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N
anotechnology seeks to utilize the
unique physicochemical properties
of materials on the 1�100 nm

length scale in a diverse range of applica-
tions. Nanoparticles (NPs) are important
building blocks of this emerging technol-
ogy, and although their applications in con-
sumer products are rapidly increasing, the
current understanding of potential risks
associated with the release of these materi-
als in the environment for human and ani-
mal health is still insufficient.1�4 This know-
ledge gap motivates fundamental studies
into the intricate interactions between cel-
lular systems and NPs. In this work we focus
on the scavenger receptormediated uptake
and subsequent trafficking of silver NPs in
the adherent mouse macrophage cell line
J774A.1. Macrophages belong to the mono-
nuclear phagocyte system (MPS),5 which
plays a prominent role in the clearing of
environmental microparticles or microor-
ganisms from the body. Macrophages are
equipped with a broad range of pattern
recognition receptors that enable the cell
to recognize unopsinized objects with spe-
cific surface features, which the body com-
monly associates with pathogens or debris.6

Since macrophages are “first responders” to
all foreign materials, including NPs, mature
in vitro murine macrophage cell lines, such
as J774A.1, are commonly used model sys-
tems for studying various aspects of NP
uptake and the potentially related toxicity un-
derwell-definedenvironmental conditions.7�16

Scavenger receptors are a subgroup of
pattern recognition receptors that recog-
nize negative surfaces and are known to
trigger the internalization of micrometer-
sized exogenous and endogenous objects,
such as apoptotic cells, bacteria, and dust
particles through phagocytosis.17 There is
increasing experimental evidence that scav-
enger receptors also recognize nanoscale
objects, including engineered NPs.18�20 In

fact, clathrin-dependent, scavenger recep-
tor A mediated endocytosis was found to
be the major uptake mechanism for car-
boxydextran-coated (and thus negatively
charged) iron oxide NPs with diameters of
20 and 60 nm in human macrophages.21

Scavenger receptor mediated NP uptake
comprises three fundamental stages: (i) NP
binding, (ii) NP internalization, and (iii) in-
tracellular transport and redistribution. To-
gether these processes result in a spatial

* Address correspondence to
bmr@bu.edu.

Received for review May 17, 2012
and accepted July 16, 2012.

Published online
10.1021/nn302186n

ABSTRACT

We investigated the scavenger receptor mediated uptake and subsequent intracellular spatial

distribution and clustering of 57.7 ( 6.9 nm diameter silver nanoparticles (zeta-potential =

�28.4 mV) in the murine macrophage cell line J774A.1 through colorimetric imaging. The NPs

exhibited an overall red-shift of the plasmon resonance wavelength in the cell ensemble as

function of time and concentration, indicative of intracellular NP agglomeration. A detailed

analysis of the NP clustering in individual cells revealed a strong phenotypic variability in the

intracellular NP organization on the single cell level. Throughout the observation time of 24h

cells containing non- or low-agglomerated NPs with a characteristic blue color coexisted with

cells containing NPs with varying degrees of agglomeration, as evinced by distinct spectral

shifts of their resonance wavelengths. Pharmacological inhibition studies indicated that the

observed differences in intracellular NP organization resulted from coexisting actin- and

clathrin-dependent endocytosis mechanisms in the macrophage population. Correlation of

intracellular NP clustering with macrophage maturity marker (F4/80, CD14) expression

revealed that differentiated J774A.1 cells preferentially contained compact NP agglomerates,

whereas monocyte-like macrophages contained non-agglomerated NPs.

KEYWORDS: plasmon coupling microscopy . nanotoxicology . nanoparticle
endocytosis . nanoparticle trafficking . macrophage maturation . ensemble
heterogeneity
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translocation of NPs from the extracellular space
through the membrane toward special processing
centers within the cell. Endocytosis is, however, not a
single defined mechanism; instead multiple uptake
mechanisms coexist and are coupled to various vesicle
trafficking mechanisms.22,23 Given this complexity, it is
hardly surprising that many aspects of the endocytosis
of metal NPs into macrophages,7,16,21,24,25 including
the exact nature of the underlying cellular mechan-
isms and their dependence on the size, shape, and
surface properties of the NPs, as well as the intracel-
lular fate of the nondegradable NPs and their impact
on the cell physiology, still pose important ques-
tions. Cell�nanoparticle interactions in biological
media are complex since proteins, enzymes, or var-
ious small molecules can nonspecifically adsorb to
the NP surface to form a corona.26,27 The latter can
modify the intracellular uptake and distribution of
the NPs.
We focus in this work on the scavenger receptor

mediated endocytosis of silver NPs since these parti-
cles are a cause for acute concern due to their already
widespread use as antimicrobial agents in consumer
products andmedical devices.28�31 Furthermore, silver
NPs have superb photophysical properties and large
optical scattering cross sections in the blue,32�34 which
makes the observation of their fate amenable in a
conventional optical microscope.34 The optical re-
sponse of silver NPs is dominated by resonant electron
density oscillations in the particles, which are referred
to as plasmons.35 The distance-dependent electro-
magnetic coupling36,37 between plasmons in indivi-
dual silver NPs provides a unique approach for
monitoring the association of NPs into clusters during
NP internalization and subsequent trafficking in real
time.38�43 If two particles approach each other to
within approximately one particle diameter, their plas-
mons hybridize44 and the coupled resonance red-shifts
with decreasing interparticle separation.36 If additional
NPs attach to the dimer to form a larger cluster, the
spectra further red-shift and broaden with growing
number of NPs in the cluster. The ability to track
NPs within cells and to simultaneously determine
their association levels using plasmon coupling
microscopy38�40,45 provides exciting new opportu-
nities for monitoring the spatiotemporal distribution
of NPs in living cells. For J774A.1 cells our studies show
that NPuptake leads to an agglomeration of theNPs on
the ensemble level, but that the degree of NP cluster-
ing varies significantly between individual macro-
phages due to different NP endocytosis and pro-
cessing strategies within the cell population.

RESULTS AND DISCUSSION

Verification of Scavenger Receptor Mediated Endocytosis.
The silver NPs used in this work had a diameter of

57.7 ( 6.9 nm and were stabilized by assembling a
monolayer of short polyethylene glycols (PEGs) func-
tionalized with thiol and carboxylic acid residues at
opposing ends onto the silver surface (see Methods).
The resultingNPs had a zeta-potential of�28.4mV and
were stable against agglomeration in Hanks buffer
containing Mg2þ and Ca2þ (HBSS). J774A.1 macro-
phages adherent to a glass slide were exposed to
solutions of silver NPs of varying loading concentra-
tions in HBSS buffer for 5 min at 37 �C. Subsequently,
the NP solution was removed and the cells were
washed with copious amounts of buffer and then
cultured in a CO2 incubator at 37 �C for defined times
before inspection. We limited the incubation times of
the NPs with the cells (i) to minimize contamination of
the NP surface with opsonins or other ligands,46 which
could trigger NP uptake through specific receptors
(other than scavenger receptors), and (ii) to track NP
uptake and intracellular trafficking along a defined
synchronized time axis in a process that is not compli-
cated by further continuous uptake of additional NPs.

In a first control experiment, we verified that silver
NPs are taken up by J774A.1macrophages and that the
binding and uptake are scavenger receptor mediated.
In Figure 1Awe show a dark-field image ofmacrophages
acquired 0.5 h after the initial exposure to a solution of
4.5 μg/mL silver NPs. The intense blue-green color in-
dicates an efficient binding and subsequent uptake of
NPs into the macrophage. The transmission electron
microscope (TEM) imageof a representativemacrophage
section obtained under these conditions in Figure 1B
confirms NPs and NP clusters located in the cytoplasm of
the macrophage. Preincubation of the cells with the

Figure 1. Silver NP uptake into J774A.1 macrophages is
scavenger receptor mediated. (A) Dark-field image of a
cluster of macrophages exposed to a 4.5 μg/mL solution
of 57.7 nm Ag NP in HBSS for 5 min and then incubated in
growth medium for 0.5 h. (B) TEM image of a macrophage
section that shows clearly that the NPs are taken up into the
cell interior. (C) Preincubation of the cells with 100 μg/mL
poly-I blocks NP uptake. The macrophages were incubated
with poly-I and then exposed to silver NP under identical
conditions to those in A. (D) Preincubation of the cells with
100 μg/mL poly-C does not influence NP uptake.

A
RTIC

LE



WANG ET AL . VOL. 6 ’ NO. 8 ’ 7122–7132 ’ 2012

www.acsnano.org

7124

strongly negatively charged polymer polyinosinic
acid (poly-I) almost completely inhibited NP binding
(Figure 1C), whereas polycytidylic acid (poly-C) did not
have a similar effect (Figure 1D). The selective inhibition
of NP binding through poly-I is a characteristic sign of
scavenger receptor mediated NP binding.47

Time and Concentration Dependence of NP Uptake and
Intracellular Clustering. Noble metal NPs are a unique
“cargo” for uptake studies since their scattering spectra
encode information about their association state, en-
abling the tracking of their clustering state as function
of location and time through opticalmicroscopy.38,41,45

This is highly relevant for elucidating the mechanisms
underlying receptor-mediated endocytosis of NPs
since some studies have shown that the uptake is
strongly size dependent and can require a clustering
of NPs on the plasma membrane.48�54 Furthermore,
scavenger receptor mediated endocytosis involves the
incorporation of NPs into vesicles at the plasma mem-
brane. These vesicles are expected to fuse with other
membranes and endosomal compartments during
their subsequent intracellular trafficking, which can
result in a local enrichment of NPs in a confined space
and, thus, induce agglomeration.55

In a first set of experiments we investigated the time
and concentration dependence of NP clustering during
scavenger receptormediatedendocytosis.Weexposed the
macrophages to three different concentrations of silver
NPs in HBSS buffer (c1 = 1.2 μg/mL, c2 = 4.5 μg/mL, c3 =
8.7 μg/mL) and then monitored for spectral shifts of the
NPs at t = 1 h, 4 h, 8 h, and 24 h by analyzing the intensity
distribution of the scattered light on three wavelength
channels (λ1 = 490( 20 nm, λ2 = 560( 14 nm, λ3 = 650(
10 nm). We used a total intensity threshold to identify the
NP-containing areas in the recorded cell image and then
determined the contribution from λ1�λ3 in the identified
image areas (see Methods). For each concentration and
timepoint we evaluated at least 120 individual cells. Figure
2 summarizes the resulting ensemble-averaged intensity

distributions as function of time for the investigated NP
concentrations.

For c1 the λ1 channel dominates the scattering
spectra at t = 1 h, but its contribution continuously
decreases as a functionof time,whereas the contribution
from λ2 overall increases. Between t=8hand t=24h the
intensity in the λ3 channel also slightly increases. For cells
that were exposed to a solution of silver NPs of concen-
tration c2, λ1 still represents themajor contribution to the
NP spectrum at t = 1 h, but its intensity is lower than for
c1. The decrease in intensity of the λ1 channel at t= 1 h is
accompanied by an increase in the scattering intensity
on the λ3 channel. With increasing time, the intensity of
λ1 further decreases, whereas λ3 increases. The intensity
of λ2 remains nearly constant over time; only between
t = 8 h and t = 24 h have we observed a small increase in
λ2. For the highest investigated NP concentration, c3, the
spectra aremuchmore red-shifted than for c1 and c2. The
intensity in the λ2 channel is alreadydominatingat t=1h.
With increasing time the intensities forλ2 andλ1 decrease
and the intensity for λ3 increases.

The above analysis reveals a clear red-shift of the
average plasmon resonancewavelength as a function of
time for all three investigated NP concentrations. This
finding is consistent with a gradual clustering of the NPs
during the uptake and subsequent intracellular traffick-
ing. The comparison of the three panels in Figure 2 also
shows that the resonance wavelengths evaluated at a
constant time red-shift with increasing concentration of
the initial NP loading solution, confirming a concentra-
tion dependence of the association process.

Heterogeneity in NP Uptake and Association. Although
the ensemble-averaged resonance wavelength shows
a general red-shift as a function of both NP concentra-
tion (ci) and time, the optical inspection of individual
cells one and eight hours after exposure to ci (Figure 3)
reveals significant cell-to-cell differences in the color
(and thus association state) of the ingested NPs. In the
case of c1 we find macrophages that contain vividly

Figure 2. The plasmon resonance wavelength of silver NPs red-shifts as a function of NP concentration and time. Relative
intensities of the light detected from silver NPs on three different wavelength channels (λ1 = 490 nm (blue); λ2 = 560 nm
(green); λ3 = 650 nm (red)). At t = 0 h themacrophages were exposed to solutions of silver NPs with concentrations of c1 =1.2
μg/mL, c2 = 4.5 μg/mL, and c3 = 8.7 μg/mL for 5 min. After that, the cells were incubated in growth medium at 37 �C. We
recorded data points at t = 1 h, 4 h, 8 h, and 24 h; 120�260 cells were evaluated per time point.
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blue NPs besides cells containing bluish-green NPs at
both t = 1 h and 8 h. A detail of special note is that in
many cells containing primarily blue NPs these parti-
cles are often confined to diffuse intracellular compart-
ments. For c2 we observe more frequently cells that
contain NPs of green color distributed across the entire
cytoplasm at t = 1 h, which is indicative of small- to
medium-sized NP agglomerates. These cells coexist with
cells that still contain primarily blue NPs. At t = 8 h,
the number of cells containing large NP clusters with
orange-yellow color has increased, but cells containing
only blue NPs are still frequent. If the loading concentra-
tion is further increased to c3, we observe numerous cells
with compact orangeNPagglomerates already at t= 1 h.
But as observed for c1 and c2, the cells of the ensemble
do not show a uniform NP association level, and macro-
phages containing non- or low-agglomeratedNPswith a
strong spectral response in the blue are still present. At
t = 8 h NP agglomeration is advanced in many cells, but
significant color differences between individual cells
remain. Even cells containing exclusively blue NPs (see
inset for (c3, t = 8 h) in Figure 3) can still be identified.

The optical inspection of macrophages after NP
exposure indicates a broad range of phenotypic varia-
bility in NP uptake and intracellular processing. This
conclusion is further corroborated by monitoring NP
association in individual macrophages in real time
(Figure 4). Whereas the macrophage in Figure 4A does
not show any significant NP agglomeration in the
monitored time window of 15�45 min, the macro-
phage in Figure 4B exhibits an increase in yellow-
orange scatterers, which confirms a redistribution of
NPs within the macrophage.

The prolonged existence of cells containing vividly
blue NPs in Figure 3 is especially remarkable. To ensure
that these NPs were indeed taken up and not just
adherent to the cells, we combined plasmon coupling

microscopy with conventional fluorescence micro-
scopy to check for co-localization of the NPs inside
the cells with endosomal compartments. We analyzed
cells initially exposed to silver NPs of concentration c3
after incubation for t = 24 h. Figure 5A shows a
representative dark-field image, and Figure 5B shows
the corresponding fluorescence image after staining
with LysoTracker Red, which is fluorescent only in
strongly acidic compartments, such as the lysosome.
The compartments containing blue NPs co-localize
well with the lysosome marker, confirming that the
NPs have indeed been translocated into the cell
interior through a vesicular trafficking process.

Figure 3. The NP association of silver NPs in J774A.1 cells is heterogeneous. Representative dark-field images of J774A.1
macrophages exposed to silver NP solutions with concentrations of c1 = 1.2 μg/mL, c2 = 4.5 μg/mL, and c3 = 8.7 μg/mL for
5min. The imageswere acquired after incubation in a particle-free culturemedium for t=1h and8h at 37 �C. Thedifference in the
color between individual cells indicates systematic variations in NP association levels due to phenotypic variations in NP
uptake and/or processing. The inset for c3, t = 8 h shows that even after exposure to a high concentration of NPs and
incubation for several hours, some cells still contain exclusively NPs with scattering resonances in the blue.

Figure 4. Real-time monitoring of NP association reveals
differences in NP processing in individual macrophages.
While the macrophage in A does not show a systematic
increase of NP agglomeration, an increase in the number of
yellow-orange scatterers, indicative of agglomeration, is
observed for the macrophage in B. The cells were first
incubated with a NP concentration of c2 = 4.5 μg/mL,
cleaned in prewashed HBSS buffer, and transferred into
the optical microscope, where the tracking experiments
were performed at 37 �C. The given time stamps specify the
incubation time in NP-free medium.
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Overall, our optical studies show that NPs are
efficiently taken up by the macrophages and that
the exact intracellular distribution of the NP varies
substantially between individual cells, indicative of
significant variability in the uptake and processing
mechanisms in different cells.

Cytotoxicity of the Silver NPs. We monitored the influ-
ence of silver NPs on the viability of the macrophages
using a live/dead assay (see Methods), t = 1 h and t =
24 h, after exposure to silver NPs for 5 min. We did not
observe any systematic decrease in cell viability for the
NP concentration range of relevance in this work
(Figure 6). We conclude that under the chosen experi-
mental conditions the effect of the silver NPs and of
potentially released silver ions56,57 on the cell viability
is low. On the basis of this data we exclude silver nano-
particle induced toxicity as a source for the hetero-
geneity observed in the intracellular NP organization.

Probing NP Uptake Mechanisms through Pharmacological
Inhibitors. Our studies show that the silver NPs used in
this work bind to scavenger receptors on J774A.1 cells
and are subsequently taken up into the cell interior. In
this section we will characterize the uptake process in
further detail by determining the contributions from
different endocytosis mechanisms. In a first set of
experiments we checked for passive translocation of
NPs across the membrane at 4 �C under otherwise
identical conditions as before. At 4 �C all active en-
docytosis is stalled, and we did not detect any

indications of NP uptake. Instead, the total scattering
intensity of the cells was significantly lower than for
experiments performed at 37 �C, and NPs were exclu-
sively detected attached to the apical cell surface.
These observations confirm that the NP uptake is the
result of energy-dependent endocytosis.

In the next step, we systematically blocked various
endocytosis pathways using pharmacological inhibi-
tors. An overview of the applied pharmacological
inhibitors and the affected uptakemechanisms is given
in Table 1. We verified in control experiments with
selected reagents (see Methods) that the inhibitors
efficiently affected the internalization of positive con-
trols under the chosen experimental conditions. In the
case of NPs we detected unequivocal deviations from
noninhibited uptake in the association and spatial
distribution of NPs only for inhibitors that affect
clathrin-mediated or actin-dependent endocytosis.
Figure 7 shows representative dark-field images of
the cells obtained under these conditions using c2=
4.5 μg/mL and an incubation time of 1 h. When the

Figure 5. Correlation of dark-field and fluorescence micro-
scopy after treatmentwith LysoTracker Red. (A) Color dark-field
image. (B) Monochromatic dark-field image with overlaid fluo-
rescence image. Blue-shaded cell regions containing an enrich-
ment in NPs strongly co-localize with the lysosome tracker.

Figure 6. Silver NP uptake does not affect cell viability. The
histogram shows the cell viabilities obtained after exposing
macrophages to NP concentrations of 0.0 μg/mL, c1 = 1.2
μg/mL, c2 = 4.5 μg/mL, and c3 = 8.7 μg/mL for 5 min and
subsequent incubation for 1 or 24 h, respectively.

TABLE 1. Summary of the Pharmacological Inhibitors

Used and Their Functions

inhibition chemicals functions

monodansyl cadaverine inhibits transamidase activity and
clathrin-coated pit formation71

chlorpromazine blocks clathrin disassembly and recycling72

amantadine blocks the budding of clathrin-coated pits73

nystatin disrupts lipid-raft74

genistein inhibits the phosphorylation of caveolin75

methyl-β-cyclodextrin sequesters cholesterol from the membrane74

colchincine depolymerizes microtubles76

rottlerin inhibits protein kinase C77

wortmannin inhibits phosphatidylinositol (PI)-3-kinase78

cytochalasin B depolymerizes actin microfilament71

cytochalasin D depolymerizes actin microfilament79
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actin-mediated endocytosis of NPs was inhibited by
cytochalasin D, we exclusively observed the “blue”
cell phenotype (Figure 7A). NP agglomerates with a
red-shifted spectral responsewere absent, indicating that
the formation of larger NP agglomerates is actin-depen-
dent. In contrast, the inhibition of clathrin-mediated
endocytosis (Figure 7B) led to an overall decrease in
the amount of NPs with a spectral response in the blue.
NP agglomerates were also present, but the intracellular
distribution of theNPs and clusters changed. Especially in
the presence of chlorpromazine, the NPs were often
found to be concentrated in specific subcellular com-
partments with prominent concentric, “doughnut”-like
shapes, which were absent without inhibition. These
compartments were found to be acidic using the pH-
sensitive fluorescence dye LysoTracker Red.We conclude
that although the inhibition of clathrin recycling through
chlorpromazine did not inhibit the formation of intracel-
lularNPagglomerates, theobserved change in the spatial
distribution of the NP agglomerates within the cells
suggests some interplay of clathrin- and actin-based
endocytosis machineries in the formation of NP agglom-
erates under uninhibited conditions.58,59

Interestingly, we found that cytochalasin D also
induces significant changes in the spatial distribution
of the NPs on the macrophage surface as determined
by scanning electron microscopy. Figure 8 displays
representative SEM images of cells after exposure to

a loading solution of 4.5 μg/mL for 5 min and sub-
sequent incubation in NP-free culture medium for
20 min with and without cytochalasin D. Top and
bottom rows show representative SEM images of high
and low NP association levels, respectively, for both
conditions. Whereas in the absence of cytochalasin D
(Figure 8A and C) we frequently detected large NP
clusters on the cell surface, the NP association on the
cell surface was much less prominent for cytochalasin
D-treated cells (Figure 8B and D). One possible inter-
pretation of the differences in NP clustering observed
in our optical and electron microscopic studies is the
existence of two uptake mechanisms. In the first
mechanism individual 57.7 nm diameter NPs and small
NP clusters are directly taken up via a clathrin-dependent
but actin-independent pathway, which avoids an accu-
mulation of NPs on the cell surface, whereas a second
actin-dependent mechanism involves the association of
NPs into larger clusters on the cell surface. Similar to
conventional phagocytosis the surface-formed NP
clusters are finally engulfed in an actin-dependent
step. Although the two identified endocytosis me-
chanisms coexist in the macrophage ensemble, our
data indicate that;in the absence of inhibitors;
the two mechanisms are mutually exclusive in in-
dividual cells.

Correlating NP Processing with F4/80 and CD14 Surface
Antigen Expression. Macrophages mature from mono-
cytes and can develop diverse dynamic phenotypes
depending on their environment.60�62 Detailed phe-
notyping of J774A.1 macrophages has revealed that

Figure 7. Pharmacological inhibitors indicate that clathrin-
dependent and actin-dependent endocytosis processes parti-
cipate in silver NP uptake. (A) In the presence of cytocha-
lasin D (blocks actin-dependent endocytosis) only the blue
macrophage phenotype is observed. (B) Treatment with
chlorpromazine (blocks clathrin-dependent endocytosis)
leads to the formation of large NP agglomerates in spa-
tially defined compartments, some of which are magnified
in the insets.

Figure 8. Cytochalasin D reduces NP clustering on the
macrophage cell surface. After exposure to a 4.5 μg/mL
nanoparticle solution for 5 min, the cells were cultured for
20 min before fixation and inspection in the SEM. Left
column: SEM images of macrophages obtained in the
absence of cytochalasin D. Representative images for high
(A) and low (C) NP density are shown. Right column: SEM
images obtained in the presence of 10 μg/mL cytochalasin
D. Representative images for high (B) and low (D) NPdensity
are shown. Only in the absence of cytochalasin D are large
NP clusters observed. Selected areas are magnified in the
insets. All scale bars represent 1 μm.
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these cells are at an intermediate stage of development
betweenmonocytes andmacrophages.63,64 An inspec-
tion of the cells in Figure 3 shows that the J774A.1 cell
population is heterogeneous with regard to the mor-
phology of the individual cells. Some cells are round
and compact, whereas others are stretched and elon-
gated. The observation of this morphological hetero-
geneity is consistent with the findings of previous
studies and indicates different differentiation states
within the cell culture.60,65,66 We wondered whether
the observed heterogeneity in the silver NP uptake and
processing observed in this study is correlated with
different macrophage differentiation states. To test this
hypothesis, we augmented the colorimetric infor-
mation about the NP aggregation obtained from
dark-field microscopy with relative measures of the
macrophage maturity markers CD14 and F4/80
as obtained through fluorescence immunostaining.
While F4/80 is characteristic of mature macro-
phages,67 CD14 is preferentially expressed by less
differentiated monocytes.61,62

We performed the experiments in an identical
fashion to that described before for monitoring
the NP uptake but limited our analysis to one silver
NP concentration (c2) and incubation time (t = 4 h).
Figure 9 shows correlated dark-field and fluorescence
images for macrophages with labeled F4/80 (top row)
or CD14 (bottom row) obtained under these condi-
tions. The representative images show that cells con-
taining a higher degree of NP agglomeration (i.e., that
have green or orange color) show higher expres-
sion levels of F4/80, whereas the cells containing

nonclustered NPs (i.e., that are blue) show higher
expression levels of CD14. These findings confirm that
one important parameter that contributes to the phe-
notypic variability with regard to the NP processing is
the maturation state of the macrophages. Taking into
account the results of our endocytosis inhibition stud-
ies, we can conclude that scavenger receptormediated
NP uptake by differentiated J774A.1 macrophages is
associated with the formation of NP clusters through
the described actin-dependent endocytosis pro-
cess, whereas monocyte-like J774A.1 cells contain
smaller NP agglomerates or even individual NPs,
taken up through the clathrin-dependent but actin-
independent endocytosis. This behavior is overall
consistent with the general trend observed for the
internalization of larger objects that mature macro-
phages show a more effective phagocytosis than
monocytes.68�70

CONCLUSION

Due to their superb photophysical properties and
their clustering-dependent spectral responses, silver
NPs facilitate a direct quantitative optical tracking of
their uptake and intracellular fate. In this article we
investigated the interactions of negatively charged
silver NPs with J774A.1 murine macrophages under
sufficiently low NP concentrations to avoid a measur-
able impact on cell viability. Our findings demonstrate
that the uptake of the silver NPs is mediated by
scavenger receptors, which enable an efficient binding
of the NPs to the macrophage surface. Furthermore,
ensemble-averaged spectral characterizations of the
NPs confirmed that their internalization is associated
with a time- and concentration-dependent association
into NP clusters. A more detailed investigation of the
NP association patterns on the single cell level revealed
dramatic cell-to-cell fluctuations in the spatial cluster-
ing of the NPs within the cells. We characterized the
internalization of the NPs using pharmacological in-
hibitors and found indications of two coexisting uptake
mechanisms: actin- and clathrin-dependent endocyto-
sis. The clathrin-dependent endocytosis leads to non-
agglomeratedNPswithin the cellswith a strong spectral
response in the blue, while actin-dependent endocyto-
sis leads to the formation of compact NP clusters whose
spectral responses are significantly red-shifted. The NP
organization on the macrophage surfaces, as character-
ized in the SEM, indicates that the actin-dependent
uptake involves NP clustering on the cell surface.
Pronounced differences in the expression of macro-
phage maturity markers imply that the nonagglom-
erated NP phenotype is preferentially associated
with monocyte-like J774A.1 cells, while the NPs in
more mature macrophages show a higher degree of
aggregation.
The observed heterogeneities in NP uptake and

processing are important, since J774A.1 is a commonly

Figure 9. Phenotypic variations in NP uptake are correlated
with F4/80 and CD14 expression levels. Left: Dark-field image
ofmacrophageswith silver NPs (c2 = 4.5 μg/mL, t= 4h). Right:
Corresponding fluorescence image labeled for F4/80 (top) or
CD14 (bottom). Macrophages containing NPs with blue color
show low F4/80 intensity and high CD14 intensity, whereas
macrophages containing NP agglomerates, as indicated by
their green color, show high F4/80 and low CD14 intensity.
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used model system for the nanotoxicological charac-
terization of engineered NPs. Our findings suggest that
an explicit consideration of the heterogeneity in the

nanoparticle�cell interactions can further improve the
reliability of nanotoxicological predictions obtained
in vitro with J774A.1 and other macrophage cell lines.

METHODS
Nanoparticle Preparation and Characterization. Citrate-stabilized

silver NPs from British Biocell International (Ted Pella, catalog
number 15707-1SC) were used for all experiments. The average
diameter of the NPs, as determined by TEM, was 57.7( 6.9 nm,
and the average aspect ratio was 1.17 ( 0.15. TEM images and
size and shape distributions of the NPs are shown in Figure S1.
The TEM image confirms that the NPs were roughly spherical
and had a smooth surface. The citrate ligands were exchanged
with PEGs by incubating the NPs overnight in a 10mM aqueous
solution of (HS-(CH2)11-(OCH2CH2)6-OCH2-COOH), then washed
by centrifugation and resuspended in HBSS buffer (137.93 mM
NaCl, 5.33 mM KCl, 4.17 mM NaHCO3, 0.441 mM KH2PO4,
0.338 mM Na2HPO4, 0.407 mM MgSO4, 0.493 mM MgCl2,
1.26 mM CaCl2, 5.56 mM D-glucose) before incubation with
the cells. UV�vis spectra of the NP solution acquired before
and after incubation with the cells indicated that the PEG-
functionalized NPs were stable (Figure S2). Zeta-potential mea-
surements of PEG-functionalized NPs in water were performed
using a Malvern NANO-ZS90 Zetasizer at 25 �C.

Cell Culturing. The murine macrophage J774A.1 cell line was
purchased from American Type Culture Collection. The cells
were cultured in advanced Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 50 units/mL penicillin, and 50 μg/mL streptomycin
in an incubator at 37 �C, 5% CO2, and 95% relative humidity. To
subculture, cells were detached from the flask substrate by
gentle scraping, aspirated, and dispensed into fresh complete
culture medium. Cells to be imaged under dark-field micro-
scopy or fluorescence microscopy were grown on glass cover-
slides to approximately 30% confluency.

Monitoring NP Uptake. A glass slide containing adherent
macrophages was covered by 0.5 mL of NP-containing solution
(c = 1.2�8.7 μg/mL) in HBSS buffer and incubated for 5 min at
37 �C. Then the cells were washedwith prewarmed HBSS buffer,
and the NP-containing solution was replaced by culture med-
ium. The cells were then incubated for variable periods of time
(t = 1�24 h) before optical characterization with the dark-field
microscope equipped with a cage incubator.

Effect of Homopolymeric Nucleic Acids on Nanoparticle Uptake. Cells
were preincubatedwith 100μg/mLpolyinosinic acid or 100μg/mL
polycytidylic acid containing culture medium for 0.5 h and
then incubated with a solution of 4.5 μg/mL silver NPs in HBSS
buffer that contained identical amounts of either of poly-I or
poly-C for 5min. After the slides containing the cells were rinsed
with HBSS, the cells were cultured for another 0.5 h in the poly-I-
or poly-C-containing medium. Finally the slides containing cells
were integrated into a homemade chamber and transferred to
an optical microscope for inspection. Images were recorded
under dark-field white-light illumination. Control slides were
treated in an identical fashion, but addition of poly-I and poly-C
was omitted.

Pharmacological Inhibition of NP Uptake. Macrophage cells
(J774A.1) were preincubated with different pharmacological
pathway inhibitors at 37 �C (clathrin-mediated endocytosis:
200 μM monodansyl cadeverine for 20 min, 10 μg/mL chlor-
promazine for 1 h, 500 μM amantadine for 0.5 h; caveolae/lipid
raft-mediated endocytosis: 200 μM genistein for 1 h, 50 μg/mL
nystatin for 15 min, 2.5 mM methyl-beta-cyclodextrin (MβCD)
for 2 h; pinocytosis: 10 μg/mL colchicine for 0.5 h; macropino-
cytosis, 2 μM rottlerin for 0.5 h; fluid-phase endocytosis, 400 nM
wortmannin for 0.5 h; phagocytosis and macropinocytosis:
10 μg/mL cytochalasin B for 2 h, 10 μg/mL of cytochalasin D
for 2 h), then incubatedwith a prewarmed solution of 4.5 μg/mL
NPs in inhibitor-containing HBSS buffer for 5min. Subsequently,
the unbound particles were washed away with copious
amounts of prewarmed HBSS buffer, and cells were cultured

for another 1 h in DMEM supplemented with the same amount
of inhibitors before optical inspection.

The experimental conditions for the inhibition studies were
based on published procedures, and for selected inhibitors for
which reliable positive controls were available we validated the
efficacy in internalization assays. Alexa-Fluor 488-Transferrin
(Life Technologies), FITC-Dextran (Life Technologies), and
1 μm polystyrene beads (Sigma-Aldrich) were used as markers
for the clathrin-mediated pathway, fluid-phase endocytosis,
and phagocytosis. The control experiments (Figures S3 and S4)
confirmed that the inhibitors efficiently block the uptake of the
positive controls under the chosen experimental conditions.

TEM Sample Preparation. Cells grown on the culture flask were
treated with 4.5 μg/mL Ag particles in HBSS for 5 min and then
cultured in particle-free medium for 4 h. Then the cells were
scraped off, suspended, washed with HBSS, and fixed with 2.5%
glutaraldehyde in 1� PBS (pH = 7.4) for 1 h at room tempera-
ture. After washing three times with PBS for 10 min each time,
the cells were postfixed with 1%OsO4 for 0.5 h in the dark. Then
the cells were further washed three times with 3.6% NaCl for
5 min each time, rinsed with distilled water for 5 min, and
stained en bloc with 5% uranyl acetate for 1 h. After washing
with distilled water, the cells were dehydrated in an ascending
ethanol series (50%, 75%, 90%, 100%) and finally embedded in
EMbed 812 (Electron Microscopy Sciences, Hatfield, PA, USA).
Blocks were polymerized, sectioned, and mounted on copper
grids. The grids were allowed to dry and imaged on a JEM2010
transmission electron microscope (JEOL Co., Peabody, MA,
USA).

SEM Sample Preparation. The cell culture, nanoparticle treat-
ment procedure, and pharmacological inhibitor treatment pro-
cedure were identical to sample preparation for the optical
studies with the exception that the J774A.1 cells were grown on
a 1 � 1 cm silicon substrate under the same culturing condi-
tions. The cells on silicon substrates were fixed by 4% formal-
dehyde solution for 15 min under room temperature followed
by three washings with ice-cold 1� PBS, each for 5 min. The
substrates were rinsed with DI water and gently air-dried before
inspected with a Zeiss SUPRA 40VP SEM using an acceleration
voltage of 1.5 kV.

Dark-Field Microscopy. The cell slides were imaged in an
inverted microscope (Olympus IX71) under dark-field illumina-
tion through a high numerical aperture (NA) oil condenser (NA=
1.2�1.4). The illumination light was provided by a 100 W xenon
lamp (Till Oligochrome), which enabled rapid interchange
between three different excitation filters (λ1 = 494 ( 20 nm;
λ2 = 560( 14 nm; λ3 = 650( 10 nm) and white-light excitation.
The scattering light was collected through a 60� oil objective
(NA = 0.65) and captured on an electron multiplying CCD
(EMCCD, Andor Ixonþ). The light source and EMCCD were
synchronized by a digital delay generator (Stanford Research
System, model DG 645). The exposure time for each monochro-
matic image was 0.05 s, and the cycle time for a full set of four
images was 0.4 s. Digital color images were recorded under
white-light illumination using an Olympus SP310 digital camera
attached to the microscope through an eyepiece adapter.

Colorimetric Imaging and Image Analysis. All image processing
was performed with custom-written Matlab codes. The white-
light and corresponding monochromatic images recorded in
the three wavelength channels (λ1, λ2, λ3) were background
corrected (pixel-by-pixel) with the average pixel intensity cal-
culated from cell-free regions of the same image. Subsequently,
the monochromatic images were corrected for differences in
the lamp intensity in (λ1, λ2, λ3). After the cells had been
localized in the white-light image, the intensity in the white-
light image (Iw) and in the three monitored wavelength chan-
nels was determined for each pixel within the detected cell
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areas. If Iw lay above the cell background threshold, the pixels
were included in the data analysis. For each investigated
loading concentration and time point, at least 120 cells in
multiple areas were inspected, recorded, and analyzed. The
relative scattering intensities (I1, I2, I3) were calculated by
integrating the intensities on the three wavelength channels
(λ1, λ2, λ3) for all selected pixels in all investigated cells and
subsequent division by the sum of the total intensities of all
three channels.

Cell Viability Measurements. After incubation of the cells with
different concentrations of silver NPs for defined times, a
commercial live/dead cell viability assay (Life Technologies,
USA) was added to the cells according to the manufacturer's
directions andmaintained in the incubator for 30 min. Then the
cells were washed with HBSS to remove the excess dye. The
assay consists of two components: calcein acetoxymethyl
(calcein AM) and ethidium homodimer-1 (EthD-1). Nonfluore-
cent cell�permeable calcein AM is converted to intensely
fluorescent calcein by intracellular esterase in living cells, while
EthD-1 enters cells with damaged membranes and produces a
bright red fluorescence in dead cells. Living cells were detected
with excitation and emission filters centered at 480 ( 17 and
510 ( 10 nm, respectively, and a 495 nm dichroic mirror. The
EthD-1 signals for dead cells weremeasuredwith excitation and
emission centered at 500 ( 25 and 610 ( 10 nm, respectively,
and a 525 nm dichroic mirror.

Optical Correlation of NPs with Lysosome Tracker. LysoTracker Red
DND-99 (Invitrogen) was employed to localize the acidic com-
partments. J774A.1 cells were first exposed to a prewarmed
solution of 4.5 μg/mL silver NPs for 5 min in HBSS, after which
unbound particles were washed away with copious amounts of
prewarmed HBSS buffer. Subsequently the cells were cultured
for another 24 h in nanoparticle-free culture medium before
incubation with 1 μM LysoTracker Red solution for 0.5 h under
growth conditions. The cell slides were washed and observed
using a fluorescence microscope using an appropriate filter set
(excitation: 563 ( 9 nm; emission: 600 ( 10 nm; 580 nm
dichroic). Dark-field scattering images were recorded under
white-light illumination as described.

Fluorescent Immunolabeling of the Surface Marker. J774A.1 cells
were grown on glass coverslides to approximately 30% con-
fluency. Cells were fixed by 2% formaldehyde solution for
15 min at room temperature followed by washing three times
with ice-cold 1� PBS for 5 min each time. The cells were then
incubated in ice-cold 1� PBS buffer containing 1%BSA for 1 h to
block nonspecific binding at room temperature and sub-
sequently washed three times with copious amounts of ice-
cold 1� PBS buffer for 5min. The cells were then incubatedwith
monoclonal anti-F4/80 antibody conjugated with FITC (diluted
1:10 in 1� PBS) or monoclonal anti-CD14 antibody conjugated
with FITC (diluted 1:10 in 1� PBS) in a water vapor saturated
atmosphere for 2 h at room temperature. Finally the cell slides
werewashed three timeswith 1� PBS buffer for 5min each time
and then integrated into a homemade flow chamber and
transferred to a combined dark-field and fluorescence micro-
scope for inspection. The fluorescence signal was detected with
excitation and emission filters centered at 480 ( 17 and 510 (
10 nm, respectively, and a 495 nm dichroic mirror.
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