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E
ngineered nanomaterials, with typi-
cal dimensions lower than 100 nm,
are increasingly used by industries in

such areas as microelectronics, catalysis, bi-

osensors, diagnostics, and pharmaceutics.

The unique physicochemical properties in-

duced by nanoscale dimensions result in

enhanced performances in terms of reactiv-

ity, conductivity, and optical sensitivity of

nanomaterials compared to their bulk coun-

terparts.1 Nevertheless, increasing evidence

is pointing at the same peculiar properties

as possible causes of adverse effects in liv-

ing systems.2�10 Thus, the evaluation of the

risk associated with nanoparticles (NPs) on

human health has to be urgently faced.11

However, NPs do not behave in solution as

inert objects or soluble small molecules.

Rather, they often undergo aggregation

and/or agglomeration processes, leading

to the formation of a new range of multi-

sized and unknown molecular entities.12,13

The change of physicochemical properties

of the NPs (including size, shape, surface

area, and surface reactivity) possibly causes

different biological responses and thus an

inaccurate assessment of the toxicity of NPs,

also due to a problematic determination of

their dose.10,14,15 Beyond the intrinsic behav-

ior of NPs, experimental parameters such

as the characteristics of the surrounding en-

vironment (i.e., ionic strength of buffer me-

dia, pH values, presence of plasma proteins

as additional nutrient sources) further con-

tribute to increase the uncertainty about

the molecular entities that cells encounter

in solution.16,17 Additionally, NPs suspended

in biological fluids are known to adsorb a

set of different proteins (referred to as pro-

tein corona),18,19 whose composition and af-

finity kinetics strongly depend on the sur-
face, size, and concentration of the particles.
Hence, the protein coating, surrounding
and hiding the surface of NPs, plays a piv-
otal role in determining the effective size,
surface charge, and aggregation state of the
newly formed hybrid bionanomaterials, in-
fluencing biodistribution and, finally, trig-
gering the beneficial or hazardous biologi-
cal effect.20,21 A detailed characterization of
the dispersion state of nanomaterials as
well as knowledge of the experimental pa-
rameters controlling such changes have,
therefore, significant implications for the
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ABSTRACT The development of appropriate in vitro protocols to assess the potential toxicity of the ever

expanding range of nanoparticles represents a challenging issue, because of the rapid changes of their intrinsic

physicochemical properties (size, shape, reactivity, surface area, etc.) upon dispersion in biological fluids. Dynamic

formation of protein coating around nanoparticles is a key molecular event, which may strongly impact the

biological response in nanotoxicological tests. In this work, by using citrate-capped gold nanoparticles (AuNPs) of

different sizes as a model, we show, by several spectroscopic techniques (dynamic light scattering, UV�visible,

plasmon resonance light scattering), that proteins�NP interactions are differently mediated by two widely used

cellular media (i.e., Dulbecco Modified Eagle’s medium (DMEM) and Roswell Park Memorial Institute medium

(RPMI), supplemented with fetal bovine serum). We found that, while DMEM elicits the formation of a large time-

dependent protein corona, RPMI shows different dynamics with reduced protein coating. Characterization of

these nanobioentities was also performed by sodium dodecyl sulfate polyacrylamide gel electrophoresis and mass

spectroscopy, revealing that the average composition of protein corona does not reflect the relative abundance

of serum proteins. To evaluate the biological impact of such hybrid bionanostructures, several comparative

viability assays onto two cell lines (HeLa and U937) were carried out in the two media, in the presence of 15 nm

AuNPs. We observed that proteins/NP complexes formed in RPMI are more abundantly internalized in cells as

compared to DMEM, overall exerting higher cytotoxic effects. These results show that, beyond an in-depth NPs

characterization before cellular experiments, a detailed understanding of the effects elicited by cell culture media

on NPs is crucial for standardized nanotoxicology tests.

KEYWORDS: gold nanoparticles · nanotoxicity · protein corona ·
nanobiointeractions · in vitro studies
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development of reliable in vitro toxicity protocols and

predictive models of the biological response.10,14,15,22�26

In this work, we studied the nanobiointeractions oc-

curring between commonly used cell culture media and

differently sized AuNPs to determine how media com-

position influences the formation of protein/NP com-

plexes that, in turn, may affect the cellular response.

This may provide important information for protocols

in in vitro studies. To this purpose, we performed an ac-

curate investigation of the biophysicochemical proper-

ties of model spherical NPs (citrate-capped gold nano-

particles, AuNPs) of different sizes (15, 40, and 80 nm)

upon incubation with two widely used cellular media:

DMEM-high glucose (Dulbecco Modified Eagle’s Me-

dium) and RPMI-1640 (Roswell Park Memorial Institute

medium), supplemented with the protein source FBS

(fetal bovine serum). Such media are exploited for most

cell cultures and strongly vary for aminoacids, glucose,

and salts composition (as reported by manufacturers’

specifications). A range of spectroscopic, electro-

phoretic, and microscopic techniques were applied in

order to describe the biomolecular entities formed by

dispersing the differently sized metallic NPs in the cellu-

lar culture media. In particular, our efforts were di-

rected to characterize protein corona composition, ex-

changing kinetics of different protein classes, along

with the physical status of AuNPs in terms of agglom-

eration/aggregation, over time. Notably, we found that

DMEM elicits a large time-dependent protein corona

formation, whereas RPMI is characterized by different

kinetics and a reduced protein corona content. Once

separated from the excess of serum in the medium so-

lution, proteins/NP complexes were also investigated

by means of sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and mass spectrometry

analyses. Our results revealed important differences in

these evolving nanobioentities showing that, despite

the presence of identical AuNPs, suspending media

elicit the formation of different hybrid bionanostruc-

tures that, in turn, may exert different biological effects

in interacting with cells. To assess such hypothesis, we

performed viability assays on models cell lines, namely

HeLa (human epithelial cervical cancer cell line) and

U937 (human leukemic monocyte lymphoma cell line),

cultured both in DMEM and RPMI, in the presence of

AuNPs. Interestingly, we detected remarkable changes

in cell viability as a function of the nanobioentities

formed in the two media. AuNPs uptake and cellular

distribution were addressed by applying an interesting

label-free tracking method, based on 2-photon confocal

microscopy.

RESULTS AND DISCUSSION
To have a comprehensive characterization of the

physicochemical properties of synthesized AuNPs, to

be used for in vitro cellular tests, size distributions and

dispersion characteristics were determined by means of

transmission electron microscopy (TEM), UV�vis ab-

sorption spectroscopy, dynamic light scattering (DLS),

and Z-potential. Figure 1 reports detailed information

regarding morphology, particles dispersion, and sur-

face charge for each of the differently sized (15, 40, and

80 nm) AuNPs, dispersed in ultrapure water. In particu-

lar, each size of NPs shows a spherical morphology with

Figure 1. (A) Photograph of 15, 40, and 80 nm citrate-capped AuNPs suspended in aqueous solution after synthesis; (B) absorption
spectra; (C) DLS, and (D) Z-potential analyses; (E�G) TEM images of 15, 40, and 80 nm AuNPs in deionized water. Values given are mean
� standard deviation averaged over at least 100 nanoparticles. DLS measurements are the average of at least 10 runs each containing
15 submeasurements. PdI � polydispersion index; Z-potential measurements are the average of at least 10 runs each containing 30
submeasurements.
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quite narrow size distribution (Figure 1). Accordingly,
UV�vis absorption spectra (Figure 1B) indicate that,
with increasing size, the plasmon absorption maximum
shifts to longer wavelengths.27 DLS analyses (Figure
1C) confirm the good monodispersion of the AuNPs
(the measured polydispersion indexes, PdI, are lower
than 0.1 for all NPs samples), consistent with TEM (Fig-
ure 1E�G) and spectroscopic data. DLS experiments in-
dicate well-suspended NPs, with no detectable aggre-
gation phenomena after dispersion in water. Zeta-
potential analyses (Figure 1D) show values between
�43.0 and �31.8 mV, indicating stable, negatively
charged AuNPs.

Characterization of NPs interaction with cellular me-
dia was performed by suspending freshly synthesized
batches of AuNPs in RPMI and DMEM supplemented
with 10% of FBS (see Experimental Section). DLS experi-
ments were carried out in the presence and absence
of NPs, at physiological temperature (37 °C), over time.
Results show that all the differently sized NPs increased
their hydrodynamic diameters in the two media, until
reaching a plateau phase (Figure 2, left). However, the
plateau values and kinetics strongly differ in DMEM
and RPMI suspensions. In particular, for all sizes, the hy-
drodynamic diameter of AuNPs suspended in RPMI
show an abrupt increase after 1 h of incubation, fol-
lowed by a constant behavior over time (experimental
data of DLS analyses within the first 1 h are reported in
Supporting Information, Figure S1). Such a diameter in-
crease appears to be proportional to the particles di-

mension. On the other hand, the mean diameter of
AuNPs in DMEM reaches higher values (about 200 nm)
independent of NP size, though with a slower kinetics.
The size increase can be ascribed to protein corona for-
mation around the metallic NPs, because no evidence
of aggregation is found in the DLS spectra, which show
rather monodispersed peaks over time (Supporting In-
formation, Figure S2). The absence of NP agglomerates/
aggregates in the two media was also confirmed by
TEM analyses (Figure S3). Moreover, control experi-
ments in cellular media containing FBS without NPs
showed no significant protein aggregation (Figure S4).
Figure 2 (right) reports the time dependent evolution of
the protein corona volume in the two culture media,
as a function of the radius of the NPs. This analysis
shows that the RPMI induced protein corona strongly
increases with the particles’ radius, after both 1 and 48 h
of incubation (bottom). In DMEM the trend was com-
pletely different at 48 h (top). In this latter case, in fact,
no significant dependence of biomolecular corona on
the radius of the NPs was observed, indicating that pro-
tein clusters deposition onto the metal surfaces in
DMEM was almost unaffected by the particles dimen-
sions with increasing incubation time. These results
demonstrate that protein adsorption onto the surface
of the NPs is strongly affected by the suspending
medium.

Protein corona in the two media was further charac-
terized by UV�vis absorption. AuNPs typically exhibit
a peculiar localized surface plasmon resonance (LSPR)

Figure 2. DLS analyses of 15, 40, and 80 nm AuNPs suspended in DMEM (top) and RPMI (bottom) with 10% FBS, at 37 °C, over time.
(Left panels) time-dependent evolution of protein corona in the two cellular media; (right panels) protein corona volume vs AuNPs ra-
dius at two elapsed times of incubation (1 and 48 h); 48 h corresponds to the plateau phase of the plots on the left.
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band, whose position and intensity depend on NP size,
shape, and dielectric constant of the medium in close
proximity to the surface of the nanoparticles.28 This
spectral feature can thus be exploited to finely probe
chemical or biological molecules adsorption onto the
NP surface.29�31 As shown in the graphs (Figure 3),
DMEM-suspended NPs exhibit both a slight red shift
and an increase of band intensity over time. Such spec-
tral changes were larger than those observed in RPMI,
suggesting that DMEM promotes a more abundant and
stable protein corona clustering onto the NPs metal sur-
face (an additional analysis of the temporal variation
of LSPR peaks is reported in Supporting Information,
Figure S5). These data are in line with DLS analyses (Fig-
ure 2) and further support the strong role of the sus-
pending medium to influence protein�nanostructure
interactions.

The factors affecting protein corona formation are
several (such as protein�NPs, protein�protein,
protein�media components, and NPs�media compo-
nents interactions), owing to the vast complexity of the
two cellular media, and a cooperative mechanism of dif-
ferent parameters may be envisaged (see Supporting
Information, Figure S6 and relative comments).

The particular protein dressing of AuNPs and the pe-
culiar exchange kinetics of proteins onto the metallic
surface can modulate interparticle interactions.32,33

Such kinetics may drive certain agglomeration mecha-
nisms, leading, in turn, to a complex size distribution of
protein-coated NPs, still well-dispersed in solution. To
deepen the physical status of protein-coated AuNPs in
the two media, we exploited the PRLS (plasmon reso-
nance light scattering) technique, a very sensitive tool
to monitor interparticle interactions induced by bio-
macromolecules.34 In particular, interparticle interac-

tions of AuNPs generate an enhanced plasmon reso-
nance light-scattering peak at about 550 nm.34,35

Experimental data revealed a slight time-dependent in-
crease of the plasmon scattering signal in both media
(Figure 4). Such modest increase suggests the absence
of significant aggregation phenomena in the two solu-
tions, in line with the above spectroscopic results and
TEM analyses.36 However, in the case of 15 nm AuNPs,
the increase of the scattering signal was higher, possi-
bly indicating the presence of some agglomeration pro-
cess of the smaller particles in the two media (espe-
cially in RPMI), not detectable by less sensitive
techniques such as DLS or UV�vis. In any case, we
found that PRLS enhancement was always larger for
RPMI than DMEM, revealing a higher tendency of RPMI
in promoting interparticles interactions.

In the attempt to isolate and characterize protein/NP
complexes as a function of NPs sizes and suspending
media, time dependent monitoring of protein coronas
was also assessed ex situ, out of cellular medium solu-
tion, by SDS-PAGE and MS. After centrifugation, we col-
lected pellets of two specific temporal points (namely,
1 and 48 h) corresponding to the starting and plateau
phases of protein corona formation (see Figure 2). Such
procedure likely reproduces off-line snapshots of NPs
corona in solution. Many methods have been applied
to investigate protein corona, all showing advantages
and limits. Among these, centrifugation method has
been recently recognized to provide useful informa-
tion on what is usually called “hard protein corona”.19

Therefore, once isolated by centrifugation and accurate
washing, we analyzed the resulting stable protein/NP
complexes by SDS-PAGE and MS analyses. To compare
the different protein electrophoretic lines, we incu-
bated batches of AuNPs at concentrations giving con-

Figure 3. Absorption spectra of 15 nm (A1 and A2), 40 nm (B1 and B2), and 80 nm (C1 and C2) AuNPs suspended in DMEM or RPMI (10%
FBS) at 37 °C, after 1, 6, 24, 48, and 96 h, as compared to the AuNPs suspended in water at the same concentration.
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stant values of the total surface area of the NPs for all

the sizes (like in the previous experiments). Representa-

tive gels (Figure 5A,B) show rich protein profiles for all

the AuNP sizes in both the cell culture media. Densito-

metric analyses confirmed that, whereas at 1 h of incu-

bation the total amount of adsorbed proteins roughly

increases as a function of the nanoparticle sizes, with no

particular differences between the two media, after

48 h (plateau phase), DMEM incubated AuNPs pro-

duced a higher total amount of hard protein coronas

(this was also demonstrated by TEM imaging, see Sup-

porting Information, Figure S7). These data are in good

agreement with our results obtained by means of in situ

characterization (i.e., in medium solutions, see above),

supporting the recent idea that inspection of protein

corona by separation methods may be useful to study

the complex dynamics underlying proteins/NP interac-

tions in solution.33 In Figure 5 panels C and D we report

the relative distribution of protein classes as a function

of NP size and cellular media. Interestingly, gel images

and densitometric analyses revealed that protein pat-

terns strongly differ with respect to the relative distribu-

tion of serum proteins (Figure 5C,D; red histograms). In

particular, bands belonging to 1�9 classes (280�100

KDa) were grouped in the high molecular weight pro-

teins (HMW), 10�21 classes (100�35 kDa) in the me-

dium molecular weight proteins (MMW), bands 22�31

(35�10 kDa) were in the low molecular weight (LMW)

range. On the basis of their electrophoretic mobility and

mass, we can argue that most represented proteins of

FBS, such as BSA and Fibrinogen, are in 12�15 classes

range. We can observe that such species are not pre-

dominantly represented in the gel lines of protein coro-

nas. This suggests that, in the serum mixture, complex

mechanisms of competition among highly affine pro-

tein molecules lead NPs to act as concentrators of less

abundant serum proteins, while BSA and Fibrinogen

only partially interact with the NP surface (Figure

5).18,21,36�39 Such an effect was found to be similar in

both the cellular media, with a slight dependence on

the NP size. Moreover, histograms relative to the band

intensity of the three grouped classes (i.e., HMW, MMW,

and LMW) revealed further differences in the kinetics

of proteins distribution in the hard protein corona (Fig-

ure 5E,F). In particular, at 1 h, HMW and LMW proteins

are strongly up-represented with respect to fetal bovin

serum (control), while MMW proteins are down repre-

sented (Figure 5E). After 48 h, the intensity of MMW pro-

tein classes increases at the expense of the LMW pro-

teins (Figure 5F), while layers composed by high

molecular weight protein do not show particular

changes over time.32,33,38�40 This suggests that this lat-

ter class is less susceptible than the other groups to the

dynamic protein exchange occurring during the forma-

tion of protein corona. Since increasing evidence sug-

gests that the specific molecular composition of protein

corona may play a fundamental role in triggering bio-

logical responses,19�21,36 the above characterizations are

of particular interest.

Protein corona composition was analyzed by

LC�MS/MS. The main identified protein species ad-

sorbed onto the metallic NPs surfaces (listed in Table

S8, Supporting Information) are found to be important

proteins involved in key biological processes, such as

transport and trafficking (apolipoprotein A1, transfer-

rin, vitamin D-binding protein, etc.), blood coagulation

(protein C inhibitor, antithrombin III, coagulation factor

V, etc.) and tissue development (fibulin 1, periostin,

thrombospondin-1, galectin 3 binding protein,

etc.).19,38,39,41 On the basis of their molecular weight,

such proteins are present especially in the MMW and

LMW groups. Hence, they may be susceptible to the ex-

change kinetics evidenced in Figure 5E and F. Such

changes, occurring within the experimental temporal

windows typical of cell viability tests, might differently

affect the outcomes of nanotoxicity tests, due to the

specific biological influence of protein coronas.

As a final test, we investigated whether such dy-

namic protein/NP complexes may account for different

biological responses in cells. We performed a classical

viability assay (WST-8 assay) by using two different cel-

lular lines (HeLa and U937) cultured both in DMEM and

RPMI, in the presence of increasing dosage of AuNPs

(we selected, as an example, the 15 nm size). Before

Figure 4. PRLS intensity (at 550 nm) vs time of incubation of 15, 40, and 80 nm AuNPs suspended in DMEM and RPMI (10% FBS), at 37
°C.
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testing, possible interference phenomena between

AuNPs and both WST-8 reagent and product (forma-

zan) were evaluated (see Experimental Section), find-

ing out no significant interferences in the AuNPs con-

centration range used here (data not shown). Also, we

verified by trypan blue exclusion dye method that both

HeLa and U937 correctly grow in DMEM and RPMI (they

exhibited the same growth rate in the two media). Fig-

ure 6 shows a moderate toxic effect of AuNPs on both

cell lines, but it is worth noting that a clear variation of

the cell viability between the two cellular media can be

observed. Such a discrepancy may be ascribed to the

different protein coronas dynamically formed in the

two media (see above). In fact, AuNPs show more ad-

verse effects in RPMI than in DMEM, suggesting that

RPMI-treated NPs, characterized by a less abundant pro-

tein corona, exert a stronger toxicity on cells. This find-

ing was supported by three additional assays, namely

LDH leakage assay (useful to determine possible mem-

brane damages), quantitative necrosis/apoptosis assay

by flow cytometry, and TUNEL assay (to detect possible

DNA fragmentation) (see Supporting Information, Fig-

ures S9 and S10). All the three additional tests con-

firmed the findings of toxicity of AuNPs. Moreover, both

the quantitative analyses (i.e., LDH and apoptosis/ne-

crosis assays) demonstrated the higher toxicity of

AuNPs in RPMI as compared to those in DMEM, in line

with the WST assay reported above.

We assessed AuNPs uptake and cellular distribution

in both media by confocal microscopy. In Figure 7, we

report representative images that display AuNPs up-

take by HeLa cells. Interestingly, metallic nanoparticles

were detected by means of a label-free method that ex-

ploits the intrinsic photoluminescence of gold, gener-

ated upon 2-photon absorption from a near-infrared ul-

trafast laser.42,43 Importantly, such an imaging

Figure 5. (A, B) Representative SDS-PAGE of protein corona obtained from 15, 40, and 80 nm AuNPs, after incubation with DMEM and
RPMI at 37 °C for 1 h (A) and 48 h (B). (C, D) Densitometric analyses of 1 and 48 h gels; 31 gel bands were experimentally detected as single
peaks, whose intensity percentages are plotted vs band electrophoretic position. The obtained histograms depict the relative distribu-
tion of protein classes as a function of NP size and cellular media. Classes 1�31 are ranged starting from high to low molecular weights.
Reported data are the mean values of three independent experiments. (E, F) Plot of band intensity vs pooled gel bands, that were
grouped as reported: 1�9 as HMW, 10�20 as MMW, and 21�31 as LMW, according to the experimental position. Data are reported as
mean values of three independent experiments.
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technique allows for label-free NPs cellular tracking,

thus avoiding possible artifacts due to the release of

free dye in cells. Figure 7 panels A and B show that NPs

(green spots) appear distributed in the cytoskeleton,

mostly in the perinuclear region (nuclei and cytoskele-

ton are in blue and red, respectively), with a similar be-

havior in the two media. In Figure 7C and D, living cells

were imaged by staining nuclei and lysosomal compart-

ments (blue and red, respectively). We found that

AuNPs were actively internalized by cells in a quite simi-

Figure 6. WST-8 proliferation assays of HeLa and U937 cells, cultured both in high glucose-DMEM and RPMI-1640. Cells were incubated
with increasing concentrations of 15 nm AuNPs and at different incubation times. Results are reported for 48 and 96 h. Ctrl represents the
negative control; SN is the supernatant obtained after incubation and centrifugation procedures (see Experimental Section for details).

Figure 7. Representative confocal images of HeLa cells cultured in DMEM (A, C) and RPMI (B, D) in the presence of 100 pM
AuNPs. Panels A and B show representative images of fixed cells: nuclei stained by Hoechst 33258 (blue), actin cytoskele-
ton labeled by Alexa Fluor 488 phalloidin (red), and unlabeled AuNPs (green) imaged by two-photon microscopy. Panels C
and D report representative images of living cells: nuclei stained by Hoechst 33342 (blue) and lysosomal compartments
stained by LysoTracker (red). AuNPs (green) were imaged as described above.
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lar manner, being predominantly localized into lysos-
omes in both DMEM and RPMI (no particular differences
were evidenced for U937 cells, so that data were not re-
ported). Confocal analyses, however, could not provide
a quantitative description of AuNP uptake by cells, so
that it is possible that the different toxicity observed in
Figures 6 and S9 in the two media is partially due to a
different cellular uptake capability of the two differently
sized hybrid nanobioentities (we observed that the
smaller protein-corona-coated AuNPs induced higher
toxicity). Such different cellular uptake in the two me-
dia was demonstrated by ICP�AES results (Supporting
Information, Figure S11), which show that the overall
amount of internalized gold by the cells was signifi-
cantly higher in RPMI than in DMEM. These differences
clearly explain the different cellular toxicity observed in
the two media.

CONCLUSIONS
Our results demonstrate that the dynamics of

protein�NP interactions are differently mediated by

the different composition of common cellular media

(i.e., DMEM and RPMI supplemented with bovine se-

rum), which are the liquid environments where NPs en-

counter cells in in vitro studies. DLS, UV�vis absorp-

tion, and PRLS data, obtained by in situ studies, revealed

interesting effects on the physical status of the NPs me-

diated by DMEM or RPMI. In particular, DMEM induced

a more abundant and quite stable protein corona on

different sizes of AuNPs as compared to RPMI. Such

findings were also confirmed by ex situ analyses, in

which the strongly adsorbed proteins onto metal sur-

faces were analyzed by SDS-PAGE and MS. Importantly,

the different formation of proteins/NP complexes medi-

ated by liquid environment impacts on cellular re-

sponse. Thereby, to evaluate NPs dose-dependence

toxicity in in vitro tests, all experimental parameters,

comprising the choice of the cellular medium, as well

as the origin and preparation of serum, should be care-

fully taken into account with the aim to design stan-

dardized protocols.

EXPERIMENTAL SECTION
AuNPs Synthesis and Characterization. All glassware and the mag-

netic stir-bar were washed thoroughly with aqua regia (HCl and
HNO3 in a 3:1 volumetric ratio). Colloidal 15 nm sodium citrate-
capped AuNPs were synthesized by the classical
Turkevich�Frens method,44,45 using trisodium citrate as reduc-
ing agent in aqueous solution. Briefly, 150 mL of 0.25 mM aque-
ous solution of HAuCl4 (Sigma-Aldrich) in a two-neck round-
bottom flask, with a condenser and a thermometer, was heated
to boiling with a heating mantel while stirring. Then, 2.8 mL of
1% aqueous solution of sodium citrate (Sigma-Aldrich) was
added. The solution was kept gently boiling for 30 min and
then slowly cooled down when a red wine color appeared.
AuNPs of 40 and 80 nm were prepared according to a two-step
seed-mediated method46 which allows the enlargement of 15
nm AuNPs (seeds) for the property of NH2OH to efficiently re-
duce Au3� to bulk metal in the presence of a Au surface.47 The
synthesis was performed by adding 2 mL of aqueous 40 mM hy-
droxylamine sulfate (Sigma-Aldrich) and different numbers of
gold seeds into 200 mL of aqueous solution. The solution was
kept under vigorous stirring and then 25 mL of 2 mM aqueous
solution of HAuCl4 was dropwise added to the seeds solution (1
mL min�1) After the addition of HAuCl4 solution was finished, the
mixture was stirred for a further 30 min and then 12 mL of 1%
aqueous solution of trisodium citrate was injected to stabilize
AuNPs by the weak capping effect of such a chemical. To mini-
mize the presence of solvent and unreacted reagents all the so-
lutions were immediately centrifuged for 15 min to isolate 15, 40,
and 80 nm AuNPs, respectively. Immediately after, pelletted
NPs were suspended in 150 mL of ultrapure water. Before their
use, NPs were filtered using a 0.22 �m syringe filters (Fluoropore
PTFE membrane, purchased form Millipore Corp.) under a lami-
nar flow biological safety cabinet, to ensure sterility.

To obtain essential information on size and shape of the
AuNPs, TEM images were carried out. The 300 mesh carbon-
coated copper grid was cast with a few drops of citrate-capped
AuNPs and vacuum-dried. TEM images of each sample were col-
lected using a JEOL Jem 1011 transmission electron microscope
with an accelerating voltage of 100 kV. UV�vis spectra were re-
corded using a Cary 300 Bio double-beam spectrophotometer at
a 300 nm/min scanning rate from 400 to 850 nm. The AuNP con-
centrations were measured using the molar extinction coeffi-
cients measured at the wavelength of the maximum absorp-
tion.48 Further characterizations were performed by dynamic

light scattering (DLS) and zeta-potential analyses using a Zeta-
sizer Nano-ZS instrument (Malvern Instruments) equipped with
a 4.0 mV He�Ne 633 nm laser.

Dynamic Light Scattering (DLS), UV�vis absorption (UV�vis) and
Plasmon Resonance Light Scattering (PRLS) of AuNPs upon Incubation with
Cell Culture Media. Cell culture media DMEM high glucose (Dulbec-
co’s Modified Eagle Medium) and RPMI-1640 (Rosenthal Park Me-
morial Institute) from Gibco Invitrogen (www.invitrogen.com,
catalogue no. 32404-014 and 31053-02 for RPMI and DMEM, re-
spectively) were supplemented with 10% of fetal bovin serum
(FBS) (Gibco Invitrogen) as protein source, with 50 �M glutamine
(Gibco), 1 mM sodium pyruvate (Gibco), 100 U/mL penicillin,
and 100 mg/mL streptomycin (Invitrogen). Protein content was
quantified by using the Bradford assay (Biorad) following the
manufacturer’s instructions. Each size of AuNPs was incubated
at 37 °C with the two cell culture media (100 mL of RPMI or
DMEM 10% FBS presenting a total amount of proteins of 3.3 mg/
mL) using concentrations that give the same amount of total sur-
face area among the different NPs, namely 0.360, 0.050, and
0.013 nM for 15, 40, and 80 nm, respectively. In any case, we per-
formed the same DLS experiments by normalizing the NP con-
centrations with respect to their mass, finding no detectable dif-
ferences in protein corona, because of the large excess of
proteins in solution compared to the AuNPs. DLS and UV�vis
spectra were taken at different elapsed times of incubation,
namely 1, 6, 24, 48, and 96 h. PRLS spectra were acquired under
the same experimental conditions by a FluoroLog 3 fluorescence
spectrometer (Jobin Yvon) by scanning simultaneously the exci-
tation and emission monochromators at �� � 0 nm from 400 to
800 nm.

SDS-PAGE of Protein Corona and Identification by Using Mass
Spectrometry. Protein corona was analyzed by SDS-PAGE in three
independent experiments to ensure reproducibility. AuNPs of 15,
40, and 80 nm were incubated with supplemented DMEM and
RPMI (containing 10% of FBS) for 1, 12, and 48 h and then centri-
fuged for 15 min. The obtained pellets were continuously
washed with sterile phosphate buffer saline (PBS) (Sigma) until
no proteins were detectable in the supernatant by Bradford as-
say. Final pellets were resuspended in buffer, in order to detect
AuNPs concentration by spectrophotometric measurements.
Then, all the quantified solutions, containing the different sizes
of AuNPs, were mixed with sample buffer (NuPAGE LDS sample
buffer 4X, Invitrogen) and 0.2 M dithiothreitol (DTT) (Invitrogen)
to obtain concentrations giving constant values of total surface
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area for all NPs. Before loading onto 8�16% NuPAGE 1D gels (In-
vitrogen), samples were heated at 70 °C for 10 min. After electro-
phoresis, gels were stained with Gelcode blue comassie (Pierce)
following manufacturer’s instructions, imaged by means of a
laser-based imaging scanner (Typhoon 9400; GE Healthcare) and
digitized using ImageQuant software (GE Healthcare). Quantifi-
cation of the bands intensities was carried out by densitometric
analysis using ImageQuant software (GE Healthcare). Specifically,
after the editing of the lanes, automatic background subtrac-
tion was performed by a rolling ball tool and the bands detec-
tion was carried out manually. The bands were quantified as
band intensity and expressed as band % (i.e., relative to the to-
tal intensity of all the bands in the lane). Data were expressed as
mean � standard deviation (SD). Differences in band % were
considered statistically significant performing a Student’s t test
with a p-value � 0.05. Bands of interest from SDS/PAGE gels
were excised from the gel and washed in 50 mM ammonium bi-
carbonate pH 8.0 in 50% acetonitrile to a complete destaining.
The gel pieces were resuspended in 50 mM ammonium bicar-
bonate pH 8.0, reduced with 10 mM DTT at 56 °C for 45 min and
alkylated with a 55 mM solution of iodoacetamide in the same
buffer for 30 min at room temperature in the dark. The excess of
reagent was discarded and the gel pieces were washed several
times with the buffer, resuspended in 50 mM ammonium bicar-
bonate and incubated with 100 ng of trypsin for 2 h at 4 °C and
overnight at 37 °C. The supernatant containing peptides was re-
moved and the remaining gel pieces were washed with acetoni-
trile in order to extract the peptides still present in the gel. These
two fractions were then collected and freeze-dried. The resulting
peptide mixtures were analyzed by electrospray liquid chroma-
tography mass spectrometry (LC MS/MS) using the LC/MSD Trap
XCT Ultra (Agilent Technologies, Palo Alto, CA) equipped with a
1100 HPLC system and a chip cube (Agilent Technologies). After
loading, the peptide mixture (7 �L in 0.5% trifluoroacetic acid)
was first concentrated at 4 �L/min in a 40 nL enrichment column
(Agilent Technologies chip), with 0.1% formic acid as the elu-
ent. The sample was then fractionated on a C18 reverse-phase
capillary column (75 �m 	 43 mm in the Agilent Technologies
chip) at a flow rate of 300 nL/min, with a linear gradient of elu-
ent B (0.1% formic acid in acetonitrile) in A (0.1% formic acid)
from 7 to 50% in 35 min. Elution was monitored on the mass
spectrometers without any splitting device. Peptide analysis was
performed using data-dependent acquisition of one MS scan
(m/z range from 400 to 2000 Da/e) followed by MS/MS scans of
the three most abundant ions in each MS scan. Dynamic exclu-
sion was used to acquire a more complete survey of the peptides
by automatic recognition and temporary exclusion (2 min) of
ions from which definitive mass spectral data had previously
been acquired. Moreover, a permanent exclusion list of the most
frequent peptide contaminants (keratins and trypsin peptides)
was included in the acquisition method in order to focus the
analyses on significant data. Mass spectral data obtained from
the LC�MS/MS were used to search a nonredundant protein da-
tabase using an in house version of the Mascot 2.1 (Matrix Sci-
ence, Boston, MA, USA) software. Peptide mass values and se-
quence information from LC�MS/MS experiments were used in
the MS/MS ion search, taking into account the carbamidomethyl-
Cys as fixed modification, a precursor ion, and a fragment ion
mass tolerance of �600 ppm and 0.6 Da, respectively.

Cell Culture. HeLa (IST cell factory Genova, Italy) cells were rou-
tinely cultivated in high glucose DMEM with 50 �M glutamine,
supplemented with 10% FBS, 100 U/mL penicillin, and 100
mg/mL streptomycin. Cells were incubated in a humidified con-
trolled atmosphere with a 95% to 5% ratio of air/CO2, at 37 °C.
Medium was changed every 3 days. Subconfluent cultures were
split once per week, using 1X trypsin/EDTA (Invitrogen). A sub-
culture of HeLa cells was gradually adapted in RPMI 1640 me-
dium (Gibco) with the same medium supplementation.49 The op-
posite procedure was actuated for U937 (IST cell factory Genova,
Italy), routinely cultivated in RPMI 1640.50 To ensure cell viability
in both media, growth assays were performed on both cell lines
using trypan blue exclusion dye method (Sigma) and direct
counts in a light microscope, by means of an hemocytometer.
The results clearly indicated that the two cell culture media do
not affect cell growth.

WST-8 Cytotoxicity Assay. The metabolic activity of HeLa and
U937 cell cultures was determined after 24, 48, 72, and 96 h of
exposure to 15 nm AuNPs, using a standard WST-8 assay (Sigma);
96 h represents the maximum time in which cell viability is not
influenced by deficiency of nutrients. Assays were performed in
96 multiwell microplates (Sarstedt) for each time (24, 48, 72,
96 h). Cells were seeded in microplates at a density of 5000 cells/
well and cultured for 24 h in a humidified atmosphere at 37 °C
and 5% CO2 to obtain a confluent monolayer. Different amounts
of AuNPs dispersed in cell culture medium stock solutions were
added at the single well obtaining final AuNPs concentrations of
1, 10, 100, and 500 pM and 1 nM. As a positive control for cyto-
toxicity, cell were incubated with 5% DMSO. We evaluated also
the potential cytotoxic effect of AuNP solvent. We centrifuged
AuNP solutions at the maximum concentration investigated (1
nM), and the supernatant was thus added to the cell seeded into
microplates to characterize its intrinsic cytotoxic potential. Eight
replicates were forecasted for each investigated point consider-
ing also controls (untreated cells) and blanks constituted by the
addition of the medium only. A 10 �L aliquot of Cell Counting
Reagent WST-8 (Sigma) was added to each well. The 96-well
microplates were placed in a humidified atmosphere of 5% CO2

and 37 °C and incubated for 3 h. Subsequently, the orange WST-8
formazan product was measured by using Fluo Star Optima
(BMG LABTECH) microplates reader at a wavelength of 460 nm.
Data were collected by Control Software and elaborated with
MARS Data Analysis Software (BMG LABTECH). To express the cy-
totoxicity, the average absorbance of the wells containing cell
culture medium without cells was subtracted from the average
absorbance of the solvent control, 5% DMSO or AuNPs treated
cells. The percentage cell viability was calculated using the fol-
lowing equation:

Data were expressed as mean � SD. Differences in cell prolifera-
tion (WST-8) between cells treated with AuNPs and the control
were considered statistically significant performing a Student’s t
test with a p-value � 0.05.

Interference of AuNPs with the WST-8 assay. Following the observa-
tions reported by Park and colleagues,15 two different WST-8 in-
terference tests were performed. The first one was directed to as-
sess if the optical properties of the AuNPs (light scattering and/or
absorption) interfere with the WST-8 reagent in the concentra-
tion range used in this work. In a 96-well microplates, either 100
�L of cell culture medium or cell culture medium containing
AuNPs in all the tested concentrations (1, 10, 100, and 500 pM
and 1 nM) was added to the wells (without cells). The plate was
then placed for 24 h in a humidified atmosphere of 5% CO2 and
37 °C. Following this incubation period, 10 �L of Cell Counting
Reagent WST-8 was added to each well, and the plate was incu-
bated for 3 h in a humidified atmosphere of 5% CO2 and 37 °C.
Absorbance of each well was measured as described above. Data
indicated that in this concentration range no interferences were
detected for AuNPs with WST-8 reagent. The second interfer-
ence test was designed to determine whether AuNPs interfere
with the WST-8 formazan reaction product. For this test, HeLa
cells were seeded in 96-well microplates at a density of 5000
cells/well and cultured for 24 h at 37 °C in 5% CO2. The follow-
ing day, cell culture medium was removed from the cells and re-
placed by 100 �L of fresh cell culture medium. Next, 10 �L Cell
Counting Reagent WST-8 was added to each well. Following an
incubation of 3 h in a humidified atmosphere of 5% CO2 and 37
°C, the supernatant was removed from the cells and transferred
to new 96-well microplates. Subsequently, absorbance of each
well was measured as described above. A 10 �L portion of DMEM
or RPMI freshly prepared AuNP suspension was added to the
wells to a final concentration of nanoparticles identical to the
previous assays, and the absorbance was determined again. Re-
sults indicated that the interference of the WST-8 product was
not significant also at the highest AuNPs concentration (1 nM)
(data not shown).

Confocal Microscopy Imaging. Uptake of unlabeled AuNPs in cells
was tracked by confocal microscope using 2-photon lumines-
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cence of AuNPs.42,43 HeLa and U937 cells both in DMEM and
RPMI were incubated with AuNPs at a final concentration of 100
pM for 24 h at 37 °C in 5% CO2. The following day, cell culture
medium was removed from the cells and replaced by cell me-
dium fully supplemented without AuNPs. After 24 h of incuba-
tion, samples were washed with PBS pH 7.4 (Sigma), harvested,
and then fixed in buffered 3.7% formaldehyde (Sigma) for 20
min, permeabilized with 0.1% Triton X-100 (Sigma) in PBS for 5
min, and blocked in PBS, 1% BSA, and 0.01% sodium azide for 15
min. Subsequently, cells were incubated with 1 ng/mL Hoechst
33258 (Sigma) in PBS for nuclei staining, 1 �g/mL Alexa Fluor 488
phalloidin (Molecular Probes) for F-actin staining. After wash-
ing, all samples were mounted with Fluoromount (Sigma) on a
glass coverslip to be imaged by confocal microscopy (Leica TCS-
SP5 AOBS). AuNPs uptaken by cells were imaged by means of
the same microscope equipped with a femtosecond Ti:sapphire
laser (Mai Tai, Spectra Physics, Newport). Sub-100-fs pulses of
800-nm light were used as the excitation source, while AuNPs
2-photon luminescence was collected between 450 and 600 nm.
To follow the cellular fate of AuNPs, HeLa and U937 cells were
treated with AuNPs as mentioned above, harvested, and incu-
bated in a DH-40i Microincubator (Warner Instruments) in close
configuration, to maintain cells under constant temperature and
atmospheric conditions (37 °C and 5% CO2). To image lysos-
omes, LysoTracker Red DND-99 (�ex � 577 nm, �em � 590 nm)
(Molecular Probes) was used, directly in the growth media, at a fi-
nal working concentration of 75 nM. For in vivo staining of nu-
clei, Hoechst 33342 (Sigma) was used at a concentration of 1 ng/
mL. Internalized AuNPs were imaged as described above.
Samples were observed through a 20	, 0.70 N.A. objective or a
63	, 1.40 N.A. oil immersion objective. The reproducibility of re-
sults was guaranteed by performing four independent biologi-
cal replicates.

Acknowledgment. The authors gratefully acknowledge G. Vec-
chio for useful discussions, and B. Antonazzo, V. Fiorelli for the
expert technical assistance.

Supporting Information Available: Additional DLS and TEM
analyses of AuNPs suspended in DMEM and RPMI (10% FBS); ad-
ditional cellular tests to assess toxicity of AuNPs; table reporting
proteins identified by means of LC�MS/MS analysis from protein
corona; quantitative ICP�AES analyses of cellular internalization
of AuNPs in DMEM and RPMI; further characterization of protein
corona formation in DMEM and RPMI (10% FBS). This material is
available free of charge via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES
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