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T
he rapid advancement of nanotech-
nology promoted the development
of numerous nanomaterials, which

often possess complex structures and sur-
face functionalizations.1-3 In biological sys-
tems, nanosized particles may play an
ambivalent role. On one hand, they may
elicit toxic side effects,4 whereas, on the
other hand, novel nanoscaled diagnostics
and drug-delivery vehicles hold great pro-
mise for better medical treatment.5 Espe-
cially the targeting of tumor and inflam-
matory cells for diagnostic and/or therapeutic
reasons are of prime interest.
The bone marrow as origin of myeloid

cells gives rise to monocytes, which upon
emigration into tissues differentiate into
macrophages.6 This differentiation process
concurs with the expression of various cel-
lular receptors, which allowmacrophages to
efficiently sense and internalize particular
material including nanoparticles.6,7 Impor-
tantly, resident tissue macrophages are in-
volved in all types of chronic inflammatory
diseases including atherosclerosis, rheuma-
toid arthritis, and neuroinflammatory dis-
eases, where they play a crucial role in the
initiation and maintenance of the inflam-
matory process that ultimately leads to
tissue destruction.8,9 On this background,
macrophages qualify as a prime target for
therapeutic nanocarriers that might modu-
late chronic proinflammatory processes.8

The specific development of therapeutic
drug targeting to macrophages would be
considerably facilitated if the mechanisms
of interaction between the macrophage
membrane and the nanoparticles as well
as the subsequent uptake mechanisms

were fully understood. In this context, mod-
ifications of the contact surface by distinct
functionalization of nanosized materials pro-
vide an efficient tool to gain deeper insight
into the mechanistic processes involved.
Unwanted interactions between diag-

nostic or therapeutic nanomaterials and
macrophages of the reticuloendothelial sys-
temmight also occur. This presents another
motivation to strive for better insights into
the characteristics and structural determi-
nants governing the interaction between
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ABSTRACT Tumor cell lines are often used as models for the study of nanoparticle-cell

interactions. Here we demonstrate that carboxy (PS-COOH) and amino functionalized (PS-NH2)

polystyrene nanoparticles of ∼100 nm in diameter are internalized by human macrophages, by

undifferentiated and by PMA-differentiated monocytic THP-1 cells via diverse mechanisms. The

uptake mechanisms also differed for all cell types and particles when analyzed either in buffer or in

medium containing human serum. Macrophages internalized ∼4 times more PS-COOH than THP-1

cells, when analyzed in serum-containing medium. By contrast, in either medium, THP-1 cells

internalized PS-NH2 more rapidly than macrophages. Using pharmacological and antisense in vitro

knockdown approaches, we showed that, in the presence of serum, the specific interaction between

the CD64 receptor and the particles determines the macrophage uptake of particles by phagocytosis,

whereas particle internalization in THP-1 cells occurred via dynamin II-dependent endocytosis. PMA-

differentiated THP-1 cells differed in their uptake mechanism from macrophages and undiffer-

entiated THP-1 cells by internalizing the particles viamacropinocytosis. In line with our in vitro data,

more intravenously applied PS-COOH particles accumulated in the liver, where macrophages of the

reticuloendothelial system reside. By contrast, PS-NH2 particles were preferentially targeted to

tumor xenografts grown on the chorioallantoic membrane of fertilized chicken eggs. Our data show

that the amount of internalized nanoparticles, the uptake kinetics, and its mechanism may differ

considerably between primary cells and a related tumor cell line, whether differentiated or not, and

that particle uptake by these cells is critically dependent on particle opsonization by serum proteins.

KEYWORDS: phagocytes . polystyrene particles . surface chemistry . endocytosis .
phagocytosis . clathrin . CD64
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distinct nanoparticles and macrophages. Indeed,
macrophages are multifunctional phagocytic cells,
which are fully equipped to sense and internalize
endogenous and exogenous material, such as viruses,
microorganisms, cells, cell debris, and foreign particu-
late matter including a variety of engineered nano-
particles.6,8,10 Recognition and uptake of designed
nanoparticles by macrophages is useful, of course,
when, for example, nanoparticular iron oxide such as
ferucarbotran is employed for magnetic resonance
imaging of hepatic lesions.11 Yet, such uptake would
be undesirable, if TNF-covered nanosized gold parti-
cles intended to target solid tumor cells5 accumulated
in reticuloendothelial macrophages.
Studies on the interaction of nanoparticles with

monocytic cell lines such as THP-1 or U937 may be
clearly motivated as long as they serve the develop-
ment of drug-loaded nanoparticles for the treatment
of leukemia. However, due to their convenient avail-
ability, monocytic cell lines of varying degrees of
differentiation have often been used as surrogates of
human macrophages in vitro.12-14 In fact, differentia-
tion can be induced in monocytic cell lines with
phorbol-12-myristate-13-acetate (PMA) or 1,25-dihy-
droxyvitamin D3. Such differentiated cell lines exhibit
enhanced expression of macrophage surface markers
and can more efficiently take up bacteria by phagocy-
tosis compared to undifferentiated cells.15,16 Never-
theless, the phenotype of the differentiated cells differs
from that of macrophages, reflecting differences in
gene expression between the monocytic cell lines
and macrophages.15,17 Therefore, it remains doubtful
to which extent monocytic cells represent a useful
model for macrophages as far as mechanistic aspects
of nanoparticle-cell interaction or cellular uptake
mechanisms are concerned. We addressed this ques-
tion by studying the uptake of defined nanoparticles
by human macrophages and, for comparison, to un-
differentiated and differentiated THP-1 cells.
Polystyrene nanoparticles can be easily synthesized

in a wide range of sizes, which facilitates their applica-
tion as biosensors,18 in photonics,19 and in self-assem-
bling nanostructures.20 Specific surface modifications,
high drug loading capacity, and colloidal stability in
biological media also contribute to their application as
experimental drug carrier systems.21 Due to their size
homogeneity and the ease of surface modifications,

we have used polystyrene nanoparticles as model
particles for our experiments. Surface functionalization
of nanoparticles is crucial for the durability, suspensi-
bility in biological media, biocompatibility, and bio-
distribution.22,23 Compared to amino and thiol resi-
dues, functionalization with carboxyl groups renders
nanoparticles more suitable for further conjugation
with oligonucleotides, antibodies, or other proteins.24

On the other hand, functionalization of nanoparticles
with primary amines offers a high gene delivery effi-
ciency, since it exhibits a unique “proton-sponge”25 or
“endosome buffering” effect”,26 thus destabilizing
lysosomal membranes and promoting escape from
endosomal to cytoplasmic localization. Besides, func-
tionalization of nanoparticles with amino groupsmight
reduce their uptake into macrophages.27 In general, it
remains a particular challenge to produce nanoparti-
cles for biomedical applications, especially for applica-
tions in vivo, if unwanted particle uptake by macro-
phages is a concern.
Considering the importance of particle functionali-

zation for their controlled and targeted biomedical
applications, the aim of this study was to gain insight
into the uptake mechanism of carboxy and amino
functionalized polystyrene nanoparticles by human
macrophages in comparison to the uptake by the
monocytic cell line THP-1 as well as differentiated
THP-1 cells.

RESULTS AND DISCUSSION

Preparation of Polystyrene Nanoparticles and their Physico-
chemical Characterization. In this study, two types of
fluorescent polystyrene nanoparticles were used that
were synthesized by the miniemulsion process.28,29

The physicochemical properties of the nanoparticles
were characterized by dynamic light scattering, UV/vis
absorption spectroscopy and are summarized in
Table 1. Both particles had the same mean hydrody-
namic diameter of about 110 nm. The high negative or
positive zeta potential reflected the functionalization
of the particles either with carboxy or amino groups,
respectively. Both particles had approximately the
same surface density of charged groups and contained
basically the same amount of the fluorescent dye PMI,
which was incorporated into the particles during their
synthesis (Table 1). Similar physicochemical character-
istics of the particles and the low polydispersity index

TABLE 1. Characterization of Carboxy and Amino Functionalized Polystyrene Nanoparticles Labeled with PMI as

Fluorescent Dyea

particles diameter nm PDI amount of groups (groups/nm2) zeta-potential (mV) PMI contents (mg PMI/g polymer)

PS-COOH 116 0.01 0.130 -46( 7 0.40( 0.01
PS-NH2 113 0.01 0.144 þ56( 8 0.51( 0.01

a Physical parameters of polystyrene nanoparticles were characterized by dynamic light scattering using a Zetasizer Nano and UV/vis absorption spectroscopy. PDI,
polydispersity index; PMI, N-(2,6-diisopropylphenyl)-perylene-3,4-dicarbonacidimide.
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allowed us to analyze the role of surface charge on the
uptake kinetics and the uptake mechanisms of the
particles by macrophages and THP-1 cells.

Kinetics of Nanoparticle Internalization. Upon applica-
tion, the majority of nanoparticles are finally sensed
and internalized by macrophages.8,30 Surface functio-
nalization greatly influences particle recognition and
uptake by macrophages. Hence, it is important to
analyze particle properties, which might facilitate or
impede their uptake by macrophages. Because pri-
mary tissue macrophages cannot be readily expanded
ex vivo, monocytic cell lines of varying degrees of
differentiation have frequently been used to model
macrophage functions.14

Owing to their advanced differentiation state,
monocytic THP-1 cells are often used as surrogates of
in vitro macrophages12,31 to study the uptake of
nanoparticles.32-34 Originally isolated from a patient
suffering from acute monocytic leukemia, THP-1 cells
express a number of hematopoietic differentiation mar-
kers and can be classified as immature macrophages.12

Nevertheless, such a monocytic cell line might differ
from primary cells in terms of surface receptor expres-
sion and uptake mechanisms. Indeed, THP-1 cells
exhibit a reduced phagocytic capacity compared to
macrophages.15,16

To ensure that the particles do not exert any toxicity
on the cells during the experiments, we first analyzed
the effects of the nanoparticles on cell viability. Human
macrophages, undifferentiated THP-1, and PMA-differ-
entiated THP-1 cells cultured in medium for 48 h
in the presence or absence of PS-COOH or PS-NH2

nanoparticles did not show any significant changes in
cell viability nor lysosomal leakage (Figure1A,B). This
finding is at variance with a previous study reporting
that smaller cationic polystyrene nanoparticles might
induce lysosomal leakage and ROS production in a
murine macrophage cell line. Interestingly, the toxicity
of these particles was dependent on the cell line used
and the uptake mechanism,13,14 although surfactant
residues might also have played a critical role.

The majority of uptake studies in vitro have been
performed in buffers devoid of protein. In physiological
fluids, however, a protein corona could be formed on a
particle surface and affect its interaction with cells.23,35,36

To analyze the effect of particle opsonization by
human serum proteins, we performed uptake studies
either in Ca2þ/Mg2þ-containing HBSS or in cell culture
medium supplemented with 10% human AB serum.

The particles used in this study contained fluores-
cent dye trapped within the particles during synthesis.
This enabled analysis of particle uptake by the cells
using flow cytometry because the cell fluorescence
correlates with the amount of internalized nanoparti-
cles. A rigorous washing protocol controlled by 3D
confocal microscopy actually ensured that all nonin-
ternalized particles had been removed from the cell
surface prior to flow cytometric analysis (Figure S1,
Supporting Information). Both types of nanoparticles
were taken up by the cells, although to a different
extent. After 3-6 h of incubation in buffer, THP-1 cells
took up about 38%more PS-COOH than macrophages
(Figure 2A). Both cell types internalized about the same
amounts of PS-NH2, although THP-1 cells incorporated

Figure 1. Polystyrene nanoparticles are nontoxic for human macrophages, undifferentiated, and PMA-differentiated THP-1
cells. (A) The cells were cultured in RPMI 1640 supplementedwith 10%humanAB serum for 48 h in the presence or absence of
PS-COOH or PS-NH2 polystyrene nanoparticles. Cell viability was assessed by the XTT assay. The data were normalized to
control values (no particle exposure) and expressed as mean ( SEM, n = 3 each. (B) Polystyrene nanoparticles do not affect
lysosomal integrity. The cells were treated for 48 h with polystyrene particles (100 μg/mL) as in panel A, stained with acridine
orange (AO), and analyzed by flow cytometry to detect the population of AOlow cells exhibiting leaking lysosomes. Positive
control, 1 μM camptothecin for 4 h. All data are expressed as mean ( SEM of at least 3 independent experiments.
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the particlesmore rapidly thanmacrophages (Figure 2B).
Both cell types took up significantly less PS-NH2 than
PS-COOH nanoparticles when analyzed in HBSS
(Figure 2A,B).

In serum-containing medium, macrophages and
THP-1 cells internalized much less nanoparticles than
in buffer (Figure 2A-D). Differently to buffer, in the
presence of serum, macrophages took up about four
times more PS-COOH nanoparticles than THP-1 cells
(Figure 2C). THP-1 cells, in turn, internalized PS-NH2 in
larger amounts and more quickly than macrophages
(Figure 2D). We further validated those flow cytometric
data by confocal microscopy, demonstrating that the
particles were indeed internalized by the cells and
localized intracellularly in particular in the lysosomal
compartment (Figure 2A-E and Supporting Informa-
tion, Figure S1). The considerable differences in nano-
particle uptake in the absence or presence of serum,
the latter leading to opsonization, suggested that
differential endocytic mechanisms might be involved.

Analysis of the Endocytic Mechanisms. Macrophages are
professional phagocytes. Unlike other cells, they are
capable of efficient uptake of particles by phagocyto-
sis. Macrophages express a number of receptors, such
as FcR and complement receptors, whichmay facilitate
such processes. The optimal particle size for phagocy-
tosis is relatively large, 250 nm to 3 μm for polystyrene
particles.7 In contrast to phagocytosis, endocytosis
occurs in virtually all cells and is indispensible for
intercellular communication and nutrient uptake.7 En-
docytosis can occur, for example, via engagement of
clathrin or caveolin pits. Clathrin- or caveolin-indepen-
dent but dynamin-dependent endocytosis has also
been described.7 Caveolin is barely expressed by hu-
man macrophages, but can be induced, for exa-
mple, by treatment with agonists of liver X nuclear
receptors.37 It is generally accepted that the size of
endocytotic pits is restricted to about 120 nm. There-
fore, particles of larger diameter cannot be taken up by
endocytosis. However, studies on cellular uptake of

Figure 2. Uptake kinetics of carboxy and amino functionalized polystyrene nanoparticles by humanmacrophages and THP-1
cells. The cells were incubated with PS-COOH (A) or PS-NH2 (B) nanoparticles (each at 100 μg/mL) in HBSS for the indicated
time andwashed, and the particle uptakewas analyzedby flow cytometry. Increased cell fluorescence due to accumulation of
fluorescent nanoparticles is presented as mean fluorescence index (MFI). Results are given as mean ( SEM, n = 3. Cells cul-
tured in RPMI 1640with 10%humanAB serumwere treatedwith PS-COOH (C) or PS-NH2 (D) nanoparticles (each at 100μg/mL)
and analyzed as in panel A. Photomicrographs show cells incubated with the indicated nanoparticles (100 μg/mL) for 2 h and
analyzed using confocal microscopy (cell membranes, CellMask (red); nanoparticles, PMI (green); original magnification
640�). (E) Accumulation of polystyrene nanoparticles in lysosomes. Human macrophages and THP-1 cells were incubated
with PS-COOH or PS-NH2 (each at 100 μg/mL) for 2 h and analyzed by confocal microscopy (cell membranes, CellMask (blue);
lysosomes, LysoTracker Red DND-99 (red); nanoparticles, PMI (green); colocalization (yellow); original magnification 800�).
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bacteria and viruses demonstrated that this limitation
may not be strictly obeyed, and that a cell might,
indeed, also take up larger particles by endocytosis
due to engagement of various receptors.38

To obtain evidence of the mechanistic nature of
nanoparticle uptake, macrophages and THP-1 cells
were pretreated with different uptake inhibitors prior
to particle incubation. Polyinosinic acid was used to
inhibit scavenger receptors type A,32 rottlerin as an
inhibitor of macropinocytosis,39 pinocytosis was inhib-
ited with colchicine,40 cytochalasin B was used as an
inhibitor of phagocytosis,40 clathrin-mediated endocyto-
sis was inhibited by monodansyl cadaverine,41 caveolae-
mediated endocytosis by nystatin,42 and dynamin-
dependent endocytosis was inhibited by dynasore.43

In preliminary experiments we ensured that the inhi-
bitors did not affect cell viability at the concentrations
used (Supporting Information, Figure S2).

In buffer, PS-COOHparticle uptake bymacrophages
was significantly inhibited by monodansyl cadaverine
and dynasore suggesting thatmacrophagesmay inter-
nalize the negatively charged particles mainly via

clathrin- and dynamin-dependent endocytosis (Sup-
porting Information, Figure S3A), whereas the PS-NH2

were apparently taken up via macropinocytosis
(Supporting Information, Figure S3B). In contrast to
macrophages, THP-1 cells did not differentiate be-
tween the particle charge under buffer conditions
and took up both, PS-COOH and PS-NH2, by macro-
pinocytosis (inhibition of uptake with rottlerin) and
clathrin- and dynamin-dependent endocytosis (inhi-
bition of uptake with monodansyl cadaverine and
dynasore) (Supporting Information, Figure S3A,B). This
uptake mechanism differs from that described for rat
alveolar epithelial cells, which internalized more posi-
tively charged PS particles of 100 nm than negatively
charged ones; these processes were not inhibited by

inhibitors of endocytosis.44 Human mesenchymal cells
isolated from bonemarrow aspirates of human donors
took up positively charged PS particles of 100 nm by
clathrin-dependent endocytosis,43 resembling THP-1
cells rather than macrophages.

Due to the limited specificity of pharmacological
inhibitors, these results were further validated and
confirmed with a different set of structurally and
functionally different inhibitors of pinocytosis, macro-
pinocytosis, and phagocytosis, namely nocodazole,45

dimethylamiloride,46 and latrunculin A47 (Supporting
Information, Figure S4A-D). The specificity of the
inhibitors used to inhibit clathrin- and dynamin-de-
pendent endocytosis was confirmed by analyzing the
uptake of fluorescently labeled transferrin by macro-
phages. As expected, monodansyl cadaverine and
dynasore48 inhibited transferrin uptake by macro-
phages, which was used as a readout of clathrin- and
dynamin-dependent endocytosis, whereas the inhibi-
tors of pinocytosis, macropinocytosis, phagocytosis,
and caveolin-mediated endocytosis remained ineffec-
tive (Supporting Information, Figure S4E).

To confirm those data, we knocked down the
expression of clathrin by treatment of THP-1 cells and
macrophages with phosphothioate-modified oligo-
deoxynucleotides (ODN) designed to target clathrin
mRNA. In control experiments, clathrin antisense ODN
had been shown to specifically inhibit clathrin-depen-
dent endocytosis of transferrin without affecting cla-
thrin-independent phagocytosis of bacteria (Sup-
porting Information, Figure S5). Clathrin antisense
ODN inhibited the clathrin expression by 76.2 ( 2.6%
in THP-1 cells (Figure 3A) and by 70.8 ( 7.8% in
macrophages (Figure 3C). Besides, clathrin antisense
ODNsignificantly reduceduptakeof PS-COOHby62.2(
3.2% and that of PS-NH2 by 75.9 ( 6.7% by THP-1
(Figure 3B), and uptake of PS-COOH by macrophages

Figure 3. The role of clathrin-dependent endocytosis in the uptake of particles by THP-1 cells and macrophages cultured in
HBSS. Antisense ODN downregulate the expression of clathrin in THP-1 cells (A) and macrophages (C). After treatment with
ODN against clathrin or the control sequence for 48 h, the clathrin expression was determined by immunoblotting;
actin = loading control. Graphs show the densitometric analysis of the immunoblots. Treatment with clathrin antisense
ODN inhibits the nanoparticle uptake in THP-1 cells (B) andmacrophages (D) cultured in HBSS (analyzed by flow cytometry as in
Figure 2A,B); (//) p < 0.01 versus controls, mean ( SEM, n = 3.
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by 61.3 ( 9.2% (Figure 3D), clearly confirming the
preliminary data obtained with the pharmacological
uptake inhibitors.

By contrast, in the presence of human AB serum,
macrophages apparently internalized both nanoparti-
cles mainly by phagocytosis (uptake inhibition by
cytochalasin B), whereas THP-1 cells apparently took
up both nanoparticles by dynamin-dependent endo-
cytosis (uptake inhibition by dynasore) (Supporting
Information, Figure S3C,D). In addition, a small amount
of PS-NH2 nanoparticles might have been internalized
by macrophages via caveolin- and dynamin-depen-
dent endocytosis (Supporting Information, Figure S3D).
The size of the nanoparticles might also affect the
uptake mechanism. Thus, 50 nm polystyrene particles
preincubated with plasma proteins were internalized by
Kupffer cells (livermacrophages) via scavenger receptors,
with the plasma protein fetuin mediating this uptake.49

Dynamin is a guanosine triphosphatase that has
been implicated in clipping clathrin-coated invagina-
tions from the plasma membrane. Three distinct dyna-
min genes have been identified in mammals. Their
products, dynamin I, II, and III have similar primary
structures and functions, but exhibit differences in
tissue distribution. Only dynamin II was found in all
tissues analyzed.50,51 To validate the involvement of
dynamin in the particle internalization by THP-1 cells,
we knocked downdynamin expression by treatment of
the cells with ODN designed to target dynamin I and II
mRNA. Antisense ODN against dynamin I, which is
expressed exclusively in neurons,50,51 and scrambled
ODN were used as controls of specific dynamin II
targeting.

Antisense ODN against dynamin II inhibited expres-
sion of dynamin II in THP-1 cells by 81.0 ( 2.6%
(Figure 4A) and, concomitantly, reduced cellular up-
take of PS-COOH by 82.2( 2.2% and PS-NH2 by 80.9(
4.6%, confirming that particle uptake by THP-1 cells
occurs in a dynamin II-dependent manner (Figure 4B).

Macrophages, as professional phagocytes, can effi-
ciently recognize and internalize particles via phago-
cytosis. Labeling of the particles by plasma proteins,
mainly antibodies and complement components, in-
itiates particle recognition by specific receptors essen-
tial for phagocytosis.7 CD64, a high affinity Fc receptor,
belongs to a group of immunoglobulin receptors widely
expressed on immune cells and involved in phagocy-
tosis. Activation of Fc receptors might activate or
inhibit immune responses, and loss in this balanced
signaling results in tissue damage and autoimmune
diseases.52

Macrophages pretreated with antisense ODN against
CD64 exhibited a decreased expression of this receptor
by 85.5( 7.8% (Figure 4C) and an impaired internaliza-
tion of the nanoparticles by 68.2 ( 6.4% and 54.7 (
8.3% for PS-COOH and PS-NH2, respectively (Figure 4D),
indicating that in the presence of human plasma
proteins, macrophages phagocyte polystyrene nano-
particles primarily via the immunoglobulin receptor
CD64.

PMA-Differentiated THP-1 Cells Take up Nanoparticles by a
Different Mechanism. PMA, which activates protein
kinase C, is commonly used to induce macrophage-
like differentiation in monocytic cell lines.15,16 PMA
treatment results in acquisition of an adherent growth
phenotype, loss of proliferation, phagocytosis of latex

Figure 4. THP-1 cells internalize particles by dynamin II-dependent endocytosis; humanmacrophages internalize particles by
CD64-dependent phagocytosis. (A) Antisense ODNdownregulate the expression of dynamin II in THP-1 cells. After treatment
with ODN against dynamin I, dynamin II, or control sequence for 24 h, dynamin expression was determined by
immunoblotting; actin = loading control. Antisense to dynamin I, which is not expressed by THP-1 cells, was used to ensure
specificity of the downregulation. Graph shows the densitometric analysis of the immunoblots. (B) Treatment with antisense
ODN against dynamin II inhibits uptake of nanoparticles by THP-1 cells (analyzed in serum-containing medium by flow
cytometry as in Figure 2C,D). (C) Antisense ODN downregulate the expression of CD64 inmacrophages. After treatment with
ODN against CD64 and control sequence for 48 h, CD64 expression was determined by immunoblotting; actin = loading
control. Graph shows the densitometric analysis of the immunoblots. (D) Treatmentwith antisenseODNagainst CD64 inhibits
uptake of nanoparticles by macrophages (analyzed in serum-containing medium by flow cytometry as in Figure 2C,D); (//)
p < 0.01 versus controls, mean ( SEM, n = 3.
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beads, and expression of surfacemacrophagemarkers,
reflecting a more differentiated phenotype compared
to nondifferentiated cells.15,16 When compared to
other differentiation protocols, PMA treatment pro-
motes a more differentiated phenotype of THP-1 cells,
which makes such cells more suitable for use as a
macrophage model.15,16 Differentiation of THP-1 cells
with PMA increases the phagocytic activity of the cell,15

although it still does not reach the level of human
macrophages.16

On this background, we further analyzed whether
differentiated THP-1 cells might better mimic macro-
phages with respect to polystyrene nanoparticle inter-
nalization. Differentiation with PMA induced an adher-
ent cell phenotype and inhibited cell proliferation.
Hence, themorphology of the three cell types analyzed
in this study, that is, macrophages, undifferentiated
THP-1 cells, and differentiated THP-1 cells, still re-
mained different. THP-1 cells grow as small round cells
in suspension, whereas macrophages are large and
adherent. PMA-differentiated THP-1 cells also acquired
an adherent phenotype, but significantly differed in
size from macrophages (Figure 5A, Supporting Infor-
mation, Figure S1).

The amount of PS-COOH internalized by macro-
phages and differentiated THP-1 cells in the presence
of serum was similar, whereas, consistent with the pre-
vious observation (see Figure 2C), undifferentiated
THP-1 cells internalized significantly less PS-COOH nano-
particles (Figure 5C). The uptake of PS-NH2 nanoparticles

was similar among primary macrophages, PMA-differ-
entiated THP-1, and undifferentiated THP-1 cells
(Figure 5C).

The effects of uptake inhibitors suggested that
differentiated THP-1 cells internalized PS-COOH in HBSS
via scavenger receptor-, clathrin-, and dynamin-depen-
dent endocytosis (Supporting Information, Figure S6A).
Although macrophages took up PS-COOH also in a
clathrin- and dynamin-dependent manner, they did
not seem to use the scavenger receptor. Under those
buffer conditions, macropinocytosis appeared to play a
predominant role in the uptake of PS-NH2 nanoparti-
cles by both macrophages and differentiated THP-1
cells (Supporting Information, Figures S3B and S6A,C).
When the experiments were performed in serum-con-
taining medium, differentiated THP-1 cells apparently
took up both nanoparticles via macropinocytosis,
whereas macrophages incorporated them mainly via

CD64-dependent phagocytosis (Figure 4D, Supporting
Information, Figure S3C,D, S4C,D and S6B,D). PS-NH2

particle uptake by differentiated THP-1 cells proceeded
obviously exclusively through macropinocytosis,
whereas undifferentiated THP-1 cells also employed
clathrin- and dynamin-dependent endocytosis (Sup-
porting Information, Figure S3B and S6A,C). The differ-
ences between undifferentiated and differentiated
THP-1 were more pronounced if the uptake was ana-
lyzed in serum-containing medium. THP-1 cells appar-
ently took up the particles via dynamin-dependent
endocytosis, whereas PMA-differentiated THP-1 cells

Figure 5. Comparison of the uptake of carboxy and amino functionalized polystyrene nanoparticles by humanmacrophages,
THP-1, and PMA-differentiated THP-1 cells. (A) Cell morphology as analyzed by confocal microscopy. Membranes of
macrophages, PMA-differentiated THP-1 cells, and THP-1 cells were labeled with CellMask, and the cells were analyzed using
confocal microscopy. Original magnification 900�. (B) The cells were incubated either with PS-COOH or PS-NH2 (both at 100
μg/mL) in HBSS for 6 h, washed, and analyzed by flow cytometry. (C) The cells were incubated either with PS-COOH or PS-NH2

(both at 100μg/mL) in RPMI 1640with 10%humanAB serumand analyzedby flowcytometry as in panel B. (D) AntisenseODN
downregulate the expression of clathrin in PMA-differentiated THP-1 cells. After treatment with ODN against clathrin or the
control sequence for 48 h, clathrin expression was determined by immunoblotting; actin = loading control. The graph shows
the densitometric analysis of the immunoblots. (E) Treatmentwith antisenseODNagainst clathrin inhibits uptake of PS-COOH
particles byPMA-differentiatedTHP-1 cells inHBSS as analyzedbyflowcytometry; (//) p<0.01 versus controls,mean( SEM,n=3.
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via macropinocytosis (Supporting Information, Figure
S3C,D and S6B,D).

To validate the involvement of clathrin in the PS-
COOH particle internalization by differentiated THP-1
cells in buffer, we knocked down the clathrin expres-
sion with ODN targeting clathrin mRNA. Clathrin anti-
senseODN inhibited the expressionof clathrin by89.7(
1.2% (Figure 5D) and reduced the cellular uptake of PS-
COOH by 77.3 ( 3.7% (Figure 5E).

Thus, although differentiated THP-1 cells internalize
particles to the same extent as macrophages, they use
distinctly different mechanisms for this function. To
provide a synopsis, the major mechanisms taking part
in the uptake of functionalized polystyrene nanoparti-
cles by macrophages and differentiated as well as
undifferentiated monocytic THP-1 cells are summar-
ized in Table 2.

Particle Opsonization by Serum Proteins. The uptake
mechanisms used by the cells was different for
buffer and serum-containing medium. This observa-
tion indicates that particle interaction with plasma
proteins played a crucial role in the uptake mechan-
ism of the nanoparticles by either cell type. Proteins
and other biomolecules are known to adsorb to the
surfaces of nanoparticles thereby generating the so-
called “protein corona”.35,53 Therefore, we analyzed
the proteins that associated with the nanoparticles
in HBSS versus medium containing human serum
that might be responsible for the differences in the
uptake mechanisms.

Whereas particles incubated in HBSS did not
carry any proteins, multiple protein bands could be
eluted from those particles that had been incubated in

serum-containing medium (Figure 6A). Interestingly,
the PS-COOH particles bound more and different
proteins compared to PS-NH2 (Figure 6A). Western blot
analysis revealed that both particles bind plasma anti-
bodies (Figure 6B). These data are in agreement with a
previous report demonstrating that negatively charged
polystyrene nanoparticles absorb about twice as much
protein as positively charged particles of about 100 nm
in diameter.53 In addition, 2D protein gel electrophor-
esis showed that IgG immunoglobulins along with
albumin constitute the major protein group found on
the surface of these particles.53

In agreement with the uptake inhibition studies,
macrophages express more CD64, the high affinity
Fc receptor for IgG compared to nondifferentiated
THP-1 cells. Macrophages express more CD64 pro-
tein in whole cell lysates as shown by Western blot
analysis, and they also express more CD64 on the
cell surface as analyzed by flow cytometry of non-
permeabilized cells (Figure 6C,D). Differentiated
THP-1 cells express similar amounts of CD64 as
macrophages, but more scavenger receptor A
(Figure 6C,D). The differences in cell surface expres-
sion of the receptors involved in nanoparticle inter-
nalization might, therefore, account for the
differences in the uptake mechanisms that we ob-
served between human macrophages, and differen-
tiated and undifferentiated THP-1 cells.

Our data indicate that the uptake of PS-COOH and
PS-NH2 by macrophages in buffer does not involve
phagocytosis, probably due to the absence of opsoniz-
ing plasma proteins and the smaller effective size of
the nanoparticles. In the presence of human serum,

TABLE 2. Mechanisms Involved in the Uptake of PS-COOH and PS-NH2 Particles by Macrophages and Differentiated or

Undifferentiated Monocytic THP-1 Cellsa

medium

particles cell type HBSS RPMI 1640/10% serum

PS-COOH macrophages endocytosis clathrin-MDCþ, ODNþ phagocytosis Cyt Bþ, Lat Aþ, CD64-
dynamin-Dynþ ODNþ

differentiated THP-1 endocytosis clathrin-MDCþ, macropinocytosis Rotþ, DMAþ
dynamin-Dynþ

endocytosis (SR) PIAþ
THP-1 endocytosis clathrin-MDCþ, ODNþ, endocytosis dynamin-Dynþ, ODNþ

dynamin-Dynþ
macropinocytosis Rotþ, DMAþ

PS-NH2 macrophages macropinocytosis Rotþ, DMAþ phagocytosis Cyt Bþ, Lat Aþ, CD64-
ODNþ
Dynþ, Nysþ

differentiated THP-1 macropinocytosis Rotþ, DMAþ macropinocytosis Rotþ, DMAþ
THP-1 endocytosis clathrin- MDCþ, ODNþ endocytosis dynamin-Dynþ, ODNþ

dynamin-Dynþ
macropinocytosis Rotþ, DMAþ

a Cyt B, cytochalasin B; DMA, dimethylamiloride; Dyn, dynasore; Lat A, latrunculin A; MDC, monodansyl cadaverine; Nys, nystatin; ODN, antisense desoxynucleotides; PIA,
polyinosinic acid; Rot, rottlerin; SR, scavenger receptor-A; þ, sensitive.
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opsonization occurs and charged nanoparticles adsorb
different proteins onto their surface. To further strength-
en the evidence, we showed that opsonization of PS-
COOH and PS-NH2with IgG is likewise sufficient to shift
the uptake mechanism in protein-free medium from
clathrin-mediated endocytosis (PS-COOH) and macro-
pinocytosis (PS-NH2) (Figure 3D, Supporting Informa-
tion, Figure S3A,B) to phagocytosis of both particles
(Figure 6E). Hence, absorption of antibodies alone
changes the uptake behavior of macrophages from
macropinocytic and endocytic in buffer to phagocytic
mechanism.

Opsonization also had an impact on nanoparticle
uptake by THP-1 cells and PMA-differentiated THP-1
cells, changing their uptake mechanism from macro-
pinocytosis and clathrin- and dynamin-dependent en-
docytosis to clathrin-independent dynamin-dependent
endocytosis for THP-1 cells and PS-COOH; clathrin-
dependent scavenger receptor A-mediated endocyto-
sis to macropinocytosis for differentiated THP-1 cells.
Similarly, others have shown uptake of commercially
available negatively charged polystyrene nanoparti-
cles by scavenger receptor MARCO-transfected COS
cells.54

Particle Distribution in an in Vivo Model. We further
analyzed the distribution of PS-COOH and PS-NH2

nanoparticles in an in vivo model. A tumor cell

xenograft was transplanted on the chick chorioallan-
toic membrane (CAM) of fertilized chicken eggs. Two
days later, the particles were injected intravenously.
After four days, the particle distribution was analyzed
in tumor xenografts and in embryonic liver tissue,
which contains liver macrophages, so-called Kupffer
cells, which represent 15% of the liver cell population
and 50% of all resident macrophages in the body.55 In
agreement with the in vitro studies, intravenously
injected PS-COOH was found predominantly in the
chicken liver, where macrophages of the reticuloen-
dothelial system reside. By contrast, the PS-NH2 parti-
cles were found to accumulate in the tumor xenografts
(Figure 7A,B). Staining for the macrophage marker
KUL01 revealed that, in liver tissue, both particles were
confined to macrophages (Figure 7C). In tumor tissue,
PS-COOH particles were accumulated by macro-
phages, whereas PS-NH2 were taken up by both,
macrophages and tumor cells (Figure 7D).

Thus, compared to macrophages, the undifferen-
tiated monocytic THP-1 cells as well as PMA-differen-
tiated THP-1 cells utilize different mechanisms to
internalize nanoparticles. Therefore, we conclude that,
while a cell line might be highly valuable to address
questions concerning tumor cell targeting, its use as a
model for primary cells is not necessarily warranted,
but requires profound validation with primary cells.

Figure 6. Opsonization of carboxy and amino functionalized polystyrene nanoparticles in the presence of human serum.
PS-COOH or PS-NH2 nanoparticles (100 μg/mL) were incubated either in HBSS (-) or in RPMI 1640with 10% human AB serum
(serum) for 1 h at 37 �C. The particles were collected by centrifugation and washed with PBS. Proteins associated with the
particles were eluted and denatured in sample loading buffer and separated by gel electrophoresis. As controls, 0.5 μL of
human AB serum, 2.5 μg of human IgG, and 50 μg of albumin (HA) were used. (A) The gel was stained with Coomassie blue or
(B) blotted onto a PVDFmembrane and stainedwith antihuman IgG-HRP. Arrows show the positions of heavy and light chains
of IgG; M =molecular weight marker. Representative gels out of three. (C) Fcγ receptor CD64 and scavenger receptor A were
analyzed in whole cell lysates of macrophages, PMA-differentiated THP-1, THP-1, and PC-3 cells by immunoblotting; actin =
loading control. (D) Expression of Fcγ receptor CD64 and scavenger receptorA (emptypeaks) as analyzedbyflowcytomentry;
gray peaks = isotype controls. A representative experiment out of three is shown. (E) Human macrophages take up
nanoparticles opsonizedwith human IgGbyphagocytosis. PS-COOHor PS-NH2werepreincubatedwith 10mg/mLhuman IgG
for 2 h. Macrophages were pretreated with different phagocytosis inhibitors, and exposed to IgG-preincubated PS-COOH or
PS-NH2 nanoparticles (each at 100 μg/mL) in HBSS for 6 h, washed, and analyzed by flow cytometry. Phagocytosis inhibitors:
10 μg/mL cytochalasin B for 2 h and 0.5 μM latrunculin A for 30 min. Results are given as mean ( SEM, n = 3.
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CONCLUSION

Our study shows that the (i) extent of nanoparticle
internalization, (ii) kinetics of particle uptake, and (iii)
particle uptake mechanisms may grossly differ be-
tween primary cells, phenotypically related tumor cell
lines, and thereof derived differentiated tumor cells. All

these processes depend critically on the surface charge
of the nanoparticles and their opsonization by serum
proteins. Our findings indicate that results obtained
from studies of nanoparticle-cell interactions on cell
line models may not be applicable to the situation in
normal differentiated cells.

MATERIALS AND METHODS
Preparation of Polystyrene Nanoparticles. Two types of fluores-

cent cationic nanoparticles were synthesized by the miniemul-
sion polymerization process.28,29 For the synthesis of PS
nanoparticles, 6 g of freshly distilled styrene (Merck), 250 mg
of hexadecane (Sigma-Aldrich, Taufkirchen, Germany), 5 mg of
the fluorescent dye N-(2,6-diisopropylphenyl)-perylene-3,4-di-
carbonacidimide (PMI, BASF, Ludwigshafen, Germany), and 100
mg of the hydrophobic initiator 2,20-azobis(2-methylbutyr-
onitrile) (V59, Wako Chemicals, Neuss, Germany) were added
to 24 g of water containing 125 mg of the surfactant cetyltri-
methylammonium chloride. After stirring 1 h for pre-emulsifica-
tion, the miniemulsion was prepared by sonification for 120 s at
90% amplitude (Branson sonifier W450 Digital, 1/2 in. tip) at 0 �C to

prevent polymerization. Polymerization was carried out at 72 �C
overnight. After the synthesis, surfactant was removed by Amicon
ultrafiltration (100 kDa), extensive dialysis and washing. Before
being used, the particle suspensions were dispersed by sonifica-
tion and the absence of agglomeration was controlled by a
Zetasizer Nano (Malvern Instruments, UK).

Physicochemical Characterization of the Nanoparticles. The average
particle size, polydispersity index (PDI), and zeta potential were
determined by dynamic light scattering (DLS) in 1 mM KCl
solution at pH 7.0 using a Zetasizer Nano. The intensity of the
scattered light was measured at 173� to the incident beam.
Incorporated PMI was quantified by UV-vis absorption spec-
troscopy (Lambda 16, Perkin-Elmer, Rodgau, Germany) of the
dried nanoparticles dissolved in tetrahydrofuran. Both, carboxy

Figure 7. Differential accumulation of the carboxy and amino functionalized polystyrene nanoparticles in liver and tumor
tissues. Adherently growing PC-3 prostate cancer cells (0.5 � 106 cells) were grafted onto the chorioallantoic membrane of
chickeneggs6daysafter fertilization.After 2days, theeggswere intravenously injectedwith50μg/kgof eitherparticle in100μLof
0.9% NaCl. After 4 days, livers and tumor xenografts were collected, paraffin-embedded, and sectioned. Nuclei were
counterstained with DAPI, and the sections were analyzed by fluorescent microscopy (original magnification, 200�).
Representative fluorescence images of liver (A) and tumors (B) are shown. Fluorescently labeled cells of three sections were
quantified for each egg. Results are presented asmean( SEM of four eggs in each group: (///) p < 0.001. The data shown are
representative of four eggs each. Fluorescently labeled nanoparticles colocalize with macrophages in liver (C) and tumor
tissues (D). Tissue sections were processed and stained for chicken macrophage marker KUL01 (red), nuclei were counter-
stained with DAPI (blue), nanoparticles (green), colocalization (yellow). Representative images are shown (original
magnification, 1000�).
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(PS-COOH) and amino (PS-NH2) functionalized polystyrene
particles contained the same amount of dye, which enabled
quantification of the uptake experiments with particle compar-
ison. The surface charge density was determined by polyelec-
trolyte titration using a particle charge detector PCD 02
(Muetek, Germany) in combination with a 702 SM Titrino
automatic titrator (Metrohm, Switzerland).29

Cell Differentiation and Measurement of Viability. Macrophages
were differentiated from humanmonocytes isolated from buffy
coats by density gradient centrifugation and differentiated as
described earlier.56,57 Humanmonocytic leukemia cell line THP-1
(American Type Culture Collection) was grown in RPMl 1640
medium supplemented with 10% FCS in a humidified 5% CO2

atmosphere at 37 �C. Cells (2� 105 cells/mL) were differentiated
using 200 nMPMA (Sigma-Aldrich) for 3 days followed by 5 days
in medium without PMA.16 Cell viability was analyzed by
mitochondrial reduction of XTT (Roche Diagnostics, Basel,
Switzerland). For the analysis of lysosomal leakage, the cells
were stained with acridine orange (AO) and analyzed by flow
cytometry to detect the population of AOlow cells.14

Nanoparticle Uptake Studies. Uptake was analyzed either in
HBSS or in RPMI 1640 medium supplemented with 10% human
AB serum. Macrophages and THP-1 cells (1� 106 cells/mL) were
preincubated with different pharmacological pathway inhibi-
tors (scavenger receptor, 10 μg/mL polyinosinic acid for
30 min;32 macropinocytosis, 2 μM rottlerin for 30 min;39 pino-
cytosis, 100 μg/mL colchicine for 2 h;40 phagocytosis, 10 μg/mL
cytochalasin B for 2 h;40 clathrin-mediated endocytosis, 200 μM
monodansyl cadaverine for 10 min;41 caveolae-mediated en-
docytosis, 50 μg/mL nystatin for 15 min;42 dynamin-dependent
endocytosis, 80 μMdynasore for 30 min,43 and treated with 100
μg/mL of either particle for 6 h. We have also used 10 μM
nocodazole for 30 min as an inhibitor of pinocytosis,45 100 μM
dimethylamiloride for 30 min as an inhibitor of macro-
pinocytosis,46 and 0.5 μM latrunculin A for 30 min to inhibit
phagocytosis.47 The inhibitors were not removed during the
uptake experiments.

Nanoparticle uptake was analyzed by flow cytometry
(Becton Dickinson, Franklin Lakes, NJ); at least 10 000 cells were
counted. The data were presented as mean fluorescence index
(MFI) and calculated as the ratio of the mean fluorescence
intensity of the sample and the control. The specificity of the
pharmacological inhibition of the uptake processes was vali-
dated using fluorescent human transferrin and Escherichia coli
K-12 BioParticles (Invitrogen).

Western Immunoblot Analysis of Protein Expression. Aliquots of
whole cell lysateswere separated by SDS-PAGE, transferred, and
probed with specific antibodies against CD64 (Dako, Glostrup,
Denmark), dynamin I/II (Cell Signaling), scavenger receptor A
(R&D Systems) and clathrin (Santa Cruz) as described;58,59 actin
(Chemicon) staining served as loading control. The surface
expression of CD64 and scavenger receptor A was analyzed
by flow cytometry using corresponding antibodies and PE-con-
jugated secondary F(ab0)2 from Dianova (Hamburg, Germany).

Nanoparticle-Protein Interaction. Nanoparticles (100 μg/mL)
were incubated either in HBSS, in RPMI 1640 medium supple-
mented with 10% human AB serum for 1 h or 10 mg/mL human
IgG for 2 h at 37 �C. The particles were collected by centrifuga-
tion and washed extensively with PBS. IgG-precoated particles
were added to macrophages pretreated with different phago-
cytosis inhibitors, and the cells were analyzed by flow cytome-
try. The proteins associated with the particles were eluted and
denaturated in sample loading buffer and separated by gel
electrophoresis. As control, 5 μL of human AB serum, 0.5 μg of
human IgG, and 25 μg of albumin (HA) were used. Gels were
stained with Coomassie blue or blotted onto a PVDFmembrane
and stained with antihuman IgG-HRP (Jackson Laboratories).

Confocal Microscopy. Macrophages and THP-1 cells were in-
cubated with the functionalized polystyrene nanoparticles
(100 μg/mL) in either HBSS or in RPMI 1640 medium supple-
mented with 10% human AB serum for 2 h and analyzed by
confocal microscopy. Cell membranes were labeled with Cell-
Mask (Invitrogen). Fluorescence images were taken with the
acquisition software Andor iQ 1.6.43,57

Knockdown of CD64, Dynamin, and Clathrin. For in vitro knock-
down of CD64, dynamin I, dynamin II, and clathrin, phosphor-
othioate-modified oligodeoxynucleotides (ODN) (ThermoHybaid,
Ulm, Germany) were used. The ODN sequences complementary
to corresponding mRNA sequences devoid of secondary struc-
tures, such as the loops, were selected using available
algorithms.60 The antisense ODN for high affinity FcγRI (CD64)
corresponded to the nucleotides 1383-1404 of human CD64
mRNA (NM_000566.3) 50-TAAAGAATTCTTGAAAAACTTA-30 , for
human dynamin I they corresponded to the nucleotides
309-332 (NM_001005336) 50-AACCACAGAATATGCCGA-30 , and
for human dynamin II they corresponded to nucleotides
1338-1355 (NM_001005362.1) 50-ATTAAGAACATCCATGGA-30 .
The antisense ODN for clathrin corresponded to nucleotides
1672-1691 of human clathrin mRNA (NM_004859) 50- AAA-
CTTCTCCTCTACTTCA-30 . The control sequences contained the
same set of the base pairs in a scrambled order. The sequences
were analyzed for lack of secondary structure and oligo pairing.
According to Blast search, the selected sequences did not
show any similarity to any coding mRNA sequence. Macro-
phages were treated for 48 h every 24 h with 10 μM of the
ODN in RPMI 1620 supplemented with 10% FCS.61 THP-1 cells
were preconditioned for 4 h in medium without FCS and
treated with 10 μM of the ODN in the same medium. The
medium was supplemented with 10% FCS 4 h later, and the
cells were incubated for an additional 20 h. The cells were
either lysed and analyzed for protein expression by Western
immunoblotting using antibodies against CD64 (Dako),
dynamin I/II (Cell Signaling), or clathrin (Santa Cruz) or
incubated with the nanoparticles (each 100 μg/mL) for 6 h.
Particle uptake was analyzed using flow cytometry as
described above.

In Vivo Biodistribution of Polystyrene Nanoparticles. PC-3 cells
(American Type Culture Collection) were cultured in Ham's
F-12-K medium supplemented with 10% FCS. For xenotrans-
plantation, 0.5� 106 cells in the log growth phase were seeded
in 20 μL of medium/Matrigel (1:1, v/v) into a 6-mm silicone ring
placed onto the chick chorioallantoic membrane (CAM) of
fertilized chicken eggs and incubated at 37 �C and constant
humidity.62 After 2 days, the eggs were intravenously injected
with 50 μg/kg of either particle in 100 μL 0.9%NaCl. After 4 days,
liver and tumor tissues were collected, embedded in paraffin
and sectioned. Sections were processed and stained for the
chicken macrophage marker KUL01 (Novus Biologicals), nuclei
were counterstained with DAPI, and the sections were analyzed
by fluorescence microscopy. The images were digitally re-
corded with an Axiophot microscope (Carl Zeiss, Jena,
Germany) and a Sony MC-3249 CCD camera using Visupac
22.1 software (Carl Zeiss).

Statistical Analysis. Quantitative results are expressed asmean(
SEM. Results were analyzed by multigroup comparison Man-
n-Whitney U and Newman-Keuls tests. Differences were con-
sidered statistically significant at p < 0.05.
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