple omics methodologies, advancing single-particle
analysis techniques, and establishing high-throughput screen-

ing platforms. Moreover, the formulation of standardized
protocols and reference materials for PC analysis will promote
comparability and reproducibility across diverse research
endeavors and applications. Discrepancies in PC composition
are due to differences in the experimental environments used
in various laboratories, such as the types and concentrations of
biological fluids, and the methods and instrument models used
in isolation and analysis methods.111,174,175 Furthermore, as
stated by Boselli et al., MS is a reference technique for protein
analysis, but only a few studies report proteomic data in
available formats; the availability of proteomic data in
accessible formats will speed up the PC research also.176

Meanwhile, we need to continue to expand the application of
computational biology and bioinformatics tools in the field of
PC analysis to model and predict PC formation and function at
the molecular level. These efforts will ultimately contribute to
the development of a safer and more effective nanomedicine.
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