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The phenomenon of the protein corona is a major contributor to the limited bench-to-bedside translation of
nanomedicines, as it confers a new biological identity that can lead to rapid bloodstream clearance. The
composition of the protein corona is dynamic and varies over time. This so-called Vroman effect implies that
nanoparticles (NPs) should display a time-dependent biological identity that would modulate how they interact

Nanoparticles . . . . . . . .

DrugI]))elivery with the living environment as time evolves. Incorporating polyethylene glycol (PEG) into nanoformulations is
Clearance the gold-standard for minimizing this rapid recognition by the immune system. Nonetheless, whether the protein
Macrophages corona and, consequently, the biological identity imparted by this stealth polymer are immutable over time

remain unexplored. Here, we provide a facile assay to evaluate how the Vroman effect dictates macrophage
recognition of NPs upon incubation with plasma. For that purpose, we have engineered two types of PEGylated
mesoporous silica nanoparticles that have been subjected to short-term (5 min) or long-term (1 h) incubation
with human plasma to allow for protein corona formation. The physicochemical characterization has demon-
strated appreciable changes according to the incubation time (e.g., mean size, amount of protein adsorbed...).
The protein coronas have been fully analyzed by means of proteomics, validating the existence of an underlying
Vroman effect. The key finding and novelty of our work is that flow cytometry experiments of time-dependent
protein coronas suggest the existence of a transient, undesired protein corona that enhances immune recognition
before evolving into a less immunogenic state, regardless of the PEGylation degree. Altogether, these findings
open the door to more exhaustive analyses of nanomedicines and could contribute to the rational design of in vivo
experimentation.

1. Introduction phenomenon establishes that proteins adsorb onto a surface in a time-

dependent manner: proteins with higher diffusion rates and concentra-

The insufficient understanding of how nanoparticles (NPs) interact
with biological components is a major contributor to the limited number
of clinically available nanomedicines. In this sense, following blood-
stream administration, blood proteins rapidly form a protein corona onto
the NPs surface that endows them with a novel biological identity [1].
The composition of such protein layer is governed by several parame-
ters, including NP surface chemistry, size, shape or charge or calcium
content, among others [2,3]. Hence, acquiring a bad corona can trigger
immune recognition and accelerate bloodstream clearance, thereby
preventing effective drug delivery [4]. The formation of the protein
corona is a dynamic process governed by the Vroman effect. This

tions adsorb first to be gradually replaced by those with the highest
affinity towards the surface [5]. In consequence, if the protein compo-
sition varies over time, so should the biological identity and how such
NPs interact with the immune system.

The field of protein corona is still at an early stage and increased
understanding of this phenomenon is expected to arise in the near
future. In this sense, recent development of data science, machine
learning and nanoinformatics is expected to help predict nanomaterial
behavior and corona formation in biological fluids [6,7]. In this regard,
such powerful tools depend on generating robust sets of empirical data
to supply the high-quality datasets necessary to train future artificial
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intelligence models. This will help to understand protein-NP in-
teractions, which are of major importance to comprehend biological
interactions [2]. In this context, recent research has shown that the
binding ratio of targeted NPs to cell receptors highly depends on serum
proteins-NP interactions. Hence, optimizing NP parameters so as to
show higher affinity towards cell receptors than towards serum proteins
may help to improve NP design [8].

Polyethylene glycol (PEG) has traditionally been shown to confer
stealth properties to NPs, which translates into extended circulation
time. Researchers have paid attention to how multiple parameters in-
fluence this camouflage performance, including PEG molecular weight,
surface density or spatial conformation [9,10]. Even though several
research articles evaluate the protein corona of nanomaterials at a fixed
time point, only a small fraction has attempted to unravel the underlying
Vroman effect. Because of the high complexity of human serum, precise
analysis of the kinetics and physicochemical features of the corona
formation on NPs over time remains challenging and limited to mixtures
containing few proteins [11,12]. Nonetheless, protein determination by
mass spectrometry allows the time-dependent elucidation of coronas
originating from complex mixtures along with its correlation with the
NP biological performance [13-18]. Such studies have shown the exis-
tence of time-dependent protein coronas depending on the surface
chemistry (e.g., COOH or NHj groups), i.e., the Vroman effect. However,
how the PEG-induced protein corona composition evolves over time
remains missing.

The rationale behind this piece of research was answering the
following questions: (i) is the PEG-induced biological identity fixed and
consistent over time? (ii) is the Vroman effect relevant enough to govern
the overall biological identity? (iii) is the Vroman effect relevant enough
to impair the PEG-induced stealth properties? To the best of our
knowledge, this is the first time that this phenomenon and how it may
trigger immune recognition has been reported. We have employed
mesoporous silica nanoparticles (MSNs) as model platform to shed light
on such questions (Scheme 1). MSNs have been extensively employed in
the development of nanoformulations for controlled drug release. In
addition to the remarkable textural properties that allow the loading of
high amounts of therapeutics, MSNs are easy to synthesize and present a
surface full of silanol groups that allow the straightforward functional-
ization of the surface with further functionalities (e.g, PEG). These NPs
are robust and provide a reliable platform to assess the phenomenon of
the protein corona [19]. Overall, two PEG grafting densities (10% w/w
and 20% w/w vs. MSNs) and three incubation conditions with human
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plasma have been employed, namely: no plasma incubation (t = 0),
short-term incubation (5 min), and long-term incubation (1 h). In this
sense, it has been shown that the first 5 min after bloodstream admin-
istration are crucial for the fate of the NPs, observing up to 90% of
clearance within such 5 min if the immune system detects the NPs.
Conversely, prolonged blood circulation is expected if the NPs overcome
the initial stage [20]. Each of the above-mentioned incubation condi-
tions has been physicochemically characterized and the different protein
coronas have been thoroughly analyzed by means of proteomics. Finally,
the distinct biological NP identities have been assessed in macrophage-
like THP-1 human cells to elucidate if temporal factors modulate
macrophage recognition, helping to understand whether the Vroman
effect plays a relevant role in nanomedicine.

2. Materials and methods

The following compounds were purchased from Sigma-Aldrich Inc.:
tetraethyl orthosilicate (TEOS), hexadecyltrimethylammonium bromide
(CTAB), sodium hydroxide (NaOH), 3-aminopropyl triethoxysilane
(APTES), fluorescein isothiocyanate isomer I (FITC), ammonium nitrate,
(3-triethoxysilyl)propyl succinic anhydride (SATES), methoxypoly-
ethylene glycol amino (5000 g/mol) (mPEG5k-NH2).

2.1. Synthesis of PEGylated MSNs (5k10 & 5k20)

MSNs were synthesized following our previously reported method
with minor modifications [21]. Briefly, HyO (480 mL), NaOH (3.5 mL, 2
M) and CTAB (1 g) were placed in a 1-L round bottom flask. The mixture
was heated at 80 °C for 30 min. Then, TEOS (5 mL) was added dropwise
(5 mL/min) and the whole reaction mixture was stirred at 80 °C for
further 2 h. Afterwards, the reaction was cooled down in an ice bath,
centrifuged, and washed twice with ethanol (50% in water). The organic
template was then removed using an ethanolic solution (95% in water)
containing ammonium nitrate (10 mg/mL). For that purpose, the NPs
were dispersed in 350 mL of such solution and refluxed overnight. After
that, they were centrifuged and washed once with ethanol and water.
Then, the NPs were dispersed again in 350 mL of that solution and
refluxed for 4 h. Finally, the MSNs were centrifuged, washed twice with
ethanol and water and dried at 70 °C. For the cellular experiments, FITC-
labelled NPs were employed. For that purpose, APTES (2.2 pL) was
reacted with FITC (1 mg) in ethanol (40 pL) for 2 h. Then, the mixture
was carefully mixed with TEOS, and the above-described protocol was
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Scheme 1. Schematic workflow of this research. MSNs were synthesized following a sol-gel methodology, and PEG was grafted using an alkoxysilane as linker.
Protein coronas were generated at different time points, and the outcome was analyzed using physicochemical techniques, flow cytometry and proteomics.
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carried out again.

The as-synthesized NPs were functionalized with mPEG5k-NH; using
two grafting densities, namely 10% or 20% (w/w vs. MSNs). The
PEGylated NPs were denoted as 5k10 and 5k20. The synthesis of 5k10 is
shown as a representative example. All reactions were carried out in No-
purged containers. First, mPEG5k-NH2 (7.5 mg, 1 eq) was dissolved in
anhydrous toluene (1.5 mL). Then, SATES (0.68 mg, 1.5 eq) was dis-
solved in anhydrous toluene (0.5 mL) and further added to the PEG
solution. The mixture was allowed to react overnight at 35 °C. MSNs (75
mg) were then dried under vacuum (1 h, 100 °C) to remove water traces
and subsequently dispersed in anhydrous toluene (15 mL). Afterwards,
the silylated PEG was added dropwise and the whole reaction mixture
was stirred overnight at 80 °C. Finally, the PEG-coated NPs were
centrifuged, washed three times with ethanol and dried in an oven at
70 °C.

The above-synthesized nanomaterials were physicochemically
characterized by means of transmission electron microscopy (TEM mi-
croscopy), dynamic light scattering (DLS), Fourier-transformed infrared
spectroscopy (FTIR spectroscopy) and thermogravimetric analysis.

2.2. Protein corona

The NPs were incubated with human plasma (Sigma-Aldrich) to
generate protein coronas following our previous methodology [22]. For
that purpose, the corresponding material (0.5 mg) was dispersed in 300
pL of distilled water. Then, 75 pL of human plasma were added and the
samples were placed in a thermoshaker (37 °C, 600 rpm) for either 5 min
or 1 h. After each time point, the whole volume was loaded onto a su-
crose cushion (0.9 mL, 0.7 M), centrifuged and washed twice with
distilled water (1.2 mL). Finally, the pellets were stored at —20 °C for
further analysis. Samples were denoted as 5k10-5 min, 5k10-1 h, 5k20-
5 min and 5k20-1 h.

A Micro BCA™ Protein Assay Kit (Thermo Fisher) was employed to
quantify the amount of proteins adsorbed onto each NP. Briefly, each
pellet was dispersed in 500 pL of PBS. Then, 30 pL of the previous
dispersion were diluted with 120 pL of PBS and placed in a 96-well plate.
After that, 150 pL of working reagent were added to each well and the
assay was carried out and measured following the manufacturer's in-
structions (absorbance, 562 nm). NPs without a protein corona were
used as controls to exclude potential interferences.

The identity of the adsorbed proteins was unveiled using the prote-
omics facility at the Spanish National Center for Biotechnology. The
samples were measured in an Orbitrap Exploris 240 spectrometer and
the raw data were analyzed using the Proteome Discoverer Software.
The experimental protocol was carried out as reported in a previous
study [23]. Proteins are expressed throughout the text according to the
corresponding gene. The reader is referred to the Supporting Informa-
tion for a complete list of protein names.

2.3. Cellular experiments

Cells were incubated in a 5% CO, incubator at 37 °C for all the ex-
periments. THP-1 human monocytes were cultured in RPMI-1640 +
Glutamax supplemented medium (Gibco, Waltham, MA, USA) contain-
ing 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco, BRL, UK)
and 1% penicillin/streptomycin mixed solution (Nacalai Tesque Inc.,
Kyoto, Japan). Prior to the experiments, the THP-1 cells were differen-
tiated into MO macrophages. For that purpose, cells were treated with
PMA (100 ng/mL) phorbol myristate acetate (PMA) (Sigma, Munich,
Germany) for 24 h, followed by a 24-h incubation with fresh medium.

The protein corona-coated NPs were freshly prepared right after
incubation with cells (5k-5 min; 5k-1 h). Following corona formation,
each group was redispersed in distilled water and diluted in FBS-free
culture medium to a concentration of 100 pg/mL. NPs without a pre-
viously formed protein corona were included as control to assess the
nanomaterial itself (5k-O min). Similarly, NPs directly placed in FBS-
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containing culture medium (5k-FBS), i.e., standard condition to
analyze nanomaterials in cell cultures, were also included as control.

2.3.1. Cell viability

The Alamar Blue (AB) assay was carried out to assess if the different
pre-formed coronas affected the viability of the cells. For that purpose,
THP-1 cells were seeded at a density of 2-10* cells per well in 96-well
plates. Then, the corresponding NPs (5k-0 min; 5k-5 min; 5k-1 h)
were incubated with the cells at a concentration of 100 pg/mL for 3 h to
trigger cellular uptake. After 24 and 48 h, 100 pL of AB solution (5% [v/
v] solution of AB dye, AbD Serotec, Oxford, UK) in RPMI) were added to
each well. The solution was left to react for 3 h and then, each well was
transferred to a 96-well plate for fluorescence quantification (Aexc =
540 nm, Aem = 595 nm) in a FLUOstar Omega (BMG LABTECH).

2.3.2. Cellular uptake by flow cytometry

THP-1 cells were seeded at a density of 3-10° per well in 6-well
plates. The different conditions (5k-FBS; 5k-0 min; 5k-5 min; 5k-1 h)
were added at a concentration of 100 pg/mL and incubated for 3 h.
Except for 5k-FBS, all conditions were incubated in serum-free culture
medium to avoid interference of FBS proteins with the preformed
corona. Then, the media was removed, and cells were washed twice with
PBS to remove non-internalized NPs. Cells were detached with trypsin,
which was further inactivated with FBS-containing RPMI. Finally, cells
were redispersed in PBS and measured in an Attune NxT Acoustic
Focusing Cytometer (Invitrogen, Thermo Fisher Scientific). Internali-
zation was determined based on the mean fluorescence intensity of the
samples (at least 2-10* cells per condition). Forward scatter (FSC) and
side scatter (SSC) were also analyzed in the flow cytometer.

3. Results and discussion

3.1. Physicochemical characterization of the time-dependent protein
corona

MSNs were synthesized following a modified Stober method, using
CTAB as cationic surfactant and TEOS as silica precursor. The NPs were
further PEGylated using an amine-reactive alkoxysilane as linker,
yielding 5k10 and 5k20, i.e., MSNs functionalized with PEG (5000 g/
mol) at either 10 or 20% w/w. It is generally accepted the existence of a
molecular weight threshold for PEG. In this sense, PEG below 2 kDa is
ineffective in preventing protein adsorption on NPs. In addition, it seems
that increasing the molecular weight to 5 kDa would be beneficial for
avoiding immune cell uptake than the 2 kDA, which would be ascribed
to the different spatial conformations that can adopt [9,24]. The
experimental degree of PEGylation was determined by thermogravi-
metric analysis (14.53% for 5k10; 21.76% for 5k20, Fig. SO). Both NPs
were visually inspected by TEM micrography, demonstrating the for-
mation of porous nanocarriers with size in the range 150-200 nm (Fig. 1,
left). The proper formation of the silica backbone along with the suc-
cessful grafting of the polymer was verified by the appearance of the
typical vibration bands of mesoporous silica materials and those
ascribed to C—H bonds from the PEG (Fig. SIA—B).

The protein corona formed upon incubation with plasma was visu-
alized via TEM, revealing the presence of organic matter around the NPs
(Fig. 1, middle and left). The amount of adsorbed proteins was quanti-
fied using a micro BCA assay (Fig. 2A). No relevant differences were
found between groups after the 5-min incubation (hereafter termed 5k-
5 min when referring to both groups), whereas a marked reduction was
observed in both cases after 1 h (hereafter termed 5k-1 h when referring
to both groups). This trend suggests the dynamic nature of the protein
corona, at least from the abundance point of view. In this sense, the
organic coating visualized around 5k-5 min seemed to be more promi-
nent than that around 5k-1 h (Fig. 1, middle and left), which would be in
line with the previous micro BCA assay. The presence of this protein
layer was further analyzed by DLS (Fig. 2B). As expected, the mean size
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Fig. 1. TEM micrographs of 5k10 and 5k20 without corona (left), after a 5-min incubation in plasma (middle), and after a 1-h incubation in plasma (right). Samples
undergoing plasma incubation were stained with uranyl acetate for organic matter visualization.

of all NPs increased upon incubation with human plasma, regardless of
the incubation time. Interestingly, the increment vs. the corona-free NPs
was much higher for 5k20 (5 min: 44%, 1 h: 35%) than for 5k10 (5 min:
31%, 1 h: 25%). This observation might be related to the presence of
different spatial conformations as PEG density increased [25]. Finally,
the formation of the protein corona was qualitatively unveiled via FTIR
spectroscopy thanks to the appearance of vibration bands ascribed to the
peptide bonds found in proteins (Fig. S1C—B).

3.2. Elucidation of the protein coronas by mass spectrometry

The detailed composition of the protein coronas was thoroughly
studied by mass spectrometry. Initially, the proteins were classified ac-
cording to biological processes of the blood system (Fig. 2C). Overall,
the PEG density dictated the composition of the coronas, observing clear
differences between 5k10 and 5k20. In this sense, 5k10 preferentially
adsorbed proteins related to coagulation processes at both time points,
whereas a balance between coagulation proteins and immunoglobulins
was mainly observed for 5k20. Of note, a closer look at the numerical
values revealed abundance changes over time for all biological processes
of the blood, supporting the existence of an underlying Vroman effect
(Table S1).

In absolute terms, all groups recruited similar number of proteins for
each biological process, regardless of the incubation time. Nonetheless,
this was unrelated to the abundance of such category in the sample. In
this sense, less than 8% of coagulation proteins translated into them
being the most abundant category in all cases (Fig. S2, Tables S1 and S4).
This supports the widely held view that protein affinity towards the NPs
surface plays a key role in the protein corona formation. The proteins
were further analyzed for similarities using a Venn diagram (Fig. 2D),
revealing (i) that most of the proteins were common among groups and
(ii) the existence of unique proteins. This suggests that the Vroman effect
understood in the sense of dynamic variation of protein identity is
measurable and endows the NPs with a time-dependent biological
identity. In agreement with the high degree of protein similarity, the
analyses of both molecular weight (Fig. 2E) and isoelectric point
(Fig. 2F) were rather similar among groups, regardless of the incubation
time. In this sense, ca. 70% of the identified proteins had a molecular
weight of 60 kDa or less, and most of them presented an isoelectric point
in the range 6-9.

The analysis was sequentially restricted to the 100 (top 100) and 20
(top 20) most abundant proteins in each sample to gain insight into the
predominant nature of the protein coronas. Even though the overall
abundance of each category did not vary that much as the restriction
increased (Fig. S2A), the number of proteins within each category

dramatically changed, showing an enrichment in those that were most
abundant, i.e., coagulation, immunoglobulins and complement proteins
(Fig. S2B). Similarly, sequential restriction to the 20 most abundant
proteins altered the initially observed molecular weight and isoelectric
point patterns (Fig. S3).

Each category shown in Fig. 2C was further split into the individual
proteins to unveil the most relevant proteins within each biological
process (Fig. 3A-F, top 100). Except for 5k10-1 h, FGA was the most
abundant coagulation protein. IGHG1 clearly dominated the adsorbed
immunoglobulins. All samples presented an increasing amount of C4A,
being especially dominant in 5k20. Similarly, APOE constituted the
most abundant lipoprotein in all cases. ITTH4 was the predominant acute
phase protein, observing a drastic reduction at 1 h in all cases. Finally,
GSN dominated the proteins ascribed to other processes, showing more
abundance than all acute-phase and lipoproteins together. Fig. S4 pro-
vides further insights into the composition of the top 20 proteins. In
addition to remaining the most abundant group, coagulation proteins
became the most numerous (7/20 vs. 13/100). APOE was the only li-
poprotein found in all cases except for 5k10-5 min, which also presented
APOAL1, and ITIH4 was the only acute phase protein among the top 20
proteins (excluding 5k20-1 h). GSN was the most abundant protein
ascribed to other biological processes, and both nanomaterials were
enriched in VIN at 1 h.

The existence of a Vroman effect understood in the sense of dynamic
variation of protein abundance is visually supported in Fig. 3G.
Regarding 5k10, the most abundant proteins at both time points were
FGA (top 1 in 5k10-5 min), FGB (top 1 in 5k10-1 h), FGG and IGHG1,
which together account for 76% (5k10-5 min) and 73.5% (5k10-1 h) of
abundance, respectively. Compared to the 5-min plasma incubation,
abundance values changed for all proteins in the list, being especially
notorious for C4A (+36%), PLG (+56%), ITIH4 (—56%), APOE (4+75%),
and HRG (+150%). With regard to 5k20, IGHG1 led the list at both time
points with minor changes, whereas the rest underwent variations in all
cases. Outstanding examples are FGA (—43%), FGB (—42%), FGG
(—45%), C4A (+82%), PLG (+72%), HRG (+125%), and APOE (+92%).
Hence, considering all the data shown here, it can be undoubtedly
concluded that the Vroman effect of PEGylated NPs does exist and
manifest itself as either appearance/disappearance of proteins and/or as
variation in abundance over time.

3.3. Influence of the Vroman effect on the biological identity of PEGylated
NPs

Having confirmed the dynamic nature of the protein coronas, i.e., the
Vroman effect, our next goal was to evaluate whether those distinct
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Fig. 2. Protein corona analysis (I). (A) Protein quantification by micro BCA assay. (B) Colloidal stability of the different NPs in the absence or presence of a protein
corona. (C) Adsorbed proteins classified according to biological processes of the blood in terms of percentage of abundance within each category. (D) Venn diagram
showing similarities and exclusive proteins for each sample. (E) Adsorbed proteins classified according to their molecular weight. (F) Adsorbed proteins classified

according to their isoelectric point.

coronas might modulate how cells from the immune system would see
the PEGylated NPs. Despite varying the incubation time led to different
coronas (Section 2.2), the biocompatibility of the PEGylated NPs was
unaffected by the underlying Vroman effect (Fig. S5A). Similarly, FSC
and SSC remained almost constant after cellular uptake, demonstrating
that NPs internalization did not produce cell retraction or increased
significantly the cell complexity, regardless of the biological identity
(Fig. S5B-E).

Fig. 4A depicts the workflow for analyzing macrophage recognition.
In addition to the corresponding corona-coated NPs, those without
corona (FBS-free medium, 5k-0 min) or those directly placed in cell
culture medium (10% FBS, 5k-FBS) were included as controls. NPs were
incubated with macrophages for either 45 min (Fig. 4B) or 180 min
(Fig. 4C) to find out the uptake kinetics. In this sense, all groups but
5k10-FBS showed increased uptake after 180 min of experiment, which
might suggest the existence of exocytosis events in the latter (Fig. S5F-
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to (F): Coagulation, immunoglobulins, complement, lipoproteins, acute phase, and others. (G) Heatmap displaying the abundance changes among the top 20 most

abundant proteins for each sample.

G). It is worth mentioning that both FBS conditions clearly dominated
the uptake after the 45 min-incubation and almost did after the 180 min
one (Fig. 4B-C). This highlights the need to use human proteins (e.g,
human plasma) to analyze potential clearance of NPs by immune cells.
Our results support the existence of interspecies effect on this phe-
nomenon, which might lead to misinterpretation of results [26].

A seminal research article in the field of protein corona demonstrated
that a protein corona is needed for the stealth effect of PEGylated NPs.
The authors observed increased phagocytosis of those NPs lacking a

protein corona compared to those that had been incubated for 1 h in
human plasma [27]. Our data agrees with these groundbreaking results
(Fig. 4B-C, 0 min vs. 1 h). Strikingly, the short-term condition led to
rather different trends, showing increased phagocytosis than both the
non-coated NPs (Fig. 4C, 5 min vs. 0 min) and those incubated for 1 h in
human plasma (Fig. 4B-C, 5 min vs. 1 h). So far, the scientific consensus
has been that it is the specific proteins recruited by PEG that impart
stealth properties rather than the polymer itself [27]. Here, the results
found for the short-term incubation seem to oppose such paradigm. This
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Fig. 4. Influence of protein corona on immune recognition. (A) Schematic workflow of this experiment. Four groups are included: short-term (5 min) and long-term
(1 h) incubations with plasma, absence of corona (0 min), and NPs in FBS-containing culture medium (FBS). Cellular uptake was measured by flow cytometry at two
time points to find out the uptake kinetics. (B) Cellular uptake after 45 min of interaction with macrophages. (C) Cellular uptake after 180 min of interaction with

macrophages.

phenomenon remains unclear and warrants further research. A tentative
explanation might rely on the denaturation over time of certain proteins
in the corona. In this regard, it has been shown that nanoparticles are
less internalized in macrophages following protein denaturation in the
protein corona. In contrast, unfolded conformation led to increased
immune recognition [28].

There are two generally accepted arguments in nanomedicine that
are related: (i) NPs acquire a protein corona following bloodstream
administration; (ii) NPs are rapidly removed from the bloodstream as
they are recognized by the immune system. Hence, our initial question
was: what if such observation is consequence of a transient bad corona
that triggers early immune recognition? Thus, the rationale for choosing
those time points was to recreate the initial stage after administration (5
min) and that after circulating for a longer period (1 h), i.e., elucidate if
such transient bad corona exists and modulates macrophage recognition.
Regarding PEGylated NPs, experimental evidence demonstrates that
they undergo accelerated bloodstream clearance (ABD) after repeated
administration owing to the appearance of PEG antibodies [29]. Fig. 4
would underpin the idea that such undesired corona exists and opens the
door to evaluating whether this early biological identity is linked to the
ABD phenomenon.

Nonetheless, the protein corona and how it mediates interactions
with cells is a complex and intricated phenomenon that is far from being

well understood. In this sense, focusing on just one protein or type of
protein might lead to misleading conclusions. For instance, the abun-
dance of complement proteins increased after 1 h in both cases (Fig. 3C),
which should imply higher macrophage uptake [30]. However, Fig. 4B-
C demonstrate the opposite, which might be ascribed to the enrichment
in APOE (Fig. 3D), since it functions as a dysopsonin that makes nano-
materials less susceptible to macrophage recognition [31]. In line with
this, a positive correlation has been found between ITIH4 abundance
and NP uptake in certain cell lines [32]. Hence, the drastic reduction in
ITIH4 after 1 h might also support the reduced cellular uptake observed
after the long-term incubation (Fig. 3E). Similarly, increased presence of
HRG has been linked to reduced uptake in some cell lines [33] and
macrophages [34]. Hence, the increment in HRG after 1 h of incubation
(Fig. S4A) would also agree with the reduced uptake observed in both
5k-1 h. In summary, it can be concluded that it is the full array of
adsorbed proteins (and how they are distributed within the protein
corona [35]) what confers the NP biological identity and, consequently,
what dictates how nanomedicines behave in biological systems.

4. Conclusions

In this work, we have employed PEGylated MSNs as a model plat-
form to shed light on the following questions: (i) is the biological
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identity imparted by the gold-standard, stealth polymer consistent over
time? (ii) should the Vroman effect appear, would it be relevant enough
to govern macrophage recognition? We have thoroughly analyzed the
protein corona using short-term (5 min) and long-term (1 h) incubations
with human plasma. The rationale for doing that was to find out whether
an initial transient bad corona exists, because it could help to understand
why NPs start to be removed from the bloodstream as they are injected.
Our data demonstrates that the biological identity of PEGylated NPs
varies over time, validating the existence of an underlying Vroman ef-
fect. Deep proteomics analyses have revealed overall protein abundance
changes as a function of time, along with proteins unique to each group
depending on the incubation time and PEG density. We have verified
that the amount of proteins adsorbed onto the NPs surface varies in a
time-dependent manner, being higher at the beginning, and leading also
to differences in NP size. In addition to validating the already published
observation that it is not the PEG alone, but the corona induced after 1 h
what imparts stealth properties, our results suggest the existence of such
transient bad corona, as demonstrated by the differential macrophage
uptake of the NPs bearing the short-term protein corona.

The implications of this research go beyond the protein corona of
PEGylated NPs. Yet the Vroman effect has traditionally been thought to
be part of this phenomenon, we provide evidence that it could have a
major role in how NPs are distributed in a living body. In this sense, even
though incubating nanomaterials with proteins for 1 h is a standardized
protocol to create a protein corona [36-38], our results suggest that
focusing on such a comparatively long time point would overlook crit-
ical early temporal dynamics that could help to explain the clearance
process. In addition to helping to understand those clearance kinetics,
the assay should have implications in the screening of libraries of
nanomaterials, since it would allow to discard those unable to avoid
macrophage recognition regardless of the incubation time.

As discussed, the protein corona is such a complex phenomenon that
it is hard to isolate the influence of individual proteins or groups of
proteins from the whole array of proteins. We suggest incorporating this
straightforward assay into the evaluation of any moiety claiming to
impart stealth properties and, in general, into the evaluation of any
nanomedicine. In this sense, there are some limitations to our proof of
concept assay that should be discussed and carefully considered for
implementation in different laboratory set ups. First of all, it is a bidi-
mensional in vitro assay which might not exactly reflect nanomaterial-
cell interactions. Nonetheless, the rationale of the assay could be
transferred to 3D cellular models, thereby providing more accurate
assessment of immune recognition. In addition, the amount of plasma
employed in the assay could be tuned to match specific biological con-
ditions, since plasma/nanomaterial ratio has been shown to affect the
protein corona [39] and, presumably, immune recognition. Moreover,
the protocol for isolating the protein corona has been shown to influence
corona composition [40] and, consequently, could be further explored
when implementing this approach in different laboratory set ups.
Furthermore, the long-term analysis has been limited to 1 h, which
might not be long enough for all nanoformulations. In spite of that, this
approach should help to reduce side effects and increase biocompati-
bility, since researchers would be able to elucidate the optimal protein
corona that leads to the lowest immune recognition and damage to
immune cells. Furthermore, it could help improve NP design by dis-
carding those nanoformulations that offer poor biological and/or
physicochemical performance (e.g, stability in protein-containing
media), thereby facilitating scalability of the leading candidate.

In summary, this assay provides a facile approach to assess the whole
contribution of a given protein corona. The results derived from this
assay would be useful to avoid unnecessary animal experiments (3Rs
principles) if the NPs are shown to be highly captured by the immune
system following administration. Furthermore, it opens the door to
bypass such transient bad corona by preincubating the NPs with plasma
from the patient. In this manner, they would receive only NPs bearing a
less appealing protein corona that might help to ameliorate bloodstream
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clearance and increase their therapeutic effect. Finally, this study has
the potential to improve nanomaterial design. While our focus is on
MSNs and macrophage internalization, the findings suggest that strate-
gically modulating the protein corona would significantly enhance
nanomaterial performance. Furthermore, should the therapeutic target
of a nanomaterial be the immune system, finding out the protein corona
that triggers the highest immune recognition would lead to increased
targeting features and, consequently, increased immune modulation.
Therefore, future designs of diverse nanomaterials [41-43] should ac-
count for protein corona formation to optimize their efficacy and facil-
itate scalability and health impact.
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