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ABSTRACT: The interaction at nanobio is a critical issue in
designing safe nanomaterials for biomedical applications. Recent
studies have reported that it is nanoparticle−protein corona rather
than bare nanoparticle that determines the nanoparticle−cell
interactions, including endocytic pathway and biological responses.
Here, we demonstrate the effects of protein corona on cellular uptake
of different sized gold nanoparticles in different cell lines. The
experimental results show that protein corona significantly decreases
the internalization of Au NPs in a particle size- and cell type-
dependent manner. Protein corona exhibits much more significant
inhibition on the uptake of large-sized Au NPs by phagocytic cell than
that of small-sized Au NPs by nonphagocytic cell. The endocytosis
experiment indicates that different endocytic pathways might be
responsible for the differential roles of protein corona in the
interaction of different sized Au NPs with different cell lines. Our
findings can provide useful information for rational design of
nanomaterials in biomedical application.
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■ INTRODUCTION

Because of their superior properties, nanomaterials hold great
promise in biomedical applications, such as diagnosis, therapy,
and drug delivery.1−3 Meanwhile, there is an increasing chance
of exposure to nanomaterials, resulting in growing concern of
potential risks. Nanoparticles may enter the human body via
inhalation or ingestion or through the skin. Upon entering into
biological milieu, nanoparticles will come into contact with a

large variety of biomolecules including proteins and lipids.

These biomolecules immediately adsorb onto the surface of

nanoparticles to reduce the surface energy of nanoparticles and

finally form “corona” around the surface of the nano-
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particles.4−6 Consequently, it requires a deep understanding of
how nanomaterials interact with biological systems for their safe
applications.
Extensive studies have demonstrated that physicochemical

properties of nanomaterials, such as size,7,8 shape,9 and surface
chemistry,10 determine cellular uptake, transport, and fate of
nanomaterials. In addition, biological factors are also crucial. It
has been indicated that the formation of protein corona brings
new identity to nanoparticles and might influence the cellular
recognition and uptake of nanoparticles.11 Lesniak et al. found
that a preformed corona inhibited the adhesion of silica
nanoparticles to the cell membrane and resulted in decreased
internalization efficiency. Additionally, the presence of corona
not only affected the uptake levels but also resulted in
differences in the intracellular location of nanoparticle.12 It has
been reported that the adsorption of proteins on the surface of
nanoparticle strongly reduced nanoparticle adhesion in
comparison to bare nanoparticle, resulting in a concomitant
decrease in nanoparticle uptake efficiency.13 Endocytosis likely
involves at least two steps, absorption to the cell surface and
internalization into cells. The absorption of proteins could
decrease the adhesion of nanoparticles and thus reduce the
adhesion-induced uptake.
In addition to cellular recognition and uptake of nanoparticle,

the presence of protein corona will regulate cellular biological
responses including cellular toxicity14,15 and pathway activa-
tion.16,17 In our previous study,15 we found that high-abundant
proteins in serum preferred to form corona on the surface of a

single-walled carbon nanotube, resulting in great reduction in
their cytotoxicity. The corona protects the cells from the
damage induced by the bare polystyrene nanoparticle surface
until degraded in the lysosomes. Therefore, the cytotoxicity of
nanoparticles can be mediated by increasing the amount of
serum in the culture medium.18 In general, surface-bound
proteins alter the nanoparticle−cell interactions, resulting in a
much reduced cytotoxicity. Deng et al. found that negatively
charged gold nanoparticles bound to and induced unfolding of
fibrinogen, which promoted interaction with the integrin
receptor, Mac-1. Activation of this receptor increased the NF-
κB signaling pathway, resulting in the release of inflammatory
cytokines.16

Cell type has been indicated as another important influence
factor for the interaction between nanoparticles and cells. In in
vivo studies,19 nanoparticles are mainly removed by phagocytic
cells of the reticuloendothelial system. However, most
therapeutic nanoparticles are designed to target the non-
phagocytic cells.20,21 In this respect, there is far from full
understanding of the influence of cell types on uptake efficiency
and speed of nanoparticles. Lunov et al. discovered that much
more polystyrene nanoparticles were internalized by macro-
phages than by THP-1 cells (a monocytic cell line), but
nanoparticles were internalized more rapidly by THP-1 cells
than macrophages.22 In addition, phagocytic cells presented
higher internalization ability of nanoparticles with negative
surface charge than nonphagocytic cells.23 These studies
demonstrate the importance of cell type in nanoparticle−cell

Figure 1. Characterization of Au NPs. (a) TEM images and size distributions of Au NPs; (b) UV−vis spectra of Au NPs; (c) images of Au NPs in
PBS.
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interaction, and it is motivated to further illustrate how cell type
influences the interaction of nanoparticles with cells.
Because of their extraordinary optical and thermal properties,

gold nanoparticles (Au NPs) have been widely used in
biomedical applications.24−26 Our recent study has revealed
that protein corona reduced the direct contact of Au NPs with
cell membrane.27 In addition, we also explored the binding
structure of protein corona on Au NPs.28 In the present study,
the influence factors of nanoparticle−cell interaction were
investigated including the characteristics of nanoparticle,
protein corona, and cell type. The adhesion level, uptake
level, and endocytic pathway were compared between different
sized Au NPs, between different cell lines, and in the presence/
absence of protein corona. The effects of nanoparticle
characteristics and biological components on nanoparticle−
cell interaction were clearly clarified. This work may help us
better understand the role of protein corona in the interaction
of nanoparticles with cells, which would further largely help
rational design of nanoparticles for biomedical applications.

■ RESULTS AND DISCUSSION

Characterization of Au NPs. In this study, different sized
Au NPs capped with polyethylene glycol-5000 (PEG-5000)
were synthesized according to previous literature.29 Trans-

mission electron microscopy (TEM) images showed that Au
NP suspensions were monodispersed with average sizes of 5.1
± 1.1, 20.5 ± 1.9, and 50.7 ± 5.6 nm, respectively (Figure 1a).
The red-shift of maximum absorbance peak also indicated an
increase of Au NPs size (Figure 1b). In addition, these Au NPs
were found to be stable for at least one month in phosphate-
buffered saline (PBS) without aggregation and sedimentation
(Figure 1c). Hydrodynamic size and zeta potentials of three
different sized Au NPs in serum-free DMEM medium
(DMEM) and complete medium supplemented with 10%
fetal bovine serum (FBS) (c-DMEM) were also determined
(Table 1).

Cytotoxicity Assay of Au NPs. First, we analyzed the
effects of Au NPs on cell viability. Both RAW 264.7 and Hep
G2 cells were treated with three different sized Au NPs for 24
h, respectively, in serum-free DMEM medium (DMEM) and
complete medium supplemented with 10% FBS (c-DMEM).
There was no significant cytotoxicity observed for all three sizes
of Au NPs in each treatment condition (Figure 2). Cell viability
of both cell lines kept higher viability of >90% even at a high
concentration (200 μg/mL) of Au NPs. This result indicates
that Au NPs used in our current study present almost no
cytotoxicity, which allows us to investigate the effects of particle
size, protein corona, and cell type on the uptake level and

Table 1. Physicochemical Characterization of Au NPs

physical diameter
(nm)

hydrodynamic diameter (nm) in
DMEM

zeta potential (mV) in
DMEM

hydrodynamic diameter (nm) in c-
DMEM

zeta potential (mV) in c-
DMEM

5.1 ± 1.1 23.6 ± 1.4 −6.9 ± 0.7 31.1 ± 6.7 −6.5 ± 1.1
20.5 ± 1.9 55.1 ± 0.7 −6.7 ± 0.8 61.2 ± 4.0 −4.8 ± 1.0
50.7 ± 5.6 91.5 ± 0.5 −3.9 ± 0.3 107.0 ± 6.4 −3.4 ± 0.9

Figure 2. Cytotoxicity of Au NPs against RAW 264.7 and Hep G2 cells. RAW 264.7 cells were treated with Au NPs dispersed in DMEM (a) and c-
DMEM (b) for 24 h; Hep G2 cells were also treated with Au NPs dispersed in DMEM (c) and c-DMEM (d) for 24 h.
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endocytic mechanism of Au NPs. The dose of 50 μg/mL of Au
NPs was used in subsequent experiments. Considering that
both RAW 264.7 and HepG2 are immortalized cell lines,
primary hepatocytes and macrophages are employed to explore
whether there is significant difference between immortalized
cells and primary cells. The dose of 50 μg/mL of Au NPs also
present no toxicity in primary cells (Figure S1).
Cellular Uptake of Au NPs. We further investigated the

effect of protein corona on uptake level of three different sized
Au NPs by RAW 264.7 and Hep G2 cells. The intracellular Au
content was measured by inductively coupled plasma mass-
spectrometry (ICP-MS). As shown in Figure 3a and b, much
more Au NPs were internalized by RAW 264.7 cells than Hep
G2 cells in each case. It is implied that different endocytic
mechanisms might be responsible for the discrepant uptake
level of Au NPs by different cell types, which will be discussed
in the following endocytic experiment. In addition, higher
uptake levels of Au NPs were observed in the condition of
DMEM than that in c-DMEM, which implied that the addition
of serum reduced the uptake of Au NPs. Further, the presence
of serum protein significantly decreased the cellular uptake of
50 nm Au NPs; instead almost no significant decrease was
observed in the cellular uptake of small-sized Au NPs (5 nm, 20
nm). It was indicated that the inhibition of serum on the uptake
efficiency of Au NPs was size-dependent. As size decreased, the
inhibition effect of serum on uptake of nanoparticles became

weaker, and there was almost no inhibition effects of serum on
uptake of small-sized Au NPs (5 nm) by both cell lines.
In addition to the size of Au NPs, the inhibition effect of

serum on uptake efficiency of Au NPs also depends on cell
types, because more remarkable inhibition presented in
phagocytic RAW 264.7 cells than that in nonphagocytic Hep
G2 cells. In the presence of serum, the uptake of 50 nm Au NPs
by RAW 264.7 cells was decreased by 70%, but the uptake of 50
nm Au NPs by Hep G2 cells was only decreased by 40%.
Similarly, the addition of serum significantly decreased the
uptake of 20 nm Au NPs by RAW 264.7 cells, and meanwhile
there was a small decrease in the uptake of 20 nm Au NPs by
Hep G2 cells. These results suggest that uptake of Au NPs
varies according to particle size, protein corona, and cell types.
The serum protein inhibits the cellular uptake of Au NPs in
particle size- and cell type-dependent manner. It seems that
protein corona exhibits more significant inhibitory effect on
uptake of larger-sized Au NPs by phagocytic cells than that of
smaller-sized Au NPs by nonphagocytic cells. Additionally, the
same tendencies are observed in primary cells (Figure S2).
Furthermore, semiquantitative analysis of cellular uptake of

Au NPs was performed using dark-field microscopy. Dark-field
microscopy is used to characterize the expression of scattered
light from Au NPs that can be utilized to visualize Au NPs in
living cells.30,31 As shown in Figure 3c, it was obvious the
cellular uptake level of Au NPs in DMEM was much higher

Figure 3. Uptake of Au NPs by RAW 264.7 and Hep G2 cells. Uptake level of Au NPs in (a) RAW 264.7 cells and (b) Hep G2 cells after incubation
for 24 h; (c) images of Au NPs in RAW 264.7 and Hep G2 cells by dark-field microscopy. Scale bar = 20 μm. Significant difference vs DMEM group
(*p < 0.05).
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than that in c-DMEM by both cell lines, and much more Au
NPs were internalized by RAW 264.7 cells than Hep G2 cells.
There was no significant difference in the cellular uptake of
small-sized Au NPs for both cells lines. The semiquantitative
results of dark-field microscopy are consistent with previous
quantitative results of ICP-MS.
Cellular Adhesion of Au NPs. Adhesion to the cell

membrane is a key step in the process of nanoparticles uptake.
Previous studies have shown that the adhesion capacity of
nanoparticles to cell membrane determines the uptake efficacy
of nanoparticles.13 To study whether protein corona affects the
adhesion of Au NPs onto cell membranes, we separated the
step of nanoparticles adhering to the outer cell membrane from
the cellular uptake process. It is known that cellular endocytosis
of nanoparticles is an energy-dependent process. Several studies
have exposed cells to nanoparticles at low temperature (4 °C)
to inhibit this active process.32,33 In our study, cells were
incubated with Au NPs at 4 °C for 1 h with further incubation
in fresh medium at 37 °C for 3 h, allowing the adhering Au NPs
to enter the cells. The intracellular Au content was determined
by ICP-MS. As shown in Figure 4, Au NPs under serum-
containing conditions exhibited a much lower adhesion to the

cell membrane compared to those under serum-free condition,
which indicated the protein corona strongly reduced nano-
particle adhesion in comparison to bare nanoparticle. Although
adhesion is a kinetic process, this result can partly explain why
formed protein corona decreases the uptake efficacy of Au NPs
by cells. However, the inhibition effects of serum on adhesion
level of Au NPs are not well consistent with the uptake level of
Au NPs cells (Figure 3). It is possible that, after adhering onto
the cell membrane, different internalization pathways play an
important role in uptake of Au NPs. The various internalization
pathways might be responsible for the discrepancy between
adhesion level and uptake level of Au NPs.

Analysis of Internalization Pathways. The presence of
serum protein showed discrepant inhibitory effects on cellular
adhesion and uptake of Au NPs in both cell lines, which
indicated the necessity to study the potential internalization
pathways in different cases. As almost all endocytic pathways
are energy-dependent processes, they can be inhibited by low
temperature and endocytic inhibitor. In our study, cells first
were treated at 4 °C and then treated with typical endocytic
inhibitors including methyl-β-cyclodextrin (MβCD), chlorpro-
mazine (CPZ), and polyinoainic acid (PI). As shown in Figure

Figure 4. Cellular adhesion of Au NPs. ICP-MS measurements for Au content (expressed as ng per 104 cells) adhering on cell membrane of (a)
RAW 264.7 cells and (b) Hep G2 cells. Significant difference vs DMEM group (*p < 0.05).

Figure 5. Uptake pathways of Au NPs. Uptake pathways for Au NPs in RAW 264.7 (a, b, c) and Hep G2 (d, e, f) cells using specific endocytosis
inhibitors.
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5, compared with control, cellular uptake level of Au NPs was
remarkably reduced by 85% for both cell lines at 4 °C,
demonstrating that the internalization process was energy-
dependent. In the following, inhibitors for scavenger receptor-,
caveolin-, and clathrin-mediated endocytosis were employed to
study the possible internalization pathways of different sized Au
NPs by different cell lines in different culture media.
Here, in the group of 5 nm Au NPs, only MβCD (inhibitor

for caveolin-mediated endocytosis) significantly reduced the
uptake, showing that caveolin-mediated endocytosis was a
major internalization pathway for 5 nm Au NPs by both cell
lines (Figure 5a and d). Notably, the presence of serum only
had a little influence on the internalization pathway of 5 nm Au
NPs. For 20 nm Au NPs, MβCD decreased the uptake of Au
NPs in RAW 264.7 and Hep G2 cells by almost half (Figure 5b
and e), indicating that caveolin-mediated endocytosis was also
the major internalization pathway of 20 nm Au NPs by both
cell lines. In addition, PI (inhibitor of scavenger receptor-
mediated endocytosis) reduced the endocytosis for phagocytic
RAW 264.7 cells in serum-free culture medium, and CPZ
(inhibitor of clathrin-mediated endocytosis) reduced the
endocytosis especially for nonphagocytic HepG2 cells in
serum-free culture medium. Therefore, caveolin-mediated
endocytic pathway dominated the internalization of 20 nm
Au NPs by both cell lines, in which scavenger receptor-
mediated and clathrin-mediated endocytic pathways were
involved.
As shown in Figure 5c, in addition to caveolin-mediated

endocytosis, scavenger receptor-mediated endocytosis domi-
nated the uptake of 50 nm Au NPs by phagocytic RAW 264.7
cells. The scavenger receptor-mediated endocytosis is a
“classical” pathway by phagocytes to eliminate cell debris.
However, the presence of serum obviously inhibited the two
endocytic pathways, indicating that the protein corona perturb
the recognition of nanoparticle by both scavenger receptor and
caveolin. In addition, protein corona promoted clathrin-
mediated endocytosis, which implied enhancing the recognition
of nanoparticle by clathrin. For nonphagocytic HepG2 cells
shown in Figure 5f, the caveolin-mediated endocytosis and
clathrin-mediated endocytosis, respectively, dominated the

uptake of 50 nm Au NPs in the absence and presence of
serum. For primary hepatocytes and primary macrophages, the
endocytic pathways are basically consistent (Figure S3).
These results show that protein corona present discrepant

effects on the internalization of different sized Au NPs in
different cell lines. The detailed endocytic pathways of different
sized Au NPs by both cell lines cultured in the absence and
presence of serum are shown schematically in Figure 6.
Caveolin-mediated endocytosis is the major internalization
pathway for small-sized Au NPs (5 nm, 20 nm). The presence
of protein corona exhibits weak inhibition against the caveolin-
mediated endocytosis, resulting in decreasing uptake of Au
NPs. As for large-sized Au NPs (50 nm), scavenger receptor-
mediated instead of caveolin-mediated endocytosis plays a
dominate role in RAW 264.7 cells cultured in serum-free
culture medium. However, in serum containing culture
medium, serum protein perturbs the recognition of Au NPs
by scavenger receptor but promotes the recognition by clathrin
receptor. Therefore, clathrin-mediated endocytosis pathways
dominated the internalization by RAW 264.7 cells cultured in
serum-containing culture medium.

■ CONCLUSION

In the current study, we have explored the effects of
nanoparticle characteristics and biological factors on nano-
particle−cell interaction. Our results suggest that protein
corona decreases the nanoparticle adhesion onto cell
membrane because the increased surface free energy reduces
the contact of nanoparticle with cell membrane. Consequently,
the presence of serum protein inhibits the cellular uptake of
nanoparticle. In our study the inhibitory effects of serum
protein on the uptake of Au NPs are particle size- and cell type-
dependent. As nanoparticle size increases, the protein corona
exhibits strong inhibitory effect on uptake level of Au NPs.
Additionally, more significant inhibitory effect of protein
corona on uptake level of Au NPs are observed in phagocytic
cells than in nonphagocytic cells. Furthermore, the endocytosis
experiments fully clarify that different endocytic pathways
dominate the internalization of different sized Au NPs in
different cell lines. It is revealed that protein corona exhibit

Figure 6. Proposed scheme of internalization pathways of different sized Au NPs by RAW 264.7 and Hep G2 cells.
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different influences on different receptors. The protein corona
obstructs the recognition of Au NPs by scavenger receptor but
promotes the recognition of Au NPs by clathrin. In the case of
biomedical application, high cellular uptake level of nano-
particles without triggering adverse biological effects is pursued.
According to the uptake results, although protein corona
exhibits more significant inhibition on large-sized Au NPs than
on small-sized Au NPs, the cellular uptake level of large-sized
Au NPs is still higher than that of small-sized Au NPs,
especially for nonphagocytic cells. Therefore, large-sized Au
NPs (50 nm) instead of small-sized Au NPs (5 nm, 20 nm)
might be better for their biomedical application. Meanwhile, to
decrease possible adverse biological effects, surface coating of
Au NPs is recommended to reduce the interaction of
nanoparticle with proteins.
Therefore, this study confirms that the uptake level and

endocytic pathway depend on the nanoparticle characteristics,
biological environments, and cell lines, and protein corona
influences cellular uptake of gold nanoparticles in a particle
size- and cell line- dependent manner. Our current findings
might have implications in the rational design of Au NPs,
facilitating the applications of other nanoparticles in the
biomedical field. A significant amount of work is required to
study the interaction between nanoparticles with different cell
types for nanoparticle application in the medical field.

■ EXPERIMENTAL SECTION
Synthesis and Characterization of Au NPs. Different sized Au

NPs with diameters of approximately 5, 20, and 50 nm were
synthesized. Details of the synthesis of Au NPs have been described
previously. After synthesis, surfactant was removed by centrifugation
and washing. The morphology and size of Au NPs were evaluated
using TEM (Tecnai G-20, FEI). The size distribution of Au NPs was
computed using ImageJ based on the size information of more than
100 particles in the images. The surface charge (zeta potential) and
hydrodynamic size were determined at 25 °C using a Zetasizer (Nano
ZS90, Malvern). The UV−vis spectra of Au NPs were carried out with
UV spectrometer (UV-3600, Shimadzu). Before being used, the Au
NP suspensions were dispersed by 5 min sonification and 1 min
vortex.
Cell Culture. RAW 264.7 (mouse leukemic monocyte macrophage

cell line) and Hep G2 cells (human hepatocellular carcinoma cell line)
were cultured at 37 °C in 5% CO2 in high-glucose DMEM containing
10% FBS (Gibico), 1% penicillin/streptomycin (HyClone). Before
each experiment, cells were counted and resuspended in an
appropriate volume of culture medium to obtain the required cell
density.
Cytotoxicity Assays. The cytotoxicities of Au NPs for RAW 264.7

and Hep G2 cells were measured using a CCK-8 kit (Dojindo). Cells
were plated in 96-well plates and cultured for 24 h. Then the cells were
washed with PBS. Three kinds of Au NPs were introduced separately
to each well and cultured for 24 h in DMEM and c-DMEM. The final
concentrations of Au NPs were in the range of 50−200 μg/mL. The
cell viability of each well was measured by CCK-8 kit following the
manufacturer’s instructions.
Cellular Uptake Assays. To determine the cellular uptake of Au

NPs, the cells were plated on a 6-well plate and cultured for 24 h.
Next, Au NPs (50 μg/mL) were added into each well for 24 h
incubation in DMEM and c-DMEM. At a determined time, the cells
were washed three times with PBS. One part of the cells was collected
to measure the cellular uptake of Au NPs by an ICP-MS instrument
(Element-2, Thermo). The other cells were fixed with 4%
paraformaldehyde and stained with nucleus dye Hoechst 33342
(Invitrogen). Then the cells were observed by dark-field microscopy
(IX73, Olympus). To determine the Au contents in cells by ICP-MS,
the cells were washed three times with PBS. Then the cells were
collected and digested in aqua fortis (nitric acid/hydrochloric acid 3:1,

volume ratio). After adjusting the solution volume to 2 mL using 2%
nitric acid and 1% hydrochloride acid (1:1), gold assays were
performed by ICP-MS measurement. Divided by the number of cells,
the data of Au contents per 104 cells were calculated.

Cellular Adhesion Assays. Cells were preincubated at 4 °C for 30
min to deplete the cellular energy and thus inhibit Au NPs uptake.
Cells were incubated with the Au NPs (50 μg/mL) in DMEM and c-
DMEM at 4 °C for 1 h to let the Au NPs adhere on the cell
membrane. Then the cells were washed with PBS after addition of
fresh culture medium. Cells were further incubated at 37 °C for 3 h.
Finally, the cells were washed three times with PBS and collected for
ICP-MS measurement.

Endocytic Mechanism. To study the uptake pathways of different
sized Au NPs, RAW 264.7 and Hep G2 cells were preincubated with
various endocytosis inhibitors including CPZ (10 μg/mL), MβCD (5
mg/mL), and PI (1 mg/mL), and the effect of low temperature (4 °C)
was also studied. The cells were washed with PBS, incubated with Au
NPs (50 μg/mL) for 2 h in DMEM and c-DMEM, and then rinsed
with PBS. The contents in live cells were determined by ICP-MS
measurement.

Statistical Analysis. All results are presented as means ± standard
deviation (SD). Statistical significance in the differences between
different groups was evaluated by LSD t-tests or Tukey’s method after
analysis of variance (ANOVA). Differences were considered statisti-
cally significant at p < 0.05.
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