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F
oreign bodies including nanoparticles
that enter the circulation interact with
the mononuclear phagocyte system

(MPS), a global macrophage system in the
liver, spleen, and bone marrow.1 Nanopar-
ticle clearance occurs particularly in the liver
and splenic tissue.2,3 The MPS is an impor-
tant determinant of the biological activity
for many nanomedicines because they
are rapidly cleared by this system in vivo.
In addition, variation in the function of the
MPS has been attributed to clinical variation
in the pharmacokinetics and pharmacody-
namics of nanoparticle-based drug delivery
agents in patients.4 Macrophages are pha-
gocytic cells that will engulf particles distin-
guished by their bearing of recognized
opsonins, such as serum proteins that have
adsorbed to nanoparticles.5,6 For example,
polystyrene nanoparticles that adsorb fibro-
nectin, complement protein C3, or immu-
noglobulin G (IgG) are cleared by hepatic
Kupffer cells, specialized phagocytic cells of
the liver.7,8 Accordingly, some nanoparticles
that are accumulated by the MPS show

organ-selective toxicity, especially in the
liver.9

The principle strategy used to evade the
MPS uses polyethylene glycol (PEGylation),
a hydrophilic polymer, which is added to the
surface of the nanoparticles. This reduces
serum protein binding through a process of
steric hindrance, thus inhibiting recognition
by macrophages.10 However, this approach
is not without issues, as a number of studies
have shown increased MPS-dependent
clearance of PEGylated nanoparticles fol-
lowing repeated administration.11�14 These
results emphasize the need to better under-
stand the molecular processes that lead to
nanoparticle localization in the MPS. Nano-
particles bind a range of blood proteins
that form a surface-associated corona that
contributes to the biological identity of cir-
culating nanoparticles.15�17 Which of these
proteins contribute to the targeting of nano-
particles to the MPS is not well understood.
This is highlighted by the fact that
protein association with nanoparticles can
enhance or reduce localization in the MPS.
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ABSTRACT While plasma proteins can influence the physico-

chemical properties of nanoparticles, the adsorption of protein to the

surface of nanomaterials can also alter the structure and function of

the protein. Here, we show that plasma proteins form a hard corona

around synthetic layered silicate nanoparticles (LSN) and that one of

the principle proteins is serum albumin. The protein corona was

required for recognition of the nanoparticles by scavenger receptors, a

major receptor family associated with the mononuclear phagocyte system (MPS). Albumin alone could direct nanoparticle uptake by human macrophages,

which involved class A but not class B scavenger receptors. Upon binding to LSN, albumin unfolded to reveal a cryptic epitope that could also be exposed by heat

denaturation. This work provides an understanding of how albumin, and possibly other proteins, can promote nanomaterial recognition by the MPS without

albumin requiring chemical modification for scavenger receptor recognition. These findings also demonstrate an additional function for albumin in vivo.
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For example, the use of an albumin coat on particles
has shown reduced opsonin receptor-mediated hepa-
tic clearance for some nanoparticles but accumulation
in the liver for other nanoparticles.18�20

Natural and synthetic layered silicate nanoparticles
(LSNs) are widely used in industries such as food
packaging21 and cosmetics, and they are under devel-
opment as drug delivery agents and in polymer nano-
composites with industrial and biomedical applica-
tions.22,23 We have previously investigated the effect
of LSNs on nanocomposites and their potential for
enhancing the strength and durability of medically
relevant polymers.24�26 However, despite growing
exposure of humans to these nanoparticles, little is
known about their interaction with cells and tissues.
Here, we have investigated the interaction of LSNswith
a variety of human cells and determined the impor-
tance of the protein corona that forms in serum.
Albumin was one of the most abundantly adsorbed
proteins and could direct macrophage uptake of LSNs.
Evidence supporting a role for albumin-directed uptake
of nanomaterials by macrophages has been reported
for carbonaceous and iron oxide nanoparticles.27,28

Structurally damaged albumin is well known to be
cleared from the circulation by macrophages.29�32

Hence, it is widely assumed that the albumin-directed
uptake of foreign particles, including nanomaterials,

by macrophages is due the damaged nature of the
associated albumin, especially since albumin acts as
a dysopsonin to oppose the effect of opsonins and
subsequent MPS clearance.33 Results from our studies
provide a molecular understanding of albumin-
directedmacrophage uptake by revealing a central role
for the unfolding of albumin due to nanoparticle bind-
ing and suggest the existence of cryptic epitopes
buried within the protein that can act as a ligand for
scavenger receptors of the MPS.

RESULTS AND DISCUSSION

LSNs are composed of nanosized platelets with a
thickness as small as 1 nmand a diameter ranging from
20 nm to several micrometers depending on their
composition, method of synthesis, and purification.
This high aspect ratio is, in part, responsible for many
of the unique physical and biological properties of
these nanoparticles.34�36 In solutions, the platelets
organize themselves into tactoid structures by face-
to-face interactions separated by van derWaals gaps or
into microaggregates following edge-to-edge interac-
tions of the individual platelets (Figure 1a).
To study the interaction of LSNs with human cells,

we incubated particles labeled with the fluorescent
dye YOYO-1 with several cell lines from different
tissue origins in complete medium. These included

Figure 1. Layered silicate nanoparticle interaction with cells. (a) Representation of the layered silicate nanoparticle (LSN)
platelets and their stacking in solution.23 The present study used layered silicate nanoparticles with an individual disk
diameter of 20�50 nm. In solution, these particles agglomerated to structures with amean hydrodynamic diameter of 85 nm
(Supplementary Figure S7). (b) Various human cell lines in complete culturemediumwere incubated with 10 μg/mL YOYO-1-
labeled nanoparticles for 4 h, and uptake was determined by flow cytometry. Results are mean ( SEM, n = 3. (c) Confocal
microscopy of YOYO-1-labeled layered silicate nanoparticles in dTHP-1 cells. Green = nanoparticles, blue = nuclei staining
withDAPI. (d) Transmission electronmicroscopy of dTHP-1 cells in the absence of nanoparticles (leftmicrograph) or following
uptake of unlabeled (center micrograph) or YOYO-1-labeled (right micrograph) nanoparticles. Arrows show electron-dense
bodies within intracellular vacuoles. Cells were left unstained in order to better visualize the LSNs.

A
RTIC

LE



MORTIMER ET AL . VOL. 8 ’ NO. 4 ’ 3357–3366 ’ 2014

www.acsnano.org

3359

the monocytic THP-1 cells, macrophage-like cells ob-
tained by differentiation of THP-1 cells (dTHP-1), the
promyelocytic cells HL-60, the T lymphocyte cell line
Jurkat, and the epithelial breast cells MCF-7. The
average hydrodynamic diameter of LSNs in these
experiments was 85 nm. Significant uptake was seen
only in the dTHP-1 cells (Figure 1b). This was confirmed
by confocal microscopy, which showed punctate cyto-
solic fluorescence (Figure 1c). Uptake was not due to
loss of dye from the nanoparticles, first because of the
lack of nuclear fluorescence (YOYO-1 binds with high
affinity to DNA) and second because transmission
electron microscopy showed localization of the nano-
particles to cellular vacuoles similar to that seen by
confocal microscopy. This was true for both YOYO-1-
labeled and unlabeled nanoparticles (Figure 1d).
Energy-dispersive X-ray spectroscopy was used to
verify the electron-dense bodies as LSNs by comparing
their magnesium content with surrounding regions of
the cell (Supplementary Figure S1).
We next investigated the mechanism of cellular

accumulation using several different pharmacological
inhibitors of endocytosis and phagocytosis. Differen-
tiated THP-1 cells exhibit many characteristics of
human macrophages, which internalize foreign material

by a number of distinct processes.3,37 As well as pino-
cytosis, macrophages specialize in phagocytosis by
endocytosis mechanisms involving scavenger recep-
tors,mannose receptors, Fc receptors, and complement
receptors. Cytochalasin D inhibits phagocytosis without
affecting pinocytosis by specifically disrupting actin
formation.38 When dTHP-1 cells were pretreated with
cytochalasin D, uptake of LSNs was almost completely
suppressed (Figure 2a). A similar result was seen at 4 �C.
To interrogate specific endocytosis pathways, cells
were treated with the scavenger receptor inhibitors
polyinosinic acid and formaldehyde-modified albumin,
both of which significantly inhibited uptake. However,
the mannose receptor inhibitor mannan had no
effect. The possible involvement of complement and
Fcγ receptors, which are known to promote uptake
of pathogens and apoptotic cells by macrophages,39

could not be assessed using commercial bovine serum
because these proteins are removed or inactivated
during processing.40 Therefore, we used freshly isolated
non-heat-inactivated human plasma containing the
complete complement and Fc components. We also
used serum collected in the absence of anticoagulant
additives, many of which reportedly can inhibit comple-
ment, with and without complement activation using

Figure 2. Uptake of layered silicate nanoparticle�protein complexes by dTHP-1 cells. (a) Effect of various endocytosis
inhibitors on layered silicate nanoparticle (LSN) uptakeby dTHP-1 cells, CD= cytochalasinD (50μg/mL);M=mannan (1mg/mL);
PI = polyinosinic acid (100 μg/mL); fB = formaldehyde-modified bovine albumin (30 μg/mL); HP = non-heat-inactivated human
plasma. Results are mean( SEM, n = 3. Asterisks indicate significant difference from controls (C). (b) Effect of polyinosinic acid
(PI) on theuptake of LSNbydTHP-1 cells in thepresence andabsence of serum. Results aremean( SEM,n=3.Asterisks indicate
significant difference from respective controls (�PI). (c) Confocalmicroscopyof YOYO-1-labeledLSNdTHP-1 cells in the absence
and presence of serum. Orange = actin, green = nanoparticles, blue = nuclei staining with DAPI.
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zymosan. However, we saw no difference in nanoparti-
cle uptake under any of these conditions, indicating
that complement and Fcγ receptors are not involved in
LSN uptake. These results show that LSNs accumu-
late in dTHP-1 cells by scavenger receptor-mediated
endocytosis.
To determine whether the protein corona was re-

quired for uptake, experiments were performed in the
presence and absence of serum (Figure 2b). First, cell-
associated fluorescencewas significantly greater in the
absence of serum compared to that in the presence of
serum. Confocal microscopy showed that the nano-
particles were mostly associated with the surface of
the cells in the absence of serum (Figure 2c, arrows),
although a few internalized particles were present

as well. In the presence of serum, surface binding
was not evident, suggesting efficient internalization
under these conditions. Finally, polyinosinic acid
did not inhibit uptake in the absence of serum but,
similar to that shown in Figure 2a, almost completely
blocked uptake in the presence of serum (Figure 2b).
Taken together, these results show that serum is
essential for scavenger receptor-mediated uptake
of LSNs.
Surface-bound serum proteins were examined by

gel electrophoreses. Figure 3a shows the protein bind-
ing pattern with increasing bovine serum. There was a
major band between 65 and 70 kD that was indepen-
dent of serum concentration. This band was con-
firmed as albumin by two-dimensional electrophoresis

Figure 3. Protein binding to layered silicate nanoparticles. (a) SDS�PAGE of layered silicate nanoparticle (LSN)-bound proteins
with increasing bovine serum concentrations. For controls, no nanoparticle was included. (b) Two-dimension gel electrophoresis of
proteinsbound toLSN following incubationwithbovine serum (1%). Arrow indicates albumin identifiedbypI andmolecularweight.
Note the negative staining near the arrow due to excess presence of protein. (c) Uptake of LSNs into dTHP-1 cells in the presence of
increasing concentrations of bovine serum. Results are mean( SEM, n = 3. (d) Uptake of LSNs into dTHP-1 cells in the presence of
bovineandhumanalbumin.Cellswerealso incubatedwith the scavenger receptor inhibitorpolyinosinic acid (PI). Resultsaremean(
SEM, n = 3. Asterisks indicate significant difference from respective controls (�PI). (e) Uptake of LSNs by scavenger receptor family
A members (SR-AI and MARCO) or scavenger receptor family B member (SR-BI) ectopically expressed in HeLa cells. EV = empty
vector control. Results are mean ( SEM, n = 3. (f) Confocal microscopy of LSNs in HeLa cells transfected with empty vector,
SR-AI, orMARCO. Orange = actin, green = nanoparticles, blue = nuclei stainingwithDAPI. (g) Uptake of LSNs into dTHP-1 cells in the
presence of bovine serum is inhibited by anti-SR-AI antibody but not by an isotype control antitubulin antibody. PI is included as a
positive control. Results are mean( SEM, n = 3.
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based onmolecular weight and pI (Figure 3b, arrow). A
second major band of approximately 150 kD that
increased in intensity with increasing serum was also
seen (Figure 3a). However, uptake of LSNs was not
affected by an increase in serum concentration
(Figure 3c), indicating this larger protein(s) was not
involved. This observation is important, as other re-
searchers have reported that different buffer systems
can influence the binding affinity of proteins for
nanoparticles.41 The use of high serum concentrations
minimizes this possibility.
Albumin binding to other nanomaterials has been

extensively reported42 andmay form part of the tightly
bound hard corona or rapidly exchanging soft corona
depending on particle surface and size characteris-
tics.42,43 However, the molecular mechanisms of this
interaction and biological consequences remain lar-
gely unknown. Therefore, we next examined the
effect of both bovine and human albumin on LSN
uptake by dTHP-1 cells (Figure 3d). Both albumins
promoted uptake in a polyinosinic acid-dependent
manner, suggesting albumin alone can promote the
recognition of LSN by scavenger receptors as seenwith
serum.
Scavenger receptors are composed of a family of

proteins that are differentially expressed in vivo and
exhibit different substrate specificities.44 To determine
which scavenger receptor might be responsible for
nanoparticle uptake, HeLa cells were transfected with
constructs expressing SR-AI, MARCO, or SR-BI recep-
tors. Figure 3e shows uptake of LSNs in serum by both
SR-AI and MARCO but not by SR-BI. Uptake was con-
firmed by confocal microscopy (Figure 3f). The lack
of uptake by SR-BI was not due to low expression or
a lack of function since the SR-BI substrate, oxidized
low-density lipoprotein, was taken up into HeLa cells
transfected with this receptor (Supplementary Figure
S2). In addition, SR-BI expression has been shown in
THP-1 cells,45 but we did not see uptake in this cell line
(Figure 1b), further supporting their lack of a role in LSN
uptake. To determinewhether uptake of LSNs primarily
involved SR-AI in the dTHP-1 cells, we preincubated
the cells with anti-human SR-AI antibody to selectively
neutralize the uptake pathway (Figure 3g). The anti-
body inhibited uptake to the same extent as poly-
inosinic acid, confirming the primary role of this
receptor in LSN uptake. Native albumin is not a
ligand for scavenger receptors. However, chemically
modified albumin (also referred to as structurally
“damaged” albumin) is well known to be cleared
from the circulation by scavenger receptors.29�32

The recognition of modified albumin by specific re-
ceptors has been shown to depend on the type of
modification.46,47

Therefore, on the basis of our evidence that albumin
directs LSN uptake, we reasoned that its interaction
with LSNs might lead to conformational changes that

exposed an epitope, or peptide sequence(s), recog-
nized by scavenger receptors. To assess this, we first
examined the effect of LSNs on the secondary structure
of bovine albumin by far-UV circular dichroism. The
nanoparticles alone did not affect ellipticity (Figure 4a,
green curve). By contrast, addition of LSN to albumin re-
sulted in a concentration-dependent loss of R-helices,
as shownby the increase in ellipticity at 208 and222nm
(Figure 4a). These observations are consistent with
nanoparticle-induced unfolding of the protein.
We next asked whether unfolding albumin by an

alternative process could similarly expose an epitope
that bound to scavenger receptors. Thermal denatura-
tion of albumin has been extensively studied and
has shown that the protein unfolds by at least two
processes. The first occurs as the protein is heated to
approximately 60 �C and is characterized by refolding
upon cooling to 37 �C. The second occurs at tempera-
tures above 60 �C, whereupon the protein does not
refold after cooling.48 This is demonstrated in Figure 4b
using circular dichroism. Bovine albumin was heated
to 55 �C and found to refold upon cooling. However,
when it was heated to higher temperatures, it did not
completely refold. Figure 4c shows that when fluores-
cently labeled bovine albumin was heat-treated in a
similar manner and then incubated with dTHP-1 cells,
uptake was seenwhen refolding did not take place (i.e.,
heating above 55 �C). This was true for both bovine
and human albumin (Figure 4d). Moreover, cell uptake
of the heat-denatured proteins is scavenger receptor
mediated, as it was almost completely inhibited
by polyinosinic acid (Figure 4d). The lack of uptake
at 37 �C of nondenatured albumin also indicates that
the fluorescent label was not involved in receptor
recognition.
Albumin is a globular protein that specifically binds

both endogenous and exogenous substrates.49 It has
three structurally similar domains (Figure 5a) that have
been independently expressed and used to map the
different binding regions of the protein. To identify the
location of any cryptic epitope within the albumin
molecule that recognizes the scavenger receptor, we
expressed each of the three domains of human albu-
min (Figure 5a), fluorescently labeled them, and then
assessed their uptake by dTHP-1 cells following heat
denaturation. The polypeptides of domains I and II
interacted with the cells to a greater extent following
heating, indicating that they had folded sufficiently
after synthesis to hide the peptide region(s) that bind
to the scavenger receptor (Supplementary Figure S3).
Moreover, polyinosinic acid inhibited the uptake of
both of these polypeptides, while it slightly increased
that for domain III (Figure 5b). These results suggest
scavenger receptor-mediated uptake of domains I
and II but not III. Finally, when each of the albumin
polypeptides was mixed with the LSNs, 90% or more
bound to form peptide�nanoparticle complexes
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(Supplementary Figure S4). When dTHP-1 cells were
incubated with each of these complexes, uptake of
the domain I�LSN complexes and domain II�LSN
complexes was inhibited by polyinosinic acid, whereas
complexes formedwith domain III were not (Figure 5c).
These results indicate that denatured polypeptides
derived from amino acids 1�186 and 187�380 of
human albumin contain sequences that are recog-
nized by scavenger receptors on human dTHP-1 cells.
Our results show that albumin contains cryptic

epitopes located in domain I and/or II that promote
nanoparticle uptake via scavenger receptors. However,
as previously mentioned, serum albumin is not nor-
mally recognized by this family of receptors, although
chemical modification of albumin is well known to
promote interaction with both class A and class B
receptors.29 These chemical modifications introduce
polyanionic regions into the protein, which are

thought to bind to a cluster of positively charged
amino acids on the receptor.44 Analysis of the human
albumin protein sequence identified several polyanio-
nic regions. In domain I, amino acids 56�63 (Asp-Glu-
Ser-Ala-Glu-Asp-Cys-Asp) are mostly polyanionic,
although these amino acids are located in an exposed
loop on the surface of the native protein. In domain II,
polyanionic regions are located at amino acids
249�256 (Asp-Leu-Leu-Glu-Cys-Ala-Asp-Asp) and
292�301 (Glu-Val-Glu-Asn-Asp-Glu-Met-Pro-Ala-Asp).
Both are buried to varying degrees within the protein.
Domain III does not contain any obvious regions of
strong negativity. Whether any of these amino acid
sequences are responsible for recognition by scaven-
ger receptors following albumin unfolding remains to
be determined.
Conformational changes in albumin following bind-

ing to different surfaces has been reported, including

Figure 4. Albumin binding to layered silicate nanoparticles induces protein unfolding. (a) Circular dichroism of bovine
albumin (20 μg/mL)with increasing concentrations of nanoparticle (black = 0 μg/mL, red = 2.5 μg/mL, green= 5 μg/mL, blue =
10 μg/mL, violet = 20 μg/mL, brown = 40 μg/mL). (b) Circular dichroism of bovine albumin heated from 37 �C to 45�85 �C
followed by cooling to 37 �C. Blue = 37 �C before heating; red = heated temperature; green = 37 �C after heating. (c) Uptake of
fluorescently labeled bovine albumin after heating to the indicated temperatures and then cooling to 37 �C. Results aremean
( SEM,n=3. (d) Effect of polyinosinic acid (PI) on the uptakeof heat-denatured (85 �C) bovine andhumanalbumin. Results are
mean ( SEM, n = 3.
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soft contact lens material and surface-modified gold
particles.50�52 Thus, the mechanism described here
may have wider applicability across nanotechnology
and nanomedicines. However, not all interactions of
nanoparticles with albumin result in tight binding and
unfolding. Rocker et al.43 investigated the binding of
albumin to polymer-coated FePt and CdSe/ZnS parti-
cles and found low-affinity interactions (micromolar
dissociation constants) with relatively rapid exchange
rates. Larsericsdotter et al. studied the binding of
albumin to silica and showed that, while the structural
stability of the protein was reduced, there was no
evidence that internal residues were exposed to
the surrounding environment.41 Their work indicated
loss of tertiary structure without a loss of secondary
structure, unlike that reported here (Figure 4a).
Other investigators have precoated polystyrene nano-
particles with albumin to prevent opsonization by
other serum proteins and reported a decrease in
hepatic clearance.19 On the basis of our evidence that
LSN�albumin uptake is structure dependent, we pro-
pose that the class of scavenger receptor promoting
uptake may change depending on the structural con-
figuration produced as the protein unfolds. For other
albumin adsorbing nanomaterials, subsequent unfold-
ingmay produce other class-specific recognition struc-
tures. This idea is supported by previous studies
using colloidal gold. Schnitzer et al. reported that the
albumin�gold particles bound to two glycoprotein
receptors with higher affinity than native albumin.53,54

The receptors gp18 and gp30were originally described
as endothelial cell proteins, but have since been
found in many tissues and cell types.53,55 Importantly,
Schnitzer and colleagues reported that the conjuga-
tion of albumin to the gold particles induced

conformational changes to the protein that lead to
uptake by gp18 and gp30 receptors. These studies,
together with our results, suggest that the conse-
quences of albumin binding to nanomaterials will vary
considerably depending on the specific characteristics
of the protein�nanoparticle interaction and highlight
that the presence of a protein in the protein corona is
insufficient to predict its influence on the biological
identity of the nanoparticle. Since scavenger receptors
recognizemanymodified proteins, it is possible that the
unfolding of proteins reveals other scavenger receptor
epitopes. Hence, many proteins may serve as opsonins
for scavenger receptor clearance as a result of adsorp-
tion-induced unfolding. In addition, it is feasible that
many other plasma proteins could express similar prop-
erties to those we present here for albumin and direct
other receptor-specific binding upon unfolding. There
is a need to interrogate this possibility using dif-
ferent nanoparticles that bind serum proteins with high
affinity.

CONCLUSION

In summary, the present study shows that albumin
binds tightly to synthetic layered silicate nanoparticles
and rapidly unfolds. It also promotes uptake into cells
that express class A scavenger receptors. Since native
albumin is not normally a substrate for these receptors,
unfolding reveals a cryptic epitope capable of recogni-
tion by SR-AI and MARCO. The consequence of this is
internalization of the protein�nanoparticle complex
in a receptor-mediated manner. This work provides
an understanding of how albumin can promote nano-
material recognition by the MPS without albumin
requiring chemical modification for scavenger recep-
tor recognition. Furthermore, these findings present

Figure 5. Isolation of the region of albumin responsible for scavenger receptor recognition. (a) Diagrammatic representa-
tion of the three domains of human albumin. Amino acid sequence for each is shown in parentheses. (b) Effect of polyinosinic
acid (PI) on the uptake of heat-denatured (85 �C) polypeptides (DI = domain I; DII = domain II; DIII = domain III). Results
are mean ( SEM, n = 3. (c) Scavenger receptor-mediated uptake of layered silicate nanoparticles complexed with the
different albumin domains, determined as the amount of total uptake inhibited by polyinosinic acid. Results aremean( SEM,
n = 3.
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a unique molecular mechanism for how albumin,
and possibly other serum proteins, can promote the

clearance of nanoparticles from the circulation via

the MPS.

METHODS
Nanoparticle Characterization and Labeling. Synthetic layered

silicate nanoparticles (Lucentite-SWN) were purchased from
CBC Co. Ltd., Japan (Tokyo, Japan). Nanoparticles were dispersed
in ultrapure H2O at 0.5mg/mL using vigorous stirring for 30min,
followed by sonication in an ultrasonic bath for 10 min. Particle
size distribution and zeta potential were determined by dynamic
light scattering and laser doppler electrophoresis using a Nano-
sizer Nano ZS (Malvern Instruments). The nanoparticles were
labeled by ion exchange with YOYO-1 (Molecular Probes) at
a concentration of 2 Fmol of dye per microgram of nano-
particle for 24 h at 4 �C (Supplementary Figure S5). Under
these conditions, no free label was present in solution at the
end of the labeling period, as determined following ultracen-
trifugation. The labeled nanoparticles were stable, with no loss
of fluorescence over 4 h in several different media including
water, PBS, RPMI, and culture media (Supplementary Figure S6).
The labeling of the LSN did not affect the hydrodynamic
diameter or the zeta potential (Supplementary Figure S7). In
addition, albumin binding to the surface of the particles did
not induce agglomeration with the mean nanoparticle diameter
not significantly different in the presence or absence of the
protein (Supplementary Figure S8). The zeta potential increased
slightly.

One-Dimensional Gel Electrophoresis. LSNs (40 μg) were incu-
bated at 37 �C with fetal bovine serum (FBS) at various concen-
trations (4 mL total volume) for 30 min before centrifugation at
200000g for 1 h at 4 �C. Serum without nanoparticles was used
as a control. The nanoparticle�protein pellets were washed
and then resuspended in SDS-containing buffer to final concen-
trations of 1 mg/mL of nanoparticles, with 2% SDS, 5% β-
mercaptoethanol, 10% glycerol, and 62.5 mM Tris-HCl. Samples
were then heated at 95 �C for 5 min to desorb particle-bound
proteins. 1-D gel electrophoresis was used to separate 45 μL of
each sample, whichwere then stainedwith Sypro Ruby (Bio-Rad)
and imaged.

Two-Dimensional Gel Electrophoresis. Human plasma samples
were obtained from eight healthy individuals according to
institutional bioethics approval. Blood from each donor was
collected in sodium citrate and centrifuged for 5 min at 800g
to pellet the blood cells. The supernatants were combined
and stored in aliquots at �80 �C. On thawing, the plasma
was centrifuged for 2 min at 18000g before use. Nanoparticles
in phosphate-buffered saline (150 mM sodium chloride and
10 mM phosphate, pH 7.4 PBS) were incubated with 1% bovine
serum or human plasma at 37 �C for 4 h before centrifugation
at 200000g for 1 h at 4 �C. Plasma without nanoparticles was
used as a control. The nanoparticle�protein pellets were
washed and then resuspended in SDS-containing buffer to final
concentrations of 1 mg/mL of nanoparticles, with 2% SDS, 5%
β-mercaptoethanol, 10% glycerol, and 62.5 mM Tris-HCl. Sam-
ples were then heated at 95 �C for 5 min to desorb particle-
bound proteins.56 The prepared samples were then subjected
to 2-D gel electrophoresis as described elsewhere56 and stained
with silver stain solution (2% potassium carbonate, 0.04%
sodium hydroxide, 0.007% formaldehyde, and 0.002% sodium
thiosulfate).

Circular Dichroism Spectroscopy. Protein samples inPBS (20μg/mL)
were incubated with increasing amounts of nanoparticles for
5min at ambient temperature and then at 37 �C for 5min before
each measurement. Circular dichroism spectra were recorded
using a Jasco J-815 spectrometer (JASCO Inc.) in a 1 cm path
length quartz cell from 190 to 260 nm at 37 �C. Data were
collected every 0.5 nm with 1 nm bandwidth and averaged
over five scans. For heat denaturing experiments, a gradient of
1 �C/min was applied to the sample from 37 �C to the final
temperature, which was maintained for 10 min before the
temperature was decreased back to 37 �C at 1 �C/min.

Cell Culture. Cell lines were obtained from the Amercian Type
Culture Collection (Manassas, VA, USA). Cells were routinely
cultured in RPMI 1640 supplemented with 5% FBS and 1%
penicillin/streptomycin andmaintained at 37 �C in a humidified
atmosphere of 5% CO2 in air. THP-1 cells were differentiated
with 100 ng/mL phorbol-12-myristate-13-acetate for 3 days.
Cells were treated with labeled nanoparticle (10 μg/mL) for 4 h,
trypsinized, and analyzed by flow cytometry using a BD FACS-
Canto I (Becton Dickinson Biosciences). Uptake was linear
for at least 8 h and up to 100 μg/mL nanoparticles. For studies
investigating uptake mechanisms, cells were pretreated with
either cytochalasin D (Sigma-Aldrich) for 30 min at 50 μg/mL,
polyinosinic acid (Sigma-Aldrich) for 1 h at 100 μg/mL, mannan
(Sigma-Aldrich) for 1 h at 1 mg/mL, or mouse monoclonal
antibody against human scavenger receptor A (R&D Systems,
#MAB27081) for 1 h at 3 μg/mL (mouse monoclonal antibody
against human R-tubulin (Cell Signaling, #3873) was used as an
isotype control). Inhibitors remained in themedium throughout
uptake experiments. Serum-free conditions were conducted
using RPMI medium only. Human plasma was collected in EDTA
and centrifuged at 1000g for 10 min at 4 �C. Plasma was then
removed and used immediately or stored at �80 �C until used.
Normal human serum was collected into PET plastic venous
collection tubes with no additives (Becton Dickinson Bio-
sciences, #362725) and allowed to clot at room temperature
for 1 h and then at 4 �C for 2 h. Serum was then collected by
centrifugation at 3000g at 4 �C for 17 min and used immediately
or stored at �80 �C until used. Complement-activated serum
was generated by incubating normal human serum with
20 μg/mL zymosan (Sigma-Aldrich) at 37 �C for 30 min prior
to use. For experiments where serum was replaced with albu-
min (Calbiochem, Fraction V), a final protein concentration of
2.5 mg/mL was used, which is equivalent to the albumin
concentration in 5% FBS.

Uptake of heat-denatured bovine albumin was performed
by first labeling albumin with Alexa Fluor 647 carboxylic acid
succinimidyl ester (Invitrogen) in carbonate buffer (pH 8.6) and
then removing unincorporated label by desalting into PBS using
PD-10 columns. Labeled albumin was then heat-denatured by
heating at 1 �C/min to several maximal temperatures between
37 and 85 �C for 10min. The temperature was then decreased at
1 �C/min to 37 �C. To assess uptake, dTHP-1 cells were treated
with fluorescently labeled heat-denatured albumin (10 μg/mL)
for 4 h, trypsinized, and analyzed by flow cytometry.

Oxidized low-density lipoprotein was prepared by oxidizing
human low-density lipoprotein with 5 μM CuSO4 in PBS for
24 h at 37 �C. The reaction was stopped with 50 mM EDTA
and 10 mM butylated hydroxytoluene.57�59 Formaldehyde-
modified bovine serum albumin (BSA) was prepared as de-
scribed elsewhere.60 Both oxidized low-density lipoprotein and
formaldehyde-modified BSA were labeled with FITC (Sigma-
Aldrich) following the manufacturer's instructions.

Confocal Microscopy. Differentiated THP-1 cells were grown on
coverslips at 2 � 105 cells/cm2. Following treatment, cells were
washed three times with PBS and then fixed in 4% paraformal-
dehyde. When required, cells were stained with Phalloidin 647
or Phalloidin 555 (Molecular Probes) according to the manu-
facturer's instructions. Coverslips were washed with PBS and
mounted on glass slides using VectorShield mountant contain-
ing DAPI (Vector Laboratories). Confocal images were captured
using an Olympus BX61 upright confocal microscope.

Transmission Electron Microscopy. Differentiated THP-1 cells
were grown as a monolayer. After treatment, the cells were
fixed with 2.5% glutaraldehyde and then postfixed with 1%
osmium tetroxide. The cells were embedded in LX 112 resin
and sectioned, and unstained images were taken using a JEOL
1010 electron microscope. Elemental analysis was conducted
on a JEOL 2010 200 keV analytical electron microscope fitted

A
RTIC

LE



MORTIMER ET AL . VOL. 8 ’ NO. 4 ’ 3357–3366 ’ 2014

www.acsnano.org

3365

with an Oxford thin-window energy-dispersive X-ray spectros-
copy detector. Sections were carbon coated for 1 h by glow
discharge (Cressington 208 carbon coater) prior to elemental
map collection.

Scavenger Receptor Expression in HeLa Cells. Human scavenger
receptor class A subclass AI in pRc/CMV (Dr. Les Kobzik, Harvard
University, USA) was cloned into pcDNA3. Human macrophage
receptor with collagenous structure (MARCO) in pcDNA3 was
obtained from Prof. Truggvason (Karolina, Sweden). Human
scavenger receptor class B subclass BI in pCMV5 (Prof. Van der
Westhuyzen, University of Kentucky, USA) was cloned into
pcDNA3. pcDNA3 empty vector was used as a control. HeLa
cells were transfected with plasmids using Lipofectamine2000
(Invitrogen) following themanufacturer's instructions. Transfected
cells were treatedwith nanoparticles 24 hpost-transfection for 4 h,
trypsinized, and analyzed by flow cytometry.

Expression and Labeling of Albumin Domains. The three domains
of human albumin (DI, 1�558 bp; DII, 559�1140 bp; DIII,
1141�1758 bp) were amplified by PCR fromHepG2 cDNA using
specific primers that incorporated NheI and BamHI restriction
sites. Digested PCR fragmentswere cloned into the same sites of
the bacterial expression vector pET28a (þ) (Novagen). Clones
were sequenced, and purified plasmid DNA was electroporated
into the bacterial strain BL21-Codon plus(DE3)-RIL (Stratagene)
for protein expression. Cultures were induced with 1 mM iso-
propyl-β-D-thiogalactopyranoside for 4 h at 30 �C for DI and DII
or 37 �C for DIII. DI and DII were soluble and were purified using
HisPur cobalt resin (Thermo Scientific). Proteins were eluted
with 250 mM imidazole and desalted into PBS using PD-10
columns (Millipore). DIII was purified from washed inclusion
bodies by solubilization with 4 M guanidine hydrochloride and
then desalting into PBS using a PD-10 column. Proteins were
labeled with Alexa Fluor 647 carboxylic acid succinimidyl ester
(Invitrogen) in carbonate buffer (pH 8.6), and then unincorpo-
rated label was removed by desalting into PBS using PD-10
columns.

Statistical Analysis. All experiments were performed at least
three times. Data are presented as the mean ( SEM. Statistical
comparisons between different treatments were assessed by
two-tailed t tests or one-way ANOVA assuming significance at
p < 0.05.
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