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ABSTRACT: The nature of interaction and mechanism of internal-
ization of receptor-avid peptide nanoparticles with cells is not yet
completely understood. This article describes the cellular internalization
mechanism and intracellular trafficking of peptide conjugated receptor
targeted porous Gold nanocages (AuNCs) in cancer cells. We synthesized
and characterized a library of AuNCs conjugated with bombesin (BBN)
peptide. Evidence of selective affinity of AuNC-BBN toward gastrin
releasing peptide receptors (GRPR) was obtained using radiolabeled
competitive cell binding assay. Endocytic mechanism was investigated
using cell inhibitor studies and monitored using optical and transmission
electron microscopy (TEM). Results show AuNC-BBN uptake in PC3
cells is mediated by clathrin mediated endocytosis (CME). Indeed, in the
presence of CME inhibitors, AuNC-BBN uptake in cells is reduced up to
84%. TEM images further confirm CME characteristic clathrin coated pits and lysosomal release of AuNCs. These results
demonstrate that peptide ligands conjugated to the surface of nanoparticles maintain their target specificity. This bolsters the case
for peptide robustness and its persisting functionality in intracellular vehicular delivery systems.

In recent years, nanoparticles have emerged as a promising
drug delivery vehicle to transport cytotoxic drugs or genetic

materials to cancer cells.1 The therapeutic efficiencies of these
delivery systems depend on two important parameters: (i) the
ability to selectively recognize and internalize within a cancer
cell and (ii) the ability to release a payload from endosomes to
the cancer cell cytoplasm.2,3 The selective recognition and
release factors are governed by mechanisms and molecular
processes by which nanoparticles enter and internalize within
cells. Indeed, recent observations suggest that the factors such
as size, shape, and type of surface ligands on the nanoparticle
play a significant role in regulating and modulating cellular
interaction processes.4,5 Nevertheless, a unified mechanism for
nanoparticle internalization and consequential understanding of
molecular events within the cell has yet to be fully
understood.6−11 Therefore, a study focused on understanding
the endocytic mechanism of targeted nanoparticles is vital for
the design and development of therapeutically efficient
nanoparticle-based delivery systems.
Previous studies demonstrated that functional biomolecules

on the surface of nanoparticles play a predominant role in
determining the mechanism for internalization: namely,
clathrin, caveolae, macropinocytosis or phagocytosis, as
shown in Figure 1.12,13 For example, a recent study showed
that gold nanoparticles (AuNPs) functionalized with transferrin

enter cells via a clathrin-mediated endocytosis pathway.14 On
the other hand, AuNP surface modified with Cetuximab
(C225) antibody alters the internalization pathway to the
caveolar mechanism.15 Furthermore, other studies have shown
that morphology of nanoparticles also affects molecular and
signaling events of cellular interaction.16−18 Based upon these
experiments, it is evident that the mechanism of endocytosis
depends on physicochemical properties, as well as specific
functional ligands located on the nanoparticle surface.
However, the endocytic mechanisms proposed so far have
been limited to nanoparticle surfaces conjugated with either an
antibody or small organic molecules.19−21 To the best of our
knowledge, intracellular trafficking studies of receptor-specific
peptide conjugated AuNPs in human cancer cells are
limited.22−24 It is worth noting that peptide-based targeting
of drug molecules and nanoparticles has shown excellent
promise for clinical applications.25,26 There are several
advantages of utilizing a receptor-avid peptide over an antibody
for targeted delivery of nanoparticles that include easy mobility,
low immunogenicity, and ease of synthesis.27,28 For example, a
14-amino-acid Bombesin (BBN) peptide demonstrated specif-
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icity toward gastrin releasing peptide receptors (GRPR) under
in vivo conditions.29,30 GRPR is overexpressed in a variety of
human cancers, such as prostate, breast, and lung cancers.31 We
have previously demonstrated that BBN conjugated gold
nanoparticles (AuNPs) have both in vitro and in vivo affinity
for the GRPR.32,33 Based upon this information, we
hypothesized that BBN conjugated AuNPs internalize in
GRPR expressing human cancer cells using a receptor-mediated
endocytosis (clathrin) mechanism, and subsequently release
from endosomes to the cytosol. To validate this hypothesis, we
synthesized a library of BBN conjugated 45-nm-sized gold
nanocages (AuNCs) to study the mechanistic interactions
between GRPR and AuNC-BBN conjugates.
Pioneering efforts by Xia and co-workers have resulted in the

synthesis and biomedical applications of polyvinylpyrrolidone
(PVP) capped AuNCs.34,35 As demonstrated in several studies,
AuNCs belong to one of the most interesting smart classes of
porous nanomaterials and have potential applications in both
therapy and diagnosis of cancer.20,36 Porous space within
AuNCs enable higher payloads and controlled delivery of drugs
to a desired organ or cellular site.37 Upon delivery, strong
absorption of high intensity near-infrared radiation (NIR) by
the AuNCs can be utilized to release the drug selectively to
cancer cells.38,39 To achieve therapeutic success, it is vital that
AuNCs possess the ability to selectively recognize and
internalize within cancer cells. We designed bombesin peptide
functionalized AuNCs to address this critical need. Herein, we
report results of the following studies: (i) synthesis, stability,
and in vitro characteristics of AuNC-BBN conjugates; (ii)
GRPR affinity of AuNC-BBN conjugates; and (iii) mechanism
and cellular trafficking of AuNC-BBN conjugates in human
prostate tumor cells. Although our present studies elucidate
endocytosis mechanisms that have broader implications, our
experiments were geared toward prostate cancer. According to
the American cancer society, prostate cancer accounts for
nearly 29% (i.e., 241 740 estimated cases) of the total male

cancer cases in the US for the year 2012 alone.40 A previous
study involving 36 human prostate tumor patients demon-
strated that a large majority (83%) of the patients showed very
high density of GRPR (>1000 dpm/mg tissue) in tumor
regions.31 Hence, there exists a significant research and clinical
interest in developing biomolecules to target GRPR that are
overexpressed in human prostate tumor. It is worth noting that
BBN peptide has shown very high in vivo affinity for targeting
GRPR in prostate tumors.23 Several studies have established
that the BBN peptide (agonist) selectively targets GRPRs and
internalize via the receptor mediated pathway.22,30 In the
present study, AuNCs are surface conjugated to BBN peptide
via a modified dithiol linkage to transform the nanocages to be
specific to GRPRs. Owing to the specificity of BBN and the
unique properties of nanocages, the combination of both would
serve as a desired platform for developing novel nanodelivery
systems. Thus, studies of the endocytic route and the
intracellular trafficking of bombesin functionalized nanocages
(AuNC-BBN) in human cancer cells can provide deeper insight
and assist in the development of efficient therapeutic
nanopharmaceuticals with low toxicity.

■ SYNTHESIS AND CHARACTERIZATION
Synthesis of Bombesin Coated Gold Nanocages. We

prepared two different kinds of AuNC-BBN conjugates (see
Scheme 1): (i) AuNC-BBN-PVP nanocage surface coated with

both bombesin peptide and PVP (NC2 and NC3), wherein
NC2 and NC3 differ in concentrations of BBN molecules
present on the cage surface; and (ii) AuNC-BBN-PEG
nanocage surface coated with bombesin peptide and PEG
(NC5 and NC6), wherein NC5 and NC6 differ in
concentrations of BBN coatings on the surface. AuNC-PVP
(NC1) was synthesized as previously reported in the
literature.34,41 The PVP on the surface was partially displaced
using different amounts of thioctic acid-BBN peptide to obtain
NC2 and NC3. In a similar fashion, PVP on NC1 was totally
displaced using thiol-PEG-750 to obtain NC4. Subsequently,
thiol-PEG-750 was partially displaced by different amounts of
thioctic acid-BBN to obtain NC5 and NC6 (see Experimental
Methods section for details on synthesis). All six nanocages
exhibited characteristic UV−visible NIR absorption at 700−750
nm confirming the cage shaped nanoconjugates. Zeta potentials
(ζ) of precursors NC1 and NC4 showed a negative value,
whereas BBN substitution on the surface resulted in significant

Figure 1. Overview of the endocytic pathways involved in internal-
ization of molecules in a mammalian cell. In general, receptor based
internalization of molecules involves clathrin machinery.

Scheme 1. Schematic Illustration of the Synthesis of
Bombesin Conjugated Gold Nanocages
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change in the ζ-potential (Table 1). Increase in ζ-potential
reflected a higher amount of BBN peptide conjugated on the
surface. The sizes of the synthesized cages were determined
using both DLS and TEM methods (Table 1; Figure S4 and S7
(b) in Supporting Information). DLS measurements indicated
size increase from ∼100 nm (NC1) to ∼112 nm (NC3) upon
BBN substitution.42 Size increase was markedly higher in the
case of PEGylated cages, where the size increased from ∼88 nm
(NC4) to ∼142 nm (NC6).43 Further, TEM studies showed
AuNCs are homogeneous, with a wall thickness of ∼7 nm (see
Figures S4 and S5 in Supporting Information). A thin layer of
gold is clearly visible on the face of the cages, and porous spaces
are visible as white spots. Xia and co-workers have shown that
AuNCs contain silver atoms within the interior.44 Indeed, our
quantification studies using flame atomic absorption spectros-
copy (FAAS) showed that the gold−silver ratios in AuNCs is
∼6:1. Furthermore, to confirm the presence of BBN on the
surface, we carried out cyanide digestion of NCs to liberate the
surface bound BBN peptide, and subsequently identified and
quantified the peptide using both UV−visible spectroscopy and
HPLC analysis. In these experiments, gold atoms in NCs were
reacted with cyanide (CN−) to form water-soluble Au(CN)2−

ions.45,46 As a result, the surface bound BBN peptide was
released into the solution and identified by monitoring its (i)
UV-absorption at 280 nm and; (ii) retention time of 11.9 min
in HPLC analysis (see Figures S8−S13 in Supporting
Information for details). Both the analytical methods correlate
with each other. For example, 1 mg of NC3 contained 0.22 mg
of BBN on the surface as determined by UV−visible
spectroscopy and 0.20 mg of BBN using HPLC analysis. In a
similar fashion, NC6 contained 0.15 mg (UV−visible spectros-
copy) and 0.13 mg (HPLC) of bombesin peptide on the
surface (see Table 1).

■ RESULTS AND DISCUSSION

Receptor Affinity of Bombesin Coated Gold Nanoc-
ages. To evaluate the receptor affinity of bombesin function-
alized AuNCs toward GRPRs, we performed the following
experiments using human prostate tumor (PC3) cells. The
rationale for choosing PC3 cells is based on the fact that they
exhibit higher GRPR density (∼44 000 sites/cell) on the
surface compared to other human cancer cells.47 Nano-
conjugates (NC1, NC4, NC3, and NC6) were treated with
fixed PC3 cells for 2 h and analyzed using dark field
microscopy, wherein fixed cells have active receptors on the
surface and all of the components inside the cells are inactive or
dead. Both NC1 and NC4 serve as controls since there are no
BBN peptides attached to their surface. A significant number of
NC3 and NC6 were observed to be attached to the surface of
cancer cells (see Figure 2g−l) in which the gold signals (yellow
spots) correspond to NCs as proven by hyperspectral analysis
(see Figure S14 in Supporting Information). Such an
attachment is expected because receptors are present on the

surface, and the BBN peptide conjugated NC3 and NC6 have
natural affinity to bind to these receptors. As expected, the
controls NC1 and NC4 did not show any preferential
localization on the surface of the cells. Based on this
experiment, it is evident that both NC3 and NC6 recognize
the GRPRs present on the cancer cells. In order to quantify the
GRPR affinity of NCs, we performed in vitro competitive
displacement cell binding assays (IC50) on PC3 cells using
radiolabeled 125I-Tyr4-BBN. In this experiment, we used
nanocages with varying levels of BBN attached to the surface,
anticipating that NCs containing fewer BBN peptides on the
surface should show low affinitythat is, high IC50 values.
Indeed, IC50 values for NC2, NC3, NC5, and NC6 were 32.6 ±
9 ng/mL, 5.8 ± 3 ng/mL, 32.9 ± 17 ng/mL, and 15.6 ± 4 ng/
mL, respectively (Figure 3 and Table 1). As expected, a higher
BBN peptide ratio to gold surface leads to lower IC50 values,

Table 1. Physicochemical Properties of Gold Nanoconjugates

conjugate code conjugate name Au:BBN ζ (mV) hydrodynamic size (nm) IC50 PC3 (ng/mL)

NC1 AuNC-PVP Control −35.2 100.2 NA
NC2 AuNC-BBN-pvp 1:1 −11.9 105.8 32.6 ± 9
NC3 AuNC-BBN-pvp 0.2 mg BBN/mg NC3 (HPLC) 1:3 25.4 111.7 5.8 ± 3
NC4 AuNC-PEG Control −39.7 88.0 NA
NC5 AuNC-BBN-peg 1:1 15.9 150.6 32.9 ± 17
NC6 AuNC-BBN-peg 0.13 mg BBN/mg NC6 (HPLC) 1:3 36.3 142.4 15.6 ± 4

Figure 2. PC3 cells were fixed before treating with nanoconstructs.
GRP receptors present on the cell surface would be active even after
fixing the cells. Bombesin conjugated nanoconjugates recognize these
receptors on the cell surface and bind to them. Representative dark
field backscattering images of fixed PC3 cells after treatment with the
following nanoconjugates: (a−c) NC1; (d−f) NC4; (g−i) NC3; and
(j−l) NC6.
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and to increased binding affinity with PC3 cells. It is worth
noting here that NC3 showed a relatively lower IC50 value
(higher affinity) when compared with NC6. This data further
confirms the estimated BBN amounts analyzed from our
cyanide digestion experiment.
Cellular Internalization Pathway of Bombesin Coated

Gold Nanocages. Cells streamline their metabolic processes
for maximum efficiency by creating various pathways through
which they distinguish different types of signals, energy
resources, and recycle components required for self-suste-
nance.48,49 These pathways are either receptor (specific) or
nonreceptor (nonspecific) processes (Figure 1). Receptor
specific pathways in cells utilize adaptor proteins to recruit

molecules such as clathrins or caveolins (to compartmentalize
incoming molecules after receptor binding); these are referred
to as clathrin-mediated endocytosis (CME) or caveolae
mediated pathway.50,51 On the other hand, nonreceptor
pathways are known to be based on macropinocytosis or
phagocytosis.52 AuNC-BBN conjugates could utilize either one
of the pathways for internalization. In order to understand the
mechanism of internalization, we utilized well-known inhibitors
to block specific pathways. The techniques used to analyze and
quantify are discussed in the following sections.

Energy Dependent or Independent Pathway? To evaluate
whether or not the cellular internalization of bombesin-coated
AuNCs are mediated by energy dependent endocytosis, we
incubated NC3 or NC6 with PC3 cells at 4 °C and monitored
their uptake using optical microscopy. If the internalization
process is energy dependent, then a decreased uptake of
AuNCs should be observed. Indeed the uptake of AuNCs
within the cells was significantly reduced at 4 °C when
compared with that of internalization at 37 °C (see Figure S19
in Supporting Information). This result confirms that active
endocytic pathways were involved in the transport of AuNC-
BBN cages within the tumor cell. It is worth noting here that a
similar decrease in uptake of biomolecule-coated gold nanorods
was observed at 4 °C in HeLa cells, normal bronchial epithelial
cells, and primary adult stem cells.18,53 Yet, interestingly,
Casibang et al. have shown that bombesin peptide analogs show
decreased cellular uptake at 4 °C in GRPR expressing cancer
cells.54 Taken together, it is evident that AuNC-BBN
conjugates internalize through an energy dependent pathway
in PC3 cells similar to other bombesin analogs and biomolecule
conjugated nanorods.32 As NC3 shows higher dynamic-
aggregation in cell media, results do not truly reflect
mechanistic characteristics. Further experiments utilized NC6
due to its higher stability toward aggregation in cell media.
Therefore, we chose to focus our further investigation on NC6
rather than NC3 (see Figures S15 and S16 in Supporting
Information).

Clathrin/Caveolae or Macropinocytosis/Phagocytosis? It
has been established that clathrin or caveolae based pathways
are dynamin dependent while macropinocytosis or phagocy-
tosis are not.55,56 Therefore, we investigated the dynamin
pathway dependency of NC6 to internalize within the cells and
thereby differentiate between these pathways. Dynamin plays a
key role in vesicular scission of a clathrin or a caveolar pit, at the

Figure 3. Inhibition of 125I-Tyr4-BBN binding to GRP receptors
overexpressed in human prostate tumor cell line by (a) NC2, (b)
NC3, (c) NC5, and (d) NC6. All nanoconjugates exhibited
characteristic sigmoid curves for the displacement of radiolabeled
bombesin conjugates from cancer cells with increasing concentrations
of nanoconstructs. Both NC3 and NC6 showed excellent IC50 values
compared to lower bombesin peptide containing NC2 and NC5,
respectively.

Figure 4. Bombesin conjugated nanocage NC6 requires dynamin for entry in PC3 cells. NC6 was treated with PC3 cells in the presence and absence
of a dynamin inhibitor. Representative dark field images (100× magnification, stained with DAPI and CellMask, oil immersion) of cells in the (a−c)
absence and (d−f) presence of dynamin inhibitor.
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cellular membrane, for subsequent budding and internal-
ization.57,58 In order to evaluate whether NC6 follows a
dynamin pathway, we used dynasore hydrate to block dynamin
function, thereby arresting clathrin and caveolae mediated
endocytosis.59,60 In the present study, we treated PC3 cells with
dynasore, followed by treatment with NC6 for 4 h. Cells were
subsequently monitored using dark field back scattering images.
Gold signals in the cells provided the measure of internal-
ization. Indeed, in comparison to the untreated cell (Figure 4a−
c), a significant decrease in gold signals was observed for
internalization of NC6 in PC3 cells treated with dynasore
(Figure 4d−f). These results indicate that internalization
follows the conventional trend of dynamin dependent internal-
ization pathway (i.e., clathrin or caveolae pathway) and
independent of phagocytosis and macropinocytosis. Similar
results were obtained by Yang and co-workers to explain a
dynamin and clathrin dependent uptake of nanoclusters.61 Of
interest to the present study, Rotello and co-workers have
shown that AuNPs surface functionalized with nontargeting
cationic ligand moiety enter into nonmalignant cells via a
dynamin dependent, caveolae pathway.12 We performed further
mechanistic evaluation to interpret whether AuNC-BBN
internalizes by either a caveolae or clathrin pathway.
Clathrin or Caveolae? As a next step, we independently

blocked caveolae and clathrin pathways in the cell using well-
known inhibitors and studied the internalization characteristics

of AuNC-BBN (NC6). The caveolae pathway functions via
formation of pits along the membrane supported by cholesterol
dependent caveolin networks.62,63 For inhibiting the caveolae
pathway, we used cholesterol depletors such as methyl-β-
cyclodextrin (MβCD) or filipin.64−67 PC3 cells were pretreated
with inhibitor followed by AuNC-BBN conjugate for 4 h.
Subsequently, the cells were imaged using dark field
microscopy, and the images confirmed moderate accumulation
of nanoconjugates in cell cytoplasm (Figure 5a−f). This
observation established that AuNC-BBN uptake in PC3 cells
is via a caveolar independent process. These results can be
interpreted as a clathrin dependent process as proposed in
similar inhibition work by Zhao et al.68 Furthermore, in order
to prove CME as the major endocytic pathway, we blocked the
clathrin machinery in the cancer cells and studied the
internalization of AuNC-BBN. During the CME process, AP-
2, amphimysin, and clathrin serve as adaptors to form vesicular
clathrin coated cages.57,69 Blocking the adaptors using
inhibitors such as anti-clathrin antibodies, chlorpromazine
(AP-2 redistributor), or Pitstop-2 (amphimysin interferer)
destabilize the formation of clathrin cages and subsequently
arrest CME.67,70 In other words, arresting CME in cells should
result in decreased internalization of AuNC-BBN conjugates.
PC3 cells were independently pretreated with inhibitor
followed by AuNC-BBN treatment for 4 h. The treated cells
show significant decrease in AuNC-BBN uptake as shown in

Figure 5. Caveolae inhibitors MβCD and filipin did not influence the internalization of NC6 in PC3 Cells, whereas clathrin inhibitors anti-clathrin
antibody, chlorpromazine and pitstop-2 significantly influence the internalization. Representative dark field images (100× magnification, stained with
DAPI and CellMask, oil immersion) of cells treated with caveolae inhibitors (a−c) MβCD; (d−f) Filipin; and clathrin inhibitors (g−i) X-22 anti-
clathrin antibody; (j−l) Chlorpromazine; and (m−o) Pitstop-2.
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Figure 5g−o. These images showed large number of cells
devoid of AuNCs. Thus, these results established that AuNC-
BBN conjugates enter into cells using CME.
Subsequently, for quantification of AuNC-BBN internalized

in PC3 cells we utilized neutron activation analysis (NAA)
technique. Using this technique, the amount of gold present in
the cells was estimated. Specifically, NC6 internalized in cells
pretreated with inhibitors (clathrin and caveolae) was
compared with untreated cells. As expected, clathrin inhibitors
reduced AuNC-BBN conjugate internalization in the cells by
20% (see Figure S21 in Supporting Information). However,
due to nonspecific adsorption of AuNCs on the substrate the
results were erroneous. To circumvent the problem of
nonspecific binding of AuNCs, we pretreated the substrate
with poly-L-lysine before seeding the cells; subsequently, the
cells were treated with NC6. After treatment, cells were sorted
using flow cytometry (see Figure S22 in Supporting
Information). Cells that were internalized with NC6 were
analyzed using NAA technique (see Figure S23 in Supporting
Information). As shown in Figure S23, cells that were
pretreated with clathrin inhibitors (anti-clathrin antibody and
Chlorpromazine) showed significant reduction in internal-
ization. On comparison with untreated cells, we observe that
there is a reduction of ∼60% (in the case of antibody) and
∼85% (in the case of chlorpromazine) in internalization of
NC6. These results further independently validate that
bombesin conjugated nanocages internalize via clathrin
mediated endocytosis. We also utilized dark field backscattering
microscopy for quantification of internalized NC6 in PC3 cells.
In this microscopic technique, a given field of view enabled
visualization of multiple cells. AuNC-BBN nanoaggregates
present within the cell showed gold signals (bright yellow
spots). Using the field of view, the average number of
nanoaggregates present in 200 cells was used to compare the
accumulation of AuNC-BBN in cells (see Experimental
Methods section for details). The very nature of having a
huge sample size (i.e., number of cells on substrate) allowed us
to average and quantify aggregates as a basis of comparative
internalization. The quantification study revealed a decrease in
total equivalent uptake of 85.97% and 85.90% for clathrin
inhibitors (chlorpromazine and pitstop-2) compared to un-
treated controls. In the colocalization study using X-22 anti-
clathrin antibody, nanocage uptake decreased by 81.23%. On
the other hand, caveolar inhibition showed only a meager
23.85% reduction in uptake compared to untreated controls
(Figure 6). Earlier reports showed similar reduction in free
BBN peptide uptake for clathrin blocking studies using
fluorescence analysis.22 These results show that AuNC-BBN’s
internalization in cells depends on clathrin machinery. Other
endocytic transit routes such as caveolae (lipid transport) and
novel uninvestigated pathways may endocytose in parallel at
low transit sustenance.71 These types of internalizations can be
due to cross-linking or charge based nanoparticle coupling
effects. This effect increases the total package size (x > 300 nm)
and allows a cell to take up the package via other routes, since
clathrin mediation is size dependent, where x is the average
nanocluster diameter.72 This behavior has also been attributed
to uptake wrapping times where NP surface energy is supposed
to play a key role.73,74

Cellular Trafficking of Bombesin Coated Gold
Nanocages. In order to understand the endocytic mechanism
and intracellular fate of nanocages, we utilized transmission
electron microscopy (TEM). TEM images provided valuable

subcellular location of nanoconjugates that aid in explaining the
endocytic steps involved in CME. The seven major steps
(represented in Figure 7−13) are outlined as follows.

Step 1, Prebinding. A prebinding environment is a crucial
step for determining the method of internalization. AuNC-BBN
can present itself in monomeric, dimeric, or multimeric
(aggregated) forms to the cellular surface. If AuNC-BBN
utilizes CME as a process of internalization, its dynamical
aggregates should not exceed the 300 nm size limit.72 Indeed,

Figure 6. Quantitative analysis of NC6 internalized in PC3 cells in the
presence and absence of caveolae and clathrin inhibitors using optical
microscopy technique (dark field fluorescence illumination). The
legend indicates the following: (UNT) untreated; (DYN) dynamin
pathway blocked with Dynasore; (CAV-MβCD) caveolae pathway
blocked with methyl-β-cyclodextrin; (CAV-FIL) caveolae pathway
blocked with filipin; (CLT-X22AB) clathrin pathway inhibited during
colocalization by anti-clathrin antibody; (CLT-CLOR) clathrin
pathway blocked with chlorpromazine; (CLT-PIT2) clathrin pathway
blocked by Pitstop-2. The nanoparticles in two hundred cells were
monitored and quantified. Each visible gold signal, i.e., nanoaggregate,
was approximated as one unit. PC3 cells treated with clathrin
inhibitors internalize fewer AuNCs.

Figure 7. (a,b) TEM images of NC6 in a prebinding cellular
environment (see arrows). (c) Schematic representation of the
prebinding cellular environment. (Molecules depicted in all subse-
quent steps can be identified using a glossary available in the
Supporting Information; Figure S28.)
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TEM images of the prebinding environment show that NC6
presents itself to a cancer cell in the form of monomeric or
trimeric AuNC nanoclusters which do not exceed the 300 nm
size limit (Figure 7). Therefore, the CME process would be a
predominant mode of internalization.
Steps (2) Post-Binding Signal Cascade and (3) Membrane

Curving. These steps trigger many molecular changes within
cells which cannot be captured by TEM imaging (Figure 8). It
is expected that after AuNC-BBN binds to GRPR present on
the cell surface, the βγ-trimeric subunit of the G-protein is
phosphorylated by the G-protein receptor kinase (GRK).75

Subsequently, activation leads to GRPR C-terminal exposure

and arrestin dependent regulation for incoming nanocages.76,77

Once such signals have been communicated, the first and most
significant event is the formation of positive curvature toward
cytosol in the plasma membrane near the receptor.42,44

Figure 8. (a,b) Binding of NC6 with GRP receptors on PC3 cancer
cells is shown in TEM images. The TEM images show postbinding
signal cascade and membrane intrusion environment within cells (see
arrows). (c) Schematic representation of the above environment
depicting the important events.

Figure 9. (a,b) Binding of NC6 results in curving of the cellular
membrane as observed in TEM images. Thickening of membrane is
observed at these sites (see arrows). (c) Schematic representation of
effector recruitment needed for initial curvature.

Figure 10. Formation of clathrin coated pits in the cellular membrane
is characteristic of clathrin mediated endocytosis of NC6. (a,b) Before
internalization of nanocage the membrane pit formation is observed in
TEM images along the cellular membrane (labeled with arrows). (c)
Schematic representation of the primary invagination and clathrin cage
formation (scaffolding complexes lining the pit are now shown as a
blue dotted line for simplicity).

Figure 11. Transformation of clathrin pits to nascent vesicles. (a,b)
TEM images showing pit closure and characteristic clathrin coated
vesicles (CCVs). The arrow in part (a) indicates the point of
tubulation where the dynamin ring would be present and (b) CCV
containing a single nanocage. (c) Schematic representation of scission
and budding operations involved in CME.
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Membrane curving would reflect a postbinding scenario as
evident in TEM images (Figure 9). It is believed that, after
binding, Epsin associates with Eps15 and intersectins to form a
primary invagination complex leading to widespread induction
for membrane curving of the cell.58,78 The curved membrane
triggers clathrin and AP2 to form the cage within that area of
binding.66 It is worth noting here that we studied the
internalization of NC6 in the presence of AP2 redistributing
agent (chlorpromazine).79 Chlorpromazine causes redistribu-
tion of AP2 near the membrane by directing them to
endosomes.80 Due to lack of AP2 concentration, clathrin
cages did not form, thereby reducing endocytic trafficking of
NC6 at the membrane (Figure 5). In addition we selectively
blocked action of clathrin molecules by pretreating cells with
anti-clathrin antibodies (X-22). As expected, internalization of
NC6 was reduced within cells (Figure 5).
Steps (4) Pit Formation and (5) Vesicular Scission. These

steps confirm that NC6 internalizes via CME into cells.81 The
uptake of AuNCs via CME was confirmed by characteristic
clathrin coated pit formations along the cellular membrane as
shown in TEM images (Figure 10). For purposes of simplifying
the schematic representations, the membrane effectors and
scaffolding complexes lining the pit are now represented as a
blue dotted line over the pit area as depicted in Figure 10. It is
also evident from the TEM images that the neck of the pit
starts narrowing (becoming tubulated) toward the membrane
leading to vesicular budding of clathrin coated vesicles or CCVs
(Figure 11). The neck narrowing is known to be specific with a
dynamin associated CME process. In previous sections, we have
shown that inhibition of dynamin (using “dynasore”) resulted
in poor internalization of AuNC-BBN within cells. Further-
more, we see similar inhibition when cells were pretreated with

pitstop-2 that interferes with amphimysin, which closely
associates with dynamin.70 Altogether, the results confirm a
dynamin dependent uptake for AuNC-BBN.

Steps (6) Clathrin Uncoating leading to Endosomal
Transport, and (7) Lysosomal Accumulation and Release.
Immediately after scission of AuNC-BBN containing vesicles,
the clathrin coat is uncoated to prevent it from impeding its
transport to early endosomes. Vesicular transport is a well-
known process and its role in CME has been demonstrated
earlier.82−84 Figure 12 shows budded vesicles with half
hemispherical thickness (clathrin uncoated vesicle). Moreover,
nanocages in nascent vesicles seem to be firmly tethered to the
inner wall (see Figures S26 (a) and S27 (a) in Supporting
Information). This tethering displays the “AuNC-BBN-GRPR”
binding strength on the inner wall following the pit formation
and intake. This characteristic pattern follows through the early
endosome and late endosomal accumulations where the
endosomal pH is supposed to be similar. A noticeable increase
in AuNC particle number within late endosomes due to fusion
of multiple early endosomes is seen in TEM images (Figure
12). Further, late endosomes sort into lysosomes via ESCRT
complex association.85−87 Figure 13a also highlights freely
floating nanocages in accumulated lysosomes confirming that
AuNC-BBN disassembles from the GRPR. Le Roy and others
have explained this mechanism in terms of deubiquitination of
receptors.85,88,89 Deubiquitination occurs in order to signal
cargo processing components that the receptor has finished
serving its purpose, after which they are recycled or degraded
depending on HRS association.88−90 Eventually AuNC-BBNs
would be subjected to lysosomal release as evident in Figure
13b. Previous studies have shown that peptides that undergo

Figure 12. Trafficking of nanocages within cells is controlled by the
method of endocytosis. NC6 conjugates were internalized via CME
process. (a,b) TEM images show uncoating of clathrin coated vesicles
(labeled with arrow) and their transport within cells as early
endosomes. (c) Schematic representation of uncoating and vesicular
transport of nascent internalized vesicle.

Figure 13. Release of nanocages from lysosome is an important event
in trafficking. (a,b) TEM images showing NC6 unbinding within
lysosomes. The arrows in the figure indicate AuNCs present in
cytoplasm after their eventual lysosomal release. (c) Schematic
representation of the endosomal receptor recovery and lysosomal
degradation process.
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receptor mediated internalization within cells degrade in
lysosomes.91 After degradation, the receptors are recycled to
surface membrane. Bombesin peptide undergoes similar
degradation and the GRP receptors are expressed back to the
cellular surface.92 In the present study, bombesin containing
NC6 degrades in lysosomes and enhances the release of
nanocages to cytoplasm. According to Chu et al., one other
governing factor which can lead to release from lysosomes to
cytoplasm can be attributed to anisotropic shape of
nanocages.93 This event can lead to eventual rupture of
lysosomal membrane and cytosomal accumulation of nanoc-
ages. As explained in Figures 7−13, CME is a highly dynamic
process with recruitment of various biomolecules including
adaptors, operators, constructors, and motor proteins working
in tandem. Our studies have established that nanocages can be
utilized to track the modulation of biomolecules that are
involved in endocytic pathway within the cells. Altogether this
clearly proves that AuNC-BBN uptake depends on CME. It is
important to note that Juliano and co-workers also showed
BBN’s dependency via CME, therefore indicating no loss in
peptide specificity when conjugated to a passive delivery
nanocarrier (AuNCs).22

■ CONCLUSIONS

A library of bombesin conjugated gold nanocages was
synthesized and characterized using conventional analytical
techniques. In vitro experiments revealed that AuNC-BBN
conjugates have high affinity toward GRPRs that are overex-
pressed on the PC3 cell surface. These selective recognition
characteristics could be significantly important in designing
targeted therapeutic nanodelivery systems for treating tumors.
Similar to BBN peptide, AuNC-BBN internalized predom-
inantly via a CME process in GRPR expressing human cancer
cells. This data confirms that the intrinsic targeting character-
istic of bombesin is retained even after conjugating with
AuNCs. Most importantly, this study demonstrates that surface
ligands play a crucial role in internalization and subsequent
trafficking of nanoparticles. Furthermore, electron microscopy
studies confirm stepwise molecular events of interaction of
AuNC-BBN with tumor cells. This mechanistic insight opens
the door for future targeted delivery of peptide conjugated
nanoparticles to oncology applications.

■ EXPERIMENTAL METHODS

Synthesis of NC1. Silver nanocubes were used as the
starting template for gold nanocage synthesis. Nanocubes were
synthesized by a polyol reduction process using silver nitrate to
form silver seeds, as published by Xia and co-workers.41 Briefly,
the slightly modified procedure is given as follows: 60 mL
ethylene glycol was taken in a (3-necked) 250 mL round-
bottom flask and heated to 150 °C under constant stirring
around 350 rpm for 50 min. Argon gas at 20 kPa was
introduced through a nozzle above the solution for 10 min.
After initial argon flushing, the remaining reaction was
performed under argon gas at 10 kPa. 0.7 mL of sodium
hydrosulfide dissolved in ethylene glycol (3 mM) and 15 mL of
polyvinylpyrrolidone (PVP) dissolved in ethylene glycol (20
mg/mL; MW 55 000) were then added in quick succession.
After 8 min, 5 mL of AgNO3 dissolved in ethylene glycol (48
mg/mL) was quickly added into the reaction solution. Within
moments of addition of AgNO3, a light yellow solution was
observed and after 20 min it turned to green ochre. The

reaction was stopped at this moment and cooled in an ice bath
for 5 min. The reaction mixture was centrifuged and the pellet
was washed once with acetone and 6 times with water to
remove excess PVP. Finally, washed silver nanocubes were
dissolved in 10 mL water. Gold nanocages were then
synthesized by a previously reported procedure.34,94 Briefly,
the slightly modified procedure is given as follows: AuNCs
were synthesized by titrating prepared silver nanocubes with
HAuCl4 in the presence of PVP as a stabilizer. Initially, 10 mL
of PVP dissolved in water (2 mg/mL; MW 55 000) was taken
in a (2-necked) 300 mL round-bottom flask and 10 mL
prepared silver nanocubes was then pipetted into the flask.
Flask was heated to 100 °C under constant stirring around 400
rpm for 5 min. HAuCl4 (0.9 mM) was injected at a rate of 45
mL/h using a syringe pump until the reaction mixture gave a
UV−vis absorbance maximum at 750 nm. After addition, the
reaction mixture was cooled in an ice bath for 5 min. The
solution was centrifuged (7000g) for 20 min. Supernatant was
discarded and the pellet was washed with water containing 400
μL of NH4OH to remove AgCl from the product.94

Subsequently, the solution was centrifuged 6 times with water
to remove excess PVP (10 000g for 10 min). Final purified
product NC1 was further concentrated and freeze-dried for
storage at −20 °C.

Synthesis of NC2 and NC3. Five mg of NC1 was
suspended in 2 mL of water in a vial by sonicating for 10 min,
and kept at constant stirring conditions around 200 rpm.
Thiolated BBN (MW 1129) dissolved in 2 mL methanol was
added according to 1:1/1:3 Gold-BBN molar ratio (unless
otherwise indicated, all experiments utilized the 1:3 ratio). After
12 h incubation at room temperature, the centrifuged pellet was
washed twice with methanol to remove free bombesin, followed
by 6 washings in water. Final products (AuNC-BBN-PVP) were
labeled NC2 (1:1 ratio) and NC3 (1:3 ratio). Products were
further concentrated, freeze-dried, and stored at −20 °C.

Synthesis of NC5 and NC6. Five mg of NC1 in 2 mL of
water was sonicated for 10 min. To this solution, thiolated PEG
(MW 750) dissolved in 2 mL water was added according to 1:3
Gold-PEG molar ratio. After 12 h incubation at room
temperature, NC4 was obtained and washed 6 times in water
and subsequently incubated with modified thiolated Bombesin
peptide (Lipoic-QWAVGHLM-NH2) to bind to gold surface.
Two mL of NC4 was taken in a vial and kept at constant
stirring conditions around 200 rpm. Thiolated BBN (MW
1129) dissolved in methanol was added according to 1:1/1:3
Gold-BBN molar ratio (unless otherwise indicated all experi-
ments utilized the 1:3 Au:BBN ratio). After 12 h incubation at
room temperature, suspension was centrifuged at 10 000g for
10 min, and the pellet was washed twice with methanol to
remove free BBN, followed by 6 washings with water. Final
products (AuNC-BBN-PEG) were labeled NC5 (1:1) and NC6
(1:3). Products were further concentrated, freeze-dried, and
stored at −20 °C.

Characterization of AuNCs. Nanocages synthesized in this
study were characterized using UV−vis spectroscopy, TEM,
DLS, and NTA measurements. As described in the synthetic
protocol, AuNCs are synthesized using silver nanocube
templates which have UV−vis absorption at 410 nm shown
in Figure S1 (see Supporting Information). The silver
nanocubes are reduced with gold salt and etched to increase
porosity. Resulting AuNCs have a broad UV−vis absorption at
the NIR region as shown in Figure S2 (see Supporting
Information). As the templates were cubic in nature, nanocages
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are also hollow cubic structures as confirmed by TEM images
(Figure S3 and Figure S4 in Supporting Information). We
estimated the thickness of the surface of the AuNCs to be ∼7.0
nm. The face of the cube contains gold atoms with porous
space inside the cage (Figure S4 in Supporting Information).
Although their core sizes appear similar in TEM there is a
noticeable change in hydrodynamic size and ζ-potentials (Table
S1 in Supporting Information). The homogeneous size of
AuNCs is corroborated using nanoparticle tracking analysis
(NTA) shown in Figure S5 (see Supporting Information).
Estimation of Bombesin. To identify and confirm the

presence of bombesin on the surface of the nanoparticles after
conjugation, AuNCs were dissolved in methanol and digested
using sodium cyanide. This digestion process detaches
bombesin molecules from the surface of nanoparticles.
Subsequently, bombesin peptide was identified by its UV−vis
absorption peak at 280 nm. Bombesin peptide was unaffected
in the presence of NaCN as established in our control reaction.
For this experiment, 0.4 mg/mL SS-BBN dissolved in methanol
was taken as the control. It is important to note that SS-BBN
treated with saturated NaCN methanol solution showed no
effect in UV−vis spectral absorption. Each nanoconjugate
(equal concentration) were separately taken in two vials. One
vial had pure methanol as solvent taken as control while the
other had NaCN dissolved methanol. After 5 min of treatment,
UV−vis measurements were performed and the results were
compared with control study. UV−vis measurements were
taken for two ranges: 230−380 nm and 220−950 nm to show
BBN peak and AuNC digestion, respectively. In order to
estimate BBN, NC3 and NC6 with known dry weight and
known gold amounts were digested for 5 min in NaCN
solution, and further centrifuged two times in order to obtain a
supernatant free of any remaining precipitates. Bombesin
peptide’s standard concentration curves were prepared for
estimation using spectroscopy and HPLC techniques.
UV−vis spectra and TEM of NC3 and NC6 are shown in

Figure S7 (see Supporting Information). Bombesin peptide was
identified using UV−vis spectroscopy and HPLC. In UV−vis
spectroscopy, SS-Bombesin showed a peak at around 280 nm
(see Figure S8 in Supporting Information). In HPLC, SS-BBN
showed a retention time of 11.9 min (CH3CN-H2O gradient
system) and monitored using UV detector (280 nm) as shown
in Figures S12 (see Supporting Information). The presence of
SS-BBN in the supernatant was observed after digestion of
nanocage NC3, while for its control NC1 (devoid of SS-BBN
on surface) no corresponding absorption peak was observed
after nanocage digestion as shown in Figure S9 (see Supporting
Information). This data confirms the presence of unbound
BBN after AuNC digestion. Similarly the peak for SS-BBN was
visible after NC6 digestion, while for its control NC4 (devoid
of SS-BBN on surface) no corresponding peak was observed
after nanocage digestion. Results are shown in Figure S10 (see
Supporting Information). Concentration curves were recorded
in order to estimate bombesin amounts in NC3 and NC6 as
shown in Figure S11−S13 (see Supporting Information).
Cell Culture. PC3 human prostate carcinoma cells (ATCC,

USA) were grown in RPMI 1640 medium (obtained from
Gibco BRL, Grand Island, NY). The media was supplemented
with 4.5 g/L D-glucose, 25 mM Hepes, 0.11 g/L sodium
pyruvate, 1.5 g/L sodium bicarbonate, 2 mM L-glutamine, 10%
heat-inactivated fetal bovine serum (Atlanta Biologicals, USA),
and 1% penicillin/streptomycin antibiotic solution. Cells were

cultured in a humidified atmosphere of 95% air and 5% CO2 at
37 °C (Thermo Scientific, USA).

In Vitro Stability Studies and MTT Assay. The stability
of NC3 and NC6 was investigated in biologically relevant
solutions with respect to time. Nanoconjugates (800 μL) were
suspended in 6 different solutions (200 μL), namely, 0.9%
sodium chloride, 0.5% bovine serum albumin, 0.5% human
serum albumin, 0.5% cysteine, 0.2 M histidine, and 1×
phosphate buffer saline. Stability of nanoconjugates was
monitored using UV−vis absorption of gold nanocages vs
time for 1 and 24 h periods, respectively. Both NC3 and NC6
appear to have high stability within the 24 h time period as
shown in Figure S15−S16. As a whole, PEGylated particles
appear to be more stable and show higher solubility. Visible
aggregates of NC3 were observed in the vial after dissolution.
In sharp contrast, NC6 remained stable during the study
period.
For in vitro toxicity assays, MTT tests were performed for all

nanoconjugates (NC1−NC6) to investigate the cytotoxicity in
PC3 cells (5 × 105 cells/well; 37 °C). Cells at exponential
growth phase were seeded in a flat bottom 96-well polystyrene
coated plate and incubated for 12 h at 37 °C. Various
concentrations of nanoconjugate solutions (NC1−NC6) in
media were prepared: 2.5 μg/mL, 5 μg/mL, 10 μg/mL, 25 μg/
mL, and 50 μg/mL. Each sample was tested in triplicates for
statistical analysis. After 24 h incubation, 10 μL per well MTT
(stock solution 5 mg/mL 1× PBS) (ATCC, USA) was added
and kept for 4 h, and the formazan crystals so formed were
dissolved in 100 μL detergent/solubilizing buffer. The plates
were kept for 2 h in the dark at 25 °C to dissolve all crystals,
and the intensity of developed color was measured using a
Biotek Epoch plate reader operating at 570 nm wavelength.
Wells with complete medium, nanoparticles, and MTT, but
without cells, were used as blanks. Untreated cells were
considered 100% viable. Intensities were then represented as
dosage vs viability response charts. Cytotoxicity studies
performed using MTT assay show relative cell viability of
60% for higher doses up to 50 μg/mL. It is evident from Figure
S17 (see Supporting Information) that nanoconjugates with
bombesin seem to be relatively toxic compared to BBN devoid
counterparts. NC1 and NC4 controls show gradual decrease in
viability, while NC2, NC3, NC5, and NC6 plateaus to 70−80%
viability for all concentrations.

Determination of IC50 Values. Half maximal inhibitory
concentration (IC50) values were determined for NC2, NC3,
NC5, and NC6. Results were derived by radioactive assays in
PC3 cells by comparing specificity of nanocage to that of
radioactive bombesin analogue 125I-Tyr4 BBN (GRPR specific
peptide) in a competitive binding assay. Approximately 30 000
cells were incubated at 37 °C for 40 min under 5% CO2 in the
presence of 20 000 cpm 125I-Tyr4-bombesin (2200 Ci/mmol).
Along with the radioactive BBN analogue, nanoconjugates were
coincubated in PC3 cells with increasing dosage. After
incubation, the reaction medium was aspirated, and cells were
washed three times with cold RPMI 1640 modified buffer. Cell
bound radioactivity was then measured by a Packard Riastar γ-
counter. IC50 values were calculated using GraphFit 4.0
graphing software to plot dosage response curves where values
were represented in μg/mL. Each sample was tested in
triplicate for statistical analysis as shown in Figure S29 (see
Supporting Information). Final values were calculated in ng/
mL.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc500295s | Bioconjugate Chem. 2014, 25, 1565−15791574



Hyperspectral Imaging. Optical microscopy for nanocage
cellular internalization studies was performed using the
Cytoviva dark field fluorescence microscope. In the image,
gold signals were observed for AuNCs. As a first step, we
proved that gold signals correspond to light scattered from the
surface of AuNCs. To prove that the gold signals (or yellow
spots) were AuNCs, we matched the hyperspectral profile of
AuNCs with and without cells over a glass coverslip used for
microscopy. AuNCs have a characteristic UV−vis absorption at
the ∼790 nm due to surface plasmon resonance. However, they
also have a characteristic reflectance in the red band of the
visible spectrum. In a dark field microscopic study, AuNCs
illuminate in the red band, and the scattered light can be
recorded as a hyperspectral profile. Therefore, spectral profiles
for AuNCs on an empty glass slide and AuNCs in cells were
compared for a match. Indeed, we see similar profiles for
bombesin conjugated AuNCs with and without cells as shown
in Figure S14 (e and f) (see Supporting Information). The
spectral profile data confirm that the gold signals (bright yellow
spots) in cell slides are AuNCs. Spectral library was constructed
by assembling the scattering characteristics of multiple
nanocages. The spectral profile for AuNCs inside the cells
was similar to that of control AuNCs. For these experiments,
we used the following protocol: 2 μL of dilute bombesin
conjugated AuNCs was sandwiched between a clean glass slide
and a coverslip. After drying for 10 min in a 40 °C hot air oven,
the slide was focused under the dark field microscope at 100×.
Using ENVI imaging software, spectral profiles for AuNCs were
recorded. Similarly, microscope slides containing nanoconju-
gate incubated cells were also viewed and a spectral library was
made, and later matched with the control.
Pathway Blocking Study. In order to investigate the

endocytosis of nanoconjugates in cells, the conjugates were
analyzed for both caveolae and clathrin mediated endocytosis.
All nanoconjugates (NC1−NC6) were selectively studied
under the following regime: (a) cells without any inhibitors;
(b) cells blocked for clathrin mediated endocytosis; (c) cells
blocked for caveolae mediated endocytosis; (d) all modes of
endocytosis blocked for cells treated at 4 °C. For all these
experiments, PC3 cells were grown in 6-well plates (5 × 105

cells/well). Treatment concentrations in each well for clathrin
blocking study were 10 μM chlorpromazine (affects AP2
distribution and clathrin lattice assembly) and 2 μM
cytochalasin D (assists blocking actin function). Treatment
concentrations in each well for caveolae blocking study were 5
mM methyl-β-cyclodextrin (blocks lipid raft mediation via
cholesterol depletion) and 100 μM amiloride (blocks macro-
pinocytosis via submembranous acidification). All samples were
treated with inhibitors for 30 min followed by nanocage
treatment (50 μL of 0.2 mg/mL) for 2 h at 37 °C. For energy
dependent study (blocks all modes of endocytosis), cells were
incubated for 30 min at 4 °C, followed by nanocage treatment
(50 μL of 0.2 mg/mL) for 2 h at 4 °C conditions. For
additional controls, PC3 cells were not incubated with any
nanocages. After 1 h treatment, cells were washed to remove
unbound nanocages, and microscopic slides were prepared with
DAPI nuclear stain. Endocytosis in PC3 cells were then
observed using Cytoviva dark-field imaging (100× oil).
Dark field imaging was utilized for investigating the cellular

internalization of nanocages at both 37 and 4 °C. High
concentrations of NC3 and NC6 were internalized in PC3 cells
at 37 °C; however, the internalization was drastically reduced
under 4 °C (see Figure S19 (a−d) in Supporting Information).

This result indicates AuNCs cellular uptake process to be based
on an energy dependent pathway. To understand the endocytic
pathway response to surface coating, nanoconjugates NC1,
NC3, NC4, and NC6 were investigated for possible
associations with caveolae and clathrin transport mechanisms.
As shown in Figure S20 (g and h) (see Supporting
Information), NC3 and NC6 did not internalize after the
clathrin pathway was blocked. In contrast, NC1 intake is
affected by blocking the caveolae pathway as seen in Figure S20
(a) (see Supporting Information). The figure also indicates that
PEGylated particles do not internalize within the time frame of
incubation (see Figure S20 (b and f) in Supporting
Information).
Further detailed experiments were carried out to elucidate

the mechanism of cellular internalization of NC6. In this study,
we selectively blocked certain pathways that are required for
trafficking into cells. Initially a live control study was established
followed by a dynamin pathway blocked study. After a decrease
in uptake was found in dynamin blocked cells, clathrin
mediated and caveolae mediated endocytosis regimes were
studied in PC3 cells. Internalization and subsequent accumu-
lation were analyzed using Cytoviva dark field imaging for NC6.
A known number of PC3 cells (5 × 105 cells/well) were seeded
in 6-well plates. NC6 was subjected to seven experiments: (a)
live control without any inhibitors; (b) dynamin pathway
blocked cells using dynasore hydrate; (c) colocalization with 3
μg/mL X-22 anti-clathrin antibody; (d) two experiments for
blocking clathrin pathway using chlorpromazine and pitstop-2;
and (e) the other two experiments for blocking caveolae
pathway using methyl-β-cyclodextrin and filipin. Treatment
concentrations in each well for dynamin blocking study was 80
μM dynasore hydrate, while for clathrin blocking study they
were 20 μM chlorpromazine and separately 25 μM pitstop-2.
Treatment concentrations in each well for caveolae blocking
study were 5 mM methyl-β-cyclodextrin and separately 5 μM
filipin. After 30 min inhibitor treatment, inhibitor concen-
trations were halved in each well followed by NC6 (10 μL of 1
mg/mL) treatment per well. After 4 h incubation at 37 °C, the
resulting cells were washed to remove unbound nanocages, and
microscopic slides were prepared with DAPI nuclear stain and
CellMask Deep Red plasma membrane stain. All treatments
were carried out in serum free media.

Colocalization Study. In order to inhibit clathrin mediated
endocytosis, X-22 anti-clathrin antibodies were colocalized with
NC6 in PC3 cells. The antibodies were purified by passing
through a Zeba Micro spin desalting column to remove any
preservatives. The modified method for antibody internal-
ization in live cells is described below.95,96 First, cells were
incubated with PBS for 2 min at 37 °C, followed by incubation
with ice cold PBS for another 2 min. Cells were then incubated
with permeabilization buffer (0.01% Tween 20 in 1× PBS at
pH 7.6) for 1 min. The cells were washed with cold 1× PBS 3
times, followed by antibody treatment in serum free media at
37 °C. Cells were allowed to internalize antibody for 30 min
followed by nanoconjugate treatment as explained in previous
sections.

Neutron Activation Analysis. Neutron activation analysis
(NAA) was utilized to quantify cytoplasmic accumulations of
nanocages. In this study, nanoconjugates (NC1, NC3, and
NC6) that were internalized within cells after blocking clathrin
mediated or caveolae mediated endocytosis were analyzed using
NAA. For these experiments, known numbers of PC3 cells
(4.25 × 105 cells/well) were seeded in 6-well plates. Treatment
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concentrations in each well for clathrin blocking study were 10
μM chlorpromazine and 2 μM cytochalasin D. Treatment
concentrations in each well for caveolae blocking study were 5
mM methyl-β-cyclodextrin and 100 μM amiloride. For gold
internalization control, cells were not incubated with gold
nanocages. After 30 min inhibitor treatment, PC3 cells were
treated with the respective 50 μL gold nanocage solution to
achieve a gold concentration of 13.35 ppm/well. After 4 h
incubation at 37 °C, resulting cells were washed, dislodged, and
stored as cell pellets at −20 °C for NAA analysis for measuring
varying levels of gold with respect to internalization in samples.
Results shown in Figure S21 are represented as comparative
percentages of gold (ppm). Each sample was performed in
triplicate. The results show that both NC3 and NC6 internalize
less (∼20%) when the clathrin pathway is blocked compared to
caveolae pathway. Nonspecific binding of AuNCs on substrate
led to erroneous results. To prevent nonspecific accumulation
of AuNCs, multiple washes using PBS or acidic buffers were
performed. The results did not yield any desirable outcome.
Such problems are quite common in the literature.97

To overcome the problem of nonspecific binding a separate
experiment was performed. Substrates were coated with poly-L-
lysine to minimize nonspecific binding while flow cytometry
was utilized to separate cells (see Figures S22 and S24 in
Supporting Information). The following samples were exam-
ined: (a) untreated control - without any inhibitors; (b)
colocalization with 3 μg/mL X-22 anti-clathrin antibody; (c)
pretreatment with clathrin inhibiting chlorpromazine. Results
are presented as percentage accumulation of gold (ppm) and
corroborated with data obtained with microscopy analysis (see
Figure S23 and S30 in Supporting Information; see Figure S31
and Table S4 for statistical analysis). All treatments were
carried out in serum free media.
Prevention of Nonspecific Binding. NC1−NC6 showed

high nonspecific binding to cell plate substrates and glass
coverslips. For reducing this binding, 2 mL 0.01% poly-L-lysine
solution was incubated on the substrate surface in sterile
conditions under UV light for 2 h. Solution was then removed
using a vacuum pump and substrate was rinsed once using
sterile cell grade water. Poly-L-lysine coated wells/coverslips
were then allowed to air-dry in sterile conditions for 4 h under
UV light. After drying, plate wells/coverslips were used for cell
seeding. Poly-L-lysine, a positively cationic polymer, was used to
change the substrate surface charge and increase effective steric
hindrance. The polymer is noncytotoxic and did not reduce the
cell adhesion at low concentrations. Substrates with no coating
showed very high nonspecific binding (see Figure S24 (a and b)
in Supporting Information). In contrast, coating reduced
nonspecific binding significantly (see Figure S24 (c and d) in
Supporting Information).
Quantification of NC6 in Cells Using Optical Micros-

copy. Two hundred cells from each slide were recorded during
the process in order to quantify an average population of cells.
The study was conducted in duplicate for statistical analysis.
The study included a live control, dynamin pathway blocked
experiment (DYN-BLOCK, effectively blocking both clathrin
and caveolae mediation) using dynasore, caveolae blocking
using methyl-β-cyclodextrin (CAV-MβCD), caveolae blocking
using filipin (CAV-FIL), clathrin blocking using X-22 anti-
clathrin antibody (CLT-X22AB), clathrin blocking using
chlorpromazine (CLT-CLOR), and clathrin blocking using
pitstop-2 (CLT-PIT2). Individual cells were analyzed for NC6
uptake as shown in Table S2 (see Supporting Information).

Data from duplicate experiments were collected for analysis and
averaged (see Table S3 in Supporting Information). Fur-
thermore, we depicted the stages in a series of endocytic
representations within the manuscript. The molecules illus-
trated in these steps can be identified with a key glossary shown
in Figure S28 (see Supporting Information).
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