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In the past decades, nanoparticles (NP) have shown tremendous potential for biomedical applications, such as targeted
therapeutics, medical imaging, and biosensors. After administration, NP will directly interact with various biological
components in the body, forming a protein corona (PC) on their surface. The PC composition affects the NP identity
and behavior, including its stability, targeting ability, cellular uptake, toxicity, biodistribution, and elimination.
Thus, a more profound understanding of the nano-bio-interface is crucial to improving the NP design for theranostic
applications. The personalized PC (PPC) concept allows specific PC characteristics identification for early disease
diagnosis and personalized therapeutics. However, accurate PC characterization is challenging due to its dynamic and
complex nature. Until now, most studies have been focused on the NP PC characterization in vitro yet put less emphasis
on its translational aspects. In this mini-review, the author will discuss various challenges surrounding PPC research,
strategies to bridge that gap, clinical relevance, and future outlook. PPC’s application for biomarker discoveries and
recent advances in PPC analysis methodologies such as multiomics approach, Proteograph workflow, and machine
learning algorithm will also be explored. Overall, PPC technology keeps evolving, and it holds a promising future in

the personalized medicine era.

INTRODUCTION

A “nano-bio-interface” refers to the dynamic
physicochemical interaction between nanoparticle (NP) surfaces
and the biological components resulting in protein corona (PC)
formation on the particle’s surface. PC gives the NP a new
identity that differs from the pristine NP, which can change
dynamically depending on the local environmental conditions,
such as the biological fluid components, shear stress, interaction
time, temperature, and pH (Ke ez al., 2017; Tenzer et al., 2013).
Another factor influencing PC formation is the NP surface
charges and hydrophobicity. For instance, similarly charged NP
and proteins have a repulsive effect, whereas opposite charges
cause electrostatic attractions (Pfeiffer e al., 2014). PC formation
also could alter the NP hydrodynamic diameters and colloidal
stability while at the same time affecting the adsorbed proteins’
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functionality via structural changes (Amin et al., 2012). Several
changes happen to the NP characteristics after PC formation,
leading to either NP aggregation or destabilization (Sund et al.,
2011). It was assumed that the colloidal destabilization affects the
coated NP’s ability to counter the van Der Waals forces, causing
aggregation. The strength and nature of the NP-coated layers
determine this destabilization process, further influencing the NP
interaction with cells and the subsequent cellular uptakes (Ahsan
etal., 2018).

Thus, PC compositions will vary depending on the type
of biological fluid it interacts with, the NP materials, and testing
benchmarks (in vitro or in vivo). This issue highlights the need
for standardization in the PC research methodologies and online
database system construction which will be essential for large-
scale and translational PC research (Ban ez al., 2020). Over the
years, conventional liquid chromatography-mass spectrometry
(LC-MS) has been the gold standard for PC profiling and
quantification despite its complexities and time-consuming sample
preparation. Recent advancements in proteomics analysis using
the automated Proteograph workflow and its integrated software,
for instance, have successfully improved proteomics analysis
coverage, scalability, reproducibility, and accuracy. It simplifies
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the LC-MS preparation stage and significantly enhances the data
analysis capability by incorporating genomics analysis enabling
more comprehensive pathway mapping (Blume er al., 2020;
Ferdosi et al., 2022).

Another important issue is the impact of PC on the NP
biological mechanisms, including NP stability, toxicity, cellular
uptakes, biodistribution, and elimination from the body (Ke et al.,
2017). Therefore, it becomes of great importance to examine
the major components and dynamic forces that play parts in the
nano-bio-interface. However, most PC experimental techniques
so far have been conducted in static conditions in vitro due to the
challenging in vivo conditions.

A deeper understanding of the nano-bio-interface allows
NP design modification based on the specific affinities between
protein and NP materials, hence providing better NP behavior
prediction in vivo while reducing undesirable nonspecific
protein binding to the NP (Chetwynd and Lynch, 2020; Li and
Lee, 2020). The modification usually involves the NP surface by
either adding albumin coating, PEGylation, or attaching specific
ligands to improve NP stability and reduce clearance (Mozar and
Chowdhury, 2017). Furthermore, the specific interaction between
the NP and blood plasma protein could be exploited for disease
diagnostic purposes, depending on the NP capability to adsorb
specific disease biomarkers from the patient’s plasma. Thus,
improvement in proteome profiling methodologies by a more
efficient system will be necessary for low-abundance protein
detection and quantification (Blume ez al., 2020).

The clinical relevance of the PC-based diagnostic will
be discussed in this review, which consists of PC roles in disease
screening, together with its respective methodology. The author
will also explore several strategies to tackle issues surrounding PC
analysis by using more innovative approaches such as machine
learning algorithms, microfluidics models, the Proteograph
workflow, and multiomics analysis. The focus on diagnostic and
biomarker discoveries is the latest progress of PC research, while
in the past more focus was put on its targeted therapeutics role
(Kamaly ef al., 2022). Therefore, personalized PC (PPC) is still a
growing field that will shape the future of personalized medicine.

PERSONALIZED PC

So far, what has been widely investigated is the impact of
NP physicochemical characteristics and experimental conditions
on PC formation. However, in recent years, disease-specific PC
characterization research for clinical purposes has gained more
attention. Several studies have shown that PC components are
also influenced by each patient’s specific health conditions. This
experiment was done by incubating the NP in human plasma
from patients suffering from different diseases, leading to varied
PC components. It was known that some pathological conditions
might alter the vascular system and its component affecting NP PC
compositions (Corbo et al., 2017). Additionally, some changes in
the plasma protein components can be used as a diagnostic tool to
predict the severity of diseases. Since each disease is characterized
by different plasma proteins, the resulting NP PC on those patients’
plasma would also be different. This theory eventually led to a
PPC concept (Caputo et al., 2017).

Hajipour et al. (2015) utilized both polystyrene and
silica NP to compare the PC components of patients suffering from

several diseases and healthy individuals as the control. The human
plasma was taken from breast cancer, diabetes, common cold,
thalassemia, blood cancer, fauvism, and hypercholesterolemia
patients, respectively. After SDS PAGE and silver staining, it
was shown that PC components of rheumatism, thalassemia,
and blood cancer patients were significantly different compared
to healthy individuals. On the other hand, breast cancer patients’
PC patterns were slightly similar to the control. The NP size
distribution and zeta potential (ZP) also varied among different
disease samples. These results further proved that each disease
affects PC differently depending on its specific pathophysiology
and the patient demography.

Another study conducted by Colapicchioni ez al. (2016)
showed that different types of cancers created different PC
components on liposomes. Blood plasma for PC analysis was
taken from breast, gastric, and pancreatic cancer patients. Among
this group of three patients, pancreatic cancer PC was found to be
the most abundant and has the least negative charge, as confirmed
by Zetasizer and SDS PAGE analysis. A specific band at 37 kDa
associated with IgA and IgG might be contributed by autoantibodies
production in cancer. This study opens up possibilities of using PC
analysis for cancer diagnostic screening.

Gold NP (AuNP) PC’s potential to detect early stages of
cancer was investigated by Zheng et al. (2015). Their team found
that the amount of IgG in AuNP PC was higher after incubation
in prostate cancer serum than in healthy men’s serum. This result
supported the study by Colapicchioni et al. (2016), which explained
that higher autoantibodies were produced in cancer patients as a
part of the immunodefense against cancer. Further PC proteomic
analysis was performed, and the result showed a difference
in cancer and noncancer serum molecular profiles. Since high
autoantibodies as a response to tumorigenesis were also found in
many other cancer blood samples, this test can be used as a broad-
spectrum cancer screening. This test has 90%-95% specificity and
50% sensitivity for early-stage prostate cancer detection according
to pilot studies conducted in Florida hospitals. This result marked
a significant improvement in the prostate-specific antigen (PSA)
test, which is currently used as a gold standard for prostate
cancer detection in the clinic (Zheng et al., 2015). Therefore, the
emergence of NP-PC-based technology holds a promising future
clinically, not only for targeted therapeutics but also for disease
diagnostics.

PC CHARACTERIZATION METHODOLOGY

PC characterization is quite challenging due to the sheer
number of proteins adsorbed to the NP surface. PC can be classified
into two categories, namely, hard and soft PC, depending on the
binding affinity and the protein exchange rate (Ahsan et al., 2018).
Following the Vroman effect, large quantities and highly mobile
proteins will bind first to the NP surface, which are later replaced
by less mobile but higher-affinity proteins (Gupta and Roy, 2020).

Hard PC developed due to the strong binding affinity
between the protein and NP surface. Conversely, soft PC has weak
binding strength to the NP and mainly consists of protein—protein
interaction (Docter e al., 2015). As a result, there is a greater
protein exchange rate in soft PC causing it to be easily replaced
and less stable. The competitive binding between the proteins is
affected by many factors, including electrostatic forces, binding
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kinetics, protein size, and thermodynamic favorability (Cedervall
et al., 2007).

Lundqvist et al. (2008) discovered that NP surface charge
plays a key role in the PC formation, with positively charged NP
tending to attract different types of proteins than both neutral and
negatively charged NP. The protein adsorption kinetics is also
influenced by the NP surface charge; for example, faster adsorption
of bovine serum albumin (BSA) is observed in positively charged
AuNP compared to neutral or negatively charged NP. This means
that, in a mixture of proteins, some proteins will bind stronger and
faster to the NP than the others, which occurs dynamically (Boulos
etal., 2013).

Wang et al. (2016) developed a thermodynamic model
to predict protein adsorption to NP in a complex biological fluid
medium. They analyzed the competitive binding between GB3
and ubiquitin proteins toward AuNP using different pH mediums
in time-dependent experiments. It was revealed that the protein’s
pKa values, medium pH, and the order of protein addition heavily
influence the PC formation and composition.

Most of the studies being performed are more effective at
detecting hard PC since it has strong adsorption to the NP surface.
The PC component could be easily characterized using SDS
PAGE and MS techniques. This is called a direct method, where
the PC component could be directly identified via a proteomics
approach (Gupta and Roy, 2020). The other type of analysis is
indirect methods, in which NP characteristics are observed before
and after exposure to biological fluids, consisting of NP size,
surface charges, absorbance, and mass. The differences between
direct and indirect methods are summarized in Figure 1.

A technique such as dynamic light scattering (DLS) was
used to measure NP size changes instigated by Brownian motion
to obtain the NP hydrodynamic diameter and distribution of
particle size (Z-average). Additionally, the same instrument also

can measure ZP, which is an estimation of NP surface charges
in the solution, indicating its colloidal stability. Previous studies
using AuNPs showed that, after PC formation, AuNP size became
larger and its surface charge remained negative. Some changes
in the particle surface charges influence the NP electrostatic and
steric stabilities (Piella et al., 2017). However, NP agglomeration
often interferes with DLS analysis results; hence, additional
imaging using transmission electron microscopy or atomic force
microscopy is preferred to acquire more accurate NP size and
shape measurement (Kokkinopoulou et al., 2017; Radauer-Preimi
et al., 2016). Another useful analytical tool is isothermal titration
calorimetry to monitor the NPs’ temperature changes due to
protein adsorption into the surface of the particles (Winzen et al.,
2015).

The direct method requires a purification step during
sample preparation, mostly by centrifugation, to remove excess
unbound protein before PC identification using MS. This
method is highly specific, and the sample needs to be free from
contaminants. Follow-up analysis for PC quantification also can
be done by protein assay or targeted LC-MS after a specific protein
of interest has been identified. On the other hand, indirect methods
can be performed in situ without the purification step since it is not
highly specific (Tenzer et al., 2013).

Many of the experiments were performed in vitro due
to difficulties in the in vivo analysis. As a result, the shear forces
of the bloodstream involvement in the PC formation have still not
been explored much (Winzen et al., 2015). Hadjidemetriou et al.
(2016) investigated the PC components in vivo for the first time by
injecting PEGylated liposomal doxorubicin into mice intravenously
and collecting the blood periodically, followed by PC purification
and characterization. It was revealed that PC already formed 10
minutes after injection and the components varied widely between
the in vitro and in vivo experiments. There were fluctuations of PC

‘ DIRECT METHOD |
Purlflcat|on

Hard + soft PC

INDIRECT METHOD = gl

Hard PC
- SDS PAGE
- Mass spectrometry
\ PC Quantification

- Charge L.
Compare NP characteristics

- Absorbance D cfordand afer PC formai

Hard + soft PC - Temperature SRC AT SRatan

- Fluorescence

- Mass

PC Identification

- Protein assay
- LC-MS

Figure 1. NPs PC characterization methodologies. PC characterizations employed two methodologies, namely direct and indirect. The direct
method requires a purification step followed by protein identification and quantification. Therefore, this method is more effective at detecting hard
PC. Alternatively, the indirect method is less specific and works by comparing PC characteristics before and after PC formation on the NP surface.
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concentrations and compositions over time in 10 minutes, 1 hour,
and 3 hours. Therefore, time-dependent PC characterizations and
improved in vivo PC modeling are crucial for PPC translational
research. A deeper investigation of the specific role of the PC
component will be beneficial in identifying its relevance to the NP
cellular interaction, internalization, and targeting efficiency.

PC ROLE IN NP BIOLOGICAL MECHANISM

PC will determine the fate of the NP inside of the body,
starting from its first interaction with the blood components after
administration until its elimination, as mentioned in Figure 2. NP
stability is heavily affected by PC as the NP will immediately
interact with opsonins in the bloodstream. Opsonin consists of many
proteins, including immunoglobulin, laminin, C-reactive protein,
C3, C4, and C5, that could trigger opsonin-mediated phagocytosis.
After interaction with opsonins, there would be a massive and
rapid clearance of NP from the body causing the treatment to
be ineffective. Several strategies have been incorporated in NP
design to hinder PC—opsonin interaction and reduce phagocytosis,
including NP surface modification (Mozar and Chowdhury, 2018).
Dysopsonin, such as albumin or apolipoprotein that was adsorbed
to the NP surface, can prolong NP circulation, hence extending its
half-life, making it an ideal surface precoating strategy for NP. Lu
et al. (2019) modified gold nanospheres PC with ApoE, a member
of the dysopsonin family, to extend the NP circulation time and
prevent phagocytosis.

Further analysis using proteomics and fluorescence
imaging showed that ApoE precoating before NP administration
successfully increased NP tumor accumulation without cytotoxicity
effect compared to IgE and human serum albumin (HSA) coated
NP. Researchers also found that NP surface hydrophilicity
significantly affects PC formation on HSA/IZE coated NP, whereas
it does not affect ApoE coated NP (Papini ez a/., 2020). PC impacts
on NP cellular internalization and elimination also have been
broadly documented. Cheng et al. (2015) revealed that AuNP PC
inhibits cellular uptake in a size- and cell-type-dependent manner.

Internalization

PC Impacts on
Nanoparticles

Targeting
ability

Stronger internalization inhibition was observed in large-sized
AuNP compared to a smaller size by the phagocytic cell, which
might be contributed by differences in endocytic pathways.

Other studies by Giulimondi et al. (2019) found that
smaller-size precoated liposomes exhibited lower uptakes by
immune cells, enabling longer circulation time in the blood.
Artificial human plasma proteins were used as the liposome
precoating method prior to static incubation in whole blood. They
found that the plasma coating concentration determines the PC
composition. Low plasma concentration created PC enriched with
fetuin, which is an opsonin, whereas a higher plasma concentration
contributed to higher antiopsonin adsorption, namely, clusterin.
Therefore, small-size and negatively charged liposomes precoated
with a 50% human plasma concentration were chosen for drug
delivery in this study. Both internal and external factors that affect
PC formation on the NP surface are summarized in Table 1.

Cationic charged liposomes NP tend to form aggregation
through their interaction with anionic components in the
blood, which hinder blood circulation leading to poor tumor
accumulation. IgG also plays an important role in the cationic NP
macrophage clearance by affecting its binding to Fc receptors,
lamellipodia engulfment, cellular uptakes, and eventually delivery
to the lysosomes for degradation (Moghimi and Hunter, 2001).
Aside from opsonin-mediated phagocytosis, the NP will also
be recognized by the adaptive immune system, either B or T
lymphocytes triggering rapid clearance (Mozar and Chowdhury,
2018). A hydrophilic and neutral NP could suppress plasma
protein adsorption, whereas a negatively charged NP induces
phagocytosis.

Another important determinant is the NP shape. A
spherical shape and larger NP size make the NP easier to be
sequestered by the immune system and rapidly internalized by
macrophages via a mannose receptor-mediated pathway. NP
surface modification also plays a key role; for instance, PEGylation
could hinder the opsonization process, hence reducing opsonin-
mediated phagocytosis (Pozzi et al., 2014). As an alternative

NP stability and
aggregation
tendency

Immune
reaction

Figure 2. PC impacts on NPs behavior in biological settings. PC formation determines NP characteristics in biological settings
including its stability, targeting ability, cellular internalization, toxicity, and elimination.
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Table 1. NP internal and external factors that affect PC formations.

Internal factors

Impact

NP size surface area coverage (Chellat et al., 2005).

NP shape

NP surface charges
NP roughness

NP hydrophobicity

Smaller NP size increases PC thickness and decreases conformational change, while larger NP size has thinner PC and more

Nanorods have higher protein adsorption than nanosphere (Gagner et al., 2011).
Highly charged NP increases the conformational change and has faster opsonization rates than neutral NP (Hithn ez a/., 2013).
Rough NP surface minimizes repulsive interaction and affect the amount of bound protein (Nguyen and Lee, 2017).

Hydrophobic NP increase protein adsorption and the protein conformational changes (Lindman et al., 2007).

External factors

Impact

Serum concentration

In lower protein concentration, few proteins are present leading to less conformational changes. High protein concentration form

thick PC with higher exchange rate (Chakraborty ef al., 2018).

pH Serum pH affects the proteins binding affinity and induces conformational changes (Chakraborty et al., 2018).

Temperature

Enthalpy driven binding, temperature increase might reduce PC thickness (Zhang et al., 2018).

PC formation is heavily influenced by both internal and external factors. Internal factors consist of the NP size, shape, surface charge, hydrophilicity, and roughness.
On the other hand, external factors came from the surrounding environment, including serum concentration, pH, and temperature.

to PEGylation, Debayle et al. (2019) developed a coating with
zwitterionic polymer ligands which eliminates both hard and soft
PC formation on quantum dots NP. This offer improved protection
against opsonization that could improve NP circulation time in the
blood.

PC impacts on the NP targeting ability were also
investigated by Dai et al. (2015), which confirmed that PC
formation did not significantly alter the targeting ability of antibody
conjugated core-shell NP toward colon cancer cells. They found
that different concentrations of human serum (between 10% and
100%) created a different composition of PC; however, it did not
affect its targeting ability. Aside from its therapeutic advantage,
PC impacts on cellular cytotoxicity are also important to explore.
Shannahan et al. (2015) found that silver NPs form PC after
interaction with BSA and human serum albumin which hinder its
degradation. The team examined the PC toxicity toward both rat
lung epithelial and rat aortic endothelial cells. After internalization,
the PC component was lost enabling the NP to induce interleukin-6
expression that contributes to cellular toxicity. Besides, scavenger
receptor BI facilitated the silver NP uptakes by the macrophage and
its subsequent inflammatory responses and cytotoxicity. In another
study, it was found that PC formation hinders radical oxygen
species (ROS) formation, leading to lower NP cytotoxicity. NP
with semiconductor materials such as ZnO is known to generate
ROS, but PC formation can inhibit this phenomenon indicating its
protective effect by reducing NP toxicity (Duran et al., 2015; Yin
etal., 2015).

NP DIAGNOSTIC APPLICATION IN THE CLINIC

Despite its lack of availability in the clinic, there are
already few patented PC-based NP technologies for disease
diagnostics, as shown in Table 2. In the past decades, NP has
been deployed for various health condition screening tests, by
either imaging, blood, or urine testing. Gold and magnetic NP
have been extensively studied and utilized for pregnancy testing
and microalbuminuria detection via urine tests (Kuppusamy
et al., 2014). Microalbuminuria is an indicator of severe kidney
damage, which serves as an important marker for progressive
cardiovascular and kidney diseases. NP application for pregnancy
testing was based on a qualitative assay by detecting the human

chorionic gonadotropin (HCG) hormone in the urine. It will lead
to color changes, in which pink indicates pregnancy while gray
points to the absence of pregnancy (Rojanathanes er al., 2008). A
similar qualitative concept was applied to albumin detection in the
urine (Wiwanitkit ez al., 2007).

Another example of NP application in disease screening
is the Nanosphere Verigene System for blood culture nucleic acid
tests. The Verigene System is a patented AuNP technology used
for various molecular diagnostic assays by identifying the specific
target nucleic acid. The Verigene blood test could detect both
gram-positive and gram-negative bacteria and their respective
resistance markers from blood cultures (Farmer ez al., 2017). The
results were consistent with the matrix-assisted laser desorption
ionization-time of flight- analysis, indicating its high sensitivity
and precision. In the clinic, this test is employed to detect
antimicrobial resistance markers among burn patients to improve
targeted antibiotic therapy (Beal et al., 2013).

NP-enabled blood (NEB) test for cancer diagnostics

There is still a big gap between the investment toward
plasma biomarker discovery and the actual biomarkers used
in clinical settings. The low number of biomarkers used in the
clinic indicates the need for more effective biomarker discovery
techniques. Preventative measures and early diagnosis are better
than the end-stage curative approach, further raising the need for
finding a valid and reliable disease biomarker (Goossens et al.,
2015; Selleck et al., 2017). The current proteomics approach
is quite challenging due to the abundant components of blood
proteins found in the plasma. Therefore, an NP-based approach
for biomarker discovery was developed, taking advantage of the
PC concept which involves NP interaction with the blood plasma
to capture disease-specific proteins.

Some NP surface modifications by specific antibody
coating enable specific interaction with the intended proteins.
The differences in the PC protein profile pattern among different
diseases could be analyzed via SDS PAGE. Assuming that the
protein of interest is bound to the NP, it could potentially simplify
blood proteomics profiling analysis. This approach is also called
the NEB test (Hadjidemetriou et al., 2019). Digiacomo et al.
(2021a) conducted the NEB test using AuNP on pancreatic ductal
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Table 2. NP PC technology for diseases diagnostics patents list.

043

Patent numbers

Title

Inventors

Publication year

Portable devices and methods for detecting and

W02022094707A1 identifying compounds in a fluid sample Reddy R 2022
Lubricant-infused surface biosensing interface, methods

W02022061455A1 of making and uses thereof cross-reference to related Didar T, Shakeri A, Yousefi H. 2022
application

WO2021014243A1 A method Fo assist in the early diagnosis of pancreatic Cgr{iccmlo G, Pozzi D, Palchetti S, 2021
adenocarcinoma Digiacomo L, Caputo D, Coppola R.
Compositions, methods and systems for protein corona Zhao X, Manning W, Blume J,

WO02020198209A 1 P » TCH Y p Hesterberg L, Troiano G, Figa M, Liou H, 2020
analysis from biofluids and uses thereof . .

Roshdiferdosi S.

WO2018112460A 1 System and‘method‘ for protein corona sensor array for Farokhzad O, Mahmoudi M. 2018
early detection of diseases

WO02018046542A1 Detection of cancer biomarkers using nanoparticles Kostarelos K, Hadjidemetriou. 2018

WO02017091631A1 Protein corona phase molecular recognition Strano MS, Bisker Raviv GH. 2017
Methods for biomolecule and biomolecule complex

WO02011088128A2 (bmc) detection and analysis and the use of such for Huo Q 2011
research and medical diagnosis

WO02010097785A1 A method for theiselectlve concentration of a specific Dawson K, Lynch L, Lundqvist M, 2010
low abundance biomolecule Cedervall T.

WO2010079490A 1 Volatile organic compounds as diagnostic markers in Haick H, Gang P, Adams O, 2010

the breath for lung cancer

All published patent numbers and the relevant information were obtained from Espacenet Patent Database (European Patent Office, 2022).

adenocarcinoma (PDAC) patient blood samples with healthy
individual blood as the control. In this study, personalized PC
characterization by SDS PAGE and densitometric analysis were
performed to differentiate PDAC patients and nononcological
protein patterns. This NEB test has high sensitivity (78.6%) and
specificity (85.3%) rates as well as being affordable, rapid, and
deliverable, making it an ideal tool for cancer screening and
detection. In a separate study using liposomes, the Digiacomo
et al. (2021Db) successfully identified specific proteins in the PC,
namely, ficolin 3 (FCN-3), that could serve as a potential PDAC
biomarker in addition to other known markers such as complements
and fibrinogen, which have been confirmed previously in other
literature.

The complement system’s role in cancer pathogenesis
is essential because it affects the elimination of apoptotic and
necrotic cancer cells as well as other carcinogenic pathogens to
prevent tumorigenesis (Swierzko et al., 2020). FCN itself is a part
of the innate immune system that has a function of eliminating
abnormal and non-self-antigens through either direct opsonization
or the lectin complement pathway. The lectin complement pathway
is activated via the binding of pathogen-associated molecular
patterns to mannose-binding lectin and FCNs, including ficolin-3
(FCN3) which is mainly expressed in the liver (Lu ez al., 2020).

Other research by Vidaurre-Agut et al. (2019) revealed
that mesoporous silica NPs PC components were dominated by
low molecular weight (MW) serum protein, which proved difficult
to capture on standard MS analysis. This study aimed to find a
more specific prostate cancer biomarker since elevated PSA levels
are often not specific to prostate cancer and might occur due to
other health conditions (Moyer et al., 2012). Through stochastic
optical reconstruction microscopy analysis, it was shown that
small proteins could rapidly fill the NP pores whereas large

proteins could not fit into the pores. Additionally, quantitative
coadsorption study results also exhibited that small protein
presence hinders the adsorption of large MW proteins on the
NP surface. Many of the small MW proteins usually are in low
concentrations and are often masked by more abundant proteins
such as albumin and immunoglobulin and are hence difficult to
detect via MS analysis. Therefore, mesoporous silica NP’s ability
to selectively capture low MW serum proteins will be useful in
diagnosing certain disease states via the proteomics approach,
which presents a simpler alternative to the standard MS procedure
(Vidaurre-Agut et al., 2019).

NP immunoassay for cancer detection

NP application for clinical immunoassay has been widely
studied through either NP-based colorimetric, electrochemical, or
immunodipstick assays. The basic concept for NP immunoassay
is that the NP-antibody-antigen formation can improve signal
detection of disease-specific proteins or biomarkers. Future
combination with next-generation sequencing (NGS) devices will
potentially enable personalized genetic analysis and more targeted
therapeutics for individual patients (Tang et al., 2013).

A previous study by Huo ef al. (2011) initiated a similar
approach to prostate cancer detection. They utilized a AuNP
immunoassay to detect serum biomarkers using both human and
mouse blood serum samples, in which they found differences in
the NP PC composition of healthy, aggressive, and less aggressive
prostate cancer samples. It was observed in mice studies that PC
size and IgG levels also differ significantly. Additionally, in both
mice and human prostate cancer serum samples, there was a lower
level of vascular endothelial growth factor (VEGF) than a healthy
individual. VEGF itself plays a key role in cancer angiogenesis.
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Based on this result, NP immunoassay techniques have the potential
to be used as a tool for cancer screening and biomarker discoveries.

Recent research by Moyano et al. (2021) also imple-
mented the NP immunoassay concept for colorectal cancer (CRC)
biomarker detection, which has the potential to be a less invasive
alternative to colonoscopy. It has been known that extracellu-
lar vesicles (EV) express CD147, one of the CRC biomarkers,
to monitor treatment responses in CRC patients. The Moyano
et al. (2021) developed a quantitative lateral flow immunoassay
(LFIA) technique using magnetic NP-antibody conjugate to bind
CD147-expressed EV isolated from a plasma sample. In this case,
the magnetic LFIA techniques have been coupled to an inductive
sensor to quantify the concentration of CD147 biomarkers in the
isolated EV from human plasma.

The bio-barcode assay concept has been developed
for a long time, combining barcoded DNA and nanotechnology
approaches to detect biomarkers, proteins, and various antigens in
clinical samples (Yu et al., 2018). The incorporation of monoclonal
antibodies into the magnetic nanoparticles (MNP) followed by a
mixture with the samples would enable the capture of a specific
protein of interest. This MNP was combined with AuNPs that carry
the target binding molecules’ DNA barcodes. This technique was
proven to be more sensitive than other established methods such
as enzyme-linked immunoassay (ELISA) and polymerase chain
reaction (PCR). AuNP have two forms of bio-barcode that connect
to the linker DNA as a reporter and the other as a signal creating
a “sandwich-like” structure between MNP-target DNA barcode-
AuNP. Dehybridization will occur on the oligonucleotides of the
NP surface allowing the detection of the target DNA (Munir ef al.,
2020).

Mercadal et al. (2018) proposed the intensity depletion
immunolinked assay as an alternative to ELISA. Silver NPs coated
with antibodies were used to detect gliadin, a marker for celiac
disease. The result itself was comparable to ELISA and provided
an alternative to fill the need for an enzyme-free analytical assay
with improved stability and smaller sample size.

NP PC-BASED DIAGNOSTIC CHALLENGES

Some challenges that occurred during PC analysis
were mostly due to technical issues, such as lack of standardized
research protocols, complexities of LC-MS analysis preparations,
and variations in the biological mediums and the NP characteristics
(Hajipour ef al., 2015). This could cause both inconsistent
experimental results and data misinterpretation leading to
reproducibility problems. Different instrument types utilized
among laboratories also contributed to data reproducibility
issues. A previous study showed that the LC-MS instrument type
employed gives a 30%—60% impact on the peptide’s repeatability
in technical replicates. For example, the Orbitrap instrument had
better repeatability and stability for protein analysis than Thermo
LTQ (Tabb et al., 2010). Additionally, poor sample preparation
may introduce impurities and contamination during PC analysis,
reducing the proteomics data validity.

Before analysis, a sample authentication process is an
important step. All biological samples must have proper identification
including sample collection methods, patient demographics data,
and medical information. This information is crucial since it could
affect the PC compositions and interpretations (Mahmoudi, 2022).
The PPC concept showed that NP impacts on each individual are

different depending on their health status, age, gender, and genetic
background creating a unique PPC characteristic. This unique PPC
identity of each patient will influence its diagnostic and personalized
therapeutic utilization (Corbo et al., 2017). A deeper understanding
of NP-proteins binding sites and PC structural organization and
formation behavior will be beneficial to creating new strategies
to control NP interaction with the biological system (Mahmoudi,
2022).

PC structure consists of several layers, not only one layer,
which means the PC’s outermost layer most likely has the largest
influence on the NP behavior in vivo. Therefore, the study design
must separate inner and outer PC layers to get a more accurate
interpretation instead of combining the total PC (Bai et al., 2021).
Additionally, the widely employed PC characterization method
using LC-MS analysis is only effective in detecting hard PC since
most of the soft PC was removed during the sample purification
step. Soft PC’s unstable and dynamic nature becomes a huge
challenge for its detection, making biomarker discoveries research
challenging. Most disease biomarkers are low-abundance proteins
that do not have a high affinity toward the NP (Blume ez al., 2020).
Besides, most small proteins are also more prone to enzymatic
degradation after their collection, presenting more challenges for
sample collection and storage (Marshall et al., 2003).

However, some studies reported successful soft PC
detection by utilizing differential centrifugal sedimentation
and asymmetric flow field-flow fractionation (AF4) techniques
(Davidson et al., 2017; Weber et al., 2018). The utilization of
advanced imaging techniques such as fluorescence microscopy
or Forster resonance energy transfer spectroscopy enables PC
formation observation in real time (Zhang et al., 2020). In the
future, this real-time analysis will be useful for NP theranostic
applications, where disease diagnostics and therapeutics can be
done simultaneously.

Other challenges would be discrepancies between the
static in vitro PC experimental results and the dynamic condition
in vivo due to environmental factors that are difficult to replicate
in vitro such as blood shear stress and other hemodynamic
conditions in the vascular system (Pozzi et al., 2015). Caracciolo
et al. (2014) utilized peptide mass fingerprinting to identify and
classify the PC components from both human and mice plasma
based on their functionality. They found significant differences in
the mice and human PC identity that affect its biological behavior
differently. This indicates that results from mice experiments
might not be directly applicable to humans due to differences
in the physiological environment between both species. Thus,
developing new types of screening that better mimic human body
systems will be beneficial to reducing discrepancies which hinder
translational research.

In the bloodstream, uncoated NP interaction with blood
proteins may form opsonin-rich PC, leading to opsonin-mediated
phagocytosis and faster elimination, as shown in Figure 3. Many
factors play roles in PC formation including the presence of
opsonins, coagulation factors, and white blood cells. Therefore,
surface precoating might be one possible strategy to reduce the
unwanted protein binding to the NP surface (Hadjidemetriou,
2019). It should be noted that modifying the NP PC can affect
its interaction with other NP and the cells by influencing its
aggregation tendency, payload efficiency, or cellular uptakes (Qu
et al., 2020). A deeper analysis of PC formation behavior and
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Figure 3. NPs surface pre-coating strategy. NP surface pre-coating could affect its PC compositions. Uncoated NP will interact with opsonin (IgG,
complement, and fibrinogen) in the blood, creating an opsonin-rich PC. A surface modification strategy is often employed to reduce NP—opsonin interaction
to improve NP half-life, and stability while preventing opsonin-mediated phagocytosis. However, high-density surface coating might hinder cellular uptakes,

affecting its targeting effectivity.

characteristics is crucial to creating an effective NP design for
the theranostic application. Data accuracy, reproducibility, and
scalability remain the core issues for PC-based NP technologies
clinical translations.

PPC STRATEGIES AND FUTURE OUTLOOK

Biomarkers development can be classified into three
stages, namely, discovery, verification, and validation. Discovery
is the first step, in which numerous biomarkers candidates are
screened and identified through the untargeted MS approach.
In the verification phase, the target peptides are identified
and quantified using the targeted MS technology. For the last
validation step, the sample analysis is focused on a small number
of selected peptides to ensure their sensitivity, specificity, stability,
and reproducibility (Nakayasu et al., 2021). Blood plasma sample
analysis is challenging due to the presence of various high-
abundance proteins that could mask the biomarkers proteins.
Some approach that is often employed to remove the high-
abundance proteins is either immunodepletion or fractionation
by chromatography. Despite its effectivity, immunodepletion
could codeplete the low-abundance proteins due to protein—
protein interactions (Keshishian et al., 2017). Alternatively,
fractionation and chromatography approaches are also successful
in reducing the sample complexities, yet they need multiple runs
of chromatography. To enhance the visibility of low-abundance
proteins, isobaric labeling quantification techniques such as
Isobaric tags for relative and absolute quantitation (iTRAQ) or
tandem mass tags (TMT) can be performed prior to fractionation
and MS analysis (Nakayasu et al., 2021). Thus, a more advanced
proteomics platform and integration with machine learning
algorithms may potentially improve biomarker development and
data analysis capabilities.

Several strategies have been explored to improve PC
identification and quantification efficiency and scalability, as
summarized in Figure 4. Blume et al. (2020) developed a five panels

of iron oxide superparamagnetic NPs automated Proteograph
platform that has been commercialized, called Proteomics Product
Suite. Each of these NP has a superparamagnetic core enabling it to
quickly separate the PC from blood plasma in less than 30 seconds,
replacing the need for SDS PAGE and in-gel digestion processes
prior to LC-MS. PC protein separation was conducted in the plate
by the magnetic properties; hence, unbound protein can be washed,
followed by automated in-plate digestion and protein purification.
This also demonstrated that magnetic NP functionalization could
be tailored for proteomics analysis purposes. The Proteograph
workflow has a wide proteome coverage, as shown by its
capability to detect both high- and low-abundance proteins. It
is also integrated with the cloud-based Proteograph software,
called Proteograph Analytics Suite (PAS), which could analyze
both the Proteograph and NGS data from the proteogenomics
platform. Various visualizations were incorporated into the
software such as proteomics heatmaps, protein interaction maps,
protein intensity comparison and volcano mapping, hierarchical
clustering, and peptide relation to gene structure analysis for large-
scale proteogenomics study. All of these data analytics tools will
help to create a comprehensive database of peptide data mapping
for PC profiling and quantification (Gajadhar et al., 2022). The
compatibility of the Proteograph approach with large-scale
genomics opens up multiomic study opportunities for plasma PC
profiling.

Furthermore, Hornburg et al. (2022) calculated the
protein-to-NP-surface ratio (P/NP ratio) attributable to the
competitive binding nature among proteins that affect PC
formation. Thus, optimization of the P/NP ratio can improve
the Proteograph system workflow performance. For instance, by
increasing the competitive binding and reducing the NP binding
surface, there will be 1.2—1.7 times more proteins in the PC than
in the references, indicating the presence of a more diverse set of
proteins. It was also proven to be three times more accurate than
the conventional neat proteomics workflow.
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Figure 4. PPC analysis strategies for translational research. The first step is PC formation which depends on the NP physicochemical characteristics and patients’
plasma sample preparations. Then, protocol standardization for large-scale PPC analysis will be employed, including the PC characterization methodologies, high
throughput NP formulations, and construction of NP library database and computational modeling. Automated high throughput screening will be ideal for biomarker
discoveries since it has better efficiency, speed, and reproducibility (Ferdosi et al., 2022; Yan et al., 2020). The third step would be preclinical testing to examine the
PC biological mechanisms using in vitro and in vivo modeling. Several aspects such as cellular uptakes, endosomal escape, toxicity, and clearance will be examined. To
tackle the discrepancies between in vitro and in vivo data, a microfluidics setup was developed as an alternative model that heavily mimics the real in vivo conditions
(Digiacomo et al., 2019). The last step is PC analysis, consisting of multi-omics analysis, automated Proteograph workflow, and machine learning algorithm. The
integrated PAS software can create heatmaps, protein interaction maps, protein intensity comparison, and integrated analysis of genomics and proteomics data (Blume
et al., 2020). These strategies’ overall aim is to improve PPC analysis performance, scalability, accuracy, and reproducibility.

Thus, the Proteograph approach simplifies LC-MS
sample preparation and improves PC detection scalability by
employing an automated high-throughput proteomics system.
This method also has been employed to diagnose the early non-
small-cell lung cancer (NSCLC) subjects from age- and gender-
matched healthy controls, resulting in the detection of 53 protein
biomarkers for NSCLC in the patients’ plasma, indicating its
huge potential to be used as a biomarker discovery tool (Blume
et al., 2020; Donovan et al., 2022). Simulations of PC-biological
components molecular dynamics allow a deeper understanding of
atomic-level phenomena that are currently difficult to observe.

However, there is still a lack of NP PC database libraries,
making the creation of standardized protocols and large-scale
analysis difficult. Kamaly er al. (2022) employed a machine
learning algorithm to improve PC identification from Alzheimer’s
patients’ blood samples. To train the algorithm, they employed
six NP for Alzheimer’s patient PC profiling, which consisted of
two different NP types (silica and polystyrene) and three different
functions (none, carboxy-, and ammino-), resulting in a unique PC
fingerprint for Alzheimer’s disease. The algorithm can accurately
predict Alzheimer’s onset even before official clinical diagnosis
with 100% sensitivity and >93% specificity, proving its significant
role in PC profiling for disease diagnosis and PC fingerprinting.

The integration of machine learning modeling, such as
random forest (RF), raises the need for further improvement in the
data extraction and data mining processes to better examine the
relationship between NP and PC and its biological responses based
on published pieces of evidence. Strict criteria must be applied
during literature extraction and data mining to reduce biases. Even
though machine learning models can explain observation using

available training data, new data on factor-response dependence
models is required to achieve higher accuracy on PC formation
and behavior assessment. Ban ef al. (2020) compared 40 types of
unmodified NP with 50 types of surface-modified NP to evaluate
the accuracy of this model prediction by tenfold cross-validation.
The RF statistical model was able to classify the PC compositions
according to the pl, mass, and Grand Average of Hydropathicity
Index score, making it suitable to assess large-scale heterogeneous
NP PC data. Thus, machine learning exhibited tremendous
capability to predict NP—cell interactions based on the PC
compositions, which is very useful for NP design strategy.

The construction of a publicly accessible online NP
database and computational modeling would be useful to aid NP
design optimization and biological response prediction based on
individual NP nanostructures. It has the potential to significantly
accelerate PPC translational research globally (Yan et al., 2020).
Some other modeling approaches, namely, nano-quantitative
structure-activity relationship, have been utilized by Buglak ef al.
(2019) to analyze the correlation between PC structure and activity
using machine learning methods, resulting in a more accurate
prediction of the PC effects on cells including its toxicity.

Another major challenge that needs to be addressed in
the PPC field is the highly dynamic nature of in vivo modeling.
Besides, the PC component in different species samples may
vary, for instance, between murine and human. This leads to
discrepancies between in vivo and clinical data, hindering its
translational research progress. The current advances in the in
vitro microfluidics setup have the potential to bridge the gap since
it closely mimics the realistic biological in vivo condition by
precise control of the physiological factors such as shear stress,
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hydrostatic pressure, and nutrients flow. The concept itself has
been utilized for high-throughput drug screening and NP-targeted
drug delivery (Ozcelikkale et al., 2017). Digiacomo et al. (2019)
injected AuNP and human plasma into each islet of a remote-
controlled microfluidic device and compared it with the static
system as a reference. It was found that the PC components in the
microfluidic environment were dominated by immunoglobulins,
whereas tissue leakage proteins were the PC’s majority in the static
systems raising the need for further investigation. Additionally,
a high-throughput real-time endosomal escape imaging assay
developed by Munson et al. (2021) enables researchers to observe
real-time nano-bio-interactions starting from cellular uptakes and
endosomal escape until protein translation and clearance.

Overall, the recent growth of the multi-NP Proteograph
assay combined with an advanced proteomics data processing
workflow strategy exhibited better performance than a
conventional data processing workflow (such as a depleted plasma
or neat plasma workflow). It gives superior PC profiling scalability,
reproducibility, and protein group and dynamic range coverage.
This field is still continually evolving, with multidisciplinary
“omics” and machine learning algorithms playing increasingly
important roles in the PC-based biomarker discoveries analysis
(Liu et al., 2022).

CONCLUSION

The interaction between NPs and biological components
form PC that might change the NP identity in biological settings.
NP-protein interaction is dynamic and multifactorial, depending
on the NP physicochemical characteristics and the surrounding
environment. However, the complex and dynamic nature of PC
makes characterization quite challenging. High-affinity proteins
on the NP surface will form hard corona that can be characterized
easily, whereas low-affinity proteins form soft corona which is
more difficult to analyze. The lack of standardized PC research
protocols and the discrepancy between the static in vitro and in
vivo experimental conditions hinder its translational research.
Therefore, more advanced methodologies were developed,
including the automated Proteograph workflow, machine learning
algorithms, microfluidics models, and multiomics analysis, to
improve PC analysis performance, accuracy, reproducibility,
and scalability. NP PC characterization patterns vary in different
disease plasma samples indicating its potential use for disease
screening and detection. The application of PPC is very promising
since it offers a less invasive, simpler, and more reliable diagnostic
tool than conventional methods, for instance, by using -NEB test
and NP immunoassay strategies. The theranostic approach would
be the next step, where NP-based treatment and diagnostics
can be done simultaneously in real time. Additionally, a more
comprehensive pathway analysis using a multiomics approach can
be explored.
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