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W
hen nanoparticles (NPs) are intro-
duced to biological fluids and cel-
lular environments, the proteins

and other species that are present at high
concentration adsorb to their surface. This
results in the formation of a protein corona,
a multilayered cloud of proteins held to-
gether byweaknoncovalent bonds. Although
the properties of protein coronas are still
being elucidated, it is clear that they have a
significant biological impact on the fate of
the NPs. Previous studies have shown that
the physical characteristics of NPs such as
size, material, surface chemistry, and charge
influence the adsorption and binding of
proteins on the NP.1�4 The NP properties
alter the interactions with the adsorbed

proteins and, hence, the properties of the
protein corona that forms.5�7 Protein
coronas can, in turn, result in decreased
specificity in targeting,8,9 altered biodistri-
bution,10,11 and reduced cytotoxicity.12�14

Some studies have shown that formation of
and changes in the protein corona dictated
by different types of cell media can affect
cellular uptake, where the presence of a pro-
tein coatingcorrelatedwith loweruptake.15�17

Because the molecules that passivate the
NP surface are at the very center of the
nanomaterial�biological interface, corona
formation greatly depends on NP surface
chemistry. However, the majority of studies
on NP-coronas have focused primarily on NPs
with covalently attached ligands1,4,18�21 or no
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ABSTRACT We probe how amphiphilic ligands (ALs) of four

different types affect the formation of protein coronas on gold

nanorods (NRs) and their impact on cellular response. NRs coated

with cetyltrimethylammonium bromide were ligand exchanged with

polyoxyethylene[10]cetyl ether, oligofectamine, and phosphatidyl-

serine (PS). Protein coronas from equine serum (ES) were formed on

these NR-ALs, and their colloidal stability, as well as cell uptake,

proliferation, oxidative stress, and gene expression, were examined.

We find that the protein corona that forms and its colloidal stability

are affected by AL type and that the cellular response to these NR-AL-coronas (NR-AL-ES) is both ligand and corona dependent. We also find that the

presence of common cell culture supplement penicillin/streptomycin can impact the colloidal stability and cellular response of NR-AL and NR-AL-ES,

showing that the cell response is not necessarily inert to pen/strep when in the presence of nanoparticles. Although the protein corona is what the cells see,

the underlying surface ligands evidently play an important role in shaping and defining the physical characteristics of the corona, which ultimately impacts

the cellular response. Further, the results of this study suggest that the cellular behavior toward NR-AL is mediated by not only the type of AL and the

protein corona it forms but also its resulting colloidal stability and interaction with cell culture supplements.
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ligands at all.13�15 One important class of ligands that
has not been as well studied in corona formation is
amphiphilic ligands (ALs). ALs have been used exten-
sively in delivery applications because of their ability
to form micelles and liposomes that have high capac-
ity for payloads of small molecule drugs, DNA and
siRNA.22�25 Since ALs are similar to the cell membrane,
they can reduce cytotoxicity26 and fuse with the
endosomal membrane during uptake, enabling cyto-
plasmic delivery.23,24,27 The properties of ALs and their
ability to passivate NPs are unique from covalently
bound ligands because, unlike covalently attached
ligands, ALs on the NP surface exchange with free
ALs. Free ALs can also interact with the proteins in the
environment and in the corona, so the interactions in a
corona are expected to be highly complex, involving
the NP, bound ligand, free ligand, and the surrounding
proteins. Some common ALs such as cetyltrimethy-
lammonium bromide (CTAB) included in the present
study have been proven to be cytotoxic, especially in
their free form.28,29 Therefore, properties of coronas on
NPs coated with ALs and their impact on cellular
response needs to be understood.
Here we probe how ALs of different types affect

formation of protein coronas on gold nanorods (NRs)
and consequently their impact on cellular response.
We chose to study NRs because of their unique optical
properties that allow a wide range of biological
applications, including biosensing, imaging, laser trig-
gered release, and numerous other applications in
theranostics.30,31 We passivate NRs with four ALs of
different headgroup charges (NR-ALs): the as-synthe-
sized NRs stabilized with CTAB, NRs stabilized with
neutrally charged surfactant polyoxyethylene[10]cetyl
ether (Brij56), NRs passivated with the cationic phos-
pholipid oligofectamine (OF), and the anionic lipid
phosphatidylserine (PS). We form protein coronas on
the NR-ALs from equine serum (ES) and assess colloidal
stability, cell uptake, proliferation, oxidative stress, and
gene expression (Scheme 1). We find that the protein
corona that forms and its colloidal stability is affected
by AL type and that the cellular response to these NR-
AL-coronas (NR-AL-ES) is both ligand and corona de-
pendent. We also find that the presence of the com-
mon cell culture supplement penicillin/streptomycin
(pen/strep) can impact the colloidal stability and cel-
lular response of NR-AL and NR-AL-ES, which is most
likely due to the high capacity of the ALs and protein
coronas for small molecules. The results suggest that
the cellular behavior toward NR-AL is mediated by the
surface ligand, the protein corona it recruits, and its
resulting colloidal stability and interaction with cell
culture supplements.

RESULTS AND DISCUSSION

Ligand Exchange and Serum Protein Adsorption on NR-AL. NRs
with dimensions of 42.9 ( 4.1 nm by 11.4 ( 1.4 nm

(aspect ratio = 3.6) and a longitudinal surface plasmon
resonance (LSPR) at 800 nm were synthesized and
chosen as the scaffold for corona formation. Ligand
exchange was performed on CTAB-passivated NRs
(NR-CTAB) using competitive place exchange with other
ALs23 to form a set of NR-ALs with different surface
charges. TEM imaging of the NR-ALs showed that ligand
exchange did not affect the NR morphology (Figure 1a).
Ligand exchange was probed by zeta-potential and
gel electrophoresis (Figure 1b). The zeta-potential of
NR-CTAB (þ43.4 mV) changed to þ35.6 mV when the
ligand was changed to OF, which is positively charged.
Ligand exchange to Brij56 resulted in a zeta-potential of
þ4.9 mV, suggesting that the neutral Brij56 mostly
replaced the CTAB. Exchange to the negatively charged
PS resulted in a zeta-potential of �47.0 mV.

Gel electrophoresis, which probes both the size and
charge of a species simultaneously, showed shifts
toward the negative electrode for the NR-OF and
positive electrode for the NR-PS. NR-Brij56 stayed near
the well, suggesting a neutral species. NR-CTAB did not
run from the well as they aggregated in buffer. Thus,
zeta-potential and gel electrophoresis suggest suc-
cessful ligand exchange. The NRs with the different
ALs had different values for their average DH

(Figure 1c), showing that the ALs passivate the NRs to
different extents, resulting in different levels of aggre-
gation and thus a population spread with different
sizes. It is important to note that the ALs can form
micelles and other structures that can range from
∼1 nm to 100s of nanometers in size, which can impact
the measured average DH.

We formed protein coronas around NR-ALs using
0.4% ES by volume based on the colloidal stability it
confers. Our previous experiments have shown that
0.4% ES is not just able to confer good colloidal stability
to the NRs but also allow small molecule drugs to be
loaded on them as a drug delivery vehicle.32,33 This
study serves to extend our previously published work
by evaluating the cellular response of the NR-ES deliv-
ery vehicle. The zeta-potential became negative with
corona formation as the serum proteins are negatively
charged (Figure 1b). Gel electrophoreticmobility showed

Scheme 1. Effect of corona formation on cellular response
for NRs passivated with different ALs.
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increases toward higher negative mobility for all the
NR-ALs except NR-CTAB, suggesting corona forma-
tion. Despite having a negative charge, NR-CTAB-ES
did not migrate out of the well, probably due to
its large average hydrodynamic diameter, DH, and
tendency to precipitate in buffer. The NR-PS-ES band
was shifted to lower mobility relative to NR-PS. Since
the zeta-potential of NR-PS did not change appre-
ciably upon corona formation, its band shift is most
likely due to an increase in size upon corona forma-
tion, as gel electrophoretic mobility is due to both size
and charge.

Corona formation was confirmed by increases inDH

(Figure 1c). The large ΔDH observed for the positively
charged NR-CTAB-ES and NR-OF-ES (690.5 and 144.0 nm,
respectively) supports the formation of large agglomer-
ates containing several NRs, which is most likely due to
strong charge interactions between the positive ALs and
serumproteins. TEM imaging showed theNRsembedded
in a diffuse cloud of proteins (Figure 1c, inset). NR-Brij56
andNR-PS exhibited smallerΔDH upon corona formation
(21.1 and 28.9 nm, respectively), suggesting that a less
extensive coronawas formed. This wasmost likely due to
the reduced interaction from charge repulsion. These
results show that the surface charge can influence the
extent of corona formation, although we note that
our observations differ from that of Huhn et al., who
observed that the charge on NPs did not have any
influence on the number of adsorbed human serum
albumin (HSA) molecules.34 This could be attributed to
the fact that we used the full equine serum comprising of
>3000 proteins, in contrast to Huhn et al., who study the
interaction with only human serum albumin. The whole
suite of proteins in the serum could have caused the

corona to form differently with more dependence on
charge compared to a single protein.

Colloidal Stability with Corona Formation. We examined
the colloidal stability of the NRs with the different ALs
and preformed coronas using an aggregation index
(AI) that was previously developed.35 The AI is based on
the LSPR shift and broadening, and a higher AI indicates
higher aggregation. The AI for all four NR-ALs were
approximately the same in nonionic water (Figure 2a,
solid bars), suggesting similar colloidal stability. Upon
corona formation, there was a more pronounced AI
increase for the positively charged ALs (NR-CTAB-ES
and NR-OF-ES) while there was no change in NR-Brij56
and NR-PS. This increase in AI also confirms NR cluster-
ing and that the nature of the AL affects the colloidal
stability of the NR-AL-ES.

WhenNR-ALswere put into RPMI cell culturemedia,
their colloidal stability changed (Figure 2b, solid bars).
Whilemost NR-ALs remained stable in cell culturemedia,
as evidenced by little or no change in AI, the AI of
NR-CTAB increased (159 to 213 nm), suggesting ag-
gregation (Figure 2b, blue solid bar). NR-ALs with
preformed coronas of ES were more stable, showing
that the corona stabilizes the NR-ALs against aggrega-
tion for all ALs in cell culture media (Figure 2b, hashed
bars), although with smaller improvements for OF and
PS. The improvement in colloidal stability with protein
corona formation has been reported elsewhere.36,37

This improvement of NR-AL-ES stability in biological
media could potentially affect how the cells see the
NR-ALs and respond to them.

Influence of AL and Corona Formation on Cell Uptake. We
evaluated the cellular response by first examining
the uptake of NR-AL and NR-AL-ES in the human

Figure 1. Characterization of various NR-AL and NR-AL-ES in this study: (a) TEM; (b) zeta potentials (top) and agarose gel
electrophoresis (0.2%) (bottom), with each lane corresponding to the samples as indicated in the zeta potential plot; and
(c) average DH measured by DLS. Inset: TEM of NR-CTAB and NR-CTAB-ES. Error bars indicate standard deviation.
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keratinocyte (HaCaT) cell line after a 6 h exposure in
serum-free media. Uptake was quantified by measur-
ing the amount of Au in the cells using ICP-MS normal-
ized to the exposure concentration and visualized
using DF microscopy (Figure 3a and Supporting Infor-
mation, Figure S1) and TEM (Figure 4). In the absence of
protein coronas, cell uptake was dependent on the
ligands on NR-ALs, where both the positively charged
and the neutral ALs generally had a higher uptake
compared to negatively charged AL (PS). The high
uptake of cationic NPs in serum-free environments
has been reported in the literature and can be attrib-
uted to increased charge interaction between the
cationic surface and the negatively charged cell mem-
brane, which results in membrane disruption.19 The
converse was true for NR-PS, which showed lowuptake
that was most likely due to unfavorable charge inter-
action with the negatively charged cell membrane.
Despite being neutral, NR-Brij56 exhibited unexpectedly
high uptake. This could be attributed to other favorable
properties of the Brij56 headgroup, e.g., hydrophilicity,
which promotes interaction with the cell membrane.

Because protein corona formation results in a ne-
gatively charged species (Figure 1b), this could account
for the decrease in cell uptake for NR-CTAB-ES and NR-
Brij56-ES. Furthermore, NR-CTAB-ES agglomerates were
large (DH = 699.1 nm) compared to NR-CTAB (DH =
8.6 nm), which may have hindered the endocytosis
mechanism in HaCaT cells. NR-OF-ES exhibited a signifi-
cantly greater amount of uptake compared to all of the
other samples (p<0.05), apparently aidedby theability of
OF to facilitate intracellular uptake. The mechanism may
be due to a combination of favorable agglomerate size,
stability compared to NR-OF, and an affinity of OF for
cellular internalization. While this high uptake cannot be
explained in terms of electrostatics, it agrees with results
in the literature that OF has high delivery efficiency
after interaction with serum proteins.38 The exact com-
position of OF is proprietary, but it is most likely similar to
another commercially available DNA transfection agent,
Lipofectin, which is a mixture of a positively charged
lipid, N-[1-(2,3-dioleyloyx)propyl]-N,N,N-trimethylammonia
chloride (DOTMA), and a neutral colipid, dioleoylpho-
sphatidylethanolamine (DOPE), required for stabilization

Figure 2. Colloidal stability based on aggregation index (AI) calculated from absorption spectra of NR-AL and NR-AL-ES in (a)
water and (b) RPMI cell culturemedia. Error bars indicate standard deviation. (c) Analysis of the deposited gold content on the
coverslips using ICP-MS for the various NR-AL and NR-AL-ES. (d) Darkfield (DF) imaging showing the deposition of NR-AL and
NR-AL-ES onto glass coverslips coated with collagen after a 6 h exposure.

Figure 3. (a) Cell uptake normalized to the dosing following a 6 h exposure of NR-AL and NR-AL-ES in HaCaT cells as
determined from ICP-MS. (b) Cell uptake of NR-AL andNR-AL-ES as a percentage of depositedNRs on the cell (Figure 2c). Error
bars indicate standard deviation.
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of the agent. A similar lipid mixture would yield a net
positive charge for NR-OF. Together, they may interact
with the serum proteins in a more complex manner yet
maintain a reasonable ΔDH = 174.1 nm to give the
unexpectedly high uptake.

The uptake for NR-Brij56-ES and NR-PS-ES did not
differ significantly from the NRs with no corona proteins.
This is expected given minimal corona formation of the
NR-PSwith the serumproteins. These results suggest that
the cell uptake of NR-AL-ES is highly dependent on the
nature of the AL, which dictates how it interacts with
the serum proteins to yield different sized species and
biological identities and hence different cell uptakes.

The TEM images provide qualitative information
regarding the uptake and intracellular localization of
the NRs. Large agglomerates appeared to be located in
the extracellular space in both NR-AL and NR-AL-ES,
such as for NR-CTAB and NR-CTAB-ES (Figure 4a, lower
insert, and Figure 4e, upper insert). Uptake of smaller
agglomerates, ∼100�300 nm in size, was also ob-
served. NR-OF agglomerates about ∼100�200 nm in

size appeared to be taken up into small endosomes
(Figure 4b). NR-OF-ES appeared to be taken up asmuch
largeragglomerates (0.5�1μm,Figure4f) andalsoshowed
higher uptake by ICP-MS. NR-Brij56 and NR-Brij56-ES were
takenup intoendosomesasagglomerates∼200nminsize
(Figure 4c). NR-PS and NR-PS-ES (Supporting Information,
Figure S1d,h) seemed to assemble at the cell mem-
brane, which others have attributed to electrostatic
attraction to cationic sites on the membrane.39 Very
small agglomerates composed of 2�10 NRs were also
observed, in addition to some slightly larger agglom-
erates approaching 100 nm (Figure 4d,h). Regardless of
the small intracellular agglomerate sizes, the intra-
cellular compartments still appeared large (close to
0.5 μm), which would implicate a nonspecific endo-
cytosis method.40,41 The corresponding DF images are
available in the Supporting Information (Figure S1).

As the uptake of NRs was also dependent on their
dosimetry, we investigated the deposition of NRs as
ameasure of dosimetry using ICP-MS andDFmicroscopy.
We also calculated a predicted deposition fraction using

Figure 4. TEM images showing the uptake of NR-AL and NR-AL-ES into the HaCaT cells.

A
RTIC

LE



KAH ET AL . VOL. 8 ’ NO. 5 ’ 4608–4620 ’ 2014

www.acsnano.org

4613

the In Vitro Sedimentation, Diffusion, and Dosimetry
model, in which the dosimetry is ultimately is a func-
tion of NR agglomerate diameter and effective density
(Supporting Information, Table S2).42 Changing the AL
and resulting corona demonstrated differences in ag-
glomeration, so we expect that this can change the
amounts of NRs that are deposited on the cells and
available for cell uptake.42,43 If deposition and uptake
exhibit similar trends, then uptake data is not a clear
indication of affinity for the cells to take up the NRs, but
of dosimetry.

The results show a statistically higher NR deposition
for NR-CTAB and NR-CTAB-ES compared to other spe-
cies (Figure 2c, blue, and Figure 2d). The sedimentation
rate is directly proportional to the square of the particle
diameter. Therefore, the high deposition for NR-CTAB
may be due to the formation of larger agglomerates,
indicated by the formation of a large protein corona
(Figure 1c) and a high AI in cell culture media
(Figure 2b). However, the data for hydrodynamic dia-
meter did not follow the same trend, so we did not find
good correlation between theoretical predictions and
measured data for NR deposition (see the Supporting
Information Table S2).

To decouple the effect of deposition (i.e.,dosimetry)
on the cell uptake, we show the percentage of depos-
ited NRs that were taken up into the cells (Figure 3b).
Despite the high deposition of NR-CTAB and NR-CTAB-
ES, their uptake was less than that of NR-Brij56, NR-OF,
and their respective corona counterparts, confirming
the low affinity for the cells to take up the NR-CTAB and
NR-CTAB-ES instead of a low applied dose.

In the same manner, despite NR-PS and NR-PS-ES
having similar deposition amounts as NR-Brij56 and

NR-Brij56-ES (Figure 2c,d), uptake was much lower for
NR-PS and NR-PS-ES. This lower uptake is not because
less NR-PS and NR-PS-ES reached the cell layer due to
lower diffusive and sedimentation forces but that the
chemical and biological nature of NR-PS has lower
affinity with cells. The high variability in deposition
for NR-OF is presumed to be related to low stability and
uniformity, evidenced by visible sedimentation in the
stock vial (Figure 2c). NR-OF-ES also showed compar-
able deposition to NR-Brij56-ES and NR-PS-ES; hence,
its much higher cell uptake was not attributed to their
higher dosimetry but rather to the high affinity of the
cells to take up NR-OF-ES.

We note from our results that we can only conclude
that the colloidal stability of NRs depends on AL type
and presence of a corona, and that the AL type and
presence of a corona influence the cell uptake ability.
However, we cannot conclude with confidence if there
is a link between the colloidal stability of the NRs and
its cell uptake. Although our deposition study suggests
a possible link, establishing a link between stability,
protein corona and cell uptake would warrant a
separate further study that examines this relationship
systematically.

Influence of AL and Corona Formation on Cell Proliferation.
We also examined the proliferation of HaCaT cells
using a live cell alamarBlue assay after exposing the
cells with 5 μg/mL of NRs for 6 h and examining
the response at 6 and 24 h. At this exposure, the
cytotoxicity of NR-ALs was low, where cell prolifera-
tion was not hindered and maintained at least 77.2%
of control after 24 h (Figure 5a,b). There was an
insignificant difference in cell proliferation between
the four different NR-ALs.

Figure 5. Cell proliferation of HaCaT cells using a live cell AlamarBlue assay after exposing the cells with 5 μg/mL of NR-AL
(solid bars) and NR-AL-ES (hashed bars) for 6 h and examining the response at the (a) 6 h time point and (b) 24 h time point.
Exposure response curve for (c) NR-AL and (d) NR-AL-ES after exposing the cells to a range of concentrations from 1 to 20 μg/
mL for 6 h and examining the response at the 24 h time point. Error bars indicate standard deviation. The asterisks indicate
statistical significance (p < 0.05) using a Student's t test. P values are given in the Supporting Information.
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At the 6 h time point, cells exposed to NR-AL-ES
generally had increased proliferation relative to NR-AL
for almost all ALs with the exception of NR-CTAB-ES,
where the cell proliferation did not appear to be
affected by corona formation (90.3 ( 4.9% for NR-
CTAB-ES vs 97.1 ( 6.6% for NR-CTAB, Figure 5a). The
increase in cell proliferation was most pronounced
for NR-PS-ES (118.1 ( 5.3%), followed by NR-OF-ES
(116.5( 4.9%). The NR-Brij56-ES (96.9( 3.5%) was not
significantly affected. The increase in proliferation in
comparison to NR-AL without coronas also follows in
the same order: þ21.5% for NR-PS, þ18.0% for NR-OF,
and þ5.7% for NR-Brij56.

Evidently, the presence and uptake of NR-AL-ES
seem to encourage the HaCaT cells to multiply and
proliferate, and the increase in proliferation seems to
be ligand dependent. Because the serum proteins in
the corona are essential for the growth and prolifera-
tion of cells, the protein corona may be enhancing the
delivery of serum proteins into the cells to promote
proliferation relative to cells that were not exposed to
NR-AL-ES. For this same reason, because NR-CTAB-ES
exhibited lowcell uptake (Figure 3), itwasnot as effective
indelivering the serumproteins in the corona intoHaCaT
cells. This probably explains the insignificant impact of
corona formation on cell proliferation for NR-CTAB-ES.

The increase in proliferation due to corona forma-
tion was also observed at the 24 h time point for all NR-
AL-ES compared to NR-AL, although the proliferation
of NR-AL decreased between 6 and 24 h. To ensure that
the decrease in proliferation observed for NR-AL with
time is not due to the presence of endotoxin in the NR-
AL samples, the NR stock solutions were tested for
endotoxin using a Limulus Amebocyte Lysate endo-
toxin assay kit (Supporting Information, Figure S3). The
endotoxin concentration was 0.033 ng/mL in the med-
ia and ranged from 0.076 to 0.089 ng/mL in the NR
samples. Thesevalueswereconsidered insignificantbased
on a previous study, which showed that up to 20 ng/mL
of lipopolysaccharide did not affect the proliferation
of 7 cell-lines.44

We increased the exposure for both NR-AL and NR-
AL-ES to examine the exposure response on HaCaT cell
proliferation after 24 h. In the absence of coronas, both
NR-OF and NR-PS did not exhibit an observable dose
dependence on the cell proliferation up to the highest
exposure of 20 μg/mL (Figure 5c). On the other hand,
NR-CTAB and NR-Brij56 resulted in a decrease in cell
proliferation from 89.8% to 22.4% as their concentra-
tion was increased from 1 to 20 μg/mL, with 50%
Growth Inhibition, GI50, 15 μg/mL for both ALs. With
the formation of a protein corona, cell proliferation of
all four NR-AL-ES showed markedly less dependence
on the exposure (Figure 5d). This was particularly true
for NR-CTAB-ES and NR-Brij56-ES, where their cell
proliferation maintained at least 86.5% at the highest
exposure of 20 μg/mL. This observation that the

protein corona plays an important role in minimizing
the cytotoxicity has also been observed and reported
in other studies.14,45

Influence of Pen/Strep on Cell Response for NR-ALs with and
without Coronas. NR-AL-ES have been found to have
high capacity for small molecule payloads.32 In cell
response studies, antibiotic supplements are necessary
for cell culture, and these can potentially interact with
the NR-AL-ES. We found that the presence of penicillin/
streptomycin (pen/strep), a commonly used antibiotic
supplement for preventing bacteria growth in cell
culture media, also affected the colloidal stability of
NR-ALs (Figure 6a). The AI of all four NR-ALs in cell
culture media increased in the presence of pen/strep,
indicating that NR-ALs interact with pen/strep in a way
that decreases their colloidal stability. Unlike corona
formation, cell uptake of NR-CTAB and NR-Brij56 re-
mained unaffected by the presence of pen/strep, while
uptake of NR-OF and NR-PS was increased (Figure 6b).
Because they are composed of phospholipids, OF and
PS could have a greater degree of interaction with pen/
strep and the cell membrane compared to CTAB and
Brij56 to result in increased uptake over the absence of
pen/strep.

This same interaction could have also caused the
significant reduction in cell proliferation by NR-OF and
NR-PS in the presence of pen/strep (Figure 6c). Even
though pen/strep is not toxic to eukaryotic cells at
normal cell culture concentrations, the interaction with
the cell membrane and higher cell uptake could
increase the permeability of the cells to antibiotics.
Increased cell permeability during cell uptake may
cause high antibiotic influx beyond the tolerable intra-
cellular concentration of pen/strep, leading to antibio-
tic toxicity. Higher cell death is known to occur when
antibiotics are present during transfection in common
transfection protocols.46 This could also explain why
the cells showed higher levels of oxidative stress with
NR-ALs in the presence of pen/strep (Figure 6d).

With the protein corona, the presence of pen/strep
in the cell culture media also increased the AI of all four
NR-AL-ES, although the extent of aggregation induced
by pen/strep was lower compared to NR-AL as evi-
denced by smaller changes in their AI (Figure 7a). This
increase in AI with protein corona in the presence of
pen/strep was also observed by Hühn et al.34 and
shows that the corona makes the NRs less susceptible
to pen/strep-induced aggregation. The presence of
pen/strep also seemed to promote cell uptake of all
four NR-AL-ES, with themost prominent increase in cell
uptake for NR-OF-ES (Figure 7b), as was also observed
with NR-OF. In this case, NR-OF-ES exhibited the high-
est cell uptake of 0.22 μg/μg exposed/cm2 among all
the experiments. The presence of pen/strep during cell
uptake of NR-AL-ES has also led to reduced cell pro-
liferation (Figure 7c) and higher levels of oxidative
stress (Figure 7d) for all NR-AL-ES, as discussed

A
RTIC

LE



KAH ET AL . VOL. 8 ’ NO. 5 ’ 4608–4620 ’ 2014

www.acsnano.org

4615

previously. This is empirical evidence that, apart from
serum proteins in cell culture which led to formation of
protein corona, other often overlooked cell culture sup-
plements such as pen/strepmayplay an important role in
altering the physical properties of NR-ALs such as colloi-
dal stability, thereby affecting the cellular response.

Influence of NR-AL-ES and Pen/Strep on Gene Expression
Related to Oxidative Stress and Inflammation. We examined
the influence of NR-AL-ES and pen/strep on gene
expression to understandwhichmolecularmechanisms

in the cells were impacted. In general, there were more
common genes regulated than unique genes and there
was no trend in gene expression related to the charge of
the NR-ALs.

However, there did appear to be a trend in gene
expression related to the presence or absence of
pen/strep. NR-AL-ES with pen/strep resulted in an up-
regulation of genes associated with oxidative stress
(Table 1). FMO5 and EPHX2 were significantly up-
regulated by all four NR-AL-ES. The up-regulation of

Figure 7. Comparison of the effect of 100 units/mL of penicillin/streptomycin (Pen/Strep) in cell culturemedia onNR-AL-ES in
terms of the (a) colloidal stability as determined by AI, (b) cell uptake as determined by ICP-MS, (c) cell proliferation as
determined by AlamarBlue assay, and (d) oxidative stress as determined by the change in generation of ROS. The exposure
conditions are the same as previous studies. Error bars indicate standard deviation. The asterisks indicate statistical
significance (p < 0.05) using a Student's t test. P values are given in the Supporting Information.

Figure 6. Comparison of the effect of 100 units/mL of penicillin/streptomycin (Pen/Strep) in cell culture media on NR-AL in
terms of the (a) colloidal stability as determined by AI; (b) cell uptake as determined by ICP-MS; (c) cell proliferation as
determined by AlamarBlue assay; and (d) oxidative stress as determined by the change in generation of ROS. The exposure
conditions are the same as previous studies. Error bars indicate standard deviation. The asterisks indicate statistical
significance (p < 0.05) using a Student's t test. P values are given in the Supporting Information.
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oxidative stress genes correlates with increased ROS
production in cells (Figure 7d). This suggests that toxi-
city observed for NR-AL-ES in the presence of pen/strep
may be partially mediated by oxidative stress.

In the presence of pen/strep, genes associated with
inflammation, including IL6 and IL1B, were down-regu-
lated for NR-AL-ES (Table 1). The down-regulation of
genes associated with a pro-inflammatory response
after exposure to NRs was previously attributed to
the anti-inflammatory property of gold.18,47 However,
IL6 and IL1B were up-regulated for NR-AL-ES without
the presence of pen/strep. Since the previous studies
were conducted in the presence of pen/strep, there
may be a unique phenomenon occurring related to the
adsorption and intracellular delivery of pen/strep in the
presence of Au nanoparticles.

Additional genes associated with inflammation,
including PAI-1 and TNF, were regulated by NR-AL-ES.
PAI-1 encodes a protein that plays a role in cell
movement, inflammation, and proliferation.48 PAI-1 was
significantly down-regulated by NR-OF-ES, NR-Brij56-ES,

and NR-PS-ES with the presence of pen/strep and up-
regulated by the NR-Brij56-ES and NR-PS-ES without
the presence of pen/strep (Table 1). The tumor necrosis
factor (TNF) superfamily is complex, and the ligands
and their receptors can activate cell apoptosis, prolif-
eration, differentiation, or survival.49 TNF is a pro-
inflammatory cytokine belonging to the TNF super-
family and is involved in the regulation ofmany of these
processes. TNF was down-regulated for NR-CTAB-ES
and NR-Brij56-ES and up-regulated for NR-OF-ES and
NR-PS-ES in the presence of pen/strep. Up-regulation
was observedwhenpen/strepwasnot present (Table 1).
We tested the endotoxin concentration in the stock NR
solutions to ensure that the up-regulation of inflamma-
tory genes without pen/strep was not due to contami-
nation (Supporting Information, Figure S3).

Influence of NR-AL-ES and Pen/Strep on Gene Expression
Related to DNA Damage and Cell Cycle. Genes related to
DNA damage and the cell cycle were also regulated
(Table 2). ATM was up-regulated after exposure to
NR-AL-ES in the presence of pen/strep, which is activated

TABLE 1. Genes Significantly Affected by Exposure to NR-AL-ES and Its Relation to the Presence of Pen/Strep: Oxidative

Stress and Inflammationa

a Numbers indicate fold regulation; NA indicates no significant change, (student's t test, p < 0.05). Significant up-regulation >1.5 in green, down-regulation <1.5 in red.

TABLE 2. Genes Significantly Affected by Exposure to NR-AL-ES and Its Relation to the Presence of Pen/Strep: DNA

Damage and Cell Cyclea

a Numbers indicate fold regulation (student's t test, p < 0.05). Significant up-regulation >1.5 in green, down-regulation <1.5 in red.
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in response to DNA damage. A target of ATM activation
includes TP53, which was also up-regulated by NR-AL-ES
in the presence of pen/strep. CDK inhibitors (CDKN)
prevent the cell cycle from progressing during DNA
repair.50 CDKN1Awas up-regulated by NR-Brij56-ES both
with and without the presence of pen/strep and NR-PS-
ES without the presence of pen/strep.

GADD45A is another target that regulates DNA
repair, plays a role in growth arrest, senescence, and
apoptosis, and was down-regulated by all NR-AL-ES in
the presence of pen/strep. Down-regulation of GAD-
D45A was also observed for NR-PEG (poly(ethylene
glycol)) and NR-MHDA (mercaptohexadecanoic acid)
in a previous study.18 Up-regulation of GADD45A was
observed for NR-AL-ES without pen/strep. Unique reg-
ulation of genes involved in DNA damage and repair
for NR-AL-ES in the presence versus absence of pen/
strep indicates toxicity associated with the presence of
the antibiotic andmay be related to the NRs being able
to efficiently transfer pen/strep into the cell.

Together, these changes in gene expression are the
results of both NR-AL-ES and pen/strep working in
tandem to alter the molecular mechanisms in cells.
They could lead to the overall reduction in cell pro-
liferation (Figure 7c). These changes in gene expression
show that the presence of pen/strep plays an impor-
tant role in impacting the cell response of NR-ALs.
Antibiotics are known to cause toxicity to some sensi-
tive cell-lines during transfection.46

SUMMARY AND CONCLUSIONS

It is evident that the corona properties are influenced
by the underlying ligand on the surface of the NRs, and
the cellular response varies as a consequence. Hence, the
ALs play not a direct role but instead an intermediary one
in affecting the cellular response of NR-ALs. The nature of
the ALs affects the formation and physical characteristics
of their preformed protein coronas, specifically the ex-
tent of corona formation (as evidenced by size), colloidal
stability of the resulting species, and probably the corona
composition. This ismost likely due to the fact that theAL
ligand can come on and off the NR surface to interact

with the different corona proteinsmore intimately than a
covalently attached ligand.
Corona formation not only stabilizes the NR-AL in

cell culture media but also increases the overall hydro-
dynamic size of NR-AL-ES, possibly leading to reduced
cell uptake as in the case of NR-CTAB-ES relative to NR-
CTAB with no corona. While others have observed
increased cellular uptake of NPs in upright cell culture
due to sedimentation, where uptake is independent of
size, shape, density, surface coating and initial concen-
tration of the NPs,43 we note that this may not be true
for NPs with preformed protein coronas because they
are more stable in cell culture media and hence have a
lower tendency to aggregate and sediment. In other
instances, corona formation can elicit stronger re-
sponses than for the NR-AL alone, such as for NR-OF
on uptake, cell proliferation, and generation of ROS.
We also found that the presence of the cell culture

supplement pen/strep can exert a significant impact
on the colloidal stability and consequently the cellular
response of NR-AL and NR-AL-ES. Specifically, NR-AL
and NR-AL-ES in the presence of pen/strep also pro-
duces an unexpected difference in cell viability, pro-
liferation, and oxidative stress, most likely due to the
way it interacts with the corona proteins. Pen/strep has
been shown to decrease particle stability,34 and here
we show that its impact on the cellular response is
multifaceted. These results show that commonly used
supplements such as antibiotics that are necessary for
cell culture can also interactwith theNR-AL andNR-AL-ES
and potentially lead to unexpected side effects.
The results of this study suggest that in addition to a

direct response to thesurface ligands, the cellularbehavior
towardNR-AL ismediatednot just by the protein corona it
recruits, but also its resulting colloidal stability and inter-
actionwith cell culture supplements. Although theprotein
corona iswhat the cells see, theunderlying surface ligands
evidently play an important role in shaping and defining
thephysical characteristics of the corona,which ultimately
impacts the cellular response. Therefore, rational design of
the surface ligands can help us to define and perhaps
exploit the corona for biological applications.

MATERIALS AND METHODS

Synthesis of NR-CTAB. NRs were first synthesized with their
native amphiphilic surface ligand CTAB. Unless otherwise sta-
ted, all reagents used in the synthesis were obtained from
Sigma-Aldrich and used as received. Milli-Q water with a
resistivity of 18.2 MΩ cm was used for all experiments. CTAB
coated gold NRs were synthesized using a nonseed-mediated
approach.51 NR size was determined using transmission elec-
tron microscopy (TEM). NRs were washed once by centrifuging
at 13000 rcf for 30 min and resuspended in water to remove
excess reactants. NR concentration after washing was deter-
mined by optical absorption (Cary 100 UV�vis spectrophot-
ometer, Agilent Technologies) and was typically ∼1.5 nM.
Washed NR-CTABwere kept at room temperature (20 �C) before
further experiments.

Ligand Exchange and Characterization of NR-AL. CTAB was first
replaced by Brij56 (Sigma-Aldrich) by centrifuging 1 mL of
NR-CTAB at 13000 rcf for 20min before removing the supernatant
and adding 500 μL of 0.1 mM CTAB to the pellet. The solution
was thoroughly mixed and centrifuged again at 9000 rcf for
20 min. The supernatant was removed, and 0.1 mM Brij56 was
added to the pellet before incubation for 1 h at 37 �C. Excess
Brij56 was then removed by centrifuging NR and washing them
once in water for 15 min at 2000 rcf using centrifugal filters
(Amicon Ultra, Millipore Ireland, Ltd.). The final volume recov-
ered (40 μL) was diluted in water to give NR-Brij56. To prepare
NR-OF, 50 μL of OF reagent (Invitrogen, Inc.) was added to 40 μL
of NR-Brij56. The solution was mixed and aged overnight at
37 �C. Excess OF was removed, and the NR-OF was washed the
same way as described previously for Brij56. To prepare the
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NR-PS, 100 μL of 20 mM PS (Avanti Polar Lipids, Inc.) was added
to 40 μL of NR-Brij56, mixed thoroughly, and aged overnight at
37 �C. The PS was purchased in powder form and dissolved in
water to make a 20 mM solution. The NR-PS was washed to
remove excess PS as previously described for Brij56 and OF. All
the NR-ALs were stored at room temperature until used.
Successful ligand exchange was probed by the zeta-potential
of NR-ALs (Malvern Zetasizer Nano ZS90) and agarose gel
electrophoresis in a 0.2% agarose gel in 0.5 X Tris-borate-EDTA
(TBE) buffer. Gel electrophoresis was performed at 82 V for
60 min. The NR-ALs were also imaged using TEM to show that
ligand exchange did not affect the primary size and morphol-
ogy. The DH was assessed using dynamic light scattering
(Malvern Zetasizer Nano ZS90). The final concentration of the
NRs was measured using inductively coupled plasma�mass
spectrometry (ICP-MS) (Perkin Elmer Nexion 300D).

Endotoxin Assay. The ToxinSensor Chromogenic LAL Endo-
toxin Assay Kit (GenScript) was used to test for endotoxin in the
NR stock solutions. Each NR sample was diluted to 5 μg/mL in
LAL reagent water. A standard curve was prepared using
dilutions of endotoxin standard solution. The assay was com-
pleted according to manufacturer's instructions. The absor-
bance was measured at 545 nm.

Formation of Protein Corona and Influence of Pen/Strep on Colloidal
Stability. Prior to forming the protein corona, the NR-ALs were
centrifuged at 2000 rcf for 20 min to obtain the pellet. Protein
coronas were formed onNR-ALs by adding 500 μL of 0.4% horse
(equine) serum (ES) (ATCC, Inc.) in 5 mM phosphate buffer (PhB,
pH7.4) directly to theNR-ALpellet and incubating it at 37 �C for the
corona to harden. Following an overnight incubation, the NR-AL-
ES were then washed once with buffer to remove excess proteins,
before reconstituting them in water or RPMI cell culture media in
the absence and presence of pen/strep before further studies.

The colloidal stability of NR-AL and NR-AL-ES in water and
RPMI cell culture media in the absence and presence of pen/
strepwas probed and quantified as an aggregation index (AI) by
absorption spectroscopy (Cary 100 UV�vis spectrophotometer,
Agilent Technologies) as described previously.35 Since the long-
itudinal plasmon peak is highly sensitive to aggregation, the AI
is a measure of the longitudinal surface plasmon resonance
(LSPR) peak broadening derived from the total area under the
absorption spectrum of the LSPR from 600 to 900 nm, divided
by LSPR intensity. The AI gives the equivalent bandwidth of the
longitudinal peak (with units of nm) for a spectrum normalized
to the LSPR peak intensity. A higher degree of aggregation
corresponds to a higher AI value.

Nanorod Deposition. Glass coverslips (5 mm, #1) were coated
with collagen and then exposed to NR exposure dispersions for
6 h. The coverslips were transferred to a glass slide for imaging
or to a conical tube for digestion and analysis of gold content.
Imaging was performed using a darkfield (DF) condenser from
CytoViva attached to an Olympus BX41 microscope and DAGE
camera/software. Aminimumof 3 coverslips per NR sample was
rinsed extensively with aqua regia (3% HCl, 1% HNO3). An
internal standard was added (20 μg/L), and then samples were
analyzed using ICP-MS.

Cellular Uptake. Human keratinocyte (HaCaT) cells were
seeded at 1� 105 cells per cm2 and maintained in RPMI culture
media supplementedwith 10% fetal bovine serum (FBS) and 1%
pen/strep at 37 �C in a humidified 5% CO2 and 95% air atmo-
sphere. After 24 h, the cells were exposed to 5 μg/mL (0.05 nM)
of NR-AL andNR-AL-ES for 6 h in serum-deprived andpen/strep-
deprived RPMI media, following which the NRs were removed
and cells were washed thrice with 1 � phosphate buffered
saline (PBS). The cells were lysed, and the amount of Au in the
cells was quantified using ICP-MS (PerkinElmer, NexION 300D).
Cell uptake was quantified by measuring the amount of Au in
the cells normalized to the exposure mass concentration.

The interaction of NRs with cells was evaluated using DF
imaging and TEM. For DF imaging, cells were plated at a
concentration of 1.0 � 105 cells/cm2 in 2-chambered slides
(surface area = 4 cm2) and allowed to proliferate and adhere
for 24 h or until ∼80% confluent. Cells were exposed to NRs at
a concentration of 5 μg/mL in media and exposed for 6 h.
Following exposure, cells were washedwith PBS and fixed in 4%

paraformaldehyde for 10min. The cells were washed again with
PBS, a coverslip was added and sealed with clear nail polish, and
the slide was imaged using the CytoViva Hyperspectral Imaging
System attached to an Olympus BX41 microscope (Aetos
Technologies, Inc., Auburn, AL). Images were collected using
DAGE camera/software.

For TEM imaging, cells were seeded at a concentration of
1.0� 105 cells/cm2 in 6-well plates (surface area = 9.6 cm2) and
allowed to adhere and proliferate for 24 h. Cells were exposed to
NRs diluted at a concentration of 5μg/mL inmedia and exposed
for 6 h. Following exposure, cells were washed with PBS, try-
psinized from the plate, and centrifuged at 1000 rcf for 10 min.
The pellet was fixed in 2% paraformaldehyde and 2.5% glutar-
aldehyde overnight at 4 �C. The following day, the cell pellets
were washed extensively with PBS, stained with 1% osmium
tetroxide, and dehydrated with ethanol in a standard dilution
sequence. The final pellet was embedded in LR White resin
(EMS) and cured in a vacuum oven at 60 �C. The cured sample
was sectioned using a Leica EM UC6 Ultramicrotome and
imaged using a Hitachi H-7600 TEM at the Nanoscale Engineer-
ing Science and Technology Laboratory, University of Dayton.

Cell Proliferation and Oxidative Stress. The proliferation and
oxidative stress in HaCaT cells were examined by preparing
and exposing the cells in the same manner. The proliferation of
HaCaT cells was examined as a function of NR concentration
using a live cell alamarBlue assay according to the manufac-
turer's instructions (Invitrogen). The oxidative stress was exam-
ined using a fluorescent probe to detect reactive oxygen
species (ROS). Briefly, a 10 mM working stock of 20 ,70-dichloro-
fluorescein-diacetate (DCFH�DA) (Invitrogen) was dissolved in
DMSO. The stock was further diluted in RPMI culture media to
100 μM. The 100 μMDCFH�DA solution was preincubated with
the cells for 20min at 37 �C, after which it was removed, and the
exposure solutions were added. A standard curve was prepared
using H2O2 (100 μM to 3 mM). The plate was read at Ex 485/Em
530 nm. The same experiments were repeated with NR-AL and
NR-AL-ES in RPMI in the presence of 100 units/mL of pen/strep.

Gene Expression. Real-time reverse transcriptase polymerase
chain reaction (RT-PCR) was used to evaluate gene expression
byHaCaT cellswhenexposed toNRs at 5μg/mL. Cellswere seeded
andexposed toNR-AL-ES asdescribed above (1� 105 cells/cm2) in
serum-deprived and pen/strep-deprived RPMI media. After a 6 h
exposure, RNAwas isolated from the cells using a RNA Isolation Kit
(Qiagen). The RNA yield was determined using a NanoDrop
spectrophotometer (ThermoScientific). Following RNA isolation,
c-DNAwas prepared using the RT2 First Strand kit (SABiosciences)
according to the manufacturer's instructions. The stress and
toxicity array (SABiosciences) was used to evaluate the expression
of genes involved in pathways activated by stress.

Data was analyzed based on average threshold cycles (Ct),
which is equal to the cycle number at which fluorescence
generated crosses the fluorescence threshold. The Ct values
were normalized based on themean of Ct values for a set of five
housekeeping genes for each trial. Fold regulation was deter-
mined for each test sample versus the negative control based
on an inverse relationship of the normalized Ct values, which
were averaged for triplicate trials. Genes that were significantly
different for NR-AL-ES versus the negative control were deter-
mined by a Student's t test comparing the normalized Ct values
for each test sample to the negative control. The same experi-
ments were repeated with NR-AL-ES in RPMI in the presence of
100 units/mL pen/strep.
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