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cell contact will determine the ensuing cellular response. Aggregation and the

formation of a protein corona in the extracellular environment will alter
nanoparticle size, shape, and surface properties, giving it a “biological identity”
that is distinct from its initial “synthetic identity”. The biological identity of a
nanoparticle depends on the composition of the surrounding biological environ-
ment and determines subsequent cellular interactions. When studying nanoparticle—cell interactions, previous studies have ignored the dynamic
composition of the extracellular environment as cells deplete and secrete biomolecules in a process known as “conditioning”. Here, we show that cell
conditioning induces gold nanoparticle aggregation and changes the protein corona composition in a manner that depends on nanoparticle diameter,
surface chemistry, and cell phenotype. The evolution of the biological identity in conditioned media enhances the cell membrane affinity, uptake, and
retention of nanoparticles. These results show that dynamic extracellular environments can alter nanoparticle—cell interactions by modulating the
biological identity. The effect of the dynamic nature of biological environments on the biological identity of nanoparticles must be considered to fully

understand nano—bio interactions and prevent data misinterpretation.
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anoparticles engineered for cellular

uptake always interact with the ex-

tracellular environment, which con-
tains proteins, lipids, polysaccharides, nucleo-
tides, and ions in the biological medium.'?
Interactions between these biomolecules
and a nanoparticle often initiate the forma-
tion of a “protein corona” that changes
the nanoparticle's surface and increases
its diameter.>~> The transport of nanoparti-
cles through the extracellular environment
alters their initial “synthetic identity” and
produces a “biological identity” that deter-
mines what is “seen” by cell surface recep-
tors.>* The adsorption of proteins onto a
nanoparticle affects interactions with the
cell membrane by masking the nanoparti-
cle's original surface and promoting the
recruitment of various additional receptors.
Studies characterizing the protein corona

ALBANESE ET AL.

have revealed that its composition depends
on the initial properties of the nanoparticle
surface, including curvature, charge, and
hydrophobicity.® The protein corona's
importance in dictating nanoparticle—cell
interactions has led to a growing desire to
evaluate how a nanoparticle's design influ-
ences its biological identity.

Previous studies have defined the “biolo-
gical identity” as the nanoparticle plus the
adsorbed protein corona.**'® However, the
exposure of nanoparticles to a biological
environment can also generate nanoparti-
cle aggregates via surface destabilization or
protein—protein interactions.'’ ™' Aggre-
gation is an important yet overlooked
aspect of the biological identity. The trans-
formation of monodisperse nanoparticles into
aggregates affects interactions at the nano—
bio interface by altering the presentation
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of surface-adsorbed proteins to the cell's receptors.'®
Aggregates are large and require an increased recruit-
ment of cell receptors to drive internalization.'”'®
Aggregates also possess an irregular morphology that
produces multiple cell binding configurations with
unequal uptake efficiencies.'®’® When aggregates
change the presentation of corona proteins to the cell
membrane, this alters nanoparticle—cell interactions
and changes the cell response. Thus, characterization
of both the protein corona and nanoparticle aggrega-
tion in a biological environment is necessary to accu-
rately describe the biological identity of a nanoparticle.

The protein corona has been recognized as a
dynamic entity that “evolves” as proteins continuously
adsorb to the nanoparticle surface, desorb, and are
replaced by other proteins.>%° It has been shown
that the transfer of nanoparticles from one biological
environment into another alters the protein corona
composition.?’ The tendency of a protein corona to
reflect its surrounding environment demonstrates a
certain plasticity to the biological identity. To date, the
majority of studies characterizing a nanoparticle's
biological identity have used static biological environ-
ments such as blood serum, plasma, or cell culture
medium. In these environments, nanoparticles reach
a steady-state biological identity within minutes to
hours. There is an assumption that the biological
identity formed in these static biological environments
reflects the nanoparticle's properties at the time of cell
contact. However, the composition of the extracellular
environments is not static. Cells continuously “condi-
tion” their microenvironment by changing the con-
centration of proteins, nutrients, small solutes, and
ions.?*?3 The arrival of nanoparticles into the dynamic
extracellular environment may change the protein
corona, cause aggregation, and alter downstream
nanoparticle—cell interactions. The effect of cell con-
ditioning is especially a concern when conducting
in vitro studies where nanoparticles are incubated with
cell populations between 4 and 24 h. Many studies
have examined the effect of nanoparticle size, shape,
and surface chemistry on cell uptake.'"?*~28 Unfortu-
nately, these studies ignored the dynamic nature of the
extracellular environment and the effects of cell con-
ditioning. It remains unknown how the subtle yet
progressive conditioning of the extracellular environ-
ment affects a nanoparticle's biological identity and
subsequent nanoparticle—cell interactions.

The objective of this study is to characterize how
conditioning of the cell culture medium influences the
biological identity of extracellular nanoparticles. We
synthesized different nanoparticles and exposed them
to media from cancer cell cultures. We evaluated how
progressive cell conditioning affected nanoparticle
aggregation and the protein corona using multiple
independent techniques. Aggregation was character-
ized using absorbance spectroscopy, dynamic light
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scattering, and transmission electron miscroscopy.
The protein corona was characterized using polyacry-
lamide gel electrophoresis (PAGE), quantitative mass
spectrometry, and Western blotting. Finally, we inves-
tigated how the evolution of the biological identity
influences nanoparticle association, uptake, and reten-
tion by cells.

RESULTS AND DISCUSSION

Nanoparticle Aggregation in Cultured Media of Different Cell
Types. We chose gold nanoparticles as a model sys-
tem because they can be easily synthesized from 10
to 100 nm with a narrow size distribution and read-
ily functionalized with chemically diverse surface
ligands.?*3° We prepared 15 nm gold nanoparticles
and modified them with three different surface
ligands: citrate, 11-mercaptoundecanoic acid (MUA),
and thiolated poly(ethylene glycol) (PEG) (Table ST,
Supporting Information). Citrate coordinates weakly to
the gold surface through bidentate carboxylate func-
tional groups, while MUA and PEG form strong coordi-
nate covalent bonds with the gold surface through
their terminal thiol functional groups. These ligands
mimic some of the surface chemistries that are most
common among nanoparticles used in biological
applications. Citrate is used as a control nanoparticle
surface while MUA and PEG coatings are used to create
model anionic and nonfouling surfaces, respectively.
After synthesis, the nanoparticles were incubated in
phosphate-buffered saline (PBS) supplemented with
10% (v/v) fetal bovine serum (FBS) for 1 h. Nanoparti-
cles were serum pretreated prior to all of our experi-
ments to establish an initial biological identity. This
allowed us to then evaluate how subsequent exposure
to cells or conditioned media changed the biological
identity of nanoparticles.

In our first set of experiments, serum pretreated
nanoparticles were incubated with monolayers of
A549 lung epithelial carcinoma cells, HelLa cervical
carcinoma cells, MDA-MB-435 melanoma cells, or
RAW264.7 macrophage-like cells. Aggregation was
measured in the isolated culture media using UV—
visible spectrophotometry. The degree of aggregation
was quantified using an “aggregation index”, which is
the ratio of the absorbance at 620 nm to the absor-
bance at 520 nm.?" The aggregation index quantifies
the red shift in the surface plasmon resonance band
and correlates with the extent of nanoparticle aggre-
gation.'® Citrate-coated nanoparticles aggregated to
detectable levels within 1 h of exposure to all of the cell
types tested (Figure 1a—c and Figure S1, Supporting
Information). By 24 h, nanoparticles in contact with
A549, Hela, and RAW264.7 cells had aggregated to
a similar extent, whereas nanoparticles exposed to
MDA-MB-435 cells were significantly less aggre-
gated. Coating the gold nanoparticles with MUA or
PEG significantly decreased aggregation. By 24 h,
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Figure 1. Aggregation of nanoparticles exposed to conditioned media. (a) Scheme of nanoparticles directly exposed to cells.
(b) Aggregation index assessed by UV—visible spectrophotometry of nanoparticles directly exposed to A549 cell cultures. (c)
Aggregation index after 24 h exposure to various cell lines. (d) Scheme of nanoparticles exposed to cell-conditioned media. (e)
Aggregation index of nanoparticles incubated with A549 cell-conditioned media for 4 h. (f) Aggregation index after exposure
to 24 h cell-conditioned media for 4 h. (g) Hydrodynamic diameter of nanoparticles exposed to A549 cells or cell-conditioned
media. For 15 nm citrate-coated nanoparticles (15-Ci), direct cell exposure and cell conditioning produces the same
hydrodynamic diameter (yellow hashed region). For 15 nm PEG-coated nanoparticles (15-PEG), only direct cell exposure
causes an increase in hydrodynamic diameter (white hashed region). (h) Aggregation index of citrate-coated nanoparticles
possessing different diameters exposed to A549-cell conditioned media for 4 h. (i) Aggregation index of citrate-coated
nanoparticles possessing different diameters exposed to RAW 264.7 cell-conditioned media for 4 h. Data presented as the
average with standard error from at least three separate experiments.

PEG-coated nanoparticles exposed to A549 and Hela
cells had aggregated slightly, whereas MUA-coated
nanoparticles show no difference in aggregation
index upon exposure to conditioned media from any
cell source. These results show that nanoparticles can
aggregate when they are dispersed in culture medium
and exposed to cells. The aggregation kinetics depend
on nanoparticle surface chemistry and cell phenotype.

We hypothesized that cellular conditioning of the
culture medium was responsible for observed nano-
particle aggregation. To test this, conditioned media
was collected from A549 cells at time points ranging
from 1 to 24 h. To establish optimal incubation time,
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serum pretreated citrate-coated nanoparticles were
transferred into the A549 cell conditioned media and
incubated between 0.5 and 8 h at 37 °C in 5% CO..
Nanoparticle aggregation was proportional to incuba-
tion time in the conditioned media and eventually
reached a plateau (Figure S2, Supporting Information).
We chose a 4 h incubation time with the conditioned
media for all of our experiments since this produced an
aggregation index that was greater than 75% of the 8 h
incubation. Having established our experimental con-
ditions, we proceeded to collect conditioned media
from the different cell lines between 1 and 24 h.
Serum pretreated citrate, MUA, and PEG nanoparticles
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Figure 2. Protein corona of nanoparticles exposed to conditioned media. (a) Krypton stained PAGE gel showing protein
corona isolates from 15 nm citrate-coated gold nanoparticles after initial 10% serum exposure (start) and after exposure to
fresh (0 h) or 24 h cell-conditioned media for 4 h. Dashed box included to highlight a large (>220 kDa) protein that shows
visible change after exposure to conditioned media. (b) Krypton stained PAGE gel of 15 nm citrate-coated (15-Ci),
MUA-coated (15-MUA), or PEG-coated (15-PEG) gold nanoparticles exposed to fresh or 24 h A549 conditioned media for 4 h.
Images (c) and densitometry (d) of >220 kDa protein band when different nanoparticle sizes were exposed to 24 h A549 cell-

conditioned medium. (n = 3; ** p < 0.01 using two-way ANOVA).

were exposed to the various conditioned media for
4 h and analyzed by absorbance spectrophotometry
(Figure 1d—f). Citrate-coated nanoparticles aggre-
gated during incubation with the conditioned media
from all cell lines; however, the rate of aggregation was
significantly lower than the direct contact of nanopar-
ticles with cells (Figure S3, Supporting Information). By
24 h, citrate-coated nanoparticles in media condi-
tioned by A549 and RAW264.7 cells had aggregated
to the same extent as citrate-coated nanoparticles in
direct contact with cells (Figure 1f). In contrast, citrate-
coated nanoparticles incubated with media condi-
tioned by MDA-MB-435 and Hela cells aggregated
significantly less than nanoparticles in direct contact
with cells (Figure 1e,f). PEG-coated nanoparticles did
not aggregate in conditioned media, suggesting that
their mechanism of aggregation requires direct cell
contact. Additional experiments varying the cell num-
ber and media volume used to prepare the condi-
tioned media confirmed that nanoparticle aggregation
kinetics were related to the rate of media conditioning
(Figure S4, Supporting Information). We used dynamic
light scattering and electron microscopy as comple-
mentary techniques to validate absorbance spectros-
copy data and to confirm the presence of aggregates in
samples with high aggregation index values (Figure 1g,
Figure S5 and Table S1, Supporting Information).
Previous studies have shown that nanoparticle sur-
face curvature influences nanoparticle aggregation
kinetics and protein—nanoparticle interactions 2323
To investigate the effect of nanoparticle diameter
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on nanoparticle aggregation in conditioned media, we
synthesized 30, 60, and 90 nm citrate-coated gold nano-
particles and exposed them to A549 or RAW264.7 cell
conditioned media (Table S1, Supporting Information).
In both media, smaller nanoparticles aggregated
more quickly and to a greater extent than larger nano-
particles (Figure 1h,i and Figures S6 and S7, Supporting
Information). Together, these results show that nano-
particles exposed to conditioned media can aggregate
over time, suggesting that medium conditioning is at
least partially responsible for nanoparticle aggregation
during cell exposure. Furthermore, the results demon-
strate that nanoparticle size and surface chemistry, cell
phenotype, and media conditioning time are impor-
tant factors influencing the aggregation kinetics.
Protein Corona Composition in Conditioned Media. We
investigated the effect of media conditioning on the
composition of the protein corona. Serum pretreated
15 nm citrate-coated nanoparticles were transferred to
unconditioned media or media that had been condi-
tioned by A549, MDA-MB-435, Hela, or RAW264.7 cells
for 24 h. Nanoparticles were incubated in the media for
4 h, purified, and washed to remove unbound proteins.
Adsorbed proteins were then isolated from the nano-
particles and characterized using polyacrylamide gel
electrophoresis (PAGE) (Figure 2a). PAGE analysis
shows that exposing the nanoparticles to conditioned
media leads to qualitative changes in the composition
of the protein corona, in a manner that depended on
the phenotype of the cells that conditioned the media
(Figure 2a). However, all cell lines produced a visible
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increase in the abundance of a high molecular weight
(>220 kDa) band. Additional experiments revealed that
the abundance of this protein correlates with media
conditioning time (Figure S8, Supporting Information).
These results show that the protein corona around
citrate-coated nanoparticles is altered by conditioned
culture medium in a manner that depends on con-
ditioning time and cell phenotype.

We also characterized the composition of the
protein corona around MUA- and PEG-coated nano-
particles after exposure to conditioned media. In
unconditioned media, far less protein adsorbed to
PEG-coated nanoparticles relative to citrate-coated
nanoparticles (Figure 2b and Figure S9, Supporting
Information). After exposure to A549 cell-conditioned
media, the total quantity of adsorbed protein in-
creased on the PEG-coated nanoparticles. In uncondi-
tioned media, proteins adsorbed to MUA-coated
nanoparticles to a similar extent as citrate-coated
nanoparticles. However, during exposure to condi-
tioned media, the composition of the protein corona
around MUA-modified gold nanoparticles did not
change in A549 cell-conditioned media. These results
establish that nanoparticle surface chemistry influ-
ences the stability of the protein corona composition
in conditioned media.

To understand the influence of nanoparticle size on
protein corona stability, we characterized the evolu-
tion of the protein corona around 30, 60, and 90 nm
citrate-coated nanoparticles in A549 cell-conditioned
media (Figure S10, Supporting Information). Incuba-
tion in conditioned media led to the appearance of the
characteristic high molecular weight (>220 kDa) band
for all nanoparticle sizes tested (Figure 2c,d). However,
the intensity of the band was inversely proportional to
nanoparticle diameter (Figure 2d) and correlated with
the extent of nanoparticle aggregation (Figure 1h).
These results show that protein corona composition
is altered upon exposure to conditioned media, which
depends on nanoparticle size and surface curvature.
Smaller nanoparticles underwent a greater change in
protein corona composition than larger nanoparticles.
This may be due to the greater deflection angle be-
tween adjacent adsorbed proteins, which makes the
underlying gold surface more accessible to incoming
biomolecules and increases the protein exchange rate.
Exposing the nanoparticles to RAW264.7 cell-condi-
tioned media also produced size-dependent changes
in the band pattern that were qualitatively different
from the changes observed in A549 cell-conditioned
media (Figure S11, Supporting Information), revealing
that cell phenotype contributes to size-dependent
trends in protein corona compositional changes.

To gain a more detailed understanding of protein
corona composition in conditioned media, we used
liquid chromatography—tandem mass spectrometry
(LC—MS/MS) to characterize changes in the composition
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of the protein corona formed around 15 nm citrate-
coated nanoparticles during incubation with media
conditioned by A549 cells.>*? A total of 581 proteins
were identified, of which 113 were sufficiently abun-
dant to allow accurate quantification by spectral count-
ing. The protein corona formed after 1, 8, and 24 h of
conditioning is 89, 84, and 81% similar to the corona
formed after exposure to unconditioned media, re-
spectively. The relative abundance of each identified
protein was influenced in a different way by media
conditioning. Proteins with similar trends were divided
into six groups by unsupervised hierarchical clustering
(Figure 3a). The combined relative abundance of
group 3 proteins decreased from ~40% (w/w) in
unconditioned medium to ~20% (w/w) in medium
that had been conditioned for 24 h. In contrast, the
combined relative abundance of group 4 proteins
increases from ~20% (w/w) in unconditioned media
to ~40% (w/w) in medium that has been conditioned
for 24 h. These results suggest that group 4 proteins
gradually replace group 3 proteins as cells condition
the nanoparticle's surrounding medium. The five most
abundant group 3 proteins are vitronectin, thrombin,
plasma serum protease inhibitor, complement C3, and
coagulation factor V, while the five most abundant
group 4 proteins are thrombospondin, antithrombin lll,
apolipoprotein B, talin, and myosin (Table S2, Support-
ing Information). LC—MS/MS data illustrates that the
protein corona around nanoparticles is altered in con-
ditioned media.

FBS supplies the proteins in unconditioned media,
whereas both FBS and human-derived A549 cells
supply the proteins in conditioned media. Species-
specific differences (human vs bovine) in the protein-
derived peptides sequenced by LC—MS/MS allow us to
assign the origin of each identified protein to either
FBS or A549 cells. The relative abundance of cell-
derived proteins in the corona gradually increases as
the culture media is conditioned. By 24 h, cell-derived
proteins account for at least 4.8% (w/w) of the total
adsorbed protein mass. The relative abundance of
human fibronectin increases in proportion to media
conditioning time, although the total amount of ad-
sorbed fibronectin stays roughly constant (Figure 3b).
This trend was confirmed by Western blotting using an
antihuman-fibronectin antibody (Figure 3c). The ap-
pearance of human-derived fibronectin in the corona
correlates with the secretion of this protein into the
culture medium by the cells (Figure S12, Supporting
Information). Similar trends were observed for myosin
and thrombospondin by LC—MS/MS quantification.
Overall, these results suggest that cell-secreted pro-
teins progressively replace serum-derived proteins in
the protein corona around citrate-coated nanoparti-
cles as the culture medium is conditioned.

Aggregation Mechanism. The time-dependent compo-
sitional changes in the protein corona of citrate-coated
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Figure 3. Quantitative analysis of the protein corona formed around gold nanoparticles exposed to conditioned media. (a)
Heat map showing abundance of 113 proteins identified within the protein corona of 15 nm citrate-coated gold nanoparticles
exposed to a conditioned media. Proteins were identified using liquid chromatography—tandem mass spectrometry
(LC—MS/MS) and quantified by spectral counting. Each row corresponds to a protein, and each column corresponds to the
duration of culture medium conditioning by A549 cells. Abbreviated protein names are explained in Table S2 (Supporting
Information). The intensity of the yellow color is related to the relative abundance (by mass) of a given protein within the
protein corona. Relative abundances were mean-centered and variance-scaled (Z-scored) across conditioning times. Proteins
were clustered into six groups based on correlations in their relative abundance across medium conditioning times. A
dendrogram is presented on the left of the heat map outlining protein grouping. The relative abundance trend for each
protein in each group is displayed on the right of the heat map. The bold colored line is the average for each group. (b) Top
panel: Total fibronectin (as a fraction of total adsorbed protein mass) as a function of medium conditioning time. Bottom
panel: Proportion of adsorbed fibronectin derived from fetal bovine serum (left axis: blue) or human A549 cells (right axis:
red). Relative abundances were estimated by spectral counting. (c) Western blot of protein corona isolates from 15 nm citrate-
coated gold nanoparticles exposed to A549 cell-conditioned media. Blots were probed using an antihuman fibronectin
antibody. Control wells contain human serum (HS) as a positive control, fetal bovine serum (FBS), and phosphate-buffered

saline (PBS) as negative controls.

nanoparticles correlates with aggregation in condi-
tioned media (Figure 1e vs Figure 3c). This suggests
that the accumulation of cell-secreted proteins such as
fibronectin, thrombospondin, or myosin in the protein
corona may cause nanoparticle aggregation. To deter-
mine whether cellular proteins are responsible for
nanoparticle aggregation, we filtered conditioned
media through a 10 kDa membrane to separate low
molecular weight components from the proteins.
PAGE analysis confirmed that there were no detectable
protein bands in the low molecular weight filtrate,
while the protein composition in the high molecular
weight retentate is similar to whole media (Figure 4a).
We then characterized the aggregation of 15 nm
citrate-coated nanoparticles in whole media, the
protein-free filtrate, and the protein-rich retentate
(Figure 4b,c). The fractionation of unconditioned me-
dium did not produce any detectable nanoparticle
aggregation. For conditioned media, we were sur-
prised to find that exposure to the protein-free filtrate
caused significant aggregation, while the protein-
containing retentate did not (two-way ANOVA,
p < 0.001). The extent to which the protein-free filtrate
induced nanoparticle aggregation depended on the
cell type used to condition the medium. The filtrate
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from A549 cell conditioned media caused significantly
more aggregation than whole media suggesting that
the presence of proteins may slightly reduce ag-
gregation (two-way ANOVA, p < 0.001). For RAW264.7
cells, whole conditioned media or its protein-free
filtrate caused a similar degree of nanoparticle aggre-
gation (two-way ANOVA, p < 0.001). Although the time-
dependent accumulation of sub-10 kDa components
in the conditioned media causes the progressive ag-
gregation of nanoparticles in both cell lines, our data
demonstrates that aggregation kinetics and mechan-
ism may be cell-line dependent. It is likely that the
mechanism of aggregation (secreted biomolecules vs
secreted proteins) will vary depending on nanoparticle
composition and surface chemistry. Our findings
demonstrate that in the absence of serum and cell-
secreted proteins, low molecular weight components
such as ions, biological molecules, and metabolites can
cause the aggregation of serum-pretreated 15 nm
citrate-stabilized nanoparticles.

Effect of Media Conditioning on Nanoparticle Cell Uptake.
Next, we investigated how changes in the biological
identity of nanoparticles affected cell uptake. Previous
studies have demonstrated that aggregation and mod-
ulation of the protein corona can influence the cellular

VOL.8 = NO.6 = 5515-5526 = 2014 K@N&N{(j

WWwWW.acsnano.org

Wi

5520



kDa

220

120
920

70
50

30
20

@® Whole
O <10kDa

W >10kDa é
-

o-”
v

-
o
I

I
[3,]
L

Aggregation Index

g
=)

0 5 10 15 20
C Conditioning Time (h)

1097 @ whole
QO <10kDa
B >10kDa

0.5+

Aggregation Index

0.0

0 5 10 15 20
Conditioning Time (h)

Figure 4. Filtration of the conditioned media. (a) Krypton
stained PAGE gel demonstrating the protein content of
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tein-rich >10 kDa retentate fractionated using a 10 kDa
Amicon centrifuge filter. Aggregation index of 15 nm ci-
trate-coated nanoparticles exposed to media, filtrate and
retentate of A549 (b) or RAW 264.7 (c) cell conditioned
media. Data represents the mean and standard error of
three independent experiments.

interactions of nanoparticles.®'®**~3” We incubated
15 nm citrate-coated nanoparticles with media that
had been conditioned for 0 to 24 h and characterized
association with A549 cells using inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES)
(Figure 5a). The results reveal that exposure to condi-
tioned media enhances the nanoparticle—cell associa-
tion of citrate-coated nanoparticles. Since elemental
analysis cannot distinguish between internalized and
membrane-bound nanoparticles, we used electron
microscopy (EM) to characterize the cellular distribu-
tion of the nanoparticles. The majority of the nanopar-
ticles observed by EM were located within intracellular
vesicles, showing that cell-associated nanoparticles
were mostly internalized (Figure S13, Supporting
Information). EM reveals that monodisperse nanoparticles
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Figure 5. Cell uptake of nanoparticles exposed to condi-
tioned media. (a) ICP-AES-based cell uptake measurement
of 15 nm citrate-coated nanoparticles exposed to A549
conditioned media between 1 and 24 h. Nanoparticles were
incubated with cells for 1 h at 37 or 4 °C. Data represents the
mean and standard error from three independent experi-
ments. **p < 0.01, ***p < 0.001 using two-way ANOVA. (b)
Average size of nanoparticle aggregates exposed to A549
cells (extracellular) and imaged in the intracellular vesicles
(internalized) after 1 h incubation with cells. Data was
obtained by analysis of electron microscope images. (c)
Retention of membrane-bound 15 nm citrate-coated nano-
particles incubated for 1 h at 4 °C, washed, and incubated at
37 °C for 4 h. Data represents the mean and standard error
from three independent experiments; *p < 0.05, **p < 0.01,
using ANOVA.

prepared in fresh media (0 h) appear as small aggregates
inside cellular vesicles (Figure 5b). Our observations
are consistent with previous studies reporting the
formation of nanoparticle aggregates subsequent to
cell uptake.?*%>38 For nanoparticles exposed to condi-
tioned media, the formation of aggregates prior to
cell contact (Figure 1e and Figure S5, Supporting
Information) caused an overall increase in the size of
intracellular aggregates (Figure 5b). The size of both
extracellular and intracellular aggregates increases as a
function of time-dependent cell conditioning. Cell
association experiments performed at 4 °C reveal that
exposure to conditioned media increases the binding
avidity of nanoparticles to the cell membrane
(Figure 5a). Once bound to the cell membrane, nano-
particles exposed to conditioned media had signifi-
cantly higher cell retention (Figure 5¢). Together, these
findings show that cell conditioning of the extracellular
environment changes the biological identity of citrate-
coated 15 nm nanoparticles and promotes the cell
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Figure 6. Effect of conditioned media on size-dependent
uptake. (a) A549 cell uptake of 15, 30, 60, and 90 nm citrate-
coated nanoparticles exposed to fresh or 24 h A549 cell-
conditioned media (cond'd). (b) RAW 264.7 cell uptake of 15,
30, 60, and 90 nm citrate-coated nanoparticles exposed to
fresh or 24 h RAW264.7 cell-conditioned media. Cells were
incubated with nanoparticles for 1 h at 37 °C, and uptake
was quantified using ICP-AES. Numbers indicate the fold
increase in uptake of conditioned media exposed nanopar-
ticles relative to their counterparts in fresh medium. Com-
parisons were performed at 0 and 24 h using ANOVA where
*** p < 0.001.

uptake of larger nanoparticle aggregates. We suspect
that the increased cell membrane affinity, uptake, and
retention of the nanoparticles are due to the combined
effect of large aggregate size and the presence of cell-
derived proteins within the corona. Because of their
larger size, aggregates are likely to bind more receptors
than monodisperse nanoparticles'®'” and display de-
creased exocytosis rates.?> The incorporation of cell-
secreted proteins into the corona may also increase
receptor affinity or target additional receptors. The
exposure of 15 nm citrate-coated nanoparticles to
conditioned media leads to the incorporation of
thrombospondin and cellular fibronectin into the pro-
tein corona. It is possible that progressive accumula-
tion of these proteins, which are involved in cell—cell
and cell-matrix interactions, allows nanoparticles to
bind highly expressed cell-surface receptors.

Our studies demonstrate that a nanoparticle's bio-
logical identity evolves in extracellular environment as
a result of cell conditioning. By overlooking the effect
of cell conditioning on nanoparticle—cell interactions,
it is possible to misinterpret experimental data. We
explored how this oversight could potentially affect
data interpretation by investigating the effect of cell
conditioning on the size-dependent uptake of citrate-
coated nanoparticles in nonphagocytic A549 cells and
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phagocytic RAW 264.7 cells. A549 cells preferentially
internalized 60 nm nanoparticles in both uncondi-
tioned and conditioned media (Figure 6a). In uncondi-
tioned media, the uptake of 60 nm nanoparticles was
~2.5 times higher than 30 nm nanoparticles, whereas
in conditioned media, the uptake of the 60 nm nano-
particles rose to nearly 8 times that of the 30 nm
nanoparticles. RAW264.7 cells internalized citrate-
coated nanoparticles of all sizes to similar extents in
unconditioned media (Figure 6b). However, in condi-
tioned media, RAW264.7 cells preferentially inter-
nalized 60 nm nanoparticles. Experiments with these
cell lines reveal that conditioned media produces
design-specific changes in nonphagocytic nanoparticle
uptake and an overall increase in nanoparticle phago-
cytosis. These results show that size-dependent uptake
trends can vary based on the composition of the
extracellular environment. In the presence of metabo-
lically active cells, nanoparticles are exposed to dy-
namic extracellular environments that can alter their
biological identity. In cell culture experiments, the
evolution of the medium's composition will depend
on cell numbers, cell phenotype, medium volume, and
incubation time. Slight changes to the experimental
conditions will change the rate of cell conditioning and
directly influence nanoparticle uptake trends. The
overlooked influence of cell conditioning may explain
the apparent inconsistencies in nanoparticle uptake
studies. 333941

CONCLUSION

This study establishes that cell conditioning of the
extracellular environment can alter the biological
identity of a nanoparticle and change its cell uptake
(Figure 7). Upon exposure to a biological environment,
a nanoparticle will acquire an initial biological identity
that results in a specific rate of cell uptake. The secre-
tion of cell-derived proteins and metabolites alters the
extracellular environment and can lead to nanoparticle
aggregation and changes to the protein corona. These
changes in the nanoparticle's biological identity will
alter the rate and mechanism of cell uptake. How cell
conditioning influences the nanoparticle's biological
identity depends on its size and surface chemistry, as
well as the cell's phenotype and culture conditions. The
dynamic evolution of the extracellular environment
and its impact on the nanoparticle's biological identity
should be considered during in vitro experiments to
fully explain nanoparticle—cell interactions. Research-
ers should characterize the biological identity of a
nanoparticle in unconditioned and conditioned media
in future experiments. This will provide a better char-
acterization of a nanoparticle's “true” biological iden-
tity prior to cell contact, strengthen conclusions made
about the effect of nanoparticle physical and chemical
properties on nanoparticle—cell interactions, and pre-
vent data misinterpretation.
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Figure 7. Evolution of nanoparticles in the extracellular environment. The figure demonstrates how initial exposure of the
nanoparticle to a biological environment creates an initial biological identity through the formation of a protein corona or
nanoparticle aggregation. Cell secretion of metabolites and proteins leads to changes in the protein corona and nanoparticle
aggregation. As the biological identity of nanoparticles evolves over time so does receptor binding, receptor recruitment, and
cell uptake. This model was based on our data from the serum pretreated 15 nm citrate-coated nanoparticles. Of note, the rate
by which the cell changes the nanoparticle's biological identity is likely to depend on the particle surface chemistry, size or

shape, and cell type.

Our findings also bring into question the mechan-
isms of nanoparticle uptake. In previous studies we
proposed that single and monodisperse nanoparticles
form aggregates at the cell membrane as a result
of receptor clustering.?*?>*? Receptor clustering is
required to generate enough potential energy for
membrane wrapping and internalization of the nano-
particles.'®* We proposed that nanoparticle aggrega-
tion at the cell surface may be necessary for the active
endocytosis of small nanoparticles. Results from the
current study reveal an alternative explanation for the
appearance of nanoparticle aggregates on the cell
membrane and inside intracellular vesicles. In the
membrane-wrapping hypothesis, monodisperse nano-
particles aggregate via receptor clustering at the cell
membrane. Our current study suggests an additional
“preaggregation” model where the arrival of nanopar-
ticles into the extracellular region adjacent to the cell
membrane leads to interactions with secreted biomo-
lecules. In this model, nanoparticle aggregation occurs
prior to contact with the cell surface membrane.
The aggregated nanoparticles will engage more cell-
surface receptors and generate more potential energy
for membrane wrapping than their dispersed counter-
parts. The contributions of “preaggregation” and “receptor
clustering” are likely dependent on a nanoparticle's
design, cell type, and composition of the extra-
cellular environment. Future empirical and mathe-
matical studies will be necessary to determine the
respective contributions of each mechanism during
cell uptake.

Our study also raises questions about how the
dynamic nature of biological environments in vivo will
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impact nanoparticle—cell interactions. Although bio-
logical environments work to maintain homeostasis,
they are subject to continuous compositional fluctua-
tions. The composition of plasma, interstitial fluid,
mucus, and saliva can change in response to metabo-
lism, inflammation, and disease.”*~*® When nanopar-
ticles are introduced into the body, they may initially
appear as a monodisperse population with well-char-
acterized surface chemistries. However, circulation
through the body may lead to adsorption of a pro-
tein corona and nanoparticle aggregation over time.
Our study was designed to investigate how time-
dependent changes in the extracellular environment
affected nanoparticle properties. Time-dependent
changes are unlikely to be as remarkable in vivo.
Instead, nanoparticles will be subjected to different
environments via translocation from the blood into
various tissues. In the tissue, biomolecules secreted by
multiple cell types and the composition of the protein-
dense extracellular matrix will generate unique micro-
environments. The results suggest that the biological
identity of blood-borne nanoparticles is likely to be
altered in each of these microenvironments. Our study
also suggests that the formation of aggregates in the
blood or within a tissue's microenvironment may lead
to increased phagocytosis (Figure 6b). Aggregates may
also cause a decrease in tissue accumulation due to
size-restricted transport through the vasculature and
the extracellular matrix.*’*® The dynamic nature of
extracellular environments and the numerous unique
microenvironments inside the body may generate
multiple biological identities and ultimately influence
blood clearance trends, biodistribution patterns, and
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therapeutic efficiencies. This study provides the first
evidence of the extracellular environment's effect on
nanoparticle aggregation, protein corona composi-
tion, and cellular interactions. A cell's ability to indir-
ectly modify a nanoparticle through the secretion
of biomolecules reveals an overlooked interaction

METHODS

Nanoparticle Preparation. The 15 nm gold nanoparticles
were prepared by citrate reduction according to the Frens—
Turkovich method.** Nanoparticles were then modified with
thiol-terminated methoxyPEG-5000 or 11-mercaptoundecanoic
acid (MUA) using standard ligand-exchange procedures.*® The
15 nm nanoparticles were also used as seeds for the preparation
of 30, 60, and 90 nm gold nanoparticles by hydroquinone-
mediated growth.?® The nanoparticles were synthesized,
washed three times via centrifugation with 0.01% (w/v) sodium
citrate tribasic, and incubated in PBS containing 10% (v/v) fetal
bovine serum (FBS) for 1 h at 37 °C. The nanoparticles were
centrifuged and added to cells or preconditioned media at
5 nM (3 x 10" nanoparticles/mL) for 15 nm nanoparticles.
Larger nanoparticle concentrations were normalized to achieve
the same surface area as the 15 nm nanoparticles (2.1 x
10" nm%/mL).

Cell Experiments. Cell experiments were conducted with A549
human lung epithelial carcinoma cells, HeLa human cervix
epithelial adenocarcinoma cells, RAW 264.7 murine leukemia
virus-transformed monocyte cells, and MDA-MB-435 human
melanocyte cells. Nanoparticle experiments were conducted
in phenol-free DMEM (Life Technologies) containing 25 mM
HEPES and supplemented with 10% FBS (Sigma) and penicillin-
streptomycin (Life Technologies). 12-well plates were seeded
with 8 x 10> MDA-MB-435 or Hela cells, 1.6 x 10° RAW 264.7
cells, or 3 x 10° A549 cells to achieve 85% confluency. 835 ul of
media was added to cells and incubated for 1 to 24 h. When
using other types of culture plates, such as 48-well or 6-well, we
normalized cell numbers and media volume to the growth
surface's area to maintain identical cell-to-media ratios. For
direct cell exposure experiments, nanoparticles were diluted
in phenol-free DMEM + 10% FBS prior to experiment and
directly added to cells for 1, 4, 8, 12, and 24 h. Conditioned
media was generated by adding phenol-free DMEM + 10% FBS
to all cell lines and collected at 1, 4, 8, 12, and 24 h. For
conditioned media experiments, nanoparticles were incubated
with preconditioned media for 4 h at 37 °C. A 4 h incubation
time between nanoparticles and conditioned media was cho-
sen on the basis of preliminary experiments demonstrating that
nanoparticle aggregation reached a plateau between 4 and 8 h.

Characterization of Nanoparticle Aggregation. After exposure to
cells or preconditioned media, nanoparticles were kept on ice
and analyzed by UV—visible spectrometry (Shimadzu) to assess
aggregation by quantification of the plasmonic red-shift. We
used the 620/520, 620/527, 700/544, and 700/577 nm absor-
bance ratios as the “aggregation index” for 15, 30, 60, and 90 nm
nanoparticles, respectively. Aggregation index values were
subtracted by the aggregation index of nanoparticles in fresh
medium. When comparing the aggregation of 15 nm nanopar-
ticles in various cell cultures and supernatants, we determined
the rate of aggregation using the following hyperbolic equa-
tion:

Y = Ymax(1 7e—kx)
where y is the aggregation index (620/520 nm), Ymax is the
maximum aggregation index at 24 h, x is time in hours, and k
is the aggregation rate. Conditions were set to ymax < 1.2 since
this is the maximum possible value using our experimental
conditions. All points were fit to the equation producing fits at
R?>0.88.The curves of individual replicate series were obtained
and compared to other conditions to determine statistical
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occurring at the nano—bio interface and highlights
the underestimated complexity of nanoparticle—cell
interactions. This study contributes to an ongoing
effort to characterize nano—bio interactions in order
to establish guidelines for the design of effective
nanomaterials.”

differences using ANOVA. Some nanoparticle samples were
also analyzed by dynamic light scattering (Malvern) to measure
the hydrodynamic diameter and by transmission electron
microscopy to measure the size of aggregates. Electron micro-
scope images were analyzed using an ImageJ macro to quantify
the number of nanoparticles per aggregate, as previously
described.'®

Characterization of the Protein Corona. After incubation in
serum-containing media, gold nanoparticles were purified from
unbound protein by repeated centrifugation and resuspension
in phosphate buffered saline. Bound protein was stripped by
incubating nanoparticles in 2% (w/v) sodium dodecyl sulfate
(SDS) and 100 mM dithiothreitol for 1 h at 70 °C. An aliquot
of the protein isolates was drawn and resolved on a NuPAGE
4—12% Bis-Tris poly(acrylamide) gel (Invitrogen) in MOPS
running buffer (Invitrogen) according to the manufacturer's
protocol. The gels were stained using Krypton fluorescent
protein stain (Pierce) and imaged on a Typhoon laser scanner
(Amersham). For LC—MS/MS, protein isolates were repeatedly
precipitated to remove SDS, as described previously.>* Protein
pellets were reduced and alkylated before being digested
with trypsin. Protein digests were analyzed on the Orbitrap
Velos (Thermo) as described previously.>3 The percentage (w/w)
relative abundance of each of each identified protein was
estimated using the following formula:

SpC(n)
RAMumy = b

m

> SpC(i)

i=1

where RA(N)oyww) is the relative abundance of protein n,and m
is the total number of identified proteins. SpC(i) is the total
number of spectral counts recorded for protein i.

Western Blot. Protein corona isolates were run on NuPAGE
gels and transferred onto nitrocellulose membrane. The mem-
brane was blocked with 5% milk in 1X PBST for 1 h at room
temperature, rinsed, and probed overnight with rabbit antifi-
bronectin (Abcam) in 1X Superblock in PBS (Pierce). The mem-
brane was washed to remove excess primary antibody and
probed with horseradish peroxidase-conjugated goat antirabbit
(Cell Signaling) in 1X Superblock in PBS for 1 h at room tem-
perature. Membrane was washed to remove unbound secondary
antibody and exposed to a chemiluminescence substrate. The
membrane was visualized using a CCD camera (Kodak).

Cell Uptake. Cells were prepared the day before by seeding
12-well plates with 3 x 10° A549 cells or 1.67 x 10° RAW264.7
cells overnight. Each cell type was seeded in numbers to
achieve 85% confluency at the start of experiment. The 15 nm
citrate nanoparticles were exposed to A549 cell-conditioned
media for 4 h and then added to A549 cells and incubated for
1 h at 37 °C for uptake studies, for 1 h at 4 °C for membrane
binding studies, and for 1 h at 4 °Cfollowed by 4 h in fresh media
at 37 °C for retention studies. For experiments with larger nano-
particles, nanoparticle formulations were exposed to either
A549 cell-conditioned media for 4 h and then incubated with
A549 cells for 1 h at 37 °C or exposed to RAW264.7 cell-
conditioned media for 4 h and then incubated with RAW264.7
cells for 1 h at 37 °C. After incubation with nanoparticles,
cells were washed three times with PBS + 0.5% bovine serum
albumin and frozen until elemental analysis. Samples were
thawed, digested with 0.5 mL of nitric acid for 30 min at 70 °C,
diluted in 3 mL of Millipure water, and analyzed by ICP-AES.
Samples were analyzed for Au and Mg content. The Mg content
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was used to quantify the number of cells per sample in reference
to cell standards.>® The ICP-AES data was converted to obtain
gold quantification as ng/cell and multiplied by the average
number of RAW264.7 or A549 cells in a given experiment (to
minimize variability caused by differences in cell number). The
nanoparticle exposure dose was determined by measuring an
aliquot of nanoparticles by ICP-AES. The percentage dose was
defined as

[ng of gold in all cells]+[ng of nanoparticles added]x100%
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