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While the influence of the protein corona on nanoparticle uptake
in mammalian cells is well understood, little is known about the
influence of the protein corona on nanoparticle exocytosis.
However, the exocytosis of nanoparticles also contributes to the
therapeutic efficacy as it influences the net delivery of nano-
particles to a cell. In this study we demonstrate that the exocytosis
of silica nanoparticles from HCT 116 cells is enhanced by the pre-
adsorption of a human plasma protein corona. This pre-adsorption
effect also depends on the diameter of the nanoparticles. The exo-
cytosis of small silica nanoparticles (10 nm) is less pronounced,
while the exocytosis of larger silica nanoparticles (100 nm) is sig-
nificantly increased in the presence of a protein corona. A proteo-
mic analysis of the plasma protein corona of the different-sized
silica nanoparticles (10 nm, 30 nm, 50 nm, and 100 nm) reveals
different protein compositions. Apolipoproteins and coagulation
proteins are enriched in a size-dependent manner with high
amounts of apolipoproteins adsorbed to small silica nanoparticles.
The findings underscore the significance of the nanoparticle
protein corona for exocytosis and demonstrate the need to engin-
eer nanocarriers that are not exocytosed rapidly to enhance the
efficacy in drug delivery.

1. Introduction

Nanoparticles are promising for the targeted delivery of a
range of therapeutically relevant cargo molecules including,
but not limited to, nucleic acids, proteins, and small mole-
cules for different treatment possibilities." In particular, the
usage of lipid nanoparticles for vaccination against COVID-19
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and other diseases demonstrated the clinical importance of
this technology.” To achieve that, extensive research has been
conducted to understand the uptake of nanoparticles by target
cells.*® However, the possibility that nanoparticles can be exo-
cytosed by cells and the consequences thereof were rarely
addressed. Nevertheless, the exocytosis of nanoparticles also
contributes significantly to the overall efficacy of a drug-loaded
nanoparticle as it determines the net delivery to a cell.® A sec-
ondary problem is that exocytosed nanoparticles have
adsorbed intracellular proteins or are covered with other bio-
logical components such as biomembranes.”"® This has been
shown to have significant impact on the reuptake behavior,
which can result in undesirable side effects and toxicity.'* The
formation of a protein corona has been identified as a crucial
factor influencing not only the uptake of nanoparticles but
also their subsequent exocytosis. The present study aims to
investigate the influence of the nanoparticle plasma protein
corona on exocytosis. The specific methodology of this study
involves the investigation of the influence of a pre-formed
protein corona and how this would not only influence uptake
- a subject more widely studied in the field - but also exocyto-
sis. We furthermore investigated whether the effect of a
protein corona directing exocytosis could also be size-
dependent.

Nanomaterials in the size range between 10 nm and
100 nm show distinct interactions with biological cells.
Particles with a diameter of 10 nm or less can sometimes even
enter cells by passive penetration of the cell membrane,
whereas particles with a diameter of 100 nm are likely taken
up by clathrin-mediated endocytosis. However, nanoparticles
in this size range can also be taken up by pinocytosis, caveo-
lae-dependent endocytosis, and clathrin/caveolae-independent
endocytosis.® Depending on the uptake mechanism, nano-
particles can enter different intracellular trafficking pathways
that determine their intracellular fate. After endocytosis, the
nanoparticles are directed to their intracellular fate by the
endosomal system ultimately resulting in cargo release, nano-
particle degradation, storage, or exocytosis.'*'? Nanoparticle
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exocytosis can occur via multiple pathways and often multiple
pathways are involved simultaneously. The main routes of
nanoparticle exocytosis are via the recycling endosome or
lysosomal secretion, or are associated with exosomes.>'*'
Nanoparticle exocytosis has been reported for many nano-
particle types. Mesoporous silica nanoparticles were
rapidly endocytosed and exocytosis was reported as early as
40 min to a few hours after the removal of excess mesoporous
silica nanoparticles.”'®> Exocytosis of gold nanoparticles
with diameters between 2 nm and 100 nm was also
reported.’*'®'® These studies demonstrated that nanoparticle
size and surface modifications are critical factors for
exocytosis.

The interaction of nanocarriers with cells is not only deter-
mined by the diameter or surface chemistry of the nano-
carrier, but also crucially depends on the protein corona that
forms on the nanoparticle surface. The protein corona is a
layer of proteins that adsorbs to the nanocarrier upon contact
with biological fluids such as blood or blood plasma.'**° The
process of protein corona formation is inevitable when
administering a nanocarrier intravenously and is therefore
highly important for drug delivery. The protein corona influ-
ences the biodistribution, cellular uptake, and intracellular
trafficking of nanoparticles.>® This suggests that it may also
influence exocytosis, but this was rarely investigated. A
further layer of complexity is added as the composition of the
protein corona is dependent on the nanoparticle size and
hence nanoparticle uptake.?>** The contributions of the indi-
vidual factors, particle size and protein composition, for cel-
lular uptake and exocytosis are difficult to separate as they are
intertwined.

Here, we investigate the influence of a pre-formed human
plasma protein corona on the exocytosis of SiNPs of different
sizes. Therefore, we used flow cytometry analysis to determine
the uptake and exocytosis of SiNPs with diameters of 10 nm,
30 nm, 50 nm, and 100 nm in the presence and absence of a
pre-formed protein corona. In the presence of a protein
corona, exocytosis increased in a size-dependent manner.
SiNPs with a diameter of 100 nm were exocytosed more than
SiNPs with a diameter of 10 nm. We analysed the composition
of the protein corona and found a decrease in the amount of
lipoproteins with increasing particle size.

30 nm SiNP

10 nm SiNP
: ®

50 nm SiNP
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2. Results

2.1. Uptake of SiNP depends on protein corona adsorption

In this study, we used fluorescent SiNPs to investigate how a
pre-adsorbed protein corona affects the exocytosis of nano-
particles of different biologically relevant sizes from cells.
First, we characterised the physicochemical properties of the
four different SiNPs. TEM micrographs of the SiNPs showed
intact particles with diameters of approximately 10 nm,
30 nm, 50 nm, and 100 nm (Fig. 1). We further analysed the
hydrodynamic diameter of the nanoparticles (Dy) with multi-
angle DLS and calculated the polydispersity index (PDI) from
measurements at 90° (Table 1 and Fig. S1t). The Dy, was in
good agreement with the expected particle diameters. The PDI
of the smaller SiNPs was higher, indicating a broader size dis-
tribution, whereas the size distribution of larger SiNPs was
narrower. To assess the influence of nanoparticle diameter on
exocytosis, other surface properties of the SiNPs must be
similar despite the difference in size. Therefore, we analysed
the C-potential of the SiNPs. The 10 nm and 30 nm SiNPs had
a (-potential of approximately —25 mV and the 50 nm and
100 nm SiNPs had a {-potential of approximately —40 mV. The
negative {-potential is caused by the free hydroxyl groups of
the silica surface, indicating that the surface chemistry of all
SiNPs is similar and no additional surfactant is used for
stabilisation.

Before investigating the influence of a pre-adsorbed protein
corona on SiNP exocytosis, we tested the influence on the
uptake of SiNPs.

Fig. 2A shows the uptake of SiNPs in the presence and
absence of a pre-adsorbed human plasma protein corona in
HCT116 cells after 2 h incubation. In the absence of a protein
corona, cells took up the different sized SiNPs to a similar
extent. 50-70% of cells were positive for SiNPs and the uptake
was not affected by particle size. In contrast, the adsorption of
a protein corona affected the uptake of the different SiNPs
differently. The uptake of 100 nm SiNPs was reduced to almost
0% positive cells upon the adsorption of a protein corona. The
uptake of 50 nm SiNPs was also reduced to about 10%. The
uptake of 30 nm SiNPs was reduced from 60% positive cells to
approximately 45% positive cells. Interestingly, the uptake of
the 10 nm SiNPs was not reduced by the adsorption of a

100 nm SiNP

Fig.1 TEM images of 10 nm, 30 nm, 50 nm, and 100 nm SiNP. Scale bar: 100 nm.
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Table 1 Physicochemical characterization of SiNPs. The D, of
different-sized SiNPs was measured by multi-angle DLS in water at
20 °C. The corresponding PDI was derived from 90° measurements.
(-potential was measured at 20 °C in KCL. The fluorescence intensity of
SiNP dispersion (1 mg mL™* in water) was measured with excitation at
569 nm and emission at 585 nm
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protein corona. This trend was also reflected by the median
fluorescence intensity (MFI) of the cells. Here, the MFI
decreased with increasing size in the presence of a protein
corona. The MFI of cells incubated with SiNPs without protein
corona was similar between different SiNPs (Fig. 2A). The cell
viability was not affected by incubation with SiNPs (Fig. S2B¥).

Dy[nm] PDI  C-potential [mV]+SD Fluorescence [AU]  This experiment demonstrated that the influence of a protein
10nm 10 0.340 —23+3.7 11150 corona on nanoparticle uptake is size-dependent. The uptake
30nm 28 0.154 -241:2.9 9075 of small SiNPs was not affected by the adsorption of a protein
50nm 44 0.090  —38 0.3 8996 corona, whereas the uptake of larger SiNPs was increasingly
100 nm 102 0.025 —42+3.2 10784 . ; .

affected in the presence of a protein corona. The reduction of
nanoparticle uptake in the presence of a protein corona that

A 2 h uptake
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Fig. 2 Uptake of different-sized SiNPs in the presence and absence of a protein corona (PC). (A) Flow cytometry measurement of 10 nm, 30 nm,
50 nm, and 100 nm SiNP uptake in HCT 116 cells after 2 h of incubation. The means and standard deviations of the percentage of positive cells are
shown. For statistical analysis, multiple unpaired t tests were performed. **p < 0.002 and ***p < 0.001 (n = 3). (B) cLSM image of HCT 116 cells incu-
bated with SiNPs in the presence and absence of a protein corona. The cell membrane is pseudocolored in cyan and SiNPs are pseudocolored in

red. Scale bar: 20 ym.
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we observed here has been frequently observed in previous
studies and is generally known as the stealth effect.>* In the
absence of a protein corona, the nanoparticle surface interacts
directly with the cell membrane. This can lead to the passive
penetration of the cell membrane and therefore a closer
contact between the nanoparticle and the cell surface. For very
small nanoparticles direct entry into the cytosol has been
observed.?®

In addition to flow cytometry, fluorescence micrographs of
SiNP uptake in the presence and absence of a protein corona
after 2 h confirmed the dependence of the influence of the
protein corona on particle size (Fig. 2B). The fluorescence
micrographs confirmed that the SiNPs were located intracellu-
larly after 2 h of uptake.

2.2. Exocytosis of SiNPs was increased by pre-adsorption of a
protein corona

To investigate whether a pre-adsorbed protein corona has an
effect on SiNP exocytosis, we incubated HCT 116 cells with
different SiNPs for 2 h. Subsequently, the cell culture super-
natant was discarded, and the cells were washed to remove any
SiNPs attached to the cell surface. Particle-free medium was
added to the cells and the intracellular particle content was
assessed 2 h and 22 h later (Fig. 3 and Fig. S3, S47). The particles
added without pre-adsorption of a protein corona were not
strongly exocytosed. Approximately 90% of the cells that were
positive immediately after the uptake period remained particle-
positive 22 h after removal of the SiNPs. In contrast, for particles
with a pre-adsorbed protein corona a time- and size-dependent
decrease of the intracellular particle signal was observed com-
pared to the signal immediately after the uptake period.
Exocytosis of SiNPs was rapid as we observed a decrease of intra-
cellular signal 2 h after the initial uptake period. In our study,
we observed the strongest exocytosis for 100 nm SiNPs which
showed a decrease of particle-positive cells to approximately
30% of the initially positive cells 2 h after the medium change.
The percentage of cells positive for 50 nm SiNPs was reduced to
around 50% after 2 h of exocytosis and the signal for 30 nm
SiNPs was only reduced to about 80%. The 10 nm SiNPs did not
show a reduced intracellular signal after 2 h of exocytosis. The
MFI of the cells incubated with the 10 nm and 30 nm SiNPs
decreased during the exocytosis period as the cells were oversatu-
rated with nanoparticles due to the high uptake in the absence
of a protein corona (Fig. S3 and Fig. S4t). However, the percen-
tage of positive cells is a more robust measure for particle
uptake and exocytosis. Interestingly, the intracellular signals of
10 nm, 30 nm, and 50 nm SiNPs decreased even more after 22 h
of exocytosis. For the 100 nm SiNPs, the intracellular signal
increased again after 22 h of exocytosis, suggesting a re-uptake
of exocytosed particles. We also measured the viability of cells
subjected to different conditions (Fig. S5 and S6t). No severe tox-
icity was observed compared to that of untreated cells. Also, the
SiNPs without protein corona did not have a cytotoxic effect at
the concentration and incubation time used here. In conclusion,
the exocytosis of SiNPs was greatly enhanced in the presence of
a plasma-adsorbed protein corona, and smaller SiNPs were exo-

This journal is © The Royal Society of Chemistry 2025
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cytosed less compared to larger SiNPs. Rapid exocytosis of
100 nm silica nanoparticles 6 h after uptake was also observed
by Yanes et al.'®> Furthermore, another study showed that exocy-
tosis only occurred in the presence of serum, which could be
explained by the involvement of a protein corona in the exocyto-
sis of nanoparticles.>® In the absence of a protein corona, the
nanoparticle surface interacts directly with the cell membrane
and no active, receptor-mediated uptake process can take place.
This can lead to the passive penetration of the cell membrane
and direct entry into the cytosol, especially for very small nano-
particles.”® This uptake mechanism would not result in high
levels of nanoparticle penetration into the endosomal system. As
the endosomal system is the starting point for most exocytosis
pathways this could suppress nanoparticle exocytosis.">** This
mechanism is a possible explanation for the very low exocytosis
of nanoparticles in the absence of a protein corona and a
protein corona could be a prerequisite for exocytosis.

2.3. The pre-adsorbed protein corona composition is particle
size dependent

Since the protein corona had a major effect on the uptake and
exocytosis of SiNPs in a nanoparticle size-dependent manner,
we wanted to further investigate the composition of the
protein corona pre-adsorbed on the different sized particles. It
is known that small particles have a high surface curvature
and therefore, less protein adsorbs to their surface.>’”>° We
also observed this effect on 10 nm, 30 nm, and 50 nm SiNPs
which adsorbed increasing amounts of protein per surface
area (Fig. 4A). For the 100 nm SiNPs, the amount of protein
adsorbed per surface area decreased slightly compared to the
50 nm SiNPs. The increasing amount of protein per surface
area might explain the increasing influence that the protein
corona had on cellular uptake and exocytosis. Interestingly,
the composition of the protein corona was highly dependent
on the particle size as well. In particular, the amount of lipo-
proteins and coagulation proteins crucially depended on par-
ticle size. The protein corona of 10 nm SiNPs contained high
amounts of lipoproteins but comparably low amounts of
coagulation proteins (Fig. 4B). This ratio was increasingly
reversed with increasing particle size. The protein corona of
100 nm SiNPs contained high amounts of coagulation proteins
but comparably small amounts of lipoproteins. In contrast,
the abundance of other protein classes like acute phase pro-
teins, immunoglobulins, and complement system proteins was
unaffected by particle size. We also observed a strong depen-
dence on particle size for individual proteins. The amount of
apolipoproteins A-1, B-100, and E decreased with increasing
particle size. In contrast, the abundance of coagulation factor
XI, histidine-rich glycoprotein as well as plasminogen and o-2-
macroglobulin (see SI_LC MS_protein list.xIsxf) which belong
to or are associated with coagulation proteins, showed a ten-
dency to increase with increasing particle size. Interestingly,
the apolipoprotein C-III was adsorbed more to 100 nm SiNPs,
although the total amount was lower than those of other apoli-
poproteins (see SI_LC MS_protein list.xlsxt).
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01189a

Open Access Article. Published on 05 May 2025. Downloaded on 2/16/2026 9:34:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

10 nm SiNP
% % %
%k %k
ns
%k
U L
S 1004
ad
—_—
S
T E
8% 504
© Q
g¢
3~
L
2.3
o_
2h 4h 24 h
Time [h]
50 nm SiNP
*
* kK
ns
% %k k \
8 100~
a8
-_
S
BE
32 50-
$g
]
£
o
o_
2h 4h 24 h
Time [h]

% loaded cells

% loaded cells

View Article Online

Biomaterials Science

30 nm SiNP
dok ok
koK ok
* kK
ook ok \
:\3 1004 | m +PC
g m -PC
=
n
£
S 50
@
E
L
o
o_
2h 4h 24 h
Time [h]
100 nm SiNP
*ok ok
kK ok
ns
ok k \
- [_
X 100 = +PC
S = -PC
=
n
e
£
9 50-
]
E
=
o
o_
2h 4h 24 h
Time [h]

Fig. 3 Exocytosis of different-sized SiNPs in the presence and absence of a pre-adsorbed protein corona (PC). HCT 116 cells were incubated with
SiNPs with or without pre-adsorbed protein corona for 2 h. Subsequently, the SiNPs were removed and the intracellular particle amount after 4 h
and 24 h was measured by flow cytometry. The percentage of loaded cells relative to the loading after 2 h of particle uptake is shown. The means
and standard deviation are depicted. For statistical analysis a two-way ANOVA test was performed. ns = not significant, *p < 0.033, **p < 0.002, and

***p < 0.001 (n = 3).

Very small SiNPs appeared to attract more apolipoproteins
into the pre-adsorbed protein corona, which are proteins
known to naturally decorate lipoprotein complexes. This differ-
ential adsorption of apolipoproteins to SiNPs with a diameter
of around 10 nm could be caused by their similarity in size to
high density lipoproteins (HDL). HDLs also exhibit diameters
of around 9 to 15 nm.*® The 10 nm SiNPs were taken up
equally well in the presence and absence of a protein corona.

3536 | Biomater. Sci, 2025, 13, 3532-3543

These particles, when carrying a protein corona, resembled
HDLs in terms of size and apolipoprotein composition and
thus may be able to use similar active uptake pathways. The
mimicry of HDL by nanoparticles was also suggested by
Barran-Berdon et al., who observed apolipoprotein-dependent
uptake of nanoparticles by scavenger receptor class B type 1
(SR-B1).>* which is present in many tissues including the
endothelium and facilitates receptor-mediated endocytosis of

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01189a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 05 May 2025. Downloaded on 2/16/2026 9:34:38 PM.

(cc)

View Article Online

Biomaterials Science Communication

| =
A B:
3.0 2
3 (Y Em Acute Phase
S 2.5+ o .
‘|=:, B mm Coagulation
g 2.0 g mm Complement system
g 1.5 g = Immunoglobulins
s 1.04 = Other Plasma compeonents
E 5 mm Serum Albumin
g’ 0.5-—- E Lipoproteins
0.0- T T S8 Em Tissue Leakage
S & & & xR

Alpha-2-macroglobulin

Apolipoprotein A-l

Apolipoprotein B-100

Apolipoprotein C-lll

Apolipoprotein E

Coagulation factor XI

Collagen alpha-1(l) chain

Cytoplasmic dynein 1 heavy chain 1

Fibrinogen gamma chain

Histidine-rich glycoprotein

Immunoglobulin heavy constant gamma 2

Insulin-like growth factor-binding protein complex acid labile subunit
Kininogen-1

Low-density lipoprotein receptor class A domain-containing protein 1

[
o

N
o

% based on all identified proteins
=

Plasma kallikrein

Plasma protease C1 inhibitor
Plasminogen

Protein eva-1 homolog A
Ryanodine receptor 3

Serum albumin

Fig. 4 Proteomic characterization of the protein corona adsorbed on different-sized SiNPs. (A) Amount of protein adsorbed to SiNPs per surface
area. Mean and standard deviation are indicated (n = 2). (B) Classification of corona proteins based on their biofunctionality. (C) Top 20 proteins

found in LC-MS analysis of the protein coronas on different-sized SiNP.

lipoprotein particles in cells.**** However, in other experi-
mental settings apolipoproteins have been found to mediate
stealth properties,”® where apolipoprotein J (clusterin) was
found to be mainly responsible for the stealth effect.>*>* Here,
we also observed that the protein corona on 30 nm, 50 nm,
and 100 nm SiNPs exhibited a stealth effect. However, apolipo-
protein J was not found in high abundance in the protein
corona of any of the SiNPs used here. Instead, the decrease in
the amount of apolipoproteins present in the SiNP protein
corona with increasing particle size may reduce the interaction
with specific lipoprotein receptors. In addition, apolipopro-
teins adsorbed onto larger particles may have a different con-
formation from that on 10 nm SiNPs which may influence the

This journal is © The Royal Society of Chemistry 2025

recognition by lipoprotein receptors.>® Therefore, the protein
corona of larger SiNPs exhibited stealth properties rather than
mediating the active uptake of SiNPs.

In addition to providing insights into the relationship
between the protein corona and SiNPs’ uptake, we observed an
increase in exocytosis for all SiNPs. Similar to us, Panyam et al.
observed an almost complete abolition of exocytosis in the
absence of serum.?® They suggested that this was due to a lack
of energy available in the cell culture medium and that exocy-
tosis would be an energy-dependent process. Another possi-
bility is that the presence of the protein corona alters the
uptake route of the SiNPs and therefore their intracellular
trafficking route. It is possible that the protein corona may

Biomater. Sci,, 2025, 13, 3532-3543 | 3537
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also influence the exocytosis of SiNPs. It may be that the
specific protein corona leads the SiNPs toward an intracellular
trafficking route that is more likely to lead to exocytosis.

In order to investigate the role of the different most abun-
dant proteins in the pre-adsorbed protein corona (Fig. 4C) in
exocytosis, we incubated the particles additionally in human
single protein solutions (100 pg mL™") of kininogen I, histi-
dine-rich glycoprotein (HRGP), apolipoprotein A-I and serum
albumin and subsequently measured the exocytosis of SiNPs
(here the only representative is 100 nm SiNPs) (Fig. S77).
Although we diluted human plasma to the same concentration
as those of the single protein solutions (100 pg mL™") we still
could observe a reduced intracellular particle signal after 4
and 24 h of further incubation, both for % of positive cells
(~80% compared to the 2 h timepoint = 100%) and MFI, indi-
cating exocytosis. In line with this, SiNPs pre-incubated in un-
diluted human plasma (~70 mg mL™') showed a more pro-
nounced exocytosis (Fig. 3). In addition, this time we detected
a slightly higher intracellular particle signal for the pristine
SiNPs in the exocytosis phases (4 h and 24 h) compared to the
2 h uptake condition. This appears to be counterintuitive, but
one has to keep in mind that for the determination of the
uptake after 2 h, cells are directly trypsinized, harvested and
centrifuged to remove additional particles from the cell
surface and remnants which could not be removed by the
washing procedure from the extracellular environment. For the
other samples (2 + 4 h and 2 + 24 h time points) these particles
adhering to the cells on the surface and on the plastic are still
in the cell culture. Exactly this amount of particles can still be
taken up under the 4 h and 24 h exocytosis conditions, which
eventually can cause a higher level of particle signal than the
initial signal after 2 h. Similarly, for all single protein coating
approaches the remaining particle signal was also higher than
that after the corresponding signals after 2 h of uptake, exclud-
ing a prominent contribution of these proteins.

Hence, it appears that rather the ensemble of more or all
pre-coated plasma proteins contributes to the observed exocy-
tosis phenomena for the different SiNPs in this study. The cell
viability was not affected when HCT 116 cells were treated with
SiNPs pre-coated with one of the single proteins (Fig. S87).

We also want to point out that the different protein corona
compositions enable uptake by different uptake mechanisms -
an aspect not investigated in this study.

Exocytosis of SiNPs increased with increasing particle size.
This is consistent with the size-dependence of the protein
corona composition observed here. Smaller SiNPs (10 nm)
adsorbed high amounts of apolipoproteins and low amounts of
coagulation proteins. This composition resulted in very low exo-
cytosis. In contrast, large SiNPs (100 nm) adsorbed low amounts
of apolipoproteins and high amounts of coagulation proteins.

3. Conclusion

Here, we show that not only endocytosis but also exocytosis of
SiNPs was strongly influenced by the presence of a protein

3538 | Biomater. Sci, 2025, 13, 3532-3543

View Article Online

Biomaterials Science

corona. The SiNPs acquire a protein corona that enhances exo-
cytosis in a nanoparticle size-dependent
Furthermore, the depletion of apolipoproteins E, A1, and
B-100 was associated with enhanced exocytosis. Small SiNPs
were less prone to exocytosis even in the presence of a protein
corona. In contrast, the formation of a protein corona
enhanced the exocytosis of larger SiNPs. In the context of
nanoparticle drug delivery, these findings have important
implications. To achieve a high intracellular drug delivery, it is
important to prolong the residence time of the nanoparticles
inside the cell. Therefore, rapid exocytosis of nanoparticles
would be unfavorable and could reduce the efficacy of drug-
loaded nanoparticles. In our study, we show that the presence
of a human serum protein corona increases nanoparticle exo-
cytosis in vitro. However, the formation of a protein corona
upon injection of nanoparticles into the bloodstream is inevi-
table and is likely to enhance the exocytosis of nanoparticles
in an in vivo setting. This raises the question whether the
development of nanocarriers with a reduced exocytosis
capacity is necessary to improve the net delivery of nano-
carriers. Our study showed that it would be beneficial to use
smaller SiNPs that acquire a protein corona that prevents exo-
cytosis. On the other hand, there are attempts to use nano-
particle exocytosis as a mechanism for deeper tumor pene-
tration or further systemic spreading of nanoparticles in cellu-
lar vesicles.’” For this approach it would be interesting to
employ larger SiNPs. This requires collection of exocytosed
nanoparticles of much higher quantity and therefore is not a
focus of this study. In conclusion, the protein corona is an
important factor in nanoparticle drug delivery that is not only
able to drastically reduce the uptake of nanoparticles into cells
but can also enhance their exocytosis. Therefore, the protein
corona influences the net delivery of nanoparticles which ulti-
mately determines the efficacy of a drug delivery system.

manner.

4. Experimental section/methods

4.1. Silica nanoparticles

Mesoporous silica nanoparticles (SiNPs) with sizes 10 nm,
30 nm, 50 nm, and 100 nm from the sicastar®-redF series were
purchased from Micromod Partikeltechnologie ~GmbH
(Rostock, Germany). According to the manufacturer, particles
were produced via the Stober process®® and contained co-
valently bound rhodamine b for fluorescent labeling (exci-
tation: 569 nm, emission: 585 nm).

4.2. Cell culture

HCT 116 human colorectal cancer cells were cultivated in high
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) con-
taining fetal bovine serum (FBS) (10%), penicillin (100 U
mL™") and streptomycin (100 mg mL™"). Cells were grown
under 37 °C, CO, (5%), and 95% humidity conditions. For pas-
saging, the cells were incubated for 2 min with trypsin-EDTA
(0.25%) at 37 °C under CO, (5%), and then centrifuged (22 °C

This journal is © The Royal Society of Chemistry 2025
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and 300g) for 5 min (all reagents were from Thermo Fisher
Scientific, Waltham, USA).

4.3. Protein corona adsorption

The protein corona was adsorbed as described previously by
our group.**™*! In brief, human citrate plasma (0.5 mL) and
SiNP (1 mg mL™") were incubated for 1 h at 37 °C and 300
rpm. Plasma was removed by centrifugation at 20 000g and
4 °C for 1 h. Subsequently, the pellet was resuspended in phos-
phate buffered saline (PBS) and centrifuged again. For cellular
uptake experiments, the pellet was washed twice and resus-
pended in DMEM without FBS after the last run. For fluo-
rescence calibration, both particles with and without protein
corona were measured with an M1000 plate reader (Tecan,
Minnedorf, Switzerland) with 50 flashes for each sample. By
using triplicate measurements the standard deviation was
<7.5% for fluorescence measurements with all experimental
errors included. For liquid chromatography-mass spectrometry
(LC-MS) measurement, the pellet was washed three times with
PBS. The final pellet was resuspended in desorption buffer
(SDS (2% (w/v)) + Tris*HCL (62.5 mM) in H,O (3 mL)) and
incubated at 95 °C for 5 min to desorb the proteins of the hard
protein corona. Finally the suspension was centrifuged a last
time to separate the remaining particles. The supernatant con-
taining the desorbed proteins was subjected to digestion for
LC-MS sample preparation.

4.4. Single protein coatings

We based our experimental procedure on the experience of the
group in the single protein coating experiments.*>** Hence,
the already described procedure for the protein corona coating
was applied in a similar fashion. We incubated 500 pg of
100 nm SiNP, accounting for a particle surface area of
~0.015 m” with 30 pg of single protein solutions in a total
volume of 300 pl (ensuring a protein concentration of 100 pg
mL ") for 1 h at 37 °C at 300 rpm. As single protein solutions
we have chosen the most abundant proteins as revealed by our
LC-MS analysis for the composition of the pre-coated protein
corona on SiNPs, namely: kininogen I (Sigma Aldrich), histi-
dine rich glycoprotein (MedChemExpress), apolipoprotein A-I
(MyBioSource) and human serum albumin (Sigma Aldrich).
Instead of applying an excess amount of the complex physio-
logical human plasma control, we diluted it to the same final
protein concentration of 100 pg mL™' (named ‘PC diluted’
accordingly) to ensure comparability to the single protein solu-
tions as also done elsewhere.** Further preparation of different
coated SiNPs was done as described above in the section
Protein corona adsorption for cellular uptake experiments.

4.5. Protein quantification per particle surface area

As written in the previous section, 500 pg of SiNPs were incu-
bated with 0.5 mL of human plasma. Using the values of the
density of the particles (2.0 g cm™?), the solid content and the
diameter (all values as provided by the manufacturer), the
amount of adsorbed proteins per surface area (in mg protein
per m?) can be calculated. Using the diameter and assuming a
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sphere (as also suggested by the manufacturer and as is
evident from our TEM images) one can obtain the area and
the volume of a single particle. Using the density and multiply-
ing it with the volume of a single particle one obtains the
mass of a single particle. By dividing the solid content (given
as mass concentration in g mL™") with the mass of a single
particle one obtains the number of particles per mL (which
was also provided by the manufacturer as a control). By multi-
plying the area of a single particle with the number of particles
per mL one obtains the area of all particles per mL. For the
SiNPs with the sizes 10, 30 and 50 nm with a concentration of
25 mg mL~" we used a volume of 40 pL and for the SiNPs with
100 nm with a concentration of 50 mg mL ™", we used a volume
of 20 pL to account for 500 pg of the particles accordingly.
Based on these results, one can calculate back the area of par-
ticles provided in these aliquots as 0.3 m* (for 10 nm), 0.1 m>
(for 30 nm), 0.06 m* (for 50 nm) and 0.03 m* (for 100 nm).
The desorbed proteins were collected in 100 pl of desorption
buffer and subsequently the protein concentration was deter-
mined via Pierce assay. The protein amount was finally calcu-
lated back to obtain 1 m?.

The concentration of the desorbed corona proteins was
determined by using a Pierce™ 660 nm Protein Assay Reagent
(Thermo Scientific, Germany) following the manufacturer’s
instructions. Due to the presence of SDS in the desorption
buffer the assay reagent was supplemented with the Ionic
Detergent Compatibility Reagent (Thermo Scientific,
Germany). A standard calibration curve was recorded with
bovine serum albumin (Sigma-Aldrich, Germany). The absorp-
tion was measured with an Infinite M1000 plate reader (Tecan,
Switzerland) at 660 nm.

4.6. In-solution digestion and LC-MS measurement

The in-solution digestion and LC-MS measurements were per-
formed as previously described by our group.*>™*” In short,
SDS was removed by using Pierce Detergent Removal Spin
Columns (Thermo Fisher Scientific, Waltham, USA) followed
by protein precipitation using a ProteoExtract protein precipi-
tation kit (Merck Millipore, Darmstadt, Germany). After iso-
lation, proteins were resuspended in RapiGest SF (Waters,
Milford, USA), reduced with dithiothreitol (Sigma-Aldrich,
St. Louis, USA), and alkylated with iodoacetamide (Sigma-
Aldrich, St. Louis, USA). Tryptic digestion of the protein was
performed at a protein : trypsin ratio of 50:1 for 18 h at 37 °C.
After stopping the digestion by adding HCl (2 pL) (Sigma-
Aldrich, St. Louis, USA) and removing the degradation pro-
ducts of RapiGest by centrifugation, the peptides were sub-
jected to LC-MS measurements. Therefore, the samples were
diluted with formic acid (0.1%) and spiked with Hi3 E. coli (50
fmol puL™") (Waters, Milford, USA). Measurements were per-
formed using a nanoACQUITY UPLC system coupled to a
Synapt G2-SI mass spectrometer (Waters, Milford, USA).
Electrospray ionization was performed in positive mode with a
NanoLockSpray source. As a reference, Glu-fibrinopeptide (150
fmol pL™") at a flow rate of 0.5 uL min~" was injected and a
sample flow rate of 0.3 uL. min~"' was set. The mass spectro-
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meter was operated in a resolution mode performing data-
independent acquisition (MSE). Data were processed using
MassLynx 4.1 and proteins were identified using Progenesis QI
2.0. A reviewed human database downloaded from UniProt
was used for protein identification. Noise reduction thresholds
were set for low energy, high energy, and peptide intensity at
120, 25, and 750 counts, respectively. A maximum protein
mass of 600 kDa, one missed cleavage, fixed carbamidomethyl
modification for cysteine, variable oxidation of methionine,
and a false discovery rate of 4% for proteins were set for
protein and peptide identification. For peptide identification
at least three assigned fragments and for protein identification
at least two assigned peptides and five assigned fragments are
required. The TOP3/HI3 approach was used for the quantifi-
cation of each protein in fmol.*®

4.7. Flow cytometry

HCT 116 cells were seeded into 24 well plates (Greiner Bio-one,
Frickenhausen, Germany). 150,000 cells were seeded per well
in FBS-containing DMEM. The next day, 1 h prior to uptake
with SiNPs the culture medium was removed and replaced
with FBS-free medium. Next, the cells were incubated with
SiNPs (5 pg mL™") in the presence or absence of a pre-formed
protein corona in serum-free medium for 2 h, 4 h, or 24 h. For
measuring the exocytosis of SiNPs, the cell culture medium
was exchanged after 2 h, the cells were washed thoroughly 3x
times with Dulbecco’s Phosphate-Buffered Saline (DPBS) to
remove the remaining particles and subsequently were incu-
bated for another 2 h or 22 h in FBS-free DMEM. As a control
for dead cells, cells were incubated for 2 h, 4 h, or 24 h with
dimethyl sulfoxide (DMSO) (20%) (Sigma-Aldrich, St. Louis,
USA). The cells were harvested by trypsin detachment and sub-
sequently centrifuged at 300 g and 22 °C for 5 min. Two of the
three pellets of one condition were stained with a LIVE/
DEAD™ Fixable Green dead cell staining kit (Thermo Fisher
Scientific, Waltham, USA) according to the manufacturer‘s
instructions. The pellets were resuspended in 1 mL PBS and at
least 10 000 cells (excluding debris) were measured with an
Attune NxT flow cytometer (Thermo Fisher Scientific,
Waltham, USA). For the excitation of the particles, a yellow
laser (561 nm) and an emission filter in the range of 530/
30 nm were used. For the detection of LVE/DEADTM Fixable
Green, a blue laser (488 nm) and an emission filter in the
range of 585/16 nm were used. For data analysis, the Attune
NXT software was used. Forward scatter/side scatter (FSC/SSC)
plots were used to discriminate the cell population and events
were depicted as percentages of gated cells and MFL
Afterward, the fluorescence intensity of the SiNP dispersion
was used to adjust the difference in fluorescence for particles
with and without protein corona. The results were depicted
using GraphPad Prism 9 (Dotmatics, Boston, USA).

4.8. Confocal laser scanning microscopy (cLSM)

HCT 116 cells were seeded into an IBIDI 8 well chamber (ibidi,
Grifelfing, Germany). Cells (100 000) were seeded per well. The
next day, the cells were incubated with SiNPs in the presence
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and absence of a pre-formed protein corona (10 pg mL™") in
serum-free DMEM for 2 h. The plasma membrane was stained
with CellMask™ Deep Red plasma membrane stain (Thermo
Fisher Scientific, Waltham, USA) and lysosomes were stained
with Invitrogen™ LysoTracker™ Green DND-26 (Thermo
Fisher Scientific, Waltham, USA) according to the manufac-
turer’s instructions. The cells were measured live. The images
were acquired with an LSM SP5 STED Leica Laser Scanning
Confocal Microscope (Leica, Wetzlar, Germany) and a Leica
TCS SP8 (Leica, Wetzlar, Germany), equipped with a multi-
laser combination and five detectors (range of 400-800 nm).
SiNPs were excited at 561 nm and detected at 575-640 nm.
CellMask™ Deep Red plasma membrane stain was excited at
633 nm and detected at 644-800 nm. LysoTracker™ Green
DND-26 was excited at 469 nm and detected at 503-541 nm.
Images were taken by sequential scanning using the LAS X
software. For processing and analysis, Fiji used.
Brightness and contrast were adjusted to reflect differences in
fluorescence intensity of the different-sized SiNPs.

was

4.9. ({-potential measurement

A Zetasizer Nano Z (Malvern Panalytical GmbH, Germany) was
used for zeta potential determination of SiNPs. For the
measurement, the SiNP stock solution (5 pL) was diluted in
potassium chloride solution (KCl) (1 mL, 1 mM). The measure-
ment was performed at 20 °C after an equilibration time of
2 min. Each measurement was performed in triplicate and
mean values as well as standard deviations were calculated.
The C-potential was approximated according to the model of
Smoluchowski (see also ref. 42).

4.10. Multi-angle dynamic light scattering (DLS)

An ALV spectrometer equipped with a goniometer and an
ALV-5004 multiple-tau full-digital correlator (320 channels)
was used. The light source was a He-Ne laser at a wavelength
of 632.8 nm. To control the temperature a thermostat (Julabo)
was used. The water used for dilutions was filtered with a GS
filter (0.2 um) (Merck Millipore, Billerica, USA) and the particle
stock solution was added unfiltered. The stock solution of the
10 nm SiNPs was filtered with an LCR filter (0.45 pm) (Merck
Millipore, Billerica, USA) before dilution. The measurements
were performed in quartz cuvettes with an inner radius of
9 mm (Hellma, Miihlheim, Germany).** The data were ana-
lyzed using the CONTIN algorithm as previously reported.>

4.11. Transmission electron microscopy (TEM)

The samples were dropcast on grids (Plano, Wetzlar, Germany)
with a 10 nm carbon film. Images were acquired with a JEOL
JEM1400 transmission electron microscope (JEOL, Freising,
Germany).

4.12. Statistical analysis

Data visualization and statistical analysis was carried out with
GraphPad Prism 9 and 10.2.2 (GraphPad Software, USA). The
presented flow cytometry data and the protein corona quantifi-
cation are described by means of descriptive statistics (mean
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and standard deviation). For statistical analysis of the flow
cytometry data multiple unpaired ¢ tests were performed with
the Holm-Sidak method for multiple comparisons using a P
value threshold of alpha = 0.05. Alternatively, a two-way ANOVA
test was performed with the Dunnett's multiple comparison
test using a P value threshold of alpha = 0.05.
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