
Rapid Uptake of Gold Nanorods by
Primary Human Blood Phagocytes and
Immunomodulatory Effects of Surface
Chemistry
Matthias Bartneck,†,¶,* Heidrun A. Keul,‡,¶ Smriti Singh,‡ Katharina Czaja,§ Jörg Bornemann,�

Michael Bockstaller,� Martin Moeller,‡ Gabriele Zwadlo-Klarwasser,†,§ and Jürgen Groll‡,*
†Interdisciplinary Centre for Clinical Research BioMAT, Medical Faculty, ‡DWI e.V. and Institute of Technical and Macromolecular Chemistry, §Department of Dermatology,
Medical Faculty, and�Electron Microscopic Facility (EMF), Medical Faculty, RWTH Aachen, D-52074 Aachen, Germany, and �Department of Materials Science and
Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213. ¶These authors contributed equally to this work.

G
old nanoparticles (AuNPs) can be
synthesized in various shapes and
forms.1 In addition to gold nano-

spheres (AuNSs), rod-shaped gold nanopar-

ticles (AuNRs) have gained great interest

due to their aspect-ratio-dependent addi-

tional absorption in the near-infrared spec-

trum that makes them suitable for in vivo

hypothermal therapy.2 In addition to shape,

the surface chemistry of AuNPs can easily

be modified. After preparation, colloidal

AuNPs are usually stabilized by charged

molecules such as citrate or cetyltrimethy-

lammoniumbromide (CTAB), which may be

exchanged by thiol functional compounds.

Thus, the broadly accepted biocompatibility

of gold nanoparticles together with the

possibility to tailor both particle shape and

surface chemistry predetermines them as a

model system for cell interaction studies.

With the rise of nanotechnology and its

applications in biomedicine, studies on the

interaction of nanomaterials with cells have

become increasingly important.3 In the

vast majority of cases, such studies are per-

formed with cell lines. However, cell lines

are immortal and might differ from primary

cells in their nanoparticle uptake character-

istics. HeLa cells (epithelial cells of cervical

cancer) may be suitable to assess the gen-

eral cytotoxicity of nanoparticles,4 but cau-

tion is required when comparing particle

uptake of HeLa cells to primary human cells,

especially immune cells. Unlike primary hu-

man immune cells, the commonly used and

non-human (particularly murine) macroph-

age cell lines show a high frequency of mu-

tations and phenotypic and functional

changes.5 Furthermore, the human mono-
cytic cell line THP-1 has a weak phagocytic
capacity6 in contrast to the strong phago-
cytic activity of monocytes or macrophages
in vivo but also in vitro.7

The professional phagocytes are the
most important cellular component of the
innate immune system and are omnipres-
ent in the body. They are represented by
three types of immune cells: tissue mac-
rophages, monocytes, and neutrophil
granulocytes. The latter two circulate in
the bloodstream where they encounter and
remove bacteria and foreign particles.7,8

In addition to the uptake capacities of
monocytes, granulocytes encounter
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ABSTRACT Nanoparticle-based in vivo applications should consider the omnipresence of the phagocytes

in the bloodstream and tissue. We have studied the nanoparticle uptake capacities of the most important

human primary leukocyte populations using a nanoparticle library encompassing both rod-shaped and spherical

gold nanoparticles with diameters between 15 and 50 nm and a variety of surface chemistries. Cetyltrimethyl-

ammoniumbromide (CTAB)-stabilized nanoparticles were internalized rapidly within 15 min and in large amounts

by macrophages and to a lower extent also by monocytes. Interestingly, we found that the uptake of nanorods

by macrophages was more efficient than that of nanospheres. Blocking experiments and electron microscopic

studies revealed macropinocytosis as the major uptake mechanism. Grafting of poly(ethylene oxide) (PEO) onto

the nanorods was found to significantly delay their internalization for several hours. The long-term uptake of PEO-

coated nanoparticles with positively or negatively charged end groups was almost identical. Particle surface

chemistry strongly influenced the expression of inflammation-related genes within 1 day. Furthermore, the

macrophage phenotype was significantly affected after 7 days of culture with nanorods depending on the surface

chemistry. Thus, in vivo application of nanoparticles with certain surface functionalities may lead to inflammation

upon particle accumulation. However, our data also suggest that chemical modifications of nanoparticles may be

useful for immunomodulation.

KEYWORDS: primary human blood phagocytes · gold nanorods · surface
chemistry · cytokines · macropinocytosis
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nanoparticles by secretion of structures mainly com-
posed of DNA that act as extracellular traps.9 Human
neutrophil granulocytes are 10 times more frequent in
blood than monocytes. However, the latter may differ-
entiate into the various subtypes of macrophages.10

Among all phagocytes, macrophages are most efficient
in internalization of body-foreign material or specially
marked protein complexes, including bacteria, para-
sites, immunoglobulins, and also particles such as as-
bestos.11 While most macrophages reside in tissue, the
macrophages of the liver, the so-called Kupffer cells, are
of special importance. They account for 80�90% of all
macrophages of the body and are in direct contact with
blood.12 The well-documented underlying mechanisms
of uptake are phagocytosis and macropinocytosis.13,14

Actin filaments play an important role in all processes
of internalization.7

As mentioned above, primary human blood phago-
cytes show comparable phagocytic activity in vivo and
in vitro.7 Hence, they are an ideal in vitro test platform
for evaluation of the biological fate and consequences
of nanoparticles in the human body. However, there are
only limited data on the response of white blood cells
to nanoparticles. The only internalization study with
nanoparticles that focuses on primary human blood
phagocytes used dextran-sedimented leukocytes, a
mixture of granulocytes, lymphocytes, and mono-
cytes.15 Thus, differences between the three cell popu-
lations could not be determined, and the results com-
prise a combination of intracellular uptake of particles
by monocytes and the extracellular trapping of neutro-
phils.9 However, as concentration and overall presence
of the subspecies in blood and in tissue vary strongly, a
nanoparticle interaction study with better differentia-
tion of leukocytes is necessary.

For long-term in vitro experiments, granulocytes
cannot be used because they only have a half-life of
about 1.5 days. In contrast, monocytes differentiate into
long-living macrophages that are crucially involved in
the induction of an inflammatory response. Particle up-
take by macrophages may therefore trigger inflamma-
tion. From in vivo studies in mice, it is known that the
continuous presence of nanoparticles in the body may
induce inflammation in the liver.16 A recent study using
murine bone marrow macrophages has shown that
gold nanoparticle peptide conjugates inhibit the prolif-
eration and induce the expression of pro-inflammatory
cytokines.17 However, human mature macrophages do
not proliferate and exhibit several functional differences
compared to murine macrophages, for example, negli-
gible expression of iNOS.18

Macrophages control the devolution of inflamma-
tion in the human body. There are two basic popula-
tions of macrophages which coexist in vitro and in vivo:
pro-inflammatory macrophages (M1) that express the
S100A8�S100A9 heterodimer that can be monitored
using the 27E10 antibody,19,20 and M2 (alternatively ac-

tivated macrophages) among other antigens express-
ing the scavenger receptor CD163.21 M1 may be acti-
vated by a pro-inflammatory stimulus or by signals from
other immune cells. There are several different sub-
classes of M2 that down-regulate inflammation, pro-
mote angiogenesis, and are also involved in wound
healing.10

In this study, we purified three different human leu-
kocyte populations from human blood, granulocytes,
lymphocytes, as well as monocytes and performed mac-
rophage cell culture experiments to distinguish the lev-
els of nanoparticle uptake. For the interaction studies,
we have prepared a nanoparticle library that is based
on AuNRs (15 � 50 nm) as well as AuNSs with 15 and 50
nm diameters, respectively. Stabilization of the nano-
particles was achieved by CTAB and thiol functional lin-
ear poly(ethylene oxide) (PEO) with either �OH,
�COOH, or �NH2 as end groups. Successful ligand ex-
change and stability of the nanoparticles were analyzed
by transmission electron microscopy (TEM), �-potential
measurements, and UV�vis spectroscopy. Thickness
and grafting density of the PEO coatings was investi-
gated by staining and TEM. Cells were incubated with
the nanoparticles and checked for particle uptake both
by seedless deposition and TEM. Beyond the quantifica-
tion of particle uptake and the effect of shape and sur-
face chemistry of the nanoparticles, we studied the ef-
fect of particle internalization on macrophage response
on the level of gene expression, surface marker expres-
sion, and protein release.

RESULTS AND DISCUSSION
Nanoparticle Synthesis and Coating. AuNRs were synthe-

sized by Ag(I)-assisted seeded growth and character-
ized by UV�vis and TEM analysis as published
previously.9,22,23 Exchange of CTAB with PEO was per-
formed with commercially available 3 kDa �,�-
bifunctional PEOs that bear a thiol group at one end
and either an alcohol, amino, or carboxy group at the
other end of the polymer chain. UV�vis spectroscopy
revealed that the aspect ratio of the nanorods was not
affected by the coating procedure as recently reported.9

For commercial gold nanospheres (AuNSs) with diam-
eters of 15 and 50 nm, citrate was exchanged with CTAB
for comparability with AuNRs. Table 1 presents
�-potential measurements before and after polymer
coating of the particles. Due to the positive charge of
the CTA� ions, AuNR dispersions exhibit a strongly posi-
tive surface potential of about 90.0 mV. After ligand ex-
change and purification, the surface modification with
linear HS�PEO�OH leads to �-potentials in the range
of 0 to �5 mV for AuNRs and AuNSs. Because the
method is not sensitive in the area around 0 mV (ap-
proximately 0 � 10 mV), these values can be viewed as
neutral. Carboxy-terminated PEO coating exhibits a
negative (�20.2 mV) and the amine-terminated PEO a
positive (�21.3 mV) �-potential. These results show that
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PEO-stabilized AuNPs with hydroxyl, amine, or carboxy
groups on the particle surface were obtained.

In addition to �-potential, the PEO coatings were vi-
sualized by TEM through staining with phosphotung-
stic acid (Figure 1). After staining of the purified PEO-
stabilized AuNRs, a homogeneous layer with a dry
width of 4 nm was obtained. Staining of CTAB-coated
AuNRs did not result in contrast enhancement of the
coating because the hydrophobic CTAB layer lacks in-
teraction possibilities for the polar phosphotungstic
acid. With a PEO layer thickness of 4 nm in the dry state,
the grafting density of the linear PEO on the AuNRs
can be calculated (for details, see Supporting Informa-
tion). This yields a grafting density of 0.072, which cor-
responds to 0.8 chains/nm2 and an average distance be-
tween neighboring chains (L) of 1.12 nm. In a good
solvent, single polymer chains that are grafted to a solid
surface with one end of the polymer chain occupy
roughly a half-sphere with a radius comparable to the
Flory radius for a random coil, RF (3.77 nm for 3 kDa PEO;
see Supporting Information).24

At grafting densities at which the surface area per
chain, L2, becomes smaller than RF

2, individual chains
start to overlap and the polymers begin to interact. This
overlap criterion defines the so-called mushroom-to-

brush transition in which the chains stretch out perpen-
dicular to the surface. The attached polymer chains pro-
vide an effective steric barrier that stabilizes the particle
against aggregation only in the brush regime. For our
coatings, L2 � 1.25 nm2 is much smaller than RF

2 �

14.21 nm2, demonstrating that the coatings present a
densely grafted layer in the brush regime. This high
grafting density can be explained by the curvature of
the nanoparticles that allows the PEO chains to occupy
a cone-like volume segment in the coating in contrast
to a cylinder-like volume segment for planar surfaces.
As a result, the sterical restriction during the grafting
process is lower and higher grafting densities can be
reached more easily.

Stability of Nanoparticles in Human Serum and Cytotoxicity of
Nanoparticles. The different nanoparticles were incubated
in medium containing 5% human autologous serum at
1 OD for up to 7 days at 37 °C and afterward investi-
gated using UV�vis spectroscopy and TEM. CTAB-
stabilized particles immediately caused turbidity upon
incubation with the medium and with time the forma-
tion of a precipitate, so that reliable UV�vis measure-
ments were impossible and long-term incubations were
not performed. This turbidity also occurred at lower par-
ticle concentrations. As the addition of CTAB to me-
dium containing 5% serum also caused turbidity, this ef-
fect may be attributed to replacement of CTAB on the
nanoparticle surface by serum proteins upon addition
of the CTAB-stabilized nanoparticles to the serum and
subsequent formation of aggregates mediated by free
CTAB. In contrast, the dispersions of PEO-stabilized
AuNPs stayed optically transparent over 7 days of incu-
bation with serum and showed no significant change
in maximum or shape of the absorption peak (Figure
S1A, Supporting Information). TEM investigation
showed that all PEO-modified nanoparticles remained
individually dispersed without any indication of particle
aggregation (Figure S1B). These results show that the
PEO-stabilized particles are stable in medium contain-
ing serum and thus are suitable for long-term culture
with cells.

Several studies have shown cytotoxic effects of the
tenside CTAB on cell lines and, for example, on human
nasopharyngeal carcinoma cells after 24 h.25 In our
studies, no cytotoxic effects of CTAB-coated AuNPs on
primary human blood phagocytes were observed for at
least 2 h of incubation (Figure S2). As phagocyte-
mediated uptake typically takes place within 30 min,
particle uptake studies were performed for up to 60

TABLE 1. Zeta-Potential Measurements of the Nanoparticle Library at pH � 4 (w � peak width)a

citrate CTAB HS�PEO3000�OH HS�PEO3000�COOH HS�PEO3000�NH2

15 nm AuNS �39.3 mV (w � 8.9 mV) �49.6 mV (w � 9.1 mV) �4.5 mV (w � 3.5 mV) �23.2 mV (w � 8.7 mV)
15 � 50 nm AuNR �90.0 m V (w � 9.4 mV) �4.6 mV (w � 10.8 mV) �20.2 mV (w � 5.3 mV) �21.3 mV (w � 4.9 mV)
50 nm AuNS �51.6 mV (w � 18.7 mV) �59.0 mV (w � 9.2 mV) 6.5 mV (w � 6.3 mV) �34.7 mV (w � 14.2 mV)

aPartially published.9

Figure 1. TEM images of CTAB-stabilized AuNRs after syn-
thesis (A) and HS�PEO�COOH-coated AuNRs after phos-
photungstic acid staining (B) as representative example for
stained PEO coatings.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 6 ▪ 3073–3086 ▪ 2010 3075



min. Thus, an influence of cytotoxic effects on the re-

sults can be excluded. As expected, PEO-coated par-

ticles did not exhibit any cytotoxic effects even after in-

cubation for 7 days.

To avoid cytotoxicity when cells were cultured with

CTAB particles for 1 day or longer, cells were only incu-

bated with the particles for 60 min. After this period of

incubation with CTAB-coated particles, the cells had al-

ready internalized large amounts of particles (Figure 3).

Thereafter, the medium containing the particles was re-

placed by fresh medium without nanoparticles. For

PEO-coated particles, medium exchange was not per-

formed. We found no negative effects of either CTAB-

or PEO-coated particles on cell viability after 7 days of

culture at 1 OD (	90% viable cells).

Uptake of CTAB-Stabilized AuNPs by Human Blood Phagocyte

Populations. Seedless deposition of cytospin prepara-

tions has been used as a fast screening method for the

detection of AuNP uptake by the cells. In this method,

catalytic deposition of gold(I) ions occurs from solution

onto the gold nanoparticles as metallic gold results in a

continuous growth of the AuNP until an optically de-

tectable black deposition is visible. As shown in Figure

2, black color indicates the presence of AuNPs, thus en-

abling the numerical determination of cells containing

particles. We found that macrophages and monocytes

internalized the CTAB-stabilized AuNPs, whereas

lymphocytes did not. It should be noted that neutro-

phil granulocytes did not internalize the particles but

trapped them in their extracellular structures (neutro-

phil extracellular traps) as we have reported recently.9

We have validated the seedless deposition proto-

col via TEM studies. As a representative example, Fig-

ure 3 presents a series of micrographs for the inter-

nalization of CTAB-coated AuNRs by monocytes.

Figure 3A shows an image of a monocyte after incu-
bation for 60 min. A closer look on the particle up-
take process reveals that aggregates of particles at-
tached to the cell surface (Figure 3B) with
subsequent formation of protrusions around mul-
tiple particles (Figure 3C) followed by fusion with the
membrane (Figure 3D) and vesicle formation (Fig-
ure 3E). The formations of particle aggregation as
shown in Figure 3B were similarly observed for
CTAB-coated gold spheres and may be attributed
to interactions of the particles with serum
components.

Figure 4 presents a more detailed study on the time-
and concentration-dependent uptake of the CTAB-
stabilized particles (15 � 50 nm AuNR, panels A�C; 15
nm AuNS, panels D�F; 50 nm AuNS, panels G�I) by the
two blood phagocyte populations that actively internal-
ized nanoparticles in our study, monocytes and mac-
rophages. Panels A, D, and G show the amount of
uptake-positive cells after 60 min of incubation with dif-
ferent particle concentrations. Statistical analysis
showed that the concentration-dependent uptake of
all kinds of particles follows a sigmoid dose�response
curve with variable slope and R2 
 0.96. Such sigmoid
kinetics are a specific feature of the uptake of extracel-
lular materials by mononuclear phagocytes.26 For all
particles, macrophages are more efficient in particle in-
ternalization than monocytes. To quantify these differ-
ences, we defined the concentration of particles at
which more than 90% of the cells were positive for
nanoparticle uptake as cPmax (on the basis of seedless
deposition results). A detailed overview on uptake ki-
netics (cPmax and EC50) is given in the Supporting Infor-
mation (Table S1A,B). Moreover, monocytes show a
clear effect of particle shape on uptake efficiency, with
rod-shaped particles being taken up more efficiently
than spheres. Interestingly, the smaller sized spheres
with 15 nm diameter were taken up faster than the
spheres with a diameter of 50 nm. The differences be-
tween macrophages and monocytes in particle uptake
and the nanoparticle shape effect are clearer when the
concentration dependence of particle internalization is
evaluated in a time-dependent manner (Figure
4B,C,E,F,H,I). These panels show the uptake for low par-
ticle concentrations because at higher concentrations
of particles no significant differences between both cell
types were observed (data not shown). Especially at
the lowest concentrations, macrophages were much
more efficient in particle uptake than monocytes.

Three different parameters have to be considered
to evaluate the impact on particle shape on the up-
take rate: the different numbers of particles in the
solutions at a certain optical density (OD), the con-
centration required for cPmax, as well as the different
volumes of the particles. For a detailed calculation,
see section 5 in the Supporting Information. Consid-
ering all parameters, the uptake of rods was about

Figure 2. Cytospin preparations of (A) lymphocytes, (B) neutrophil
granulocytes, (C) monocytes, and (D) macrophages after incubation
with CTAB-coated AuNPs. Seedless deposition results in black spots or
areas that indicate the presence of gold nanoparticles (highlighted
by arrows).
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230 times more efficient than that of spheres
exhibiting the same diameter (15 nm) and
6-fold more efficient than the spheres of the
same diameter as the length of the rods (50
nm). The morphological similarity of nanorods
to protein capsules of virus particles may sup-
port their uptake.27 Particularly, the rate of
nanorod internalization may be of interest for
applications in which these are administered
in hyperthermal therapy.2 It is noteworthy that
the shape was found to be of minor impor-
tance for extracellular trapping by human im-
mune cells.9

Quantification of Particle Uptake and Comparison to
Other Cell Types and to Cell Lines. Recent research in-
vestigating the uptake of nanorods by cell lines
required highly sensitive methods such as ICP-MS
to detect the particles inside the cells.28 For the
particle uptake studies of primary human blood
phagocytes, we chose a fast screening method
which is based on cytospin preparations and
seedless deposition that enables the investiga-
tion of the uptake of nanoparticles in a large
number of cells. For comparison, we also exam-
ined the uptake of the CTAB-stabilized particles
in HeLa cells and primary human fibroblasts un-
der identical experimental conditions (Support-
ing Information Figure S3). Primary human fibro-
blasts, like lymphocytes, did not take up any
particles. The difference of nanoparticle uptake
between the phagocytes and HeLa cells is most
obvious at low particle concentrations. At a par-
ticle density of as little as 0.8 OD, only 1% of the
HeLa cells scored positive for particle uptake,
while 90% of the monocytes and 95% of the mac-
rophages showed internalized particles. Hence,
the particle uptake by phagocytes was 80�100
times more pronounced than in HeLa cells, un-
derlining both the efficient nanoparticle uptake
by the phagocytes and the importance of a fast
screening method.

To compare our data to published data about
the uptake of CTAB-coated AuNRs by the cell line HT-
2928 and to determine the uptake capacities of human
blood phagocytes, we approximated the number of
CTAB-coated gold nanorods that were taken up by
monocytes and macrophages after 60 min of incuba-
tion. As monocytes are smaller than macrophages (20
�m compared to 40 �m in diameter), they differ by a
factor of 8 in cell volume, which was taken into account.
In order to estimate the maximal efficiency of the up-
take process, cells that showed strong particle uptake
were chosen from ultrathin sections. A certain hetero-
geneity of the cell subpopulations might result in differ-
ent particle uptake efficiency as, for example, CD14high

CD16� monocytes exhibit an increased phagocytic ac-
tivity compared to CD14dim CD16� monocytes.29 On the

basis of our TEM results, a single monocyte largely en-

riched with particles contained more than 80 000 rods;

correspondingly, an enriched macrophage contained

up to 1.3 million rods after 60 min of incubation with

gold nanorods at 1 OD (see Supporting Information sec-

tion 6 for details). For comparison with other cell types

or cell lines, a recent study showed that a single HT-29

cell (a cancer cell line originating from colon carcinoma

epithelium) was able to take up 46 CTAB-coated nano-

rods after 24 h.28 This underlines that the uptake capac-

ity of human primary blood phagocytes is significantly

higher and occurs faster.

Inhibition of Nanoparticle Uptake by Phagocytes Using PEO

Coating. Exchange of CTAB against PEO resulted in a sig-

nificant inhibition of particle uptake within short-time

Figure 3. TEM studies of CTAB-coated AuNR uptake by primary human mono-
cytes. (A) Monocyte after incubation with CTAB-stabilized AuNRs for 60 min at
1 OD. Red circles highlight AuNR presence. (B�E) Examples for different stages
of AuNR uptake. The scale bar in panel B is representative for panels B�E.
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incubation (Figure 5). Interestingly, the use of PEO with

either COOH or NH2 groups at the chain end that faces

the surrounding solution did not lead to an increased

uptake of these particles (similar to data obtained for

the uptake of PEO�OH nanorods shown in Figure 5C),

although the presence of ionic groups at the particle

surface was expected to cause enhanced particle inter-

nalization. We explain these findings by a combined ef-

fect of surface curvature and graft molecular weight

that reduces the exposure of polymer end groups to

the environment.30 Polymer chains grafted onto spheri-

cal surfaces occupy a cone-shaped volume segment of

the coating, so that the volume available for each seg-

ment increases with growing distance from the particle

surface. Thus, more relaxed chain conformations are ex-

pected for polymeric ligands when compared to flat

surfaces where a grafted polymer chain occupies a cy-

lindrical volume segment (see Supporting Information

Figure S4). In agreement with this qualitative picture,

self-consistent field simulations by Dan and Tirell as well

as Wijmans and Zhulina have shown for constant length

of surface-grafted chains the distribution of chain ends

adopts more parabolic shape with increasing surface

curvature (such as decreasing particle radius).30,31 Thus,

for small particles, surface interactions are expected to

be independent of end group composition and are de-

termined by the polymer backbone interaction. Our ob-

servations support this assertion (for details, see Sup-

porting Information section 7).

To test whether PEO-stabilized nanorods are in-

gested by macrophages after longer incubation times,

cells were incubated with these particles for 1 and 2

days. As shown in Figure 5C, cells showed uptake of

PEO-coated rods after 24 h. Results were similar for

amine- and carboxy-terminated PEO rods and spher-

ules (data not shown). The number of macrophages

with incorporated rods increased with time and con-

centration. It is interesting to note that the uptake of

PEO rods did not reach the level of CTAB rod uptake

even at the highest concentration of 5 OD and after

48 h (results were similar for PEO�NH2 as well as for

PEO�COOH rods). We found further that the PEO-

Figure 4. Concentration- and time-dependent uptake of CTAB-coated gold nanoparticles by human macrophages and
monocytes as determined by seedless deposition. Data on the uptake after 60 min (A,D,G) were fit to a variable slope sig-
moid equation. Time-dependent uptake of rods (A�C) as well as 15 nm (D�F) and 50 nm (G�I) spherules. Data represent
mean values and standard deviation (n � 8).
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modified nanorods remained inside the cells even af-
ter 7 days of culture without changing their shape (Fig-
ure 5D,E).

It is known that coating of nanoparticles with PEO
can prevent uptake by phagocytes within short time
intervals.15,32 Beyond that, we show in purified primary
human blood phagocyte populations that despite the
inhibition of the rapid uptake, which occurs already af-
ter 15 min (Figure 4), there also exists a time- and dose-
dependent uptake for PEO-coated particles for up to
48 h of incubation (Figure 5C). This study shows the first
kinetic data based on the uptake of PEO-coated nano-
particles in long-term cell culture with primary human
blood phagocytes. These data might be of importance
for improved understanding of the uptake of hydrogel
nanoparticles by macrophages33 and especially for PEO-
coated gold nanorods that can used as a photocon-
trolled drug delivery system.2,34

Interestingly, the factors that are responsible for
the intracellular uptake by immune cells are clearly dif-
ferent from extracellular trapping mechanisms. While
particle uptake can be inhibited by PEO coating and no
significant effect of functional end groups is observed
(Figure 5C), we have recently shown that positive
charges significantly enhance extracellular trapping of
gold nanoparticles even if they were equipped with a
PEO coating.9

Investigation of the Particle Uptake Mechanism Using
Inhibitors of Phagocytosis. Macrophages express various re-
ceptors which are involved in the recognition of patho-
gens.35 To further investigate molecular mechanisms
of AuNP uptake by human immune cells, we inhibited
typical uptake pathways which were described to be
relevant for nanoparticles in a review article.3 Gold
nanoparticle uptake was almost completely suppressed
at 4 °C (0.5% gold-including cells), demonstrating that
the uptake is strongly energy-dependent.36 Endocyto-
sis can generally be inhibited using agents blocking the
polymerization of actin, for example, cytochalasin D.13

In our experiments, we found a dose-dependent inhibi-
tion of AuNP uptake at a maximum of 40 �M cytocha-
lasin D; the number of cells containing gold was re-
duced to 29% (Figure 6). Higher concentrations of
cytochalasin D resulted in decreased cell viability (data
not shown). These results are similar to a study in which
the uptake of 0.8 �m sized particles was partially inhib-
ited by cytochalasin D treatment.37 On the other hand,
classical phagocytosis as for the uptake of Toxoplasma
or Candida can be inhibited completely using as little as
10 �M of cytochalasin D,38 indicating that nanoparticle
internalization follows a mechanism different from clas-
sical phagocytosis.

The adsorption of serum proteins, in particular, im-
munoglobulins and complement factors, plays a major
role in pathogen uptake.39 The recognition of such mol-
ecules also called opsonins requires the respective re-
ceptors expressed by the cells. In the case of immuno-

globulins, the Fc receptor40 expressed by phagocytes

can be inhibited using piceatannol.41,42 Another impor-

tant phagocytosis pathway is triggered by mannose re-

ceptors that recognize mannose and fucose, which are

located on different pathogens41 and which are also re-

sponsible for the transport of mannosylated nanoparti-

cles.35 The mannose receptor-mediated uptake can be

blocked using high concentrations of mannan. We

found that neither piceatannol nor mannan affected

gold nanoparticle internalization (Figure 6). To exclude

binding of complement protein present in serum, we

also investigated the uptake in serum-free macrophage

medium as well as in medium containing 5% fresh hu-

man serum as a source of complement protein. We

found the uptake of the nanorods to be unaffected

(not shown). To investigate the uptake of PEO�OH-

coated rods as well, particles and cells were incubated

in medium containing 5% human serum for 7 days be-

fore experiments were conducted. The uptake of these

preincubated PEO-coated nanorods also occurred rap-

idly, similar to the rapid uptake of CTAB AuNRs that

were used without preincubation.

Figure 5. Macrophages after incubation with (A) CTAB- and (B)
HS�PEO�OH-coated AuNRs for 60 min followed by seedless
deposition. Black color indicates uptake of gold nanorods. (C)
Time- and concentration-dependent uptake of CTAB- and PEO-
coated nanorods. Data represent mean values and standard de-
viation (n � 6). (D,E) TEM of PEO-stabilized particles after 1
week culture with macrophages.
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The fact that serum-free medium does not reduce
AuNR uptake and that heat inactivation of serum has
no decreasing effect on AuNR uptake indicates that
there is no unspecific binding of complement proteins
or antibodies to nanorods that may increase their up-
take as suggested previously.3 Moreover, our findings
show that the internalization of these nanoparticles is
neither Fc-receptor-mediated, nor complement, nor
mannose receptor-dependent as inhibitors on these
pathways had no effect on particle uptake. In accor-
dance with our TEM studies (Figure 3), the inhibitor
studies suggest that the mechanism for the uptake of
gold nanorods is macropinocytosis. This is supported by
the size of the endocytosis vesicles (	1 �m).13 Further-
more, the observed protrusions around the particles dif-
fered from the direct involution of the clathrin- or
caveolin-mediated pinocytosis which lacks protrusions
around particles and vesicles sizing of 60 or 120 nm.13

Inhibitior studies also show that the mechanism is not a
special type of receptor-mediated phagocytosis based
on unspecific binding of antibodies, which would have
been inhibited by piceatannol.13,14,41

It is known that protein adsorption or opsonization
plays a crucial role for (nano)particle recognition and
subsequent uptake by cells. Modification of particle sur-
faces with PEO is known to reduce protein adsorption
and as common strategy to enhance circulation times in
blood.32 Gref and co-workers studied the effect of PEO
polymer length and grafting density in self-assembled
poly(lactic acid)�poly(ethylene oxide) copolymer nano-
particles on serum protein adsorption and particle up-
take by blood phagocytes. They found that there is a
threshold in PEO chain length in a molecular weight
(Mw) range between 2000 and 5000, which results in a
maximum reduction of serum protein adsorption, and
that this threshold corresponds with minimization of

short-term uptake by blood phagocytes.15 They further
showed that protein adsorption could not be com-
pletely prevented by coating with PEO and that albu-
min, fibrinogen, and apolipoproteins adsorb to PEO-
coated particles. The calculated average polymer chain
distance of surface-anchored PEO of 1.5 nm was the
threshold for minimized protein adsorption and par-
ticle internalization by phagocytes. Similarly, a critical
value of 0.5 chains/nm2 (which corresponds to a PEO
polymer chain distance of about 1.6 nm) has recently
been identified as the threshold value for minimization
of protein adsorption in self-assembled monolayers on
flat gold substrates.43

Therefore, we hypothesize that the adsorption of se-
rum proteins other than immunoglobulins and comple-
ment factors facilitates the uptake of the nanoparti-
cles. In the case of CTAB-stabilized particles, serum
protein adsorption is obviously due to turbidity of the
solution upon incubation of the particles with serum
and has been described before. The enhanced forma-
tion of particle aggregates results in rapid recognition
and uptake by the phagocytes. For the PEO-stabilized
particles, our experimentally determined average dis-
tance between surface-grafted PEO chains of 1.1 nm is
well below the critical limit, and the stability of the par-
ticles in serum underlines the short-term prevention of
protein adsorption. According to other studies, we thus
attribute the inhibition of rapid uptake by the phago-
cytes to minimized protein adsorption. However, we
could show that PEO-coated particles are also taken up
with time, and that preincubation of the PEO-coated
particles with serum for 7 days results in rapid uptake
by the phagocytes. According to theoretical studies
that show that PEO surfaces that efficiently prevent pro-
tein adsorption kinetically (meaning on short-term)
may not be very efficient thermodynamically (meaning
upon longer contact),44 and we further hypothesize that
slow but steady protein adsorption takes place also on
the PEO-coated particles and this triggers recognition
and uptake by the cells.

Effects of Nanoparticle Surface Chemistry on Inflammatory
Gene Expression and Alteration of Phenotype. It has been
shown that gold nanoparticles injected intravenously
into mice were found in liver resident macrophages
(Kupffer cells) but not in other tissues.45 Furthermore,
the conjugation of peptides to gold nanospheres in-
duces an inflammatory response by murine macroph-
ages.17 In addition to the highly efficient uptake of
nanoparticles by macrophages, attention should be
drawn to the fact that monocytes circulating in the
bloodstream also take up large amounts of particles
(Figure 4 and Figure S3 in Supporting Information). Af-
ter their migration into tissue, they differentiate into
macrophages and there exists the possibility that the
derived macrophages are preactivated due to the par-
ticles they internalized in blood. Such particles may, for
example, be gold nanorods which were administered

Figure 6. Inhibition of gold nanorod uptake by human mac-
rophages using low temperature, cytochalasin D, piceatan-
nol, and mannan after 60 min of incubation with CTAB-
coated gold nanorods at 0.6 OD. Error bars represent
standard deviation (n � 6); P 
 0.05 indicates a significant
difference compared to the untreated control.
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intravenously in hyperthermal therapy.2 To investigate
the effects of nanoparticle surface chemistry on the dif-
ferentiation of monocytes into macrophages and on
the response of mature human primary macrophages,
we first monitored the expression of selected macroph-
age genes: interleukin 1� (IL1�), IL8, IL10, myeloperoxi-
dase (MPO), and Toll-like receptor 2 (TLR2). An LAL as-
say revealed that the nanoparticle solutions were free of
bacterial products since the endotoxin content (LPS)
was below the detection limit of the assay. Therefore,
we exclude effects of bacterial components in nanopar-
ticle solutions which would lead to an activation of
macrophages.

As shown in Figure 7, the nanorods induced differ-
ential expression of important macrophage cytokines
and a chemokine after 1 day of culture with macroph-
ages (indicated by at least a 2-fold up or down-
regulation of transcript level compared to the untreated
control). The most strongly affected gene was IL8, thus
it formed the first branch in clustering analysis. It was
down-regulated 4-fold by PEO�OH- and down-
regulated 20-fold by PEO�NH2-coated rods. In con-
trast, CTAB- as well as PEO�COOH-coated rods led to
up-regulation of IL8 (12-fold and 33-fold). The second
branch included IL1�, which was both up-regulated by
the PEO�OH- as well as the PEO�COOH-coated rods.
CTAB-stabilized particles induced down-regulation of
IL1�. The third branch included both MPO and IL10.
MPO was down-regulated by PEO�OH- as well as PEO-
NH2-coated particles and up-regulated by the
PEO�COOH and the CTAB coatings. IL10 was up-
regulated by the particles coated with CTAB. TLR2,
which was included in the fourth branch, was down-
regulated by the amine as well as the hydroxy deriva-
tives. Clustering analysis showed that MPO and IL10
were co-regulated by AuNRs. It further showed that the
effects of AuNR coating with PEO�OH and PEO-NH2

led to similar gene expression patterns reflected by the
formation of one group. Coating with CTAB and
PEO�COOH led to the formation of another group
with different gene expression patterns (Figure 7).

IL8 is a pro-inflammatory chemokine with
neutrophil-attracting activity.46 Its differential expres-
sion in primary human macrophages induced by nano-
particle surface chemistry supports its consideration as
an inflammatory marker in nanoparticle research. The
pro-inflammatory cytokine IL1� is also strongly affected
by surface chemistry. It is a central indicator for pro-
inflammatory activation and control center of a pro-
tein network referred to as the inflammasome.47 Our
data also show that the abundance of the TLR2 tran-
script, which encodes a Toll-like receptor involved in
pathogen recognition and in the activation of innate
immunity, is not influenced by differences in surface
chemistry. It is generally down-regulated by rod-shaped
nanoparticles. We propose that this receptor may be in-
volved in the uptake of nanoparticles because it was

shown that silver nanoparticles affect TLR signaling.48

MPO codes for an enzyme that functions in the defense

against pathogens, and more than two decades ago, it

was shown to be involved in the response to foreign

particles.49 The regulation of IL10, a key suppressor of

pro-inflammatory cytokines,50 by nanoparticle chemis-

try is negligible.

Second, we also studied phenotypic alterations

which are associated with distinct inflammatory func-

tions. Flow cytometry analysis revealed that PEO�NH2

coating significantly increased the number of anti-

inflammatory (M2) macrophages expressing CD163

(Figure 8A) and decreased the number of pro-

inflammatory macrophages (M1) which express 27E10

after 1 week of incubation (Figure 8B). PEO�COOH-

stabilized rods induced the opposite effect (Figure

8A,B). The PEO�OH rods had no regulating effect on

the expression of functional surface antigens. CD163 ex-

pressing macrophages appear in the down-regulatory

phase of inflammatory processes. The antigen is also ex-

pressed by Kupffer cells and some other tissue resi-

dent macrophages.21 Kupffer cells are known to show

pronounced endocytic and phagocytic capacity.51 In

contrast, 27E10 positive macrophages are found in

acute inflammatory tissues only.19,20

Amine termination of PEO did not induce the re-

lease of pro-inflammatory cytokines IL1�, IL6, TNF�,

and CCL2 (Figure 8C�F). This is in accordance with the

high number of cells expressing CD163 as revealed by

flow cytometry since alternatively activated M2 inhibits

inflammation and shows a decreased secretion of pro-

inflammatory cytokines.21 In contrast to the amine end

Figure 7. Change of gene expression in macrophages after
24 h of incubation with nanorods at 1 OD as measured us-
ing TaqMan-based real-time PCR. Clustering analysis
showed that MPO and IL10 are co-regulated by nanorod sur-
face chemistry and that the gene expression patterns of
PEO�OH and PEO�NH2 as well as PEO�COOH and CTAB
are similar. Red color indicates up-regulation and green
down-regulation of gene expression compared to the un-
treated control. Data represent mean values (n � 6).
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groups, carboxy-modified nanoparticles enhanced the

production of pro-inflammatory cytokines such as IL1�,

IL6, and CCL2 (Figure 8C�F). PEO�OH-coated nano-

rods stimulated IL1� and CCL2 secretion but did not en-

hance IL6 and TNF� production (Figure 8C,E). Lipo-

polysaccharide (LPS) was used as positive control for

pro-inflammatory activation.

In summary, these data show that the particles influ-

ence the expression of inflammatory-relevant genes

and the phenotype of macrophages dependent on

nanoparticle surface chemistry. Gold nanorods coated

with PEO displaying amine end groups appear to ex-

hibit anti-inflammatory properties, whereas carboxy

end groups lead to pro-inflammatory effects. Neutrally

charged PEO rods seem to exhibit only minor inflamma-

tory effects in human macrophages.

The strong effect of the end group on mac-
rophage response after long-term cell culture
on macrophage response is an interesting ob-
servation since the uptake of nanoparticles is al-
most identical for neutral, positively, or nega-
tively charged end groups on the PEO-coated
nanoparticles. We explain this by the localiza-
tion of the end groups within the PEO�polymer
layer on the nanoparticle surface. As described
above, before uptake into the cells, the end
groups are only present at the nanoparticle sur-
face to a minor extent. However, after particle
internalization, the end groups may surface seg-
regate with time and be exposed to the cell in-
terior. This may be explained by interactions
with proteins inside the cells especially via the
end groups so that a driving force for surface
segregation is generated. The nanorods may in-
tracellularly act on specific inflammatory path-
ways since different proteins bind to either posi-
tively, neutrally, or negatively charged groups
on the nanoparticle surface.

Applying our in vitro findings to the in vivo
situation, we hypothesize that monocytes take
up nanorods in the blood and later migrate into
tissue where they differentiate into macroph-
ages while still containing these particles; the re-
sulting macrophages would exhibit strong
changes in their inflammatory properties. Thus,
our data indicate that rather simple chemical
modifications of nanoparticle surfaces such as
functionalization with amine groups may inhibit
a pro-inflammatory reaction of phagocytic cells.

CONCLUSIONS
Our findings demonstrate that purified pri-

mary human blood phagocyte populations
clearly show different potentials for the uptake
of nanoparticles. In particular, macrophages and
monocytes rapidly internalize nanoparticles
with an efficiency and capacity that exceed un-

professional phagocytes such as HeLa cells by 2 orders
of magnitude. Rod-shaped tenside stabilized particles
are internalized with higher efficiency than tenside sta-
bilized spheres with the same diameter as nanorod di-
ameter in length. However, surface chemistry is domi-
nant, and nanoparticle uptake can be inhibited for all
particle geometries by surface modification using PEO
irrespective of PEO end group functionality. However,
this inhibition is limited to a period between 24 and
48 h depending on the particle concentration. Mono-
cytes patrol the bloodstream, and the sinusoidal-lining
macrophages in the liver and spleen also are in direct
contact with the blood, opening a respective time win-
dow of up to 2 days for intravenously or intraperito-
neally administered nanoparticles for targeted drug de-
livery applications.

Figure 8. Expression of the macrophage surface antigens (A) CD163 (M2 sub-
type � anti-inflammatory) and (B) 27E10 (M1 phenotype � pro-inflammatory)
after 7 days of culture with differently modified gold nanorods at 1 OD as de-
termined using flow cytometry. Release of pro-inflammatory cytokines (C) IL1�,
(D) IL6, (E) CCL2, and (F) TNF�. Bacterial lipopolysaccharide (LPS) was used as
positive control for pro-inflammatory activation. Error bars represent standard
deviation (n � 6); P 
 0.05 indicates a significant difference compared to the
untreated control.
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Furthermore, the surface chemistry of gold nano-
rods has a strong effect on the activation state of hu-
man macrophages after particle internalization. Car-
boxy groups on the particle surface induce expression
of mRNAs encoding pro-inflammatory proteins, while
amino groups on the particle surface induce mRNAs en-
coding anti-inflammatory proteins. Hence, our data
suggest that chemical modifications of nanoparticles
may have immunomodulatory potency and that suit-
able coatings can open a time window for therapeutic

application while at the same time preventing undes-
ired pro-inflammatory effects.

In general, our results show clear differences in be-
havior between primary human cells and cell lines and
emphasize the necessity of using primary human cells
for studies on nanoparticle uptake. The fact that the up-
take kinetics of human phagocytes are identical in vitro
and in vivo7 emphasizes the relevance of our results for
the development of nanoparticle-based drug delivery
systems.

EXPERIMENTAL METHODS
Nanoparticle Synthesis. Tetrachloroauric(III) acid monohydrate

(52% Au), phosphotungstic acid, and CTAB were obtained
from Fluka (Buchs, Switzerland). Silver nitrate, L-(�)-ascorbic acid,
and sodium borohydride were purchased from Sigma-Aldrich
(St. Louis, MO). PEO polymers (Mw 3000 Da) were obtained from
Iris Biotech (Marktredwitz, Germany) and phosphate-buffered sa-
line (PBS) without calcium or magnesium from Gibco (Grand Is-
land, NY). If not stated otherwise, all reagents were used without
further purification. For all nanoparticle syntheses, bidistilled wa-
ter was used.

Nanorods were prepared via seed-mediated growth.52 A
growth solution was prepared by dissolving silver nitrate (0.01
mM), CTAB (0.08 M), and hydrogen tetrachloroauric(III) acid (0.42
mM) in bidistilled water followed by stirring at room tempera-
ture. The orange solution turned colorless upon addition of
ascorbic acid (0.5 mM). A seed solution was prepared by dissolv-
ing CTAB (0.1 M) and hydrogen tetrachloroauric(III) acid (0.24
mM) in bidistilled water. Under vigorous stirring, freshly pre-
pared, ice-cold aqueous sodium borohydride solution (0.6 mM)
was added and the solution turned from orange to yellow-
brown. The seed solution (12 �L) was added to the growth solu-
tion (10 mL) to start nanorod growth and was used 15 min af-
ter preparation. Nanorods were purified by two cycles of
centrifugation (13 000 rcf, 20 min), removal of the supernatant
and redispersion in PBS.

Citrate-stabilized spherical gold colloids were acquired from
Aurion (Wageningen, The Netherlands) (d � 15 nm) and BBInter-
national (Cardiff, UK) (d � 50 nm). To coat 15 and 50 nm gold
nanospheres with CTAB, spheres were diluted with bidistilled
water to 0.7 OD. An excess of CTAB was added (0.13 M), and the
solution was kept in an ultrasonic bath for 30 min at 60 °C and
for 3.5 h at 40 °C. These CTAB-capped AuNSs were purified twice
by centrifugation at 13 000 rcf for 15 min without cooling and re-
dissolved in one-third of their original volume.

Ligand Exchange. PEO modification of all nanoparticles with ei-
ther OH, COOH, or NH2 as end groups was performed by a ligand
exchange protocol for the coating of CTAB-capped gold nano-
rods (AuNRs) with alkanethiols.53 The purified nanoparticles were
diluted in bidistilled water (1:5), 1 mL of 2.5 mM ethanolic PEO
solution was added, and the solution was sonicated as explained
above. Afterward, CTAB was removed by extraction with chloro-
form followed by centrifugation (11 000 rcf, 10 min). The concen-
trated nanoparticle dispersion was diluted with 0.9 wt % isotonic
NaCl solution or PBS buffer to the desired concentration.

Nanoparticle Characterization. Ligand exchange and stability of
the nanoparticles as well as the dispersions in human serum
were analyzed with transmission electron microscopy (TEM) us-
ing a Zeiss Libra 120 TEM (Zeiss, Oberkochen, Germany) at 120
kV, �-potential measurements using a Zetasizer Nano Z from Mal-
vern Instruments (Worcestershire, UK), and UV�vis spectros-
copy using a UV160A from Shimadzu (Tokyo, Japan).

Staining of purified nanorod samples was performed using
7 mM phosphotungstic acid solution in water. Thirty microliters
of nanorod solution was put on a TEM grid coated with Formvar
and carbon. After 30 s, the droplet was removed, and to the
wet grid was added 9 �L of the staining solution. After another

30 s, the droplet was removed again and the sample was dried
at room temperature.

Concentration of Nanoparticles and Endotoxin Testing. To determine
particle concentration, the absorption (here also called optical
density, OD) of dilute dispersions of nanospheres was measured
at the respective absorption peak for 15 and 50 nm AuNSs di-
luted in bidistilled water. In the case of nanorods, the optical
density of the solution at the maximum of the longitudinal plas-
mon resonance peak (�max,long at approximately 850 nm) in bidis-
tilled water was used. To compare concentrations of spherical
and rod-shaped nanoparticles at a specific OD, the particle con-
centration of AuNRs and AuNSs was estimated.22,23 Briefly, ab-
sorption cross sections were calculated to be Cabs � 6.9 � 10�15

m2 for nanorods (for �max,long at 850 nm), Cabs � 6.0 � 10�17 m2 for
15 and Cabs � 3.0 � 10�15 m2 for 50 nm nanospheres. In order
to compare particle numbers in solution, these values were used
to determine particle concentrations at 1 OD according to
Lambert�Beer’s law (cAuNR � 1.45 � 107/�L, cAuNS,15 nm � 1.67 �
109/�L, cAuNS,50 nm � 3.33 � 107/�L). A limulus amebocyte lysate
(LAL) assay QCL-1000 was obtained from Lonza (Walkersville,
MD) to test endotoxin of nanoparticles solutions. The kit was
used according to the instructions of the manufacturer.

Isolation and Culture of Human Primary Immune Cells. Cells and se-
rum were isolated from healthy volunteers (the local Ethics com-
mission gave ethical approval for this study, and informed con-
sent was obtained from all participants). To obtain serum from
venous whole blood samples, blood was clotted for 1 h at 37 °C,
centrifuged three times at 3000 rcf, and heat inactivated for 60
min at 57 °C. To generate fresh serum as a source for comple-
ment proteins, heat inactivation was omitted. Heterologous se-
rum was prepared by pooling serum from at least three donors.
Before using, serum was filtered (0.2 �m). To isolate granulocytes
from heparinized venous whole blood, erythrocyte sedimenta-
tion was performed by incubation for 30 min at 37 °C in 1% dex-
tran in PBS. The leukocyte containing phase was used for Ficoll-
Paque (Amersham Pharmacia Biotech, Freiburg, Germany)
density gradient centrifugation for further separation of granulo-
cytes. To isolate peripheral blood mononuclear cells (PBMC),
density gradient centrifugation was carried out, as well. Mono-
cytes were isolated from PBMC using the Dynal Monocyte Nega-
tive Isolation Kit (Invitrogen, Carlsbad, CA) according to the
manufacturer instructions. Lymphocytes were isolated by incu-
bation of PBMC at 37 °C on Petri dishes at a density of three mil-
lion cells/mL in RPMI1640 containing 5% human autologous se-
rum for 35 min. During this period, monocytes become adherent
and lymphocytes were removed with the supernatant. To ob-
tain monocyte-derived macrophages (MDM), monocytes were
cultured for 7 days in sterile (3.2 cm) bacterial grade Petri dishes
(Becton Dickinson, Franklin Lakes, NJ) at a density of one mil-
lion cells/mL in RPMI1640 medium obtained from Sigma-Aldrich
(St. Louis, MO) supplemented with 5% autologous serum in a hu-
midified 5% CO2 incubator. Macrophages were harvested using
a silicon cell scraper (Roth, Karlsruhe, Germany). All methods for
cell isolation resulted in a purity of at least 95% as estimated by
Giemsa staining of cytospin preparations. Cell viability was as-
sessed using Trypan Blue staining. Bacterial lipopolysaccharide
(LPS) was obtained from Sigma-Aldrich (St. Louis, MO) and was
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used to stimulate macrophages for 24 h at day 6 of culture at a
concentration of 1 �g/mL.

Seedless Deposition. For short-term incubation for up to 3 h,
cells and AuNPs were incubated in RPMI1640 with 5% serum un-
der continuous shaking conditions (500 rpm) at 37 °C in 1.5 mL
tubes on a Thermomixer comfort (Eppendorf, Hamburg, Ger-
many). All long-term experiments (	24 h) were performed un-
der cell culture conditions as described above. Nanorod disper-
sions were added so that the final concentration was 1 OD. Prior
to long-term incubation with CTAB-coated particles, monocytes
were incubated for 2 h with the particles. During this incubation,
the monocytes remained attached to the plastic and internal-
ized large amounts of CTAB-coated nanoparticles. The medium
containing free CTAB that is potentially toxic under long-term
conditions28 was removed and replaced with medium contain-
ing 5% serum. Following the incubation, nanoparticles were re-
moved from cell suspensions by washing three times with PBS.
Cytospin preparations were made using a Cytospin II centrifuge
(Shandon, Runcorn, England). Cytospins were fixed with 2%
paraformaldehyde in PBS for 5 min. To visualize internalized
gold for light microscopy, the GoldEnhance LM Kit 2112 (Nano-
probes, Yaphank, NY) was used according to the instructions of
the manufacturer. Thiazine staining was performed to counter-
stain cells blue. Duplicates from each preparation were evalu-
ated by counting 200 cells for calculation of uptake percentages.
Gray and black discolored cells were considered as positive.
Negative controls were performed to control background
signals.

Transmission Electron Microscopy. To prepare cells for transmis-
sion electron microscopy, cells were washed three times with
PBS after their incubation with AuNPs. Subsequently, the cells
were fixed in 3% glutaraldehyde (in 0.1 M Soerensen’s phosphate
buffer, pH 7.4; 13 mM NaH2PO4 � H2O; 87 mM Na2HPO4 � 2H2O)
for 22 h. Fixed cells were washed with 0.1 M Soerensen’s phos-
phate buffer overnight, embedded in 2% agarose, followed by
1 h incubation in 1% OsO4 (in 17% sucrose buffer with pH 7.4; 88
mL of 0.1 M Soerensen’s phosphate buffer; 12 mL of distilled wa-
ter, and 17 g of sucrose), rinsed with distilled water and dehy-
drated with ethanol (30�100%) and propylenoxide (100%). Cell
processing was performed by embedding in Epon, polymeriza-
tion for 8 h at 37 °C and 56 h at 60 °C. Finally, preparations were
cut into 70�100 nm thick slices and contrasted with uranyl ac-
etate and lead citrate. The samples were analyzed with an EM
400 T (Philips, Amsterdam, The Netherlands) at 60 kV, and micro-
graphs were taken by a CCD camera MORADA (Olympus, To-
kyo, Japan).

Inhibitors. Cytochalasin D was purchased from Sigma Aldrich
(St. Louis, MO) and resolved in dimethyl sulfoxide (DMSO).
Piceatannol was obtained from A.G. Scientific (San Diego, CA)
and used at 25 �g/mL concentration after resolving in DMSO.
Bacterial D-mannose (mannan) was purchased from Fluka (Buchs,
Switzerland), and 2.5 �g/mL was used in the experiments. Mac-
rophage serum-free medium was obtained from Gibco (Carls-
bad, CA). Incubation of cells at 4 °C was performed on a Therm-
omixer comfort (Eppendorf, Hamburg, Germany) under serum
conditions. In all blocking experiments, cells were incubated for
30 min with the inhibitors before adding the particles.

Real-Time PCR. RNA was isolated using the High Pure RNA iso-
lation kit (Roche, Basel, Switzerland). Reverse transcription of
500 ng of RNA was performed using the High Capacity RNA to
cDNA kit (Applied Biosystems, CA) according to the instructions
of the manufacturer. Universal PCR master mix and TaqMan gene
expression assays (Applied Biosystems, CA) probes (CD163, IL1�,
IL10, CXCL8, S100A9, and MPO) were used for the highly spe-
cific detection of cDNA in a total volume of 25 �L per experi-
ment using a 7300 real-time PCR system (Applied Biosystems,
CA). Data were collected at stage 3, step 2 (60.0 @ 1:00) in the
standard 7300 run mode. We tested three different house keep-
ing genes (�-actin, tubulin, and glyceraldehyde 3-phosphate de-
hydrogenase) and found that �-actin was least affected of all
house keeping genes by nanoparticles. CT values were gener-
ated automatically and related to the endogenous control gene
�-actin. Untreated macrophages were used as reference for the
calculation of gene expression.

Hierarchical Clustering Analysis and Gene Expression Heat Maps. To pre-
pare data for HCA, reciprocals were calculated for all expression
values between 0 and 1. Positive values indicate up-regulation of
the gene and negative ones indicate down-regulation. HCA was
performed using average linkage as agglomeration rule and with
Euclidean distance. In the heat map, the brightest red squares
represent up-regulation and the green color indicates down-
regulation. Black squares indicate that there was neither up- nor
down-regulation in comparison to the control. On the basis of
the similarity of the gene expression values in HCA, genes and
the experiments were assigned to groups separately if they were
similar or form their own branch. The benefit of HCA is to iden-
tify similar gene expression patterns of the different nanorods as
well as the co-regulation of genes. Gene expression was consid-
ered up- or down-regulated if the log2 values between the refer-
ence and the sample were higher than 1 (greater than 2-fold in-
crease) or lower than 1 (greater than 2-fold decrease),
respectively. The heat map was generated using the Genesis
Software Package.54

Flow Cytometry. Cell surface antigens were double-stained
with the phycoerythrin (PE)-conjugated monoclonal antibody
CD163 (clone GHI/61) (R&D Systems, Minneapolis, MN) and the
fluorescein isothiocyanate (FITC)-conjugated 27E10 antibody
(BMA Biomedicals AG, Augst, Switzerland) according to the in-
structions of the manufacturer. Flow cytometry analysis was per-
formed using a FACSCalibur and the BD CellQuest Pro software
version 5.2.1 (Becton Dickinson, Franklin Lakes, NJ). All results are
given relative to the untreated control.

Cytokine Detection. The release of 14 different cytokines (CCL2,
CCL3, CCL4, CSF-3, CXCL8, CXCL9, CXCL10, IFN�, IL1�, IL6, IL10,
IL12p70, TNF�, and TNF�) into the culture medium was mea-
sured using the FlowCytomix system in collaboration with the
producing company (Bender Medsystems, Vienna, Austria). The
system of cytokine detection is based on antibody-coupled mi-
crobead populations of which each specifically binds a certain
cytokine. Measurements were performed in duplicates at 50 �L
sample volume. The overall intra-assay variation of the system
was less than 10%. All results on differential cytokine release are
based on the comparison to the untreated control.

Statistical Analysis. Statistical analysis of the biological data
was performed using Graph Pad Prism 4.0 (GraphPad Software,
La Jolla, CA). One- or two-way ANOVA with Bonferronis post test
was performed to test significance of uptake data. P 
 0.05 was
considered as statistically significant. Nonlinear regression of
data was performed using the sigmoid dose�response func-
tion with variable slope.
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