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W
hen nanoparticles are introduced
into a biological environment
(such as serum), the particles

may interact and adsorb protein(s) rapidly,
which then alters their aggregation state,
surface chemistry, and shape, leading to a
new “biological identity” that is distinct
from its “synthetic identity” (arising from
the synthesis processes).1 Nanosized parti-
cles have a large specific surface area, po-
tentially with a high local charge density
that can interact with biomolecules in their
surrounding environment in cell culture or
biological fluids.2 The spontaneous adsorp-
tion of single proteins (for example, bovine
or human serum albumin) or complex pro-
tein mixtures (such as in whole serum) has
been shown to reduce the aggregate size of
a chemically diverse range of nanoparticles,
including ultrafine titanium dioxide, fuller-
enes, polystyrene, magnetite, tungsten car-
bide, ceria oxide, and zirconia nanoparticles
in cell culture.3�9 The size of the primary
particles has also been shown to be a key
factor governing the adsorbed protein char-
acteristics and the eventual size of the result-
ing nanoparticle aggregates.6,10 Interestingly,
the formationof aprotein layer (usually known
as a protein corona) on the surface of nano-
particles has been reported to depend not

onlyon theprimary sizeofparticlesbut alsoon

the type of suspending media. Roswell Park

Memorial Institute medium (RPMI) supple-

mented with fetal bovine serum (FBS) has

been noted to significantly increase the thick-

ness of the protein layer with the increase

of the primary size of gold nanoparticles,

but a similar trend is not observed when

Dulbecco modified Eagle's medium (DMEM),

supplemented with FBS, is used as a suspend-

ing media.11 In addition, nanoparticles that

were exposed to protein molecules were also
shown to adopt the physicochemical proper-
ties of the adsorbed protein shell.12�14 For
instance, serum protein adsorption onto posi-
tively charged gold nanorods and polyethyle-
neamine-coated magnetite has been shown
to switch their positive surface charge to
negative.15,16

The definite role of adsorbed protein in
promoting nanoparticle uptake is not
well understood, although several investiga-
tors have suggested that surface-adsorbed
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ABSTRACT

Exposure to fetal bovine serum (FBS) is shown herein to reduce the aggregate size of titanium

dioxide (TiO2) nanoparticles, affecting uptake and consequent effect on A549 and H1299

human lung cell lines. Initially, the cellular uptake of the FBS-treated TiO2 was lower than that

of non-FBS-treated TiO2. Expulsion of particles was then observed, followed by a second phase

of uptake of FBS-treated TiO2, resulting in an increase in the cellular content of FBS-treated

TiO2, eventually exceeding the amount by cells exposed to non-FBS-treated TiO2. Surface

adsorbed vitronectin and the clathrin-mediated endocytosis pathway were shown to regulate

the uptake of TiO2 into A549 cells, while the endocytosis mechanism responsible remains

elusive for H1299. Intriguingly, nystatin treatment was shown to have the unexpected effect

of increasing nanoparticle uptake into the A549 cells via an alternate endocytic pathway. The

surface adsorbed serum components were found to provide some protection from the cytotoxic

effect of endocytosed TiO2 nanoparticles.

KEYWORDS: titanium dioxide nanoparticle . serum protein . human lung cell .
uptake . nanoparticle toxicity . nystatin . vitronectin
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proteins promote nanoparticle uptake via receptor-
mediated endocytosis.5,16,17 It has been demonstrated
that the nanoparticle�cell association did not depend
on the identity of the adsorbed proteins, but rather on
the capacity of the surfaces to bind protein.18 To some
extent, this confirms the observation of other investi-
gators who found that the amount of nanoparticles
taken up is proportional to the amount of adsorbed
protein.19 Conversely, a reduction in the uptake of
magnetite, carbon, and gold nanorods,17 and no effect
on the internalization of anionic mesoporous silica
nanoparticles by macrophages cells,20 was observed
after proteinmodification of the nanoparticles' surface.
It has also been shown that there is no difference in the
uptake of nanoparticles with different surface functio-
nalization (i.e., COOH, NH2, or polyethylene glycol) after
the nanoparticles have been exposed to serum for
several hours.21

Serum protein induced changes in the physico-
chemical characteristics, and cellular uptake is ex-
pected to alter the nanoparticle's biological impact.
Nonetheless, the literature is scarce and inconclusive
with regard to precisely how serum protein adsorption
influences the outcome of the toxicity assessment. It
has been shown that the use of a poloxamer surfactant
(Pluronic F127) to disperse single-walled carbon nano-
tubes and amorphous silica resulted in a significant
loss of protein binding and, subsequently, a lower
toxicity effect of the nanoparticles toward the RAW
264.7 macrophage-like cell line.22 The toxicity of cad-
mium ions originating from CdSe nanoparticles has
been reported to be reduced significantly for a number
of cell lines in serum-freemedia.23 Gold nanorods were
shown to exhibit lower toxicity toward human cervical
cancer cells (HeLa cells) in vitrowhen serum-containing
media was used in the cell culture; this was attributed
to the lower uptake of the gold nanorods in the presence
of serum.24 Similarly, the reactive oxygen species (ROS)
response from theMonomac-6 cell line that was exposed

to carbon black particles was reduced when cell culture
media containing bovine serum albumin was used in the
assay.4 In contrast, Sager et al. (2007) showed silica
suspended in broncho-alveolar lavage fluid produced
similar levels of pulmonary inflammation and lactate
dehydrogenase release by A549 lung cells to silica sus-
pended in phosphate buffer solution.25 Clift et al. (2010)
measured the cytotoxic response, intracellular glu-
tathione (GSH) levels, and tumor necrosis factor-R pro-
duction of J774.A1 murine “macrophage-like” cells upon
exposure to 20 and 200 nm polystyrene nanoparticles.
They showed that the smaller nanoparticles were equally
toxic regardless of whether the media contained serum
or not, whereas larger nanoparticles suspended in serum-
containing media were less toxic than particles of the
same size suspended in serum-free media.26

A holistic approach is applied herein to investigate
the effects of serumprotein adsorption on the aggregate
size and cellular interactions of titanium dioxide (TiO2), a
commercially relevant and widely used nanomaterial,
that has been exposed to FBS. The uptake of FBS- and
non-FBS-treated TiO2 into two different human lung cell
lines (A549 and H1299) was investigated in vitro from a
kinetic and mechanistic perspective. The cellular particle
uptakemechanism(s) was also elucidatedusing tempera-
ture shift and chemical inhibition experiments. The effect
of vitronectin attachment, an abundant glycoprotein
component of serum, on cellular uptake was also inves-
tigated. Cell counts and in vitro toxicity assays were then
used to quantify the degree of biological impact of the
serum-treated nanoparticles.

RESULTS AND DISCUSSION

Effects of Serum Protein Adsorption on the Aggregation
Stability of TiO2 Nanoparticles in Cell Culture Media. Figure 1
shows typical transmission electron microscopy
(TEM) images of TiO2 nanoparticles that have been
exposed to phosphate buffer solution (PBS, non-
FBS-treated TiO2, Figure 1a,b) or fetal bovine serum

Figure 1. Transmission electron microscopy images at different magnifications of TiO2 nanoparticles that have been
incubated with (a, b) phosphate buffer solution (PBS, as non-FBS-treated particle) or (c, d) fetal bovine serum (FBS, as FBS-
treated particle) for 15 h and then resuspended in serum-free RPMI1640 media supplemented with 1% L-glutamine.
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(FBS, FBS-treated TiO2, Figure 1c,d) for a period of 15 h
and then resuspended in serum-free culture media. At
highmagnification, it can be seen that FBS-treated TiO2

has a layer of gelatinous substance on the surface of
TiO2 particles (Figure 1c). This layer was not seen on the
surface of non-FBS-treated TiO2 (Figure 1a). The aggre-
gate size of the FBS-treated TiO2 nanoparticles in cell
culture media is also smaller (Figure 1d), and dynamic
light scattering (DLS) size measurements confirm that
the aggregates are in the nano size range (Figure 2).
Conversely, both TEM imaging (Figure 1b) and DLS
analysis (Figure 2) show non-FBS-treated TiO2 nano-
particles exist as a mixture of submicrometer and
micrometer-sized aggregates in cell culture media. It
is noted here that particle size in themicrometer range
measured by DLS is only indicative, as the upper
detection limit of the Brookhaven 90Plus instrument
is 6 μm.

The layer of gelatinous substance on the surface of
TiO2 particles is a complex mixture of adsorbed serum
components including proteins; a similar coating of nano-
particles has been observed previously for TiO2, as well as
fullerenes, gold, polystyrene, andmagnetitenanoparticles
that have been exposed to proteins.5,7,9,24,27 Deguchi
et al. (2007) showed that the adsorbed proteins reduce
nanoparticle aggregation by forming a steric layer on
the particle surface, which prevents salt-induced agg-
regation.5Wiogo et al. (2011) further showed that strongly
adsorbed protein molecules serve as linkers that aid the
adsorption of proteins with lower affinities for the nano-
particle surface; it is the low-affinity proteins, however,
that provide the required steric hindrance.7 It is likely that
similar adsorption and stabilization mechanisms are in-
volved here. Non-FBS-treated TiO2 nanoparticles that
were suspended in serum-free media, on the other hand,
aggregated rapidly due to shielding of their electrostatic
layer by salt ions such as NaCl, KCl, Na2H2PO4, and
Na2HPO4 that are present in the media.28

Effects of Protein Adsorption on the Uptake of TiO2 Nano-
particle into Human Lung Cell Lines. The cell counts and the
amount of non-FBS-treated and FBS-treated TiO2 taken
up into A549 and H1299 cells after 24 h of particle
exposures are shown in Figure 3. For A549 cells, the
uptakes of both FBS- and non-FBS-treated TiO2 are
dose dependent and similar until the particle concen-
tration reaches 2000 μg/mL. At a concentration of
2000 μg/mL or greater, the amount of FBS-treated
TiO2 taken up into A549 cells increased dramatically
to the point of cell saturation; this did not occur with
non-FBS-treated TiO2. For H1299 cells, the amount of
FBS-treated TiO2 taken up by the cells is more than
twice that of non-FBS-treated TiO2.Moreover, the same
amounts of FBS-treated TiO2 (maximum cellular capa-
city of approximately 2300 pg/cell) were taken up into
H1299 cells for the range of TiO2 dose studied. Contact
with serum, which reduces the size of the TiO2 aggre-
gates, is shown to also increase the amount of particles
taken up into both cell lines when measured at 24 h.
This contrasts with our previous findings, which
showed the same cells had a lower particle uptake
when exposed to sonicated TiO2 (which reduces the
aggregate size) thanwhen theywere exposed to larger
nonsonicated aggregates.29

The data also show that cells that were not exposed
to TiO2 nanoparticles increased from the initial seeded
density of 1.6 � 105 cells to about 4.5 � 105 cells in
wells with 9.6 cm2 culturable surface area after 24 h. As
anticipated, cells that were exposed to TiO2 exhibited a
lower cell count than the unexposed (control) cells. The
cell count decreases with increases in particle concen-
tration; at high particle concentration, the cell count
dropped below its initial value. Hoechst stain (Hoechst
33342 dye, 1.0mM) further confirms the observed drop
in cell count is due to impairment of cell growth and/or
viability caused by particle exposure and not by the
washing steps (see Supporting Information). What is

Figure 2. Particle size distribution of non-FBS-treated and FBS-treated TiO2 suspended in RPMI1640 cell culture media
supplemented with 1% L-glutamine based only on (a) frequency intensity and (b) cumulative intensity.
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unexpected is cells that were exposed to FBS-treated
TiO2 had a higher cell count than cells that were
exposed to non-FBS-treated TiO2, despite the fact that
more FBS-treated TiO2 particles were taken up into the
cells. These results again contrast with our previous
findings, and that of several others, which showed
higher particle uptake generally results in lower cell
viability and growth rates.29

To further explain the observed cell count and
particle uptake results, the amount of non-FBS- and
FBS-treated particles taken up by A549 and H1299
cell lines in a 24 h period after exposure to 150 μg/mL
of TiO2 was measured, and the results are shown in
Figure 4. The data highlights several interesting effects
of serum adsorption on the uptake of nanoparticles
into biological cells, and to the best of our knowledge,
some of these observations have not been reported in
the literature.

First, a rapid uptake of particles at the initial stage of
exposure was observed for both cell lines. For FBS-
treated TiO2 particles, the amount taken up initially is
lower; approximately half of that of non-FBS-treated
TiO2. The higher uptake of non-FBS-treated TiO2 at the
initial stage of exposure can be attributed to its larger
aggregate size (compared to FBS-treated TiO2). It has
previously been shown that larger aggregates will
sediment more rapidly onto the adhered cells, subse-
quently exposing the adhered cells to higher localized
concentrations of particles.29,30

Second, asmuch as 30% to 40%of the TiO2 particles
that were taken up by A549 and H1299 were expelled
by the cells (exocytosis) within 2 h after exposure,
resulting in a significant drop in the cellular TiO2

content. The cellular content of FBS-treated TiO2 in
A549 cells remained relatively steady in the period
after particle expulsion, whereas that of H1299 cells
continued to increase before decreasing again at 10 h.
For non-FBS-treated TiO2, the cellular content de-
creases steadily once expulsion occurs. Similarly,
exocytosis of polysaccharide-coated nanoparticles by
16HBE14o airway epithelium cells after 30 min of
exposure has been reported previously.31 Exocytosis
of foreign material is a dynamic cellular process, in
which the internalized membrane and compartments
are continuously recycled to the cell surface. The rapid
decrease, followed by a gradual decrease in intracel-
lular particles over a 24 h period following exposure,
suggests that at least two intracellular compartments
could be involved: (i) one that turns over rapidly and (ii)
one that turns over relatively slowly.32 The particle
fraction that were going to the recycling endosomes,
which have a fast turnover rate, may be exocytosed
rapidly, while those particles that escaped the recy-
cling endosome into the cytoplasm or lysosomes with
a slower turnover rate were exocytosed from the cells
more slowly.

Third, a second phase of particle uptake was ob-
served for FBS-treated TiO2 sometime after 6 to 12 h
of particle exposure for both A549 and H1299 cells.

Figure 3. Number of cells (left) and amount of particles taken up (right) by A549 (top) and H1299 (bottom) cell lines after 24 h
of exposure to non-FBS-treated and FBS-treated TiO2 nanoparticles. Groups significantly different from the untreated group
(marked as 0 μg/mL) (by one-way ANOVA followed by Dunnett's test) are shown by *p < 0.05, from at least 5 independent
experiments.
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The consequence of this is at 24 h after particle exposure,
the amount of FBS-treated TiO2 in both A549 and H1299
cells is greater than that of non-FBS-treated TiO2 in the
same cells. This later stage uptake of particles was not
observed for cells exposed to non-FBS-treated TiO2. The
effect of serum treatment resulting in increased total
particle uptake at 24 h is consistent with the uptake data
shown in Figure 3 and later in Figure 6.

Fourth, there is a difference in the amount of TiO2

particles taken up by A549 and H1299 under the same
experimental conditions. The difference in uptake can
also be attributed to the distinct characteristics of the
two cell lines, including (1) mutation of p53 oncogene
repressor on H1299 cells and (2) that A549 produces
large amounts of lecithin, which is known to contribute
to phospholipid biosynthesis and therefore possibly
result in altered membrane structure and fluidity com-
pared to H1299.29

Insights into the Mechanisms of Particle Uptake by Human
Lung Cell Lines. The uptake results clearly indicate that
the nonspecific adsorption of serum components onto
the TiO2 surface strongly influences their interaction
with the cells and can potentially change the mechan-
ism of cellular entry and thereby the extent and rate of
particle uptake. To further investigate this, the uptake
mechanism and pathway and the role of vitronectin
(a cell adhesion protein component of serum) on the
uptake process were determined.

The cellular uptake mechanism(s) of non-FBS- and
FBS-treated TiO2 into A549 and H1299 cells can be
revealed to some extent by subjecting the cells to
treatments that are inhibitory to cellular uptake.16 In
the present work, the following treatments were
applied: (1) low temperature (incubated at 4 �C),
(2) adenosine triphosphate (ATP) depletion (azide/
deoxyglucose), (3) caveolae disruption by cholesterol
sequestration (nystatin), and (4) hypertonic treatment
(sucrose). In this study, both the growth and viability of
A549 andH1299 cell lineswere shown to be unaffected
by these treatments for a total period of 2 h (see
Supporting Information). Cells incubated with non-
FBS-treated or FBS-treated TiO2 nanoparticles at
37 �C andwithout any inhibitors are identified as “normal”
in the same figure. Following treatment, the cells were
exposed to particles for 1 h, the period where the net
cellular uptake of particles was at its maximum.

Figure 5 shows the amount of non-FBS-treated and
FBS-treated TiO2 nanoparticles that were taken up by
the cells after the inhibitory treatments. For both A549
and H1299 cells, the amount of non-FBS-treated and
FBS-treated TiO2 nanoparticles taken up was reduced
relative to the normal conditions (37 �C) when the cells
were incubated at 4 �C. This decrease in particle uptake
is attributed to the significant reduction of available
cellular energy at 4 �C, which diminishes energy-
dependent endocytosis. This is further confirmed by
the significant reduction in the amount of particles
taken up by the two cell lines after incubation with

Figure 5. Total amount of non-FBS-treated and FBS-treated
TiO2 nanoparticle that were taken up into (a) A549 and (b)
H1299 cells after 1 h of exposure to 150 μg/mL of particles,
under four different treatments that are known to be
inhibitory to cellular uptake, namely, low temperature (4 �C),
ATP depleted (azide/deoxyglucose), caveolae disruption
(nystatin), and hypertonic (sucrose). For A549 cells, a com-
bination of nystatin and sucrose treatment was also applied
(nystatinþsucrose). Groups significantly different from
the control group (37 �Cnormal) andnystatin-treatedgroup
(by one-way ANOVA followed by Dunnett's test) are shown
by *p < 0.05 and #p < 0.05, from at least 3 independent
experiments.Figure 4. Kinetic cellular uptake of non-FBS-treated and

FBS-treated TiO2 particles by (a) A549 and (b) H1299 cell
lines during 24 h period of exposure, from at least 3
independent experiments.
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sodium azide and deoxyglucose. Sodium azide inhibits
the cellular oxidative respiration by blocking cyto-
chrome coxidase (the last enzyme in themitochondrial
electron transport chain), thereby limiting the produc-
tion of cellular ATP energy.33,34 The fact that the cellular
uptake of TiO2 particles is reduced at low temperature
and in ATP-depleted environments established that
endocytosis, an energy-dependent process that re-
quires the cellmembranewall to flex andbulge inward,
is one of the main portals for TiO2 particle entry into
both A549 and H1299 cells.

To further verify which type of endocytosis me-
chanisms are responsible for TiO2 particle uptake, the
cells were incubated in a hypertonic environment
(induced by adding sucrose) or exposed to nystatin
(a cholesterol sequestration agent). A hypertonic con-
dition will cause water to diffuse out from the cells,
thereby disrupting the formation of clathrin lattice in
the cell membrane.35 The drop in the amount of
nanoparticles taken up by A549 cells under a hyper-
tonic condition suggests that the endocytosis of TiO2

particles into the cells occurs via a clathrin-mediated
pathway.

Interestingly, when A549 cells were exposed to
nystatin, no inhibitory effect on the uptake of TiO2

nanoparticles into the cells was observed. In fact,
the amount of nanoparticles taken up doubled and
tripled for non-FBS- and FBS-treated TiO2, respectively,
compared to “normal” levels. Nystatin is known to
disrupt caveolae/lipid raft formation in the membrane
of fibroblasts36 and endothelial cells37 without affect-
ing the clathrin lattice; it is also known to inhibit
macropinocytosis.38 The fact that the uptake of nano-
particles by A549 cells was enhanced when under
nystatin treatment suggests that the blocking of
caveolae-mediatedandmacropinocytosis pathways up-
regulates other uptake pathways. Moreover, simulta-
neous treatment of the cells with a combination of
sucrose and nystatin caused the amount of TiO2 nano-
particles taken up to revert back to a level that is similar

to the control (37 �C). This suggests that when macro-
pinocytosis and low-effciency caveolae/lipid rafts were
blocked in A549 cells, the high-efficiency clathrin-
mediated pathway is one of the pathways that was
upregulated. The promoting effect of nystatin has also
been observed in the uptake of endostatin into primary
HUVEC endothelial cells and human microvascular
endothelial cells, but paradoxically not into A549
cells.39 Others have observed that the disruption of
caveolae/lipid rafts with cholesterol-sequestering
agent can trigger displacement of prion protein from
lipid rafts into a clathrin-mediated machinery, thereby
elevating endocytosis of the protein into a human
neuroblastoma cell line.40 It is expected that a similar
mechanism is at play here.

The incubation of H1299 with sucrose or with
nystatin, on the other hand, made little difference in
the uptake of the nanoparticles. This indicates that
endocytosis of TiO2 nanoparticles into H1299 cells
occurs via a clathrin- and caveolae-independent path-
way; however, the actual uptake mechanism remains
elusive.

The effect of vitronectin protein adsorption on
nanoparticle uptake was also investigated in this work.
Vitronectin, an abundant glycoprotein found in serum
and the extracellular matrix of many cellular systems,
has been associated with cellular adhesion to
surfaces.41 It has also been implicated in the uptake
of crocidolite asbestos into rabbit pleural mesothelial
cells42 and A549 cells43 via the Rvβ5 integrin receptor.
The presence of vitronectin on the TiO2 surface after
the FBS treatment was confirmed by one-dimensional
SDS-PAGE gel protein electrophoresis followed by
Western blot (see Supporting Information). Treating
the particles with antibovine vitronectin antibody
blocks the interaction between vitronectin on the
particle surface and associated cell surface receptors.

Figure 6 shows the amount of particles taken up by
A549 and H1299 cell lines after 24 h of exposure to
150 μg/mL of non-FBS- and FBS-treated TiO2, as well as

Figure 6. Amount of particles taken up by (a) A549 and (b) H1299 cell lines after 24 h of exposure to 150 μg/mL of TiO2

nanoparticles that were treatedwith phosphate buffer solution (non-FBS-treated), fetal bovine serum (FBS-treated), and fetal
bovine serum followed by anti-vitronectin antibody incubation (FBS-treated þ Ab). Groups significantly different from the
group thatwas treatedwith FBS-treated particle (by one-wayANOVA followedbyDunnett's test) are shownby *p<0.05, from
at least 3 independent experiments.
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FBS-treated TiO2 that has been contacted with anti-
vitronectin antibody. After treatment with the anti-
body, the amount of FBS-treated TiO2 taken up into
A549 cells was reduced by as much as 50%, and the
amount of particles taken up is similar to that of non-
FBS-treated TiO2 nanoparticles. This observation indi-
cates that the later phase of FBS-treated TiO2 uptake
into A549 cells occurs via an endocytosis pathway that
is mediated by the binding of adsorbed proteins such
as vitronectin with cell surface receptors. This is in agree-
ment with the results of others who have shown that the
coating of asbestos fibers with vitronectin enhanced its
uptake into A549 lung cells through interactionwithRvβ5
integrin receptors on the cells' surface.43

For H1299 cells, the amount of FBS-treated TiO2

nanoparticles taken up by the cells is similar, regardless
of whether the nanoparticles have been treated pre-
viously with anti-vitronectin antibody or not. The
amount of nanoparticles taken up in both cases is also
greater than that of the non-FBS-treated TiO2

(Figure 6b). Therefore, it can be concluded that vitro-
nectin is not one of the serum proteins that can
enhance the uptake of TiO2 into H1299 cells. This
may be explained by our observation that the particle
uptake pathway by H1299 is different compared to
A549. Our data show that uptake by H1299 involves a

caveolae- and clathrin-independent pathway, which
does not require special interaction between vitronec-
tin and an integrin receptor in order for endocytosis to
occur. The attachment of biomolecules other than
proteins (for example lipids) may also affect the
amount and rate of particles taken up by the cells.
Depending on surface charge densities, gold nanopar-
ticles directly interact with lipid membranes, enhan-
cing internalization of the particles.44

Effects of Serum Protein Adsorption on the Biological Impact
of TiO2 Nanoparticles. Figure 7a�d shows a reduction in
the cellular metabolic and mitochondrial activities and
cellular ATP level of A549 and H1299, following a 24 h
period of exposure to non-FBS- and FBS-treated TiO2.
The cellular ATP level is the parametermost affected by
TiO2 loading after 24 h. These observations are in
agreement with previous investigations into the bio-
logical impact of TiO2 on these human lung cell lines.29

Our data shows that two different cell lines, A549 and
H1299, that originated from the same organ (i.e.,
human lung) may have different biological responses
toward TiO2 nanoparticles. Similarly, previous reports
have suggested that the choice of target cells in vitro

may impact the resulting assessment of toxicity of
nanoparticles.29,45 For example, the human brain cell
line BE-2-C has been reported to be more sensitive to

Figure 7. Metabolic activity, mitochondrial activity, and cellular ATP levels of (a, c, e) A549 and (b, d, f) H1299 cells after (a�d)
24 and (e and f) 48 h of exposure period to different concentrations of TiO2 nanoparticles that were treated with (a and b)
phosphate buffer solution or (c�f) fetal bovine serum. Groups significantly different from the control group (by one-way
ANOVA followed by Dunnett's test) are shown by *p < 0.05. Groups significantly different from the same concentration with
different FBS treatment (by one-way ANOVA followed by Dunnett's test) are shown by #p < 0.05, from at least 6 independent
experiments.
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supramagnetic iron oxide nanoparticles compared to
the human heart cell line HCM and human kidney cell
line 293T under the same conditions of exposure.45

Together with our results, published data support the
“cell vision”postulation, which refers to the importance
of the first contact point of the nanomaterial surface
with the cells in determining the level of biological
impact. This first contact point is the cell membrane,
which differs in structure and composition (including
the composition of surface proteins, sugars, and
phospholipids) between different cells.46 The figure
also shows that FBS-treated TiO2 particles produce a
lower biological impact in both A549 and H1299 cells
than non-FBS-treated TiO2, in agreement with cell
count results. The last finding is intriguing, more so
because the total uptake of FBS-treated TiO2 into the
lung cells was equal, if not higher, than that of the
untreated control after 24 h. While other investigators
have attributed the lower biological impact of protein-
associated gold and carbon nanoparticles to a reduc-
tion in their intracellular uptake,24,47 this is not the case
in the present work.

The greater biological impact after 24 h exposure to
non-FBS-treated TiO2 could be due to increased struc-
tural damage to the cell membrane by the larger TiO2

aggregates during uptake, a longer accumulative in-
tracellular residence time of the non-FBS treated par-
ticles at 24 h, or surface-adsorbed serum providing
some degree of protection to the cells. To determine
whether the difference in biological impact of non-
FBS- and FBS-treated TiO2 is due to differences in the
intracellular residence time of the particles, the cellular
responses of the cells 48 h after exposure to FBS-
treated TiO2 were also measured such that the toxicity
data would reflect an exposure level that would be
equivalent to that of cells that have been exposed to
high levels of FBS-treated TiO2 for more than 24 h.
Figure 7e,f shows that while the cellular metabolic and
mitochondrial activities and the cellular ATP level of
A549 and H1299 have dropped following 48 h of
exposure to FBS-treated TiO2, they are still higher
than those of cells exposed to non-FBS-treated TiO2

for 24 h. In fact, the cellular ATP levels of both cells at
48 h are higher than that at 24 h. The higher cellular
ATP level measured following 48 h exposure can also
be explained by (1) the cells having sufficient time to
adapt to the particle exposure by various stress
responses; (2) cell replication, which is occurring
in particle-exposed cells, albeit at a slower rate
compared to unexposed cells; and (3) at 24 h post-
exposure, both cell lines no longer taking up the
particles actively.

These data also indicate that the bound FBS com-
ponents, including proteins, provide protective shielding
against the toxicity effect of nanoparticles. It is likely that
the surface-adsorbed proteins limit direct interaction
between the nanoparticle and organelles within the cell,

thus lowering the impact of the nanoparticles on cellular
function. Alternatively (or additionally), the low pH envir-
onment in late endosomes may also trigger the dissocia-
tionof ligandand receptorswithin theendosomes,which,
in turn, detached and/or degraded the surface adsorbed
serumproteins. These detached- and/or degraded-serum
proteins may potentially provide essential amino acids
(and other beneficial nutrients) to the cells, aiding cell
growth and intracellular activities, thereby improving
the mitochondrial and metabolic activities after TiO2

exposure. The adsorption of FBS components, includ-
ing proteins, may also ameliorate the competitive
adsorption of other constitutional components in
the cell culture media, improving bioavailability of
these molecules.47

CONCLUSION

Serum protein adsorption is found to reduce the
aggregate size distribution of titanium dioxide (TiO2)
and affect the particles' interactions with A549 and
H1299 human lung cell lines. Data collected over a 24 h
exposure period reveal substantial differences in the
dynamics and extent of cellular particle uptake. Rapid
initial uptake of the particles was followed by the
expulsion of a significant proportion of the particles
taken up. For TiO2 nanoparticles that have been ex-
posed to serum proteins, a second phase of particle
uptake was observed, resulting in higher cellular par-
ticle content after long periods of exposure. H1299was
found to internalize more particles than A549 cells.
Endocytosis was determined to be the main uptake
mechanism, although the exact endocytic pathway
differed between the two cell lines. Surface-adsorbed
vitronectin protein and a clathrin-mediated pathway
were shown to regulate the uptake of TiO2 into A549
cells, while the protein and themechanism responsible
for the uptake of TiO2 into H1299 cells remain elusive.
Nystatin treatment, which suppresses macropinocyto-
sis and caveolae-mediated endocytosis, was shown to
have the unexpected effect of increasing nanoparticle
uptake into A549 by upregulating an alternate endo-
cytic pathway. Cell count and cytotoxicity studies
further reveal that even after the cumulative intracel-
lular residence time has been taken into account, the
biological impact of FBS-treated TiO2 is still lower,
thereby revealing the shielding properties of surface-
adsorbed serum protein.
The findings presented herein have important im-

plications for the field of nanotoxicology and nanome-
dicine. Due to their simplicity and low cost, in vitro

toxicity assays such as those used in this work are
widely used for screening and assessing the toxicity of
nanoparticles. The predictive reliability of these assays
can be improved through a better understanding
of how the particles interact with serum proteins
that are ever-present in biological systems (including
cell culture media) and how this in turn affects
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the particle uptake and toxicity over time. Insights into
the mechanisms of particle uptake, including the
use of a specific protein and/or compound such as
nystatin to increase cellular uptake of nanoparticles,

may lead to novel routes for administrating
nanoparticle-based diagnostics and/or therapeutic
agents to cells and to improvement in their bio-
compatibility.

MATERIALS AND METHODS

Materials. Roswell Park Memorial Institute-1640 (RPMI1640)
cell culture medium, fetal bovine serum (FBS), phosphate
buffered saline (PBS), Hank's buffered salt solution (HBSS), lithium
dodecyl sulfate (LDS) buffer, trypsin/EDTA, and Trypan blue were
all purchased from Gibco Invitrogen. L-Glutamine, wholemolecule
rabbit anti-chicken IgY, Sigma Fast BCIP/NBT tablet, and Tween-20
were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Plastic culture microplates and flasks used in the experiment were
supplied by Sarstedt AG & Co., Germany. CellTiter-Blue
(AlamarBlue), CellTiter 96 MTS, and CellTiter-Glo Luminescent cell
viability assays were purchased from Promega Co. (Madison, WI,
USA). Hydrochloric acid (HCl) and hydrofluoric acid (HF) were from
Ajax Finechem Pty Ltd. (Sydney, Australia). Rabbit polyclonal anti-
vitronectin (Ab35109-1) was purchased from Abcam.

TiO2 Nanoparticles. TiO2 nanoparticles (anatase/rutile mixture,
Aeroxide P25, Evonik, USA, previously known as Degussa P25)
with an average primary size of 20 nm (Bickley et al. 1991) were
used in this study. The TiO2 nanoparticles used in this study
were manufactured by the Aerosil process, by which titanium
tetrachloride is subjected to hydrolysis in the vapor phase at an
elevated temperature.48 The composition of the TiO2 sample
used in this work was determined previously using X-ray
diffraction (X'pert Multipurpose X-ray Diffraction System, MPD,
Philips) to be 80% anatase and 20% rutile,29,48 and the surface
area was reported to be approximately 50.0 m2/g.48

The particles were subjected to milling using a mortar and
pestle for 5 min, dispersed in PBS (pH 7.4) to a concentration of
30 mg/mL, and sterilized by autoclaving at 121 �C for 20 min.
The particles were then subjected to incubation with FBS (FBS-
treated) or only incubated in PBS (non-FBS-treated) overnight
(15 h). The particles were washed three times with PBS to
remove unattached proteins and suspended in PBS at a con-
centration of 30 mg/mL. The TiO2 stock solution was diluted
with RPMI1640media supplemented with 1% (w/v) L-glutamine
(without any further FBS supplement) prior to characterization
of particle size distribution and cell exposure to TiO2 particles.

Particle Size Distribution Characterization. The sizes of the non-
FBS- and FBS-treated TiO2 aggregates were characterized using
dynamic light scattering (Nano-DLS, Brookhaven) at 37 �C
(temperature at which cell culture was conducted) and trans-
mission electron microscopy (JEOL1400, operating at 100 kV).
The non-FBS- and FBS-treated particles were dispersed in the
RPMI1640 media supplemented with 1% L-glutamine (no FBS).

One-Dimensional Gel Electrophoresis. The proteins adsorbed
onto FBS-treated and control particles were extracted by in-
cubating the particles with 100 μL of LDS sample loading buffer
for 30 min. The sample was then diluted at ratios of 1:5, 1:10,
1:20, and 1:40 with LDS buffer followed by incubation at 95 �C
for 10 min. The protein extracts were loaded onto NuPAGE
Novex 4�12% Bis-Tris gel and 2-(N-morpholino)ethane sulfonic
acid as the running buffer. A constant voltage of 170 V for
45min was applied to separate the protein mixture based on its
molecular weight. The gels were then either used for Western
blotting or fixed with 10% acetic acid, 50% methanol, and 40%
water (v/v) for 15 min. The fixed gel was then stained by using
Gel Code Blue stain solution overnight followed by destaining
with water for approximately 1 h.

Western Blot Specific to Vitronectin Protein. Proteins separated
using one-dimensional gels were transferred by a semidry
technique (Hoefer Semi-Dry Transfer Unit, Hoefer) onto nitro-
cellulose membranes with 25 mM Tris, 250 mM glycine, and
20% (v/v) methanol as the transfer buffer. A constant current of
2 mA/cm2 was then applied for 3.5 h to achieve a complete
protein transfer.

The transferred proteins on the membrane were blocked
with blocking solution (4% (w/v) skim milk in PBS) overnight.
The membrane was then washed three times with PBS (5 min
each). Themembranewas immersed in 1:1000 rabbit polyclonal
anti-vitronectin (specific to bovine vitronectin) antibody in PBS
incubated at room temperature with rocking for 1.5 h. The
membranewaswashed twicewith PBS (5min each) followed by
PBS-T (PBS buffer added with 0.1% (v/v) Tween 20). The
membranes were then soaked in secondary antibody (whole
molecule chicken IgY anti-rabbit antibody) at a 1:10000 dilution
in PBS and incubated for 1 h. The membrane was again washed
twice with PBS (5 min each) followed by PBS-T (PBS buffer
added with 0.1% (v/v) Tween 20). The membrane was stained
using 10 mL of Sigma Fast BCIP/NBT solution for 5�10 min and
destained with water.

Cell Lines. Human lung epithelial cell lines, A549 (ATCC, CCL-
185) and NCI-H1299 (ATCC, CRL-5803), kindly provided by Dr.
Louise Lutze-Mann, were separately cultured in RPMI1640
media supplemented with 10% FBS and 1% L-glutamine. The
cells were cultured in treated T75 flasks and incubated at 37 �C
in a humidified incubator with a 5% CO2 atmosphere (Heraeus).
Cell culture experiments were performed in 96-well treated-
culture plates for the biological assays (AlamarBlue, MTS, and
ATP luminescent assays) and six-well treated-culture plates for
the viable cell count by Trypan blue assay and quantification of
particle uptake. Cells were generally seeded with an initial
density of 1.6 � 104 cells/cm2 into the tissue culture flasks or
plates 15�16 h prior to particle exposure.

Particle Uptake Measurement. After 24 h incubation with TiO2

particles at concentrations between 150 and 3000 μg/mL, the
cell media was removed and the cells were washed three times
with HBSS to remove the noninternalized particles. The cells
were then incubated with 1 mL of 6 M HCl overnight. The entire
contents of the well were retrieved, and each well was washed
three times with 1 mL of Milli-Q water. The combined HCl
extract together with the washes was treated with 1 mL of
40% (w/w) HF and incubated overnight at room temperature.
The samples were then diluted to a final volume of 10 mL with
Milli-Qwater, and the Ti contents were quantified using ICP-OES
(PerkinElmer Optima, 3000DV).

Cellular Uptake Inhibition Study. To study the mechanism of
TiO2 nanoparticle uptake, the cells with an initial density of 1.6�
104 cells/cm2 on six-well plates, seeded 15�16 h prior to the
experiment, were treated with one of the following uptake
inhibitor treatments for 1 h prior to the TiO2 exposure: (1)
incubated at 4 �C (instead of 37 �C), (2) addition of 50mM sodium
azide and 2-deoxy-D-glucose, (3) addition of 0.45 M sucrose, (4)
addition of 50 μMnystatin, and (5) addition of 0.45 M sucrose and
50 μM nystatin.16 The cells were then incubated with 150 μg/mL
final concentration of TiO2 nanoparticles for 1 h. For the cells
prepared for low-temperature treatment, the incubation was
conducted at 4 �C instead of 37 �C. The treated cells were then
washed with HBSS and then quantified by ICP-OES.

Toxicity Evaluation. The toxicity of nanoparticles was evalu-
ated using four different assays to assess different biological
end points: (1) CellTiter-Blue (AlamarBlue) assay to determine
the cell metabolic activity; (2) MTS assay to determine the cell
mitochondrial activity; and (3) CellTiter-Glo Luminescent cell
viability assay to determine the level of cellular energy (ATP). For
each assay, cell cultureswere established at an initial cell density
of 1.6 � 104 cells/cm2, and the cells were exposed to different
concentrations (30�3000 μg/mL) of TiO2 for 24 h prior to
evaluation.

Cell Metabolic Activity. After 24 h incubation with TiO2 parti-
cles, the cells were washed three times with HBSS, and 20 μL of
the CellTiter Blue reagent was added to each well with 100 μL of
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RPMI1640 media supplemented with 1% L-glutamine only. The
fluorescence signal was then quantified by measuring absor-
bance at excitation 544 nm and emission 590 nm using an fmax

fluorescence plate reader (Molecular Devices) after 4 h incuba-
tion with the assay reagent.

Cell Mitochondrial Activity. After 24 h incubation with TiO2

particles, the cells were washed three times with HBSS, and
20 μL of MTS/PMS reagent mixture was added to each well with
100 μL of RPMI1640 media supplemented with 1% L- glutamine
only. The plate was then incubated at 37 �C for 4 h before it was
quantified by measuring the absorbance at 490 nm.

Level of Cellular Energy (ATP). After 24 h incubation with TiO2

particles, the cells werewashed three timeswith HBSS, and 100 μL
of CellTiter-Glo Luminescent cell viability assay reagent was
added to each well. The plate was then mixed using an orbital
shaker for 2 min, followed by 10 min incubation to stabilize the
luminescence signals. Luminescence was read using a lumin-
ometer (Turner Biosystems, model 9100-102).

Statistical Analysis. Statistical comparison of multiple groups
of data was analyzed using one-way ANOVA followed by a
Dunnett's test, which was used to compare means from the
control group and each of the groups exposed to particles. The
statistical tests were performed using the Minitab v13 statistical
program (Minitab Inc.). The values are expressed as the mean(
standard error of the mean. Statistical significance versus the
control group was established as p < 0.05.
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