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ABSTRACT

Nanomedicine has a great potential to revolutionize the therapeutic landscape. However, up-to-date results obtained from in vitro
experiments predict the in vivo performance of nanoparticles weakly or not at all. There is a need for in vitro experiments that better
resemble the in vivo reality. As a result, animal experiments can be reduced, and potent in vivo candidates will not be missed. It is important
to gain a deeper knowledge about nanoparticle characteristics in physiological environment. In this context, the protein corona plays a
crucial role. Its formation process including driving forces, kinetics, and influencing factors has to be explored in more detail. There exist
different methods for the investigation of the protein corona and its impact on physico-chemical and biological properties of nanoparticles,
which are compiled and critically reflected in this review article. The obtained information about the protein corona can be exploited to opti-
mize nanoparticles for in vivo application. Still the translation from in vitro to in vivo remains challenging. Functional in vitro screening
under physiological conditions such as in full serum, in 3D multicellular spheroids/organoids, or under flow conditions is recommended.
Innovative in vivo screening using barcoded nanoparticles can simultaneously test more than hundred samples regarding biodistribution and
functional delivery within a single mouse.
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number of approved nanoparticulate drug products is continuously
growing. Liposomal doxorubicin (DOXIL®) was the first nanodrug to
be approved by the United States Food and Drug Administration
(FDA) in 1995.” Currently, messenger RNA (mRNA) vaccines are the
big hope in the SARS-CoV-2 pandemic,’ small-interfering RNA
(siRNA) lipid nanoparticles (LNPs) reached the medical market,” and
Cas9 mRNA LNPs have been applied for the first successful in vivo
genetic correction by CRISPR Cas9/single-guide RNA in patients.”
Despite the enormous potential, the progress in the development
and application of nanoparticles as delivery vehicles for (bio)pharma-
ceutics (e.g., chemotherapeutics, therapeutic nucleic acids, or proteins)
is rather slow and moderate. The production of such nanotherapeutics
in pharmaceutical grade and scale is challenging.* Moreover, different
cargos place different demands on their carriers.*”'" Important is
especially that the delivery system comprise extracellular stability and
intracellular release of the cargo in its active form at the site of action.
Bio-/stimuli responsiveness can be a helpful tool for creating delivery
systems, which change their properties in a dynamic mode upon spe-
cific endogenous or exogenous stimuli (e.g., changes in pH, redox
potential, or temperature).'" The probably most relevant reason for
the slow progress, however, is the often weak to absent translatability
from obtained in vitro data to the in vivo situation,'” '* which makes
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it hard to draw conclusions about the in vivo performance of nanopar-
ticles from in vitro experiments.

After intravenous administration, the nanoparticles have to face
several obstacles that differ from in vitro (Fig. 1). First, they get in con-
tact with blood components. Usually, the nanoparticles are then cov-
ered by a biomolecular multi-layer (so-called protein corona or
biomolecular corona),'”*’ which creates a biological identity,””"
thereby altering the physico-chemical properties, the pharmacokinet-
ics, and toxicity profile of the nanoparticles.”* Interaction with electro-
Iytes, plasma proteins, and blood cells (e.g, erythrocytes and
thrombocytes) can cause nanoparticle dissociation, self-aggregation, or
aggregation with, for example, erythrocytes.'”” Cationic nanoparticles
bind and activate complement blood proteins, thereby inducing innate
immune responses with serious side effects.”*”” In addition, destabiliz-
ing shear forces within the bloodstream act on the nanoparticles.”**”
Functionalization of the nanoparticle surface with shielding agents
[e.g., polyethylene glycol (PEG), poly(2-ethyl-2-oxazoline) (PEtOx), or
polysarcosine (pSar)] can reduce, but not completely prevent the pro-
tein corona formation and create a “stealth” character, by this hinder-
ing dissociation or aggregation.””* ** Second, the nanoparticles have
to extravasate, penetrate, and accumulate in the right tissue, followed
by uptake in the target cells. Endothelial targeting as well as passive
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FIG. 1. Obstacles (in red) in the in vivo
delivery process of intravenously (i.v.)
applied nanoparticles. Created  with
BioRender.com.
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[via the so-called enhanced permeation and retention (EPR) effect]
and/or active targeting can be helpful for efficient delivery
in vivo.' "1 However, it has to be considered that the biomolecular
corona can mask targeting ligands, thereby reducing the targeting
capability.”””"** Third, endosomal escape and cargo release are neces-
sary. Both processes are more or less comparable between in vitro and
in vivo (single-cell level). However, also here masked nanoparticles
may be blocked, for example, in their lytic activity, resulting in reduced
release from the endosomes and thus reduced transfection efficiency."”

Also, for other application routes than intravenous (e.g., inhala-
tive, intravitreal, or transdermal) several biological barriers have to be
overcome and the delivery system has to fulfill certain require-
ments.”” *’ Moreover, there can be difficulties to reach the target
organ. The most prominent example is the systemic delivery to the
brain, where the blood-brain barrier (BBB) is a major hurdle. *

Due to the huge discrepancy between the in vitro and the in vivo
situation, there is the need for in vitro assays that resemble the in vivo
situation more realistically. In this context, it is also necessary to gain a
deeper knowledge about the interactions at the nano-bio interface, the
protein corona formation, and the impact of physiological milieu on
the nanoparticles. With better predictions of the in vivo efficacy,
potent in vivo candidates that show only minor activity in standard
in vitro assays will not be missed."*'"” In addition, such assays are also
advantageous in regard to animal welfare and protection as ineffective
carriers can be excluded from in vivo studies with greater certainty at
an earlier point in time.

In recent years, several in vitro and ex vivo models have been
developed, which mimic the in vivo situation with relevant biological
barriers. However, these are not subject of the current review article as
detailed reviews about such models can be found elsewhere—for
example, about microfluidic organ-on-chip technology,”” ' about
lung and inhalation models,””* about skin models for transdermal
application,”** and about BBB models.” To briefly mention a practi-
cal example, Onyema et al. established a BBB model based on human
induced pluripotent stem cells, which is suitable to study interactions
with nanoparticles in correlation with their material, size, and protein
corona composition.””

In the following, different methods for the characterization of the
protein corona and its impact on nanoparticles’ properties will be dis-
cussed and critically reflected. Moreover, a more advanced in vivo
screening method using barcoded nanoparticles will be illustrated.
With this method, more than hundred samples can be simultaneously
screened within a single mouse.** By this, the number of animals in
the in vivo studies can be reduced, which is in line with a more reason-
able and ethical use of animals.

Il. CHARACTERIZATION OF THE PROTEIN CORONA
AND ITS IMPACT ON NANOPARTICLE PROPERTIES

In the physiological environment, the nanoparticle surface gets
coated inter alia with proteins,” *’ forming a so-called protein
corona.'””" The protein adsorption phenomenon was first described
by Vroman et al. in 1962.°” In 2012, the extended term “biomolecular
corona” was introduced by Dawson and co-workers to underline the
complexity of the nanoparticle corona in biological fluids, consisting
not only of proteins but also of other biomolecules.”’ The chemical
identity of the nanoparticles is changed toward a biological iden-

tity.””" Physico-chemical properties of the nanoparticles as well as
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their pharmacokinetics (e.g., blood circulation time, clearance, biodistri-
bution, targeting capability, and drug release profiles) and biosafety
(hemocompeatibility, toxicity, immune response) are altered in bio-
fluids.”"***"**>° The corona formation is a dynamic process compris-
ing physico-chemical interactions and thermodynamic exchanges,”
which evolves over time.” ®” The multi-layered structure of the protein
corona can be subdivided into the inner tight hard corona (protein-
nanoparticle interactions) and the outer looser soft corona (protein-
protein interactions).”” The properties of the formed protein corona
depend on the nanoparticle composition,” " but also on additional
nanoparticle properties such as size, surface charge, shape, nanoparticle
surface, and functionalization (e.g., PEGylation).*’—”S()‘(”—"(’977' Moreover,
experimental conditions (e.g., biofluid, temperature, time, static vs
dynamic incubation) can influence the protein adsorption.*’

A. General considerations for the experimental setup
of protein corona investigations

In general, the investigation of the hard corona is much easier
and more accessible compared to the soft corona as the latter is of an
unstable nature and difficult to isolate.”” Thus, there exist only a few
attempts to evaluate the soft corona along with the hard corona using
in situ techniques, where the protein corona is investigated immedi-
ately in the biofluid without prior separation of unbound pro-
teins'”*>"*** (Fig. 2). The classical ex situ approach consists of three
steps: sample incubation in physiological fluids, followed by isolation
and purification of nanoparticle-protein complexes from free proteins,
and subsequent proteomic analysis and/or evaluation of physico-
chemical and biological nanoparticle properties before and after pro-
tein interaction.””” With the ex situ approach, mainly the hard
corona can be analyzed (Fig. 2). Sample incubation conditions have to
be carefully chosen,"” that is, (i) sample concentration; (ii) biofluid—
type (blood, plasma, serum, protein solutions, simulated body fluid,
etc.), origin (e.g., murine, bovine, human), and amount; (iii) tempera-
ture; (iv) time; and (v) shaking speed. Dynamic incubation conditions
(e.g., peristaltic pumps for adjusting flow rates) may simulate more
realistically the in vivo situation.””””**"” Some research was also con-
ducted investigating the in vivo protein corona of nanoparticles after
blood circulation in mice.””** " The different possible techniques for
the isolation and purification of the nanoparticle-protein complexes
with all their advantages and limitations are reviewed in detail by
Weber ef al.”” In short, the mostly used method is centrifugation,‘\‘S
often performed in the presence of a sucrose cushion.”” However, high
centrifugal forces may alter the protein corona. Alternatively,
chromatography-based methods such as asymmetrical flow field-flow
fractionation (AF4), hydrodynamic chromatography (HDC), and size
exclusion chromatography (SEC) can be utilized to purify the nano-
particle-protein complexes.”” The very mild separation conditions of
AF4 may allow to also isolate weakly bound proteins of the soft
corona.”* In the case of SEC, relatively high shear stress occurs that
may influence the protein corona composition.”” However, with this
method dissociation rates can be investigated.’"2 Moreover, special
nanocarrier properties can be used for isolating the nanoparticle-pro-
tein complexes.”’”’”> Magnetic separation, for instance, can be an
option for magnetic nanocarriers.” "'

After successful separation from free, unbound proteins, the pro-
tein corona can be analyzed with various techniques. Figure 3 illus-
trates a typical experimental setup for a protein corona investigation.
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Overall, in order to obtain as complete a picture as possible, a combi- In the following, such characterization methods will be discussed
nation of in situ and ex situ technologies for the protein corona charac-

in detail with a focus on their advantages and limitations regarding
terization is recommended, since each preparation method can have

a protein corona analysis. Moreover, technologies for studying protein—
an influence on the tested system and findings.”>'"” nanoparticle interactions will be illustrated.
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FIG. 3. A typical experimental setup for protein corona investigations. After incubation of nanoparticles in human blood plasma, nanoparticle—protein complexes are isolated by
asymmetrical flow field-flow fractionation (AF4). The sizes can be assessed by dynamic light scattering (DLS). The protein corona composition and amount are analyzed by
SDS-PAGE (sodium dodecy! sulfate polyacrylamide gel electrophoresis) and label-free quantitative proteomic analysis. LC-MS, liquid chromatography-mass spectrometry;
UPLC, ultra-performance liquid chromatography. Reproduced with permission from Small 16, 1907574 (2020).”* Copyright 2021 John Wiley and Sons.
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B. Investigation of protein-nanoparticle interactions

To gain a deeper knowledge about the protein corona formation
process, it is important to comprehend the driving forces and kinetics
of protein binding on nanoparticle surfaces. There exist several techni-
ques to investigate single protein-nanoparticle interactions.
Thermodynamic parameters such as affinity and stoichiometry of pro-
tein binding can be studied via isothermal titration calorimetry
(ITC).”"'%"'%° Surface plasmon resonance (SPR) can help to assess
association and dissociation rates.”"*"'**'"” Multi-parametric SPR
was utilized by Kari et al. for the in situ investigation of protein bind-
ing on biosensor-immobilized liposomes in undiluted protein solu-
tions or human plasma.”*'”” Oh et al. developed a new technique
based on atomic force microscopy (AFM)-derived recognition imag-
ing to determine binding affinities by visualizing molecular bindings at
the nanoscale, as demonstrated by means of DNA hybridization.'””
They state that this method is applicable to any receptor/ligand combi-
nation (e.g., interaction between nanoparticles and plasma proteins),
thus representing a potent alternative for next-generation affinity sen-
sors. Furthermore, different fluorescence spectroscopy-based methods
can be used to characterize protein-nanoparticle interactions.''’'"”
Boulos et al. studied the bovine serum albumin (BSA) adsorption on
gold nanoparticles (kinetics, binding constants) via steady-state fluo-
rescence spectroscopy, taking advantage of the fluorescence quenching
capability of the tested gold nanoparticles.''' They found that the
nanoparticle shape and surface as well as PEGylation had no impact
on the BSA binding affinity. This was confirmed by affinity capillary
electrophoresis (ACE). Comparison of the binding constants derived
from the two different methods, however, revealed orders of magni-
tude difference. Moreover, both techniques have their limitations:
While fluorescence spectroscopy suffers from inner filter effects and
gold nanoparticle optical interference, inner capillary wall effects are
an issue in ACE. Therefore, combination of several methods is
required to determine binding affinities as accurately as possible. A
fluorescence polarization assay was developed by Gaus et al. to study
protein binding toward antisense oligonucleotides (ASO).'"” In a
follow-up study, ASO-fatty acid conjugates showed in the fluorescence
polarization assay improved protein binding affinities with increas-
ing carbon chain length (optimum C16-C22).""> The activity of
ASO-fatty acid conjugates correlated with their affinity to albumin.
The tighter the BSA binding, the greater the improvement in mus-
cle activity.

When a protein binds on a nanoparticle, it can alter its structure/
conformation in response to the nanoparticle surface, resulting in
altered functionality.””''*""> Such changes can be examined by vari-
ous spectroscopic methods. Circular dichroism (CD) spectroscopy can
detect changes in the secondary structure of proteins in real time and
in situ.””"'*"'° By using synchrotron-radiation (SR) as light source for
CD spectroscopy, measurements access much more of the vacuum
ultraviolet (UV) wavelength range down to the extreme UV and even
x-ray range.''”'"® The SR-CD spectra are therefore richer in informa-
tion than conventional CD spectra, including even electronic transi-
tions of the polypeptide backbone.''® By this, more precise
determinations of changes within the secondary structure of proteins
can be made. Sanchez-Guzman et al. used SR-CD to investigate
changes in structure and stability of weakly bound proteins on nano-
particles in situ.''” In combination with computer simulation (molec-
ular dynamics) and thermodynamic analysis, they concluded that

REVIEW scitation.org/journal/bpr

nanoparticles altered weakly bound proteins by shifting the equilib-
rium toward the unfolded states at physiological temperature. In addi-
tion to CD spectroscopy, several other techniques are used in the
literature to examine structural changes in proteins, for example,
Fourier transform infrared (FT-IR) spectroscopy,'*”'*' Raman spec-
troscopy,'*” surface-enhanced Raman scattering (SERS),'*” differential
scanning calorimetry (DSC),*® nuclear magnetic resonance (NMR)
spectroscopy, ~* or UV -vis spectroscopy.'””'*°

C. Computational simulations of protein-nanoparticle
interactions

In addition to the aforementioned experimental techniques for
the characterization of nanoparticle-protein interactions, in silico pre-
dictions via mathematical, theoretical modeling, and computational
simulations can be helpful to gain a better understanding of the com-
plex processes happening at the nano-bio interface upon nanoparticle
interaction with the physiological environment. There exist different
simulation methods to comprehend the mechanistic properties (bind-
ing sites, functional units), (thermo-)dynamics, and kinetics of
protein-nanoparticle interactions. These are discussed in detail else-
where.">**'*""1** However, since only single protein-nanoparticle
interaction can be simulated, these computational studies fall short to
completely depict the reality in a complex biological environment.'*”
Great effort has been put into the development of simulation methods
better resembling reality. To outline a few of those methods, (i) atom-
istic and coarse-grained molecular dynamics or Monte Carlo simula-
tions help to predict details of nanoparticle-protein interactions at the
molecular-to-particle level;'””"*” " (ii) the adopted Hill model can be
utilized to assess equilibrium dissociation and kinetic coefficients for
one or two protein species binding with one nanoparticle type;'”” (i)
with dynamic modeling, Dell'Orco et al. predicted the corona forma-
tion process (evolution and equilibrium composition) based on affini-
ties, stoichiometries, and rate constants;”’ and (iv) statistical modeling
can be another option for in silico predictions. Examples for this are
statistical modeling of quantitative structure-activity relationships
(QSAR) via linear and non-linear regression models,”*"* and statisti-
cal modeling of a so-called biological surface adsorption index (BSAI)
based on multiple linear regression analysis and experimentally
obtained binding coefficients."*” With the rapid progress in electronic
development and the improvement of computing power, in silico pre-
dictions will gain more importance for protein corona investigations
in the future.”

D. Identification and quantification of protein corona
components

The commonly used techniques for the identification of protein
corona components are SDS-PAGE (sodium dodecyl sulfate polyacryl-
amide gel electrophoresis) and MS (mass spectrometry) """ (Fig. 4).
The corona proteins have to be first eluted from the nanoparticles’ sur-
face under denaturing conditions and heating.”” Then, in the case of
SDS-PAGE, the detergent SDS (often together with a reducing agent
like dithiothreitol) completely unfolds the proteins."** The negatively
charged SDS-protein complexes are then separated by molecular
weight. PAGE can be performed one-dimensionally (1D-PAGE, stan-
dard SDS-PAGE)""” or two-dimensionally (2D-PAGE).'*" In the case
of the latter, usually separation using isoelectric focusing (IEF) is
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followed by separation based on protein size (SDS-PAGE). This two-
step separation process allows for the separation of complex protein
mixtures into discrete spots but is more time consuming than 1D-
PAGE."" Protein detection in the polyacrylamide gels is normally
done by Coomassie Blue staining, staining with SYPRO Ruby (a pre-
formulated, noncovalent fluorescent stain), or Silver s'[aining.1 o By
this, multi-protein identification is achieved; for the specific detection
of single proteins, immunoblotting can be performed after SDS-
PAGE."*! Moreover, SDS-PAGE can be combined with liquid chro-
matography (LC)-MS or LC-tandem MS (LC-MS/MS)."”**”" For this,
a trypsin-digest of the proteins has to be done beforehand."* "
Often used MS methods are such with soft ionization sources, for
example, matrix-assisted laser desorption/ionization time-of-flight MS
(MALDI-TOF MS),"*” quadrupole TOF MS,**"*" or electrospray ioni-
zation MS (ESI-MS).”"">" LC-MS of digested proteins'”* can be also
performed without prior separation by SDS-PAGE.”*¥'*"!!
Advantage is the small sample volumes that are required.”””"”" For the
subsequent proteomics analysis, bioinformatic tools for data process-
ing and database search (e.g., Sequest,’”” Mascot'”* or ProteinLynx
Global Server”*”’) and specialized analyzing software (e.g., Scaffold'””
or Progenesis'*®) are inevitable."”'”” In the case of LC-MS, absolute
in-sample amounts of proteins can be obtained by label-free quantifi-
cation, for example, as described in Ref. 158, whereas in the case of
SDS-PAGE, only the quantity of proteins with similar molecular

trometry) analysis enables the identification
of single proteins. (b) Trypsinized corona
proteins can also be directly analyzed by
LC-MS. With subsequent data processing
and proteomic analysis, besides single-
protein identification also label-free quantifi-
cation is possible. MW-marker, molecular
weight-marker. Nanoparticle—protein com-
plexes (b) are created with BioRender.com.
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weight can be assessed.”” Alberg et al. quantified the human serum
albumin (HSA) amount attached on nanoparticles by performing a
comparative SDS-PAGE-based analysis with free, pure HSA at differ-
ent concentrations.”

Bicinchoninic acid (BCA) assay is a standard protein quantifica-
tion assay.'””'*” With this assay, the total amount of corona proteins
can be determined.”*”” Cysteines, tryptophans, tyrosines, and the pep-
tide bonds reduce Cu™ to Cu' in an alkaline milieu, which then forms
complexes with BCA.'®" However, drawbacks are the relatively low
sensitivity and possible interference of the nanoparticles with this
aSSay. 19,161,162

Quartz crystal microbalance (QCM) can be used to predict the
surface coverage on nanoparticles with proteins.'*'®* This method is
ultra-sensitive to total mass changes (down to the femto- to attogram
range”’) as measured by changes in the resonance frequency on a
piezo-electric crystal.'*>'** QCM can be measured in vacuo or in flu-
ids.'*° With the further developed method termed QCM with dissipa-
tion monitoring (QCM-D), additional information about the
viscoelastic properties of the adlayer can be derived in real time and in
situ.'”” By the way, QCM-D can be also used to study interactions
between nanoparticles and membranes/lipid bilayers and how the pro-
tein corona influences these interactions.'”’ ' Sebastiani et al. uti-
lized QCM-D to screen various LNPs for their binding affinities to
serum proteins in order to find the most promising candidates for
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subsequent in vitro and in vivo experiments.'”’ For this purpose, they
used gold sensors functionalized with antibodies against human ApoE
or PEG. By this, binding affinities of LNPs toward ApoE as well as of
PEGylated LNPs to serum proteins could be investigated.

Inductively coupled plasma mass spectrometry (ICP-MS) can be
used to determine the stoichiometric composition of the protein
corona of inorganic nanoparticles.”” With ICP-MS, the metal (e.g.,
gold) of the inorganic nanoparticles and sulfur of cysteine residues of
proteins are detected, allowing for the calculation of the total concen-
trations of both elements.'”""'”* Together with results derived from
classical protein quantification like BCA assay, the number of proteins
per molecule can be determined.”>"””

E. Impact of the protein corona on the physico-
chemical properties of hanoparticles

The protein corona determines inter alia physico-chemical prop-
erties (e.g., size, surface charge, and stability) of the nanoparticles in
physiological environment.”"*”"”*"""® The influence on the physico-
chemical properties of the nanoparticles can be investigated using dif-
ferent characterization methods (Table I). These can be divided into
three general categories:'* (i) scattering and correlation methods, (ii)
microscopy-based methods, and (iii) fractionating methods based on
hydrodynamic separation.

In the following, a closer look at the different characterization
methods is taken. Practical examples for the methods with regard to
protein corona investigations are listed in Table I. A selection of these
examples is also described in more detail in the text. Table IT summa-
rizes the advantages and limitations of the different methods.

1. Scattering and correlation methods

In the case of static light scattering (SLS), a laser beam passes
through the sample and the mean value of the intensity of the scattered
light is measured at different angles. For particles larger than 4/20, the
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scattered light intensity depends on the detection angle 0. Using the
Zimm equation, one can derive the z-average of the squared radius of
gyration (R;)LM In dynamic light scattering (DLS) or quasi-elastic
light scattering (QELS), the fluctuation of the scattered light intensity
is measured and autocorrelated. The autocorrelation function yields
the z-average of the diffusion coefficient (D), Using the
Stokes-Einstein equation, the z-average of the reciprocal hydrody-
namic radius (1/Ry,), can be calculated.”'® As a practical example,
Alberg et al. could show by multiangle light scattering that incubation
with 50% (v/v) human plasma did not affect the hydrodynamic radii
and polydispersity of the tested polymeric micelles, which were surface
modified with different hydrophilic shielding agents [PEG, poly(N-2-
hydroxypropylmethacrylamide) (pHPMA), pSar].28 Consecutive pro-
teomic analysis confirmed that only a neglectable amount of plasma
proteins was attached to the nanoparticles. This is especially preferable
for in vivo applications. A relatively new improvement of DLS is depo-
larized DLS (DDLS).”"” Hereby, the scattered light is divided into two
beams (horizontally and vertically polarized), allowing the simulta-
neous determination of the translational and rotational diffusion. This
enables the observation of nanoparticles with an optical anisotropy in
a complex biological matrix, as the contribution to the scattered light
intensity for particles without an optical anisotropy is negligible.”’

The zeta-potential or effective charge of the nanoparticle can be
measured with electrophoretic light scattering (ELS).”*"*** Sakulkhu
and co-workers investigated the effect of serum on the zeta-potential
of different polyvinyl alcohol (PVA)-coated superparamagnetic iron
oxide nanoparticles (SPTONs).”” The surface charge dropped in all
cases due to the net-negative-charged layer of adsorbed serum pro-
teins. At the same time, the hydrodynamic size of the SPIONSs
increased as determined by DLS measurements.

Small-angle x-ray scattering (SAXS) and small-angle neutron
scattering (SANYS) are also static light scattering experiments like SLS;
the advantage of using neutrons or x rays is that the de Broglie wave-
lengths are on the order of 0.1-10nm as opposed to around

TABLE I. Physico-chemical characterization methods for nanoparticles—practical examples with regard to protein corona investigations. AF4, asymmetrical flow field-flow frac-
tionation; AFM, atomic force microscopy; AUC, analytical ultra-centrifugation; DCS, differential centrifugal sedimentation; DDLS, depolarized dynamic light scattering; DLS,
dynamic light scattering; ELS, electrophoretic light scattering; FCS, fluorescence correlation spectroscopy; PTV, particle tracking velocimetry; SANS, small-angle neutron scatter-
ing; SAXS, small-angle x-ray scattering; SEC, size-exclusion chromatography; SEM, scanning electron microscopy; SLS, static light scattering; TEM, transmission electron

microscopy; TRPS, tunable resistive pulse sensing.

Characterization method Information about Practical examples—references
Scattering- and correlation-based DLS, DDLS, SLS Size 28, 30, 64, 65, 80, and 176-182
ELS Zeta-potential 57, 65,71, 86,97, 176, and 181
SAXS, SANS Size 181 and 183-186
FCS Size 75,78, and 187-189
PTV Size 179 and 190
Microscopy-based (Cryo-)TEM Size, shape 29, 65, 93, 119, 178, 180, 181, and 191-194
SEM 195
AFM 107, 196, and 197
Fractionating AF4 Size distribution 28, 30, 178, 180, and 198
SEC 51,112, and 199
AUC 196
DCS 65, 132, 176, and 200
Others TRPS Size, zeta-potential 201-204
Biophysics Rev. 3, 011303 (2022); doi: 10.1063/5.0073494 3,011303-7
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TABLE II. Advantages and limitations of the physico-chemical characterization methods. AF4, asymmetrical flow field-flow fractionation; AFM, atomic force microscopy; AUC,
analytical ultra-centrifugation; DCS, differential centrifugal sedimentation; DLS, dynamic light scattering; ELS, electrophoretic light scattering; FCS, fluorescence correlation spec-
troscopy; NP, nanoparticle; PC, protein corona; PTV, particle tracking velocimetry; SANS, small-angle neutron scattering; SAXS, small-angle x-ray scattering; SEC, size-
exclusion chromatography; SEM, scanning electron microscopy; SLS, static light scattering; TEM, transmission electron microscopy; TRPS, tunable resistive pulse sensing.

Characterization
method Advantages Limitations References
DLS Nonperturbative, fast, and accurate method to Hydrodynamic radii influenced by the formation 129
determine hydrodynamic radii (size range of hydration shells, particle shapes, and counter-
1 nm-10 pm); no calibration required ion binding; high sensitivity toward the presence
of larger particles; inability to characterize highly
polydisperse systems
ELS Straight forward method to measure surface Minimum ionic strength required; only for mono- 129
charge and changes in surface charge; indicator of ~ disperse NPs (calculation of charge/size ratio)
stability of NP dispersions
SLS Absolute method, no calibration required Average values for M,, and R, influenced by the 205
sample’s polydispersity
SAXS, SANS High-resolved, in-depth structural characteriza- X rays: possible radiation damage to the samples 206
tion at the nanoscale (not the case for nondestructive neutrons)
FCS Sensitive method to measure minute changes in Fluorescent label required 129 and 188
NP diffusivity; ability to quantify PC formation
with high accuracy in the presence of free protein
PTV Tracking of single NPs; potentially less sensitive Limited to analytes with low particle concentra- 207-209
to bigger particles (compared to, e.g., DLS) tions; loss of sensitivity in the case of small NP
distances; sensitive to background scattering
TEM Visualization of protein adsorption onto the NP Negative staining of protein needed; shrinkage of 49 and 207
surface vesicles due to drying process; cost- and time-
intensive
Cryo-TEM Investigation of NPs in their natural surroundings Cost- and time-intensive; contrast reduction 191, 207, 210,
caused by the water film and 211
SEM Detailed 3D images; less prone to overestimate  Difficulties in the detection of proteins on the NP 49 and 207
NP size (compared to, e.g., DLS) surface; staining with heavy metals required;
shrinkage of vesicles during the drying process;
cost- and time-intensive
AFM Visualization of the surface topography and prop- Impossibility to distinguish hard and/or soft 49, 207, 212,
erties (e.g., hardness, texture, protein adsorption) PC formation; difficult sample preparation; and 213
with atomic resolution time-consuming; matching of probe and
operating mode to the specific sample required;
various sources of artifacts (e.g., tip and
scanner)
AF4 Characterization of soluble and insoluble sample  Strong dilution of the sample in the carrier liquid 94, 207, and 214
specimen, and also of complex mixtures of col- and incomplete particle recollection depending
loids, particles or even cells (size range on the crossflow
1 nm-100 pm); higher selectivity and greater reso-
lution over a wider size range than SEC; low shear
forces (soft corona investigation)
SEC Simplicity of the method; high speed and preci- Limited dynamic range; nonspecific interac- 95
sion in separation; very small amounts of sample tions with the chromatographic material and
needed column hardware; inaccuracy due to alteration
of size distribution (e.g., for reversible
aggregates)
AUC Hydrodynamic and thermodynamic characteriza- Calculation of NP size distribution heavily 215
tion of macromolecules or colloids in situ; high ~ depended on the knowledge of the sample’s den-
resolution (Angstrém range for NP size); no cali- sity; no fraction collection possible
bration necessary
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Characterization
method Advantages Limitations References
DCS Applicable to complex biological systems, without Identification of the “true” NP size relies on a 65 and 200
the need for fluorescent labels; high-resolution simple core-shell model considering the new NP
separation and detection of a small percentage of density; no fraction collection possible
particle populations (size range 3 nm-60 ym)
within polydisperse colloidal samples
TRPS High resolution and accuracy in measurement of ~ Limited speed and detectable size range; no frac- 201, 216,
multimodal samples; measurement in complex tion collection possible and 217

biological media

400-700 nm for the wavelength of visible light. This allows for a more
detailed observation of structures.”””*** SAXS measurements were uti-
lized, for instance, by Orts-Gil et al. to evaluate colloidal stability of silica
nanoparticles in the presence of BSA.'"" The derived SAXS structure
factor indicated a short-range attractive potential in the binary silica-
BSA system, which is in line with observed agglomeration in DLS mea-
surements. The authors hypothesized that protein bridging might be an
explanation for the observed agglomeration. Sebastiani and co-workers
examined the influence of ApoE binding to mRNA-LNPs via SANS.'*’
They found that ApoE binding led to the re-arrangement of compo-
nents both at the surface as well as in the LNP core.

Fluorescence correlation spectroscopy (FCS) autocorrelates the
fluctuations of the intensity of fluorescent light, analog to DLS, caused
by the diffusion of fluorescent nanoparticles through the observation
volume.'***** This method is limited to fluorescent particles but offers
the advantage that non fluorescent components of the sample do not
influence the autocorrelation function.”” Negwer et al. developed a
new method utilizing FCS for the direct characterization of nanopar-
ticles in flowing blood.” For this purpose, they labeled the nanopar-
ticles with near-infrared (NIR) fluorescent dyes and fitted the
autocorrelation functions with an analytical model accounting for the
presence of blood cells.

Particle tracking velocimetry (PTV) can be used to track the
Brownian motion of a single nanoparticle and calculate its diffusion
coefficient from the obtained data.””*”” In this setup, the particle sus-
pension is illuminated, and the motion of individual scattering centers is
tracked with multiple charge-coupled device (CCD) cameras.””” Due to
the measurement principle, only analytes with a low particle concentra-
tion can be investigated by PTV. Di Silvio and co-workers used particle
tracking analysis to investigate different nanoparticle-protein complexes
isolated from complex biofluids by sucrose gradient ultracentrifuga-
tion."”” The sizes of these complexes were comparable to that deter-
mined in situ. In contrast, isolation via conventional centrifugation had
a bigger impact on the nanoparticle-protein complexes. The results
were confirmed by DLS measurements. The authors concluded that
ultracentrifugation could isolate and recover nanoparticle-protein com-
plexes in stable form with high size resolution.

2. Microscopy-based methods

Nanoparticles cannot be observed using light microscopy because
they are a lot smaller than the abbe limit for visible light. Transmission
electron microscopy (TEM) overcomes this limitation by using

electrons instead of visible light, which have a very short de Broglie
wavelength (around 3 pm depending on the acceleration voltage of the
electron source) and therefore lower the abbe limit. This makes it pos-
sible to visualize structures with a resolution of a few nanometers.”*®
One problem that arises with the typical dry preparation of samples
for TEM imaging is the formation of artifacts formed during the dry-
ing process (e.g., compaction of sample constituents in spots). The dry
preparation is especially a problem for samples containing biological
materials as such samples significantly change their appearance during
the drying process. Cryo-TEM offers a solution to this prob-
lem.'”"*'%*!! Here, the sample is vitrified in a water film, which makes
it possible to investigate the sample in its natural surroundings. A dis-
advantage of this preparation method is that the water film reduces
the contrast of the sample. Hadjidemetriou et al, for example, com-
pared the structure and morphology of liposomes before and after pro-
tein corona formation in vitro and in vivo by TEM and cryo-TEM.”
Structural integrity of the liposomes remained after isolation from both
blood (in vivo) and plasma (in vitro), but the morphology of the protein
coronas differed. The in vitro protein corona consisted of a network of
linear fibrillary structures, whereas the in vivo corona appeared more
compact but not covering the whole liposome surface. The authors
assumed that these morphological differences were due to the different
protein corona compositions in vitro and in vivo (higher content of
fibrinogen molecules in the case of in vitro protein coronas). Additional
DLS measurements revealed a shrinkage of liposomes upon protein
corona formation, which was more pronounced for the in vivo protein
corona. This effect was most likely osmotically driven.””’

A further microscopy-based method is scanning electron micros-
copy (SEM).'” Here, the sample is scanned with an electron beam,
and the intensity of the backscattered electrons is analyzed to create a
topographic view of the sample.”** This method again has certain limi-
tations since the sample itself has to be conductive or it has to be
coated with a thin layer of gold or carbon. Mirshafiee et al. used SEM
to evaluate the influence of human plasma on the size of silica nano-
particles, which were either uncoated or pre-coated with y-globulin
(GG) or human serum albumin (HSA).'* They found that the size
changed only slightly (9 and 3 nm in the case of uncoated and HSA-
coated nanoparticles) to not at all (in the case of GG-coated nanopar-
ticles), but that there were less clustered nanoparticles, indicating that
a protein corona was formed. Comparative analysis via DLS showed
no increase but a decrease in size for HSA- and GG-coated
nanoparticles, confirming the hypothesis of protein corona formation.
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In a next step, protein corona profiles were examined revealing an
opsonin-rich corona for GG-coated but not for the other two nanopar-
ticles. The expected enhanced uptake of GG-coated nanoparticles in
macrophages, however, could not be observed, most probably due to
unspecific absorption of other blocking plasma proteins.

Atomic force microscopy (AFM) is another method to obtain a
topographic image of a sample.”'” Hereby, a small tip with a radius of
around 10 nm is attached to a cantilever and rastered over the sample
surface using piezo-drives. The deflection of the cantilever is measured
with a laser beam and a photo diode to calculate a topographic image
of the sample. AFM can be used in a variety of different modes. The
three most common modes are contact mode, non-contact mode, and
tapping mode. Dobrovolskaia et al. applied different size characteriza-
tion methods (DLS, TEM, AFM) to investigate the influence of human
plasma on the size of colloidal gold nanoparticles.'”” They found an
almost twofold increase in the hydrodynamic size as measured by DLS
but no effect on the nanoparticle size as determined by TEM and
AFM. The authors supposed that this is most probably due to the dif-
ferent sample preparation techniques.

3. Fractionating methods based on hydrodynamic
separation

The family of field-flow fractionation (FFF) methods contains a
wide variety of methods.'”>**”**" In general, the separation is achieved
by the application of a physical field perpendicular to the direction the
sample travels through a thin channel. This field leads to particle
clouds of different heights for individual sample components. This in
turn leads to different retention times because thicker particle clouds
reach into regions of higher flow velocity in the parabolic flow profile,
which is formed in the separation channel due to its small height.

Examples for FFF methods are thermal FFF (Th-FFE),” >3
sedimentation FFF (Sd-FFF),”** electric FFF (E-FFF),””” and flow FFF
(FI-FEF).”° One particularly interesting FFF method is asymmetrical
flow field-flow fractionation (AF4), which is a variant of Fl-
FFE.' 8019532237242 Here, the fractionation of the sample components
is achieved by a flow field. The AF4 setup consists of a separation
channel with one permeable wall (the accumulation wall) through
which a part of the eluent flows through and so creates the perpendic-
ular flow field (Fig. 5). Depending on the particles’ diffusion coeffi-
cients (typically for particles smaller than 1um), the sample
components accumulate in particle clouds of different thicknesses.
The retention times of individual sample components depend on the
height of the particle cloud (components with higher diffusion coeffi-
cients form higher particle clouds). A higher particle cloud reaches
into regions of higher flow velocity in the parabolic flow profile within
the separation channel and thus elutes earlier. Figure 6 illustrates the
impact of the dissociation rates of nanoparticle-protein complexes on
the elution profile. When there is no interaction between the proteins
(fraction a) and the nanoparticles (fraction b), the two fractions can be
separated completely [Fig. 6(a)]. For rapidly dissociating complexes,
the particle cloud of fraction a (= proteins) is broadened a bit
[Fig. 6(b)]. In the case of slow dissociation, this effect is even more pro-
nounced [Fig. 6(c)]. With AF4, also weakly bound proteins and thus
the soft corona can be investigated.” To mention a practical example,
Bantz et al. used AF4, DLS, and TEM to investigate the stability of var-
ious silicon oxide-based nanoparticles with different surface properties

scitation.org/journal/bpr

FIG. 5. The principle of asymmetrical flow field-flow fractionation (AF4).

(different surface charges and polarities, PEGylation) under physiolog-
ical conditions.'* They showed that negatively charged silica nanopar-
ticles were stable at physiological salt concentrations (150 mM sodium
chloride) but aggregated in the presence of serum proteins. In contrast,
positively charged poly(organosiloxane) nanoparticles macroscopically
precipitated under physiological salt concentrations. In the presence of
serum proteins, this was inhibited, but still large particles were formed.
PEGylation hindered aggregation to a great extent. Alkylation of sec-
ondary amines led to increased sizes at physiological salinity, which
were not observable in the presence of serum. All in all, this study
showed that different surface properties of the nanoparticles have a
huge impact on the stability under physiological conditions, which has
in the last consequence also an influence on the biological
performance.

Size exclusion chromatography (SEC) is another fractionating
method.” Here, the fractionation takes place in a column packed with
porous beads made from polystyrene crosslinked with divinylbenzene.
Smaller sample components can diffuse deeper into these pores and
therefore remain in the column longer than larger particles. Particles
of a certain size depending on the packing material of the column can-
not diffuse into these pores, and therefore, no fractionation takes
place.”” This is called the upper exclusion limit. This problem does
principally not occur in FFF methods due to the nature of its separa-
tion mechanism.”'**** A further advantage of FFF methods is the
lower shear stress induced on the sample, ”*"* which is especially rele-
vant for sensitive samples such as biological cells or nanoparticle-
protein complexes. Nevertheless, Gaus et al. successfully utilized SEC
to investigate protein association with phosphorothioate-modified
antisense oligonucleotides (ASOs) in plasma of different origin.''* To
identify binding of ASOs to plasma fractions, ASOs were spiked with
1251 labeled ASOs; detection was done by UV-vis and -RAM. The
obtained binding profiles revealed species-specific differences. In the
case of murine and human plasma, ASOs were mostly associated with
albumin and histidine-rich glycopeptide (HRG). In contrast, ASOs
complexed predominantly with HRG in monkey plasma. The authors
found that HRG bound to ASOs with a very high affinity. They
claimed that this could be of relevance for in vivo efficacy especially in
monkeys, which showed highest HRG plasma levels among the tested
species.
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For both methods (FFF, SEC), the sample detection is done with
a detector in line with the channel respectively column. Depending on
the sample and the physical property of interest, a variety of different
detection methods can be used, for example, UV-absorbance, fluores-
cence detection, refractive index (RI), multi-angle laser light scattering
(MALLS), SLS, DLS, or ICP-MS.""* Comparing classical DLS (batch
mode) with AF4 online DLS, the latter allows for a better assessment
of the batch-to-batch variability and changes in the nanoparticle size
induced by the interaction with serum proteins.”"” In general, fraction-
ation coupled with light scattering methods has the advantage over
batch mode measurements that the size distribution can be deter-
mined more realistically (Fig. 7).

Analytical ultra-centrifugation (AUC) is an absolute analytical
method, which does not require a calibration with standards.”"**** In
the experimental setup, the sample is spun at high rotational speeds
and the sample concentration along the radius is measured using, for
example, a UV-absorbance detector. The sample components start to
move away from the rotational axis due to centrifugal forces, which
causes a change of the sample concentration along the radius.

° o
batch mode 0:". (4
DLS e} .‘.ﬁfe

intensity

particle size

slow dissociation

fractionation
+ online DLS

In general, AUC can be used in two modes. The first mode is called
sedimentation-diffusion equilibrium (SE) ultra-centrifugation. Here,
the sample is spun until a concentration equilibrium between sedi-
mentation and back diffusion is reached. The sample’s molecular
weight can be derived from this equilibrium concentration profile. The
second mode is called sedimentation velocity (SV) ultra-
centrifugation. In this mode, sedimentation coefficients can be deter-
mined by observing the change of the concentration profile in the
sample cell over time. Schaefer et al. characterized the agglomeration
state of four batches (A-C synthesized via flame pyrolysis; D synthe-
sized via precipitation) of cerium oxide (CeO,) nanoparticles in fetal
calf serum by AUC with interference detection.”® Two of these
batches (A, B) showed low agglomeration tendency, indicating an
effectively formed protein corona as adsorbed proteins are thought to
promote stabilization. In contrast, the other two batches (C, D)
showed a higher tendency to agglomerate, suggesting less effective pro-
tein corona formation. These results were in line with findings of
AFM measurements with a BSA-modified tip. The first two batches
(A, B) had a higher affinity toward BSA compared to the other two

FIG. 7. Comparison of the size determina-
tion of heterogeneous particle mixtures by
dynamic light scattering (DLS) via batch
mode measurement (left) vs prior fraction-
ation (right).

intensity

particle size
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batches (C, D). In addition, densitometry revealed smaller Hill slopes
for batches C and D compared to A and B, indicating once more a
lower adsorption behavior. Altogether, the study demonstrated that
there were big variations in the interaction with proteins between the
different CeO, nanoparticle batches. This could not be explained by
their intrinsic physico-chemical properties (hydrodynamic diameter,
zeta potential, pH value) as these were only minimally different. The
authors concluded that it is of great importance to investigate the in
situ properties of nanoparticles with a combination of various proper
characterization methods.

Differential centrifugal sedimentation (DCS) is a further fraction-
ating analytical method, which can be used to determine the size dis-
tribution of a given sample.”***° Here, the sample is injected in the
center of a spinning disk containing a concentration gradient of an
aqueous sucrose solution. A UV-absorbance detector located close to
the outer circumference of the disk is used to measure the sedimenta-
tion time of the sample and its concentration. DCS can be used as a
detection method not only for the hard corona but also for the soft
corona.”’® Walczyk et al. applied various techniques (DCS, DLS,
TEM) to characterize different polystyrene and silica nanoparticles in
human plasma without (in situ) and with prior separation from excess
plasma proteins (ex situ).”” The results of all three methods were con-
sistent, demonstrating a robust protein coating on the nanoparticle
surfaces upon plasma incubation with no significant difference
between the in situ and the ex situ approach. This indicated that the
nanoparticle-protein complexes could be physically isolated without
changing the structure. Time-resolved studies, however, revealed a size
increase for the in situ approach but no changes in nanoparticle size
for the ex vivo approach.

Notably, in contrast to the other fractionating methods, AUC
and DCS typically do not allow the collection of the fractionated
sample.

4. Other methods for the characterization of
physico-chemical nanoparticle properties
influenced by biofluids

Tunable resistive pulse sensing (TRPS) is a high-resolution tech-
nique for size and zeta-potential measurements of nanoparticle disper-
sions in complex media (such as blood serum or plasma)z” 1202204 and
has proved to be an alternative to other characterization methods as
described in Secs. I1E1-I1E3.%7%**'° 1t works according to the
Coulter Counter principle.”’”**"*** Hereby, changes in the ionic cur-
rent, caused by (nano)particles passing through a single size-tunable
elastomeric pore (“blockade” event), are detected particle-by-particle.””*
By monitoring the changes in blockade width, magnitude and fre-
quency, zeta-potential, size, and concentration of colloidal dispersions
can be determined in situ.””' The sensitivity can be improved by adjust-
ing the pore size.”*’ Limitations of light scattering techniques (e.g., DLS
or PTV) like the high sensitivity toward the presence of larger particles/
agglomerates as well as the inability to characterize highly polydisperse
systems do not play a role in TRPS measurements.”’**"**'®

Agarose gel electrophoresis can be used to assess serum stability
of nucleic acid delivery systems.''****** Free nudleic acid can be
monitored by staining with, for example, ethidium bromide or
GelRed. Berger et al., for example, tested the stability of plasmid DNA
(pDNA) complexes in 90% serum.'” The serum stability was strongly
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dependent on the backbone of the peptide-like carriers as well as the
length of the lipidic unit within the carriers. Cysteine-containing car-
riers led through crosslinking to more stable complexes; and longer
fatty acids provided higher stability by hydrophobic interactions.
Karimov et al. formed complexes from tyrosine-modified linear polye-
thylenimine (LPEI) 10 kDa and siRNA, which displayed good stability
in 50% serum as determined via agarose gel shift assay.””' By incuba-
tion of the complexes in tumor tissue and cell lysates, they demon-
strated that the complexes at least partially disassembled at these
conditions, confirming the possibility of siRNA release from the com-
plexes upon cellular internalization.

A serum stability turbidity assay”” was utilized by Kaczmarek
et al. to detect serum-induced nanoparticle precipitation.””* For this
purpose, absorbance measurements at 660 nm (no interference with
serum components at this wavelength) were done after indicated
serum incubation times. A decrease in optical transmittance corre-
sponded to nanoparticle precipitation, as confirmed by the quantifica-
tion of the cargo mRNA in the supernatant. With this assay, they
optimized co-formulations of poly(f-amino esters) (PBAEs) with
PEG-lipid for mRNA delivery. Serum stability was achieved by higher
amounts of PEG-lipid. The optimized nanoparticles exhibited
increased in vitro mRNA transfection efficiency and functional mRNA
delivery to the lungs upon systemic application in mice.

X-ray based techniques (imaging, spectroscopy, scattering) to
investigate the nano-bio interface are reviewed in detail by Sanchez-
Cano et al.””” The authors expect that with improved compact x-ray
sources such methods can be applied to study the fate of nanoparticles
in situ in animals and even humans.

lll. IMPACT OF THE PROTEIN CORONA ON THE
BIOLOGICAL ACTIVITY OF NANOPARTICLES

In addition to the aforementioned impact of the protein corona
on physico-chemical properties of the nanoparticles in physiological
environment (Sec. 1I), this protein corona also dictates the biological
activity of the nanoparticles.”” The in vivo performance of the nano-
particles can completely differ from their in vitro behavior.
Pharmacokinetics and biosafety can be completely changed compared
to the in vitro experimental results. Therefore, more efforts have been
made in recent years to develop in vitro assays that better describe the
in vivo situation. In this context, the focus is on the effects of the pro-
tein corona on cellular binding and internalization, targeting capabil-
ity, drug release, transfection efficiency, and toxicity of the
nanoparticles (Fig. 8). Table I1I gives an overview over selected exam-
ples, which are also described in more detail in the text.

A. Cellular binding and uptake

The impact of the protein corona on the cellular uptake of nano-
particles can be studied by flow cytometry and confocal micros-
copy. 19201292 Gilica nanoparticles for instance showed a stronger
cell adhesion and enhanced cellular internalization under serum-free
conditions as determined via flow cytometry, confocal, and electron
microscopy.””' Another work evaluated the impact of static vs
dynamic incubation with 10% fetal bovine serum (FBS) on protein
corona formation and cellular binding efficiency of polystyrene nano-
particles.”® The protein corona composition was highly dependent on
the initial mixing. Incubation under flow resulted in nanoparticle-
protein complexes with protein-enriched (especially plasminogen)
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FIG. 8. Effects of the protein corona on the biological activity of nanoparticles. Created with BioRender.com.

corona. The binding of these complexes to human cervical cancer cells
(HeLa) was reduced compared to static incubation, as determined via
flow cytometry. Palchetti et al. also found that changes in the protein
corona induced by dynamic incubation with 50% FBS affected the
uptake of unmodified LNPs in HeLa cells.”” However, in this study
dynamic flow led to an increased internalization in HeLa cells most
likely due to increased levels of o;-antitrypsin in the protein corona
under flow conditions, an important promoter of nanoparticle-cell
association.”® These results were cell line-dependent. In a second
tested cell line, human breast adenocarcinoma (MCF-7) cells, circulat-
ing FBS (especially at longer exposure time), had less effect on the cel-
lular uptake, leading only to a small decrease.”’ Ritz et al. identified
that cellular internalization of differently functionalized polystyrene
nanoparticles is regulated by certain corona proteins.'” First, they
determined the relative protein corona composition via quantitative
LC-MS and correlated these findings with the cellular uptake into
human cancer and bone marrow stem cells. In a next step, they vali-
dated key candidate proteins by artificially coating nanoparticles with
the individual proteins. Apolipoprotein ApoH was found to increase
cellular uptake, while apolipoproteins ApoA4 and ApoC3 acted rather
as masking proteins and significantly decreased internalization. The
effect of surface functionalization with two different hydrophilic poly-
mers [PEG and hyper-branched polyglycerol (hb-PG)] on protein
corona formation and internalization of liposomes in macrophages
was investigated by Weber et al”’ The low protein adsorption was
comparable for unmodified as well as both functionalized liposomal
formulations, whereas the cellular uptake completely differed.
PEGylation led to the expected decreased internalization.
Functionalization with hb-PG, however, surprisingly enhanced the

uptake independent of the protein corona. Thus, it is assumed that
this is a liposome-specific rather than a protein corona effect.

Protein corona may also be positively required for functional
delivery, as highlighted for the case of LNPs with diffusible PEG-
lipids.”****** In vivo accumulation and transfection potency of LNPs
require apolipoprotein E (ApoE) adsorption to the nanoparticle sur-
face in the bloodstream, resulting in receptor-mediated uptake by
ApoE-dependent low-density lipoprotein (LDL) receptors on the sinu-
soidal surface of hepatocytes. In an ApoE knockout mouse model, the
transfection activity was abolished.

B. Targeting capability

Ligands (especially peptide- and protein-ligands) are often not
sufficiently stable in physiological environment and rapidly degraded
(e.g., by serum proteases). Cyclization, amino acid modifications, or a
so-called “retro-enantio” approach can be advantageous in terms of
increased protease resistance and serum stability.Z(’s‘Z(’(’ In other cases,
targeting ligands can be masked/blocked by components of the protein
corona, which results in a reduced ligand recognition by receptors on
the cell surface.”"**” By this, the targeting capability of nanoparticles
can be drastically diminished in biological environment as proven in a
model targeting reaction.”” Both the presence of 10% (mimicking
in vitro conditions) and 100% (mimicking in vivo conditions) serum
inhibited the copper-free click reaction between fluorescent
cycloalkyne-functionalized nanoparticles and azide-bearing silicon
substrate monolayer as determined via fluorescent and scanning elec-
tron microscopy. Salvati et al. demonstrated via flow cytometry that
the targeting specificity of silica nanoparticles functionalized with
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TABLE Ill. Examples investigating the biological activity of nanoparticles in the presence of biofluids. ApoA4/C3/H, apolipoprotein A4/C3/H; BPEI, branched polyethylenimine;
pDNA, plasmid DNA; FBS, fetal bovine serum; FCS, fetal calf serum; hb-PG, hyper-branched polyglycerol; HP, human plasma; HS, human serum; i.v,, intravenous; LNPs, lipid
nanoparticles; LPEI, linear polyethylenimine; ND, not determined; NPs, nanoparticles; mAB, monoclonal antibody; PC, protein corona; PEG, polyethylene glycol; PEI, polyethyle-
nimine; siRNA, small interfering RNA; SPIONs, superparamagnetic iron oxide NPs; Tf, transferrin; hTf, human Tf. Cell lines: 1321N1, human brain astrocytoma cell line; ECV
30, spontaneously transformed, human umbilical vein endothelial cell line; H441, human lung adenocarcinoma cell line; HEK293, human embryonic kidney cells; HeLa, human
cervix carcinoma cells; hMSCs, human mesenchymal stem cells; Huh7, human hepatocellular carcinoma cell line; J774, murine macrophage cell line; MCF-7, human breast

adenocarcinoma; N2a, murine neuroblastoma cell line Neuro2a; PC3, human prostate carcinoma cell line; RAW264.7, murine monocyte/macrophage-like cell line.

Published under an exclusive license by AIP Publishing

Nanoparticles Biofluid Protein corona Biological impact Reference
Cellular uptake and internalization
Polystyrene NPs 10% FBS, static vs Dynamic incubation: protein- Dynamic incubation: reduced 26
dynamic incubation enriched corona (esp. binding to HeLa cells
plasminogen)
Unmodified LNPs 50% FBS, static vs Dynamic incubation: increased Dynamic incubation: increased 27
dynamic incubation  levels of a;-antitrypsin in the PC uptake in HeLa cells, whereas
decreased uptake in MCF-7 cells
Differently functionalized poly- HS, ratio of total ApoH-enriched PC Increased uptake in HeLa cells 193
styrene NPs particle-surface and hMSCs
area ApoA4- and ApoC3-enriched Decreased uptake in HeLa cells
to serum concen- PC and hMSCs
tration = 5 ml/m’
Liposomes modified with PEGor 5% and 100% HP neglectable PC formation PEG: decreased uptake in 29
hb-PG RAW264.7 cells; hb-PG:
increased uptake in RAW264.7
cells
Targeting capability
hTf-functionalized silica NPs 10% FBS ND Abolished targeting efficiency 34
Tf-modified virus-like 55% FBS, murine, Minor PC formation No effect on targeting efficiency 256
nanoparticles or chicken serum
55% HS Reduced targeting efficiency
(competing hTf)
mAB-conjugated liposomes CD-1 mouse Amount of adsorbed proteins ~ No full inhibition of the targeting 93
plasma in vitro vs comparable for efficiency for the in vivo PC, but
in vivo in vitro and in vivo PC, but for the in vitro PC
in vivo PC composition more
complex
Drug release
4-nitroanisole loaded polymeric 10% or 100% FBS ND Minimal change in release profile 53
nanocapsules
Tamoxifen-loaded SPIONs 10% or 100% FBS ND Reduced burst effect
Albumin-bound paclitaxel drug 10% or 100% FBS ND
(Abraxane®) or HP
Transfection efficiency
Carboxymethyl poly(L-histi- 5-50% FBS ND HEK293 cells: improved serum 257
dine)/poly(f-amino ester) resistance and gene transfer
(PbAE)/pDNA ternary
complexes
PEG-coated polyplex micelles 50% FBS ND Improved serum stability and 250
loaded with bundled mRNA transfection efficiency (Huh7
cells)
T-shape oligoaminoamides/ 45%, 90% FBS ND N2a and Huh?7 cells: decreased 12
pDNA complexes transfection efficiency in high
serum due to inhibited lytic
activity
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Nanoparticles Biofluid Protein corona Biological impact Reference
Gene transfectants histone H1 > 10% FCS ND ECV 304 cells: inhibited transfec- 258
and cationic lipid DOSPER tion efficiency, remedy by addi-
tion of calcium ions or
chloroquine
Tyrosine-modified LPEI 10 kDa/ 50% FCS ND H441 cells: no decrease in trans- 251
siRNA complexes fection efficiency
Tyrosine-modified disulfide- 50% FCS ND PC3 cells: no decrease in trans- 252
crosslinked BPEI 2 kDa/pDNA fection efficiency
complexes
Toxicity
Cationic polystyrene NPs 10% fluorescent ND 1321N1 cells: reduced cytotoxic- 259
labeled FBS ity due to masked cationic
charges
Silica and polystyrene NPs 90% HP Rapidly formed PC containing ~ Reduced hemolysis, thrombocyte 56
>300 different proteins activation, and endothelial cell
death

Magnetic NPs 2.5%, 10%, 40% HS ND No hemolytic effect 260
Silver NPs 1 or 10% FBS Strongly attached PC J774 cells: decreased cytotoxicity 55

due to sulfidation
PEI 5kDa; PEI 25 kDa PEG-free In vitro: HS; In vitro: formation of the com- In vitro: complement activation 25

and PEGylated (2 kDa, 20 kDa;
different grafting degrees (1; 10))

in vivo: pig model,
i.v. injection

plement terminal complex
(SC5b-9); in vivo: cardiopulmo-
nary changes in pigs

only for PEG-free PEI 25KkDa;
in vivo: PEG of > 20 kDa may be
favorable in terms of less com-

plement activation

human transferrin disappeared in the presence of already 10% fetal
bovine serum (FBS).” In contrast, Zackova Suchanova et al. showed
that the protein corona formed in 55% FBS, mouse, or chicken serum
did not influence transferrin-receptor (TfR) targeting of transferrin-
modified virus-like nanoparticles.””® Serum proteins adsorbed only to
a small extent as determined via SDS-PAGE, DLS, and TEM.
However, in human serum a decreased targeting capability was
observed due to the high content of competing human transferrin.
T1R targeting in the presence of serum (different types and amounts)
with and without human transferrin competition was evaluated via an
enzyme-linked immunosorbent assay (ELISA) as well as by uptake
studies in TfR-expressing cells via flow cytometry and confocal
microscopy. A comparison between the in vitro and in vivo formed
protein coronas and their impact on the targeting capability of mono-
clonal antibody-conjugated liposomes was conducted by
Hadjidemetriou and colleagues.” Both protein coronas significantly
reduced cellular internalization as visualized with confocal micros-
copy. Interestingly, the in vivo protein corona, unlike the in vitro
corona, did not lead to a full inhibition of the targeting efficiency.
Finally, standard 2D cell culture systems do not at all represent the
physiological real situation, with continuous blood flow and cells
growing in all three dimensions. The ability of ligands to find and bind
with their cellular targets can be more realistically evaluated in cellular
adhesion models under flow conditions.”*” Accessibility of target cells
is better simulated in 3D multicellular spheroids and organoids.””

Such 3D culture systems display heterogeneous cell populations, cell-

to-cell, and cell-to-extracellular matrix interactions.”’* Thus, they reca-
pitulate the m vivo situation to a greater extent compared to 2D cell
monolayers.””* Spheroids are mostly used in cancer research, whereas,
the more advanced organoids, derived from pluripotent stem cells,
progenitor cells of specific tissues or patients,”’ " can be used for dif-
ferent disease models.””” ”® Assembloids are generated by spatial
organization of multiple cell types and are considered to even
better mimic in vivo tissues.”’**”” A combination of 3D cell culture
and microfluidics can be realized with the “organ-on-a-chip”
technology.””*"*”*" Bioengineering can help to construct more physi-
ologically relevant spher01d/organ01d models, for example, by incor-
poratlng Vasculature, 80,281 mlcroenVlronment or even the immune
system.”">*” The microfluidic “organ-on-a-chip” systems enable
high-throughput screening and are seen as potential alternative to ani-
mal models.””**”® This will speed up efficient preclinical research in
the areas of drug discovery as well as precision, regenerative, and per-

. . e 274
sonalized medicine.

C. Drug release

Controlled drug release is important for successful delivery, and
an instant release has to be avoided.”” The protein corona can affect
the drug release profile of nanocarriers in two contrary directions by
(i) destabilizing the delivery system leading to disassembly or aggrega-
tion,” or (ii) by additional shielding and stabilization.”” Instability in
physiological environment can result in immediate drug release. In the
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case of therapeutic nucleic acids, this would lead to rapid clearance
and ineffectiveness,'’ whereas severe toxic effects would be the
consequence in the case of chemotherapeutics (i.e., burst effect).”
Buyens et al. developed a fluorescence fluctuation spectroscopy-
based in situ method to quantitatively investigate the integrity of
siRNA-nanocarrier complexes in complex biological fluids like full
human serum.”* Amin et al. evaluated the stability of liposomal doxo-
rubicin nanoformulations in 30% serum by measuring the amount of
free, released drug using high-performance liquid chromatography
(HPLC).”** The detection of mRNA intactness after serum incubation
via quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR) can be a method to assess serum stability (more precisely,
serum-RNase resistance) of mRNA-nanocarrier systems.””"”*>*"" A
detailed investigation of the influence of the protein corona on drug
release profiles was performed by Behzadi and co-workers.” They
evaluated (i) tamoxifen-loaded SPIONs in 10% or 100% FBS; (ii) 4-
nitroanisole loaded polymeric nanocapsules in 10% or 100% FBS; and
(iii) albumin-bound paclitaxel drug (Abraxane®) in 10% or 100% FBS
or human plasma. Drug release was determined by UV (in the case of
tamoxifen) or HPLC (in the case of 4-nitroanisole and paclitaxel) after
centrifugation or in situ. This study demonstrated that the drug release
profiles are affected by the protein corona (i.e., types and amounts of
corona proteins), but to a different extent for the different nanocarrier
types. In the case of SPIONs and Abraxane®, the protein corona could
strongly reduce the burst effect. For polymeric nanocapsules, the pro-
tein corona only slightly changed the release profile.

D. Transfection efficiency

Transfection experiments in high serum can help to better pre-
dict in vivo efficacies of nucleic acid nanocarriers.'”****"* Read-out is
done by reporter assays such as luciferase'”*"" *">****** or eGFP
(enhanced green fluorescent protein) expression assays.””*” In vitro
protocols often recommend transfection under serum-free conditions
for optimum gene transfer, as transfection efficiency of lipidic nano-
carriers was found to be inhibited even at the standard moderate
amounts of ~10% serum in the transfection medium.”******** As pre-
screen for subsequent in vivo application, the use of 10% serum-
supplemented medium has been frequently applied.””*"" *”
However, optimization of nanocarriers for efficient delivery at high
serum content (50% and higher), as done for instance by Chan et al.
for their cationic liposome-DNA complexes,””” is advisable for a more
reliable prediction of the in vivo transfection performance. Gu et al
improved the serum-resistance and gene-transfer efficiency in 50%
serum of DNA-poly(fi-amino ester) (PBAE) complexes through elec-
trostatic coating with carboxymethyl poly(L-histidine) (CM-PLH), as
demonstrated via flow cytometry and fluorescence microscopy.””’ Koji
et al. were able to improve serum stability and transfection efficiency
in 50% serum by loading PEG-coated polyplex micelles with bundled
mRNA (ie., sterically stabilized, tight mRNA structure).”” Olden
et al. needed higher polymer content in their mRNA and pDNA nano-
formulations to achieve transfection efficiency in medium supple-
mented with 10% FBS.*” This can be explained by the fact that free
polymers, known to facilitate gene transfer,”” are partially blocked by
serum components. Berger et al. made a similar observation that
serum-treated (45% and 90% serum) carriers exhibited reduced trans-
fection efficiency.'” Cell culture screening in standard 10% serum-
supplemented medium had identified lipo-peptide nanocarriers with

REVIEW scitation.org/journal/bpr

high gene transfer potency; subsequent evaluation in full serum
blocked the lytic potential of such lipo-peptide carriers. As endosomo-
Iytic potential is one of the most important promoters for endosomal
escape and thus gene delivery, a decreased in vitro gene-transfer per-
formance was observed in full serum. This also explained the moderate
in vivo results, which fell short of the expectations of standard in vitro
transfections (in the presence of 10% serum). Notably, in vitro gene
transfer of gold standard LPEI 22 kDa was less to not affected by high
serum content,'” which is in line with the good in vivo performance as
demonstrated in many publications.””* **" The endosomal release of
LPEI complexes apparently works according to mechanisms different
from membranolytic interactions.””"*"” Haberland et al. also found
for other gene transfectants (histone H1 and cationic lipid DOSPER)
that the endosomal escape was responsible for the reduced transfection
efficiency in serum of 10% and higher.””® This serum inhibition could
be overcome by calcium ions (in the form of nascent calcium phos-
phate micro-precipitates) and chloroquine in the cell culture medium,
which both promote endosomal/lysosomal release through their fuso-
genic and membranolytic activity.”’° Consistent with the above-
mentioned good performance of LPEI in serum, Karimov et al
showed that the gene silencing efficiency of siRNA complexed with
tyrosine-modified LPEI 10kDa was not decreased in the presence of
50% serum.””' On the contrary, serum may even be advantageous
regarding preservation of bioactivity during prolonged storage of the
complexes, as shown for storage for three days at 4 °C, room tempera-
ture, and 37 °C. Similar findings were also made for pPDNA complexed
with disulfide-crosslinked, tyrosine-modified branched PEI 2 kDa.”>”

E. Toxicity

The protein corona impacts the biosafety and toxicity profile of
nanoparticles.”*” In particular, cationic nanoparticles are prone to
interfere with the (predominately) negatively charged bio membranes,
resulting in membrane disruption at multiple stages.'””"* The formed
protein corona can more or less shield the nanoparticles and by this
reduce interactions with cell membranes (e.g., of thrombocytes, eryth-
rocytes, or endothelial cells). This protective effect of the protein
corona was demonstrated for instance by Dawson and his team.””’
The adsorbed serum proteins on cationic polystyrene nanoparticles
prevented cell damage induced by the bare nanoparticle surface until
the protein corona was enzymatically degraded in the lysosomes. In
the context of pathophysiology, the protein corona can lower the risk
for nanoparticle-induced thrombocyte activation/aggregation, erythro-
cyte aggregation or hemolysis, and cell death in general. Tenzer et al
demonstrated this and showed that the rapidly formed protein corona
strongly improved the toxicity profile of the tested nanoparticles.”®
Cytotoxicity can be assessed inter alia by cell viability assays (e.g.,
quantification of ATP)'>*® or by microscopic observation of cell mor-
phology.””” Thrombocyte aggregation can be evaluated via aggregome-
try measurements.”” An assay to visualize nanoparticle-induced
erythrocyte aggregation was developed by Ogris et al.” Yallapu et al.
investigated the interaction of magnetic nanoparticles with erythro-
cytes via a hemolysis assay (spectrophotometric quantification of
hemoglobin release) and SEM.”*’ Both the nanoparticles without and
with protein coronas showed no hemolytic activity. A detailed study
on membrane interactions of gold nanoparticles was conducted by
Wang et al."”*° They found a protective effect of the serum protein
corona against cell membrane damage. Eventual cell membrane
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damage was evaluated by environmental SEM as well as TEM, and
quantification of LDH (lactate dehydrogenase) release. Cytotoxicity
was measured by an apoptosis/necrosis ratio analysis using flow
cytometry, a CCK-8 assay to determine the activity of the mitochon-
drial dehydrogenase, and a live/dead assay.

The protein corona can also alter the biotransformation of the
nanoparticles as found for instance for silver nanoparticles.” In this
study, the hard corona mediated sulfidation, resulting in decreased
cytotoxicity.

In contrast, immune responses (innate as well as adaptive) may
be triggered by protein corona components (e.g., by stimulation of
immune cells or by complement activation), which may lead to immu-
notoxic effects.” Cationic nanoparticles, for example, can directly
bind complement proteins and activate the alternative pathway of
complement, or subsequent to protein binding the classical pathway,
often resulting in serious toxicity.”**’

IV. IN VIVO SCREENING USING BARCODED
NANOPARTICLES

Despite of all the additional information about nanoparticle
properties in biofluids that can be obtained using the in vitro methods
described in Secs. II and III, there are still uncertainties about the
in vivo performance. Biodistribution and corresponding off-target
effects, for example, can be hardly predicted with in vitro experiments

scitation.org/journal/bpr

alone, making in vivo studies inevitable. Dahlman and co-workers
developed a high-throughput in vivo screening method, where simul-
taneously hundreds of nanoparticles can be tested within a single
mouse." " This not only accelerates the discovery of potent in vivo
delivery systems and reduces the costs of in vivo studies but also is
beneficial in view of the so-called “3R principle” (i.e., replace, reduce,
refine) for a rational use of animals. This technology utilizes DNA
barcodes, which are individually formulated into chemically distinct
nanoparticles. DNA barcodes are single-stranded DNA oligonucleoti-
des (~60 nucleotides) with terminal stabilizing phosphorothioate
modifications, 8-10 central nucleotides serving as individual barcode,
and the 3'- and 5'-ends as priming sites for next-generation Illumina
deep sequencing™® [Fig. 9(a)]. The different barcoded nanoparticles
are then co-administrated in mice and later on quantified simulta-
neously [Fig. 9(b)]. Initially, Dahlman et al. demonstrated the predict-
ability of the in vivo biodistribution of siRNA LNPs by this DNA
barcoding system.”” In a follow-up study, this technique, which is
named Joint Rapid DNA Analysis of Nanoparticles (JORDAN),
proved to enable analysis of hundreds of nanoparticles at the same
time.'*"” Subsequently, improvements were made regarding DNA
barcode stability”'” and optimization of DNA-amplification (e.g,
QUANT barcodes for a more sensitive multiplexed analysis by
Droplet Digital PCR).”'" In early works, only biodistribution was
investigated, ****"**!" whereas later on functional testing was possible

A
Sequencing Sample Primer UMI LNP Primer Sample Sequencing
Adapter Index binding barcode  binding Index Adapter
site site
B ]
(/“"'\._I Cell type t
@ o Inject FAC. ce||1type w /Wwy\ J Analysis g
€
e et QY == a
..... — g
Pooled LNPs Cell type Sequencing z
(in;:ut) N data Cell type —
C
No Functional Biodistribution No Functional FIND
endosomal delivery screen Entry endosomal delivery screen
escape escape

FIG. 9. Principle of the high-throughput barcoding system developed by Dahlman and co-workers. (a) Structure of the DNA barcodes with 8-10 central nucleotides (green) as
barcode region. (b) Several hundred different barcoded nanoparticles (e.g., lipid nanoparticles, LNPs) are co-administrated in mice. With next-generation sequencing, the
in vivo biodistribution of the distinct barcoded nanoparticles can be analyzed simultaneously. This technology is termed Joint Rapid DNA Analysis of Nanoparticles (JORDAN).
(c) JORDAN does not allow for functional delivery screening, as this method does not discriminate between nanoparticles outside or inside the cells (left). Fast Identification of
Nanoparticle Delivery gFIND) provides a remedy (right). Here, successfully transfected reporter cells are identified. Reproduced with permission from Adv. Healthcare Mater.

10, 2002022 (2021).”' Copyright 2021 John Wiley and Sons.
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by using a high-throughput method to quantify functional
mRNA7 or siRNA delivery,‘m‘““ which is termed Fast
Identification of Nanoparticle Delivery (FIND). Individual DNA barc-
odes and the functional nucleic acid (e.g., specific mRNA or siRNA)
were co-formulated in single nanoparticles and applied in appropriate
reporter mouse models [Fig. 9(c)]. After isolating successfully trans-
fected cells by fluorescence activated cell sorting (FACS), they were
deep sequenced to identify the bioactive nanoparticles. To sum up,
with this new high-throughput barcoding system, screening of several
hundreds of nanoparticles at once in vivo is possible. It allows the
investigation of functional delivery alongside biodistribution.”’” By
this, knowledge about the on-target to off-target ratio of nanoparticu-
late delivery systems can be gained, which is important for developing
and improving therapeutics such as RNA therapeutics for COVID or
cystic fibrosis.” "

Another barcoding system was developed by Yaari et al. to detect
the therapeutic potential of different anticancer drugs (gemcitabine,
doxorubicin, cisplatin) even at the single-cell level.”"” They loaded
liposomes with various chemotherapeutics and corresponding double-
stranded DNA barcodes, which differed in length, sequence, and pri-
mers. Detection of the distinct DNA barcodes was done—in contrast
to the next-generation sequencing used by Dahlman and co-
workers—by real-time PCR, gel electrophoresis, and conventional
sequencing. A correlation was found between the barcode distribution
in cells and the therapeutic potency.

All in all, these barcoding techniques have the potential to make
the preclinical pipeline more efficient’”’ and, as a diagnostic tool, to
lead to personalized therapy.”"”

V. CONCLUSION

When predicting in vivo performance from in vitro data, it has to
be considered that each of the above-mentioned characterization
methods has advantages and limitations. None of these methods is
able to completely illustrate the nanoparticle properties in physiologi-
cal environment.'”* The experimental setup and the characterization
technique chosen can have a huge impact on the outcome.””'"
Combination of several analytical and biological as well as ex situ and
in situ methods is advisable to get a better and more detailed insight
into the in vivo characteristics and behavior of the nanoparticles. In
addition, the choice of the biofluid (serum, plasma, or full blood; ani-
mal origin) is of great importance as different biological fluids can
have a huge impact on the resulting protein corona composition and
thus also on the physico-chemical and biological properties of the
nanoparticle. This has been demonstrated in several publica-
tions.””' *** However, up until now, this aspect has been rather
neglected and biofluids have been used inconsistently and inter-
changeably. For the future, it is recommended that the biofluid source
for in vitro investigation is selected matching to the in vivo stud-
ies.””"****** Furthermore, testing in human plasma is considered to be
one step closer to the translatability of the nanoparticles’ performance
in humans.”"**

Physiologically relevant in vitro settings include, for example,
screening in (i) full serum,'” (ii) 3D multicellular spheroid and orga-
noid cell culture,”’**>** (iii) static and dynamic air-liquid interfa-
ces,””**?77%% (iv) BBB models™®** and other disease models,””*""** or
(v) cellular adhesion models under flow conditions.”®” Moreover, the
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gained knowledge about protein corona formation can be exploited to
optimize carriers for nanomedical application.””

However, some information like in vivo biodistribution and off-
target effects cannot be obtained from in wvitro experiments.
Consequently, in vivo studies are still necessary. With new high-
throughput in vivo screening methods like the barcoding system of
Dahlman and co-workers,”® such in vivo investigations can be more
effective, economical, and ethical.

The main goal is to generate large datasets about nanoparticle
characteristic in physiological environment and analyze them appro-
priately.”*” In this respect, the establishment of standardized protocols
is of great importance for more consistent, robust, and comprehensive
pre-clinical studies (in vitro characterization, animal models) with
reproducible and reliable results.”'* By this, structure-activity relation-
ships and in vitro—in vivo correlations can be derived.'”**" This knowl-
edge can then be transferred to the rational design of nanoparticles for
specific cargos and specific target cell types.

However, there is still an uncertainty about translatability from
small to large animals and humans.”””***"** So far, there are no sys-
tematic studies available, which address this subject. Species- and
strain-dependent biological factors can influence the nanoparticle
delivery. In the future, the question how well preclinical animal models
predict nanoparticle performance in humans has to be investigated in
more detail. Bioinformatics could help to identify best fitting animal
models for certain diseases as recently shown for SARS-CoV-2.*
Alternatives to animal models such as in ovo testing, microfluidic
“human-organ-on-a-chip” technology as well as in silico predictions
can be promising strategies for replacing animal studies in the
ﬁlture'}}{}},—ﬁﬂéi

Another aspect, which has to be considered, is that the protein
corona differs between individuals and is disease-specific.”””*' In this
context, pharmacogenomics and personalized, patient-specific nano-
medicine will gain importance.”'
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