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C
ancer is one of the most devastating
diseases facing the human popula-
tion. There is currently intense interest

in engineering nanoparticles for diagnosis
and/or treatment of this disease.1�3 In
particular, photothermal therapy (PTT)
has emerged as an effective way to selec-
tively ablate tumors. When nanoparticles are
taken up into tumors, the tumor is irradiated
with near-infrared (NIR) light at the nano-
particle plasmon resonance. The absorbed
light is converted into heat, resulting in
cell hyperthermia, subsequent cell death,
and tumor remission.1�3 Because of the
low inherent absorption of NIR light in
tissue, the light itself does not significantly
damage the tissue in the absence of nano-
particles, rendering this approach mini-
mally invasive.4 Photothermal therapy
has been successfully demonstrated with

many NIR-absorbing gold nanostructures
including silica�gold nanoshells,2,5,6 nano-
rods,7�9 branched nanoparticles,10 nano-
hexapods,11 nanocages,12,13 and hollow
gold nanoshells.14,15

It is widely believed that passive (non-
antibody-targeted) uptake of nanoparticles
in cells and in tumors is dependent upon
nanoparticle size, in addition to other fac-
tors such as zeta potential, and should be
enhanced for nanoparticles with sizes
below 100 nm. For example, 45 nm gold
nanoparticles have been shownwith optical
sectioning microscopy to have higher up-
take in lung cancer and HeLa cells than 70
and 100 nm gold nanoparticles.16 Passive
uptake in tumors is known as the enhanced
permeability and retention (EPR) effect and
occurs due to the leaky vasculature and
poor lymphatic drainage characteristic of
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ABSTRACT Photothermal ablation based on resonant illumination of near-infrared-

absorbing noble metal nanoparticles that have accumulated in tumors is a highly promising

cancer therapy, currently in multiple clinical trials. A crucial aspect of this therapy is the

nanoparticle size for optimal tumor uptake. A class of nanoparticles known as hollow Au (or

Au�Ag) nanoshells (HGNS) is appealing because near-IR resonances are achievable in this

system with diameters less than 100 nm. However, in this study, we report a surprising finding

that in vivo HGNS are unstable, fragmenting with the Au and the remnants of the sacrificial Ag

core accumulating differently in various organs. We synthesized 43, 62, and 82 nm diameter

HGNS through a galvanic replacement reaction, with nanoparticles of all sizes showing virtually

identical NIR resonances at∼800 nm. A theoretical model indicated that alloying, residual Ag in the nanoparticle core, nanoparticle porosity, and surface

defects all contribute to the presence of the plasmon resonance at the observed wavelength, with the major contributing factor being the residual Ag.

While PEG functionalization resulted in stable nanoparticles under laser irradiation in solution, an anomalous, strongly element-specific biodistribution

observed in tumor-bearing mice suggests that an avid fragmentation of all three sizes of nanoparticles occurred in vivo. Stability studies across a wide range

of pH environments and in serum confirmed HGNS fragmentation. These results show that NIR resonant HGNS contain residual Ag, which does not stay

contained within the HGNS in vivo. This demonstrates the importance of tracking both materials of a galvanic replacement nanoparticle in biodistribution

studies and of performing thorough nanoparticle stability studies prior to any intended in vivo trial application.
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tumors.17,18 Hollow core�shell nanoparticles, whose
internal geometry can be adjusted to achieve strong
NIR absorption across a broad particle size range, can
provide this property in the sub-100 nm nanoparticle
size range.
Multiple groups have reported that hollow Au nano-

shells (HGNS) can be made successfully in the sub-
100 nm size range, with NIR plasmon resonances, using
a galvanic replacement reaction between Au and Ag,
or Au and Co.19�26 In a galvanic replacement synthesis,
a salt solution of a given metal with a high reduction
potential is added to a colloidal solution of ametal with
a lower reduction potential. The difference in reduction
potentials causes the metal in the salt solution to be
reduced, while the metal in the nanoparticle template
simultaneously oxidizes. For the case of Au and Ag, the
galvanic replacement occurs according to the follow-
ing reaction.27

3Ag(s)þAuCl�4 (aq) f Au(s)þ 3Agþ(aq)þ 4Cl�(aq)

The standard reduction potential of the AuCl4
�/Au

pair is 0.99 V vs standard hydrogen electrode (SHE)
compared to 0.80 V vs SHE for Agþ/Ag.27 Xia and co-
workers have shown that, by starting with Ag cubes,
NIR sub-100 nm Au nanocages can be formed by
galvanic replacement and subsequently show applic-
ability for biomedical applications.28 Following this
work, HGNS were synthesized using sacrificial Co
cores22,29�31 and have also shown potential for bio-
medical applications.14,15,32�35 However, the in vivo

stability of HGNS has not been well studied, and to our
knowledge, published biodistribution studies have
focused on only the shell material. The fate of the
sacrificial core material has yet to be investigated in
this context.
Here we show that HGNS with sizes varying from 43

to 82 nm in diameter can be synthesized using sacri-
ficial Ag cores, with virtually identical NIR resonances
across this size range. We examined the NIR resonance
properties of this nanoparticle in detail including
the use of theoretical simulations, where we observed
that alloying of the two constituent metals, porosity of
the remnant sacrificial layer, and the presence of sur-
face defects all play an important role in determining
the plasmon resonance frequency and line width. We
investigated the stability of the nanoparticles before
and after functionalization with polyethylene glycol
(PEG) under laser irradiation, preliminarily to in vivo

studies. We then performed biodistribution studies of
the HGNS nanoparticles in mice. Here we made the
unexpected observation that the constituent metals of
the nanoparticle have dramatically different biodistri-
bution profiles. To better understand the origin of this
variation in biodistribution, nanoparticle stability was
investigated across a range of pH environments and in
human serum at physiological pH. In serum and in
strong pH environments, the structural integrity of the

nanoparticles is strongly compromised. Our results
indicate that disintegration of HGNS nanoparticles
in vivo may quite possibly be a common occurrence.
Therefore, careful characterization of multicomponent
particles needs to be thoroughly pursued prior to any
planned in vivo application.

RESULTS AND DISCUSSION

Synthesis of HGNS. HGNS were synthesized with sa-
crificial Ag cores through a galvanic replacement reac-
tion (Scheme 1). The reaction starts with the oxidation
of Ag colloid (Scheme 1A) through the formation of
pinholes. Since an Au/Ag alloy is more thermodynami-
cally stable than either of the pure metals, as Au
reduces on the surface of the Ag nanoparticle, a thin,
incomplete alloy shell forms (Scheme 1B).36 The oxida-
tion of the Ag continues through the pinholes and
empties the central region of the nanoparticle via

the Kirkendall effect. Net mass flow toward the shell
occurs because Ag diffuses faster into Au than vice

versa.20,21,28 The shell then reshapes, with the pinholes
reducing in size throughOstwald ripening (Scheme1C).27

At this stage, Ag is still present in the nanoparticle.
Next, dealloying occurs (Scheme 1D). The dealloying
process produces many holes, since each Au atom
replaces three Ag atoms. The Ag is fully oxidized once
the dealloying process has transformed the nanopar-
ticle into smaller components composed of pure Au
(Scheme 1E). In fact, pinhole-free particles were found
to commonly retain∼30% of their initial Ag content.36

The pinhole-free HGNS exhibit a plasmon resonance
located at 634 nm for a diameter of 50 nm.27

Three different diameters (40, 60, and 80 nm) of Ag
cores were used. By adding a solution of gold chloride
and potassium carbonate to a colloidal suspension of
the Ag nanoparticles, HGNS of 82.6 ( 4.2, 61.8 ( 3.3,
and 43.1 ( 3.9 nm were formed. Figure 1A shows the
extinction spectra of the Ag colloid (top panel) and the
HGNS (bottom panel), and corresponding transmis-
sion electron microscopy (TEM) images are shown in
Figure 1B and C.

The optical signature of HGNS formation was stu-
died and then correlated with its structural and com-
positional evolution during growth. After adding the
AuCl3 solution, HGNS with a resonance at ∼820 nm

Scheme 1. Schematics showing the synthesis of HGNS by
galvanic replacement. (A) Starting with Ag colloid, AuCl3 is
added, causing (B) Ag to oxidize and Au3þ ions to simulta-
neously reduce. (C) As the replacement continues, mass
flows from the central region of the nanoparticle, forming a
complete HGNS. (D) Then, dealloying occurs, resulting in
fragmentation of the nanoparticle shell. (E) After complete
Ag oxidation and diffusion, only pure Au fragments remain
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were formed. Over time, Ag continued to be oxidized
from the core, as Au3þ continued to be reduced. As the

ratio of Ag:Au decreased, there was an accompanying
blue-shift of the plasmon resonance (Figure S1). Using
X-ray photoelectron spectroscopy (XPS), the atomic
percent of Ag and Au at various reaction times was
determined (Figure S2). At early reaction times of
an 82 nm HGNS, the ratio of Ag to Au was high, 4:1.
However, if the reaction was allowed to proceed for
24 h, that ratio was reduced to ∼1:1 and the plasmon
resonance shifted to the visible region. Given the
desire to produce NIR-active HGNS, for all further
experiments, HGNS were allowed to react for only 1
h, which resulted in NIR resonances and a correspond-
ing Ag:Au ratio of 4:1.

Theoretical Modeling. Calculations based on the finite
element method (COMSOL) were performed to better
understand the origin of the NIR resonance in this
family of nanoparticles and to provide further in-
sight into their structural composition prior to in vivo

studies. Experimentally determined dielectric func-
tions for both Au and Ag were used (see Supporting
Information).37 Based on our theoretical modeling, for
the nanoparticle to support a plasmon resonance in
theNIR, itmust have a structure similar to that shown in
Scheme 1B, where the nanoparticle shell is composed
of Au/Ag alloy withmultiple large defects on its surface
(Figure 2A, inset SEM image). Because three Ag atoms
are removed for every Au atom added, the metallic

Figure 1. Extinction spectra and TEM images of Ag nano-
particle precursors and HGNS. (A) Extinction spectra of Ag
colloid with 80, 60, and 40 nm diameters (top panel) and
resulting HGNS of 82, 62, and 43 nm diameters (bottom
panel). Representative TEM images of (B) 80, 60, and 40 nm
Ag colloids and (C) 82, 62, and 43 nm HGNS are shown. All
scale bars are 50 nm.

Figure 2. Finite element method (FEM) modeling and Mie theory of HGNS showing the influence of material porosity on the
plasmon properties. Extinction cross sections calculated with the FEM of 82 nm diameter HGNS comparing the presence of
holes in the particle surface with (A) nonporous (80% Ag, 20% Au) and (B) porous materials (43.2% Ag, 10.8% Au, and 46%
H2O). Spectra are plotted for the average E field polarization. (C) Extinction cross section spectra of the three sizes of HGNS
with a H2O core, alloy shell, and zero holes calculated with Mie theory show similar plasmon resonances in the visible region.
(D) The three-hole porous model is used to calculate with FEM the extinction cross section spectra of 82, 62, and 43 nm
diameter HGNS with extinction maxima of 800, 815, and 815 nm, respectively.
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alloy and core must be porous. To account for the
corresponding modification to the metallic dielectric
functions that this compositional change would in-
duce, simulations were performed where the HGNS
was modeled as a spherical, porous silver core coated
with a similarly porous Au/Ag alloy shell. The porous
materials were modeled using the Bruggeman effec-
tive medium theory.38

The Bruggeman effective medium theory has been
widely used to obtain effective material parameters for
two dissimilar, porous materials.39 The Bruggeman
effective approximation formula can be written as38,40

f1
ε1 � εeff

εeff þ g(ε1 � εeff )
þ (1 � f1)

ε2 � εeff
εeff þ g(ε2 � εeff )

¼ 0

where ε1 and ε2 are the complex dielectric functions of
the constituent materials. The coefficient f1 represents
the volume fraction of one material in the composite,
with the remaining material comprising a fill fraction
of (1 � f1). The constant g is a geometric factor; for
spherical inclusions g = 1/3. In the case of porous Ag, the
effective dielectric is calculated as a compositional mix-
ture of Ag with H2O. To obtain an effective dielectric for
the porous alloy, a more general form of the Bruggeman
effective model is used, to include more than two differ-
ent composite materials (i.e., Ag, Au, and H2O):

∑i
fi

εi � εeff
εeff þ g(εi � εeff )

¼ 0

Now i = 3, and εi and fi are the complex dielectric
function and the volume fraction of the ith constituent
material, respectively.41 The above equation yields a
unique physical solution for εeff in the absence of gain.

To investigate the role of the nanoporous alloy in
determining the plasmon resonance properties, the
nanoparticle geometries, with their constituent mate-
rials, were simulated independently as being com-
posed of either a nonporous or porous medium and
compared to nanoparticles simulated with H2O cores.
The nanoparticles were also simulated with zero, one,
and three holes to isolate the influence of shell defects
on peak position. For an asymmetric nanoparticle, the
extinction cross section can depend upon the orienta-
tion of the particle relative to the polarization of
incident light. To account for this, the nanoparticles
were simulatedwith the E field polarized in the x, y, and
z directions independently, then averaged; for the
spectra shown in Figure 2, the average of all three
polarizations is shown. All nanoparticles were simu-
lated with a background medium of H2O. The inset in
Figure 2A illustrates the geometry of the model used,
where d is the diameter of the core and D is the outer
diameter including the shell. To emulate the large
holes in the surface of the HGNS, the modeled geo-
metry included three spherical holes: one large hole
with a diameter of h1 and two smaller holes each with
diameter h2. The parameters used for each particle

size are listed in Table S1 (Supporting Information). The
simulations showed that the presence of holes of
either large or small diameter has a minimal effect on
the plasmon resonance.

The case of a nonporous HGNS with an 82 nm
diameter, a solid Ag core, and a solid Ag/Au alloy shell
is shown in Figure 2A. For this structure, the plasmon
resonance peak wavelength occurs at λ = 480 nm, far
from our experimentally observed resonance. The in-
troduction of defects into the shell layer red-shifts the
plasmon resonance slightly, but only by ∼50 nm
(Figure 2A). However, when porosity is introduced, it
induces a much larger red-shift of the plasmon reso-
nance, by 275 nm (Figure 2B). The addition of large
surface defects also results in an additional red-shift
of the plasmon resonance, to a wavelength region
corresponding to our experimental observations, nom-
inally 800 nm (Figure 2B). The dielectric functions
used to calculate Figure 2A and Figure 2B for the
nonporous and porous materials, respectively, are
shown in Figure S3.

The role of porosity is further emphasized by com-
paring the porous nanoparticle simulations to simula-
tions of the three sizes of HGNS with pure H2O cores,
which is the expected composition for HGNS (Figure 2C).
In this case, Mie theory was used to simulate the shell
as a continuous alloy composed of 80%Ag and 20%Au
with the dimensions listed in Table S1. The inside core
and background media are H2O. The core to shell ratio
for each particle size is ∼0.8, and as a result, their
plasmon resonances are expected to be similar. Inter-
estingly, when the nonporous nanoparticles are hollow,
their plasmon resonances are only at∼600 nm. This set
of simulations demonstrates that it is highly likely that all
three factors of (1) alloying, (2) porosity, and (3) surface
defects contribute, in concert, to the NIR resonances
observed in the solution phase absorption spectrum of
the HGNS, but that the presence of a porous Ag core is
required to shift the plasmon to the NIR.

The degree of porosity of the constituent materials
of the nanoparticle also strongly affects the plasmon
peak position. Using the three-defect porous HGNS
model geometry, the percentage of H2O (i.e., the
porosity) in the nanoparticle was gradually increased.
This increase introduces a significant red-shift of the
plasmon resonance: by varying the porosity from 40%
to 46%, an additional shift of the plasmon resonance
from 660 nm to 800 nm is obtained (Figure S4).

Figure 2D shows the average polarization spectrum
for each of the three sizes of HGNS. The extinction
maxima for the averaged spectra are 800, 815, and
815 nm, and the percentages of water are 46%, 46.3%,
and 46.4% for 82, 62, and 43 nm HGNS, respectively.
Because the percentage of H2O in the nanoparticle
cannot be determined experimentally, the H2O
compositionwasdetermined theoreticallyby thepercent
required to achieve the desired plasmon resonance.
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Surface Functionalization. For biological applications,
the HGNS need to be functionalized with polyethylene
glycol (PEG). Coating the particles in PEG is important
for several reasons.13,17,42,43 First, PEGylation improves
circulation time of the nanoparticles in vivo.42,43 Sec-
ond, it inhibits opsonization, the process by which
foreign structures such as nanoparticles are identified
for endocytosis by phagocytes.17,42,43 Third, PEGylation
allows the surface charge of the particles to be reduced
to near neutrality, since highly charged nanoparticles
have shown increased accumulation in the reticuloen-
dothelial system (liver and spleen).17,18

The HGNS were functionalized with PEG in two
steps to achieve a zeta potential of approximately
�10 mV, appropriate for tumor uptake studies
in vivo. The HGNS were first coated with 10 000 MW
thiol-mPEG (thiol-PEG-methyl), then subsequently with
10000 MW thiol-PEG-amine using a warm water bath to
increase the packing density without furthering Ag oxi-
dation. The two-step coating allowed the zeta potential
to be reduced to about�10 mV, while avoiding a highly
positively charged surface that would have resulted from
thiol-PEG-amine alone. In contrast, one-step coatingwith
thiol-mPEG alone only reduced the highly negative
zeta potential of the bare HGNS to about �23 mV. The
unusual high negative zeta potential observed for
HGNS@mPEGsupports the idea that the surface is indeed
composedof analloyofAuandAg, sincemPEG thiolation
of Au nanoparticles typically results in a much lower zeta
potential than we observe for the uncoated nanoparti-
cles. Table 1 shows the extinction maximum and zeta

potentials of the Ag colloid precursor, HGNS, and
HGNS@PEG for the three particle core sizes. After PEGyla-
tion, the HGNS retain their similar plasmon resonances.

NIR Laser Irradiation. A primary application for che-
mically synthesized NIR-active particles is photother-
mal therapy. HGNS are desirable for photothermal
therapy because their thinner shells have a low thermal
mass, which should enable efficient heat dissipation to
the surrounding tissues.22 The effect of laser irradiation
was tested on solutions of bare and PEGylated HGNS
(Figure 3). The nanoparticles were irradiated with a
continuous wave 800 nm diode laser at 2.0 W/cm2 for
25 min. Figure 3A shows the extinction spectra before
irradiation, and Figure 3B shows the extinction after
irradiation. After irradiation, there is a drastic size-
dependent blue-shift of the plasmon resonance of
the bare HGNS, with the smallest nanoparticles being
affectedmost dramatically. The TEM images reveal that
the bare nanoparticles have changed in morphology
and have also likely leached Ag into the solution
(Figure 3C). Alternatively, the HGNS@PEG extinction
spectra are stable after irradiation and the TEM images
confirm that the HGNS@PEG remain intact (Figure 3D).
These results suggested that HGNS@PEG would be
viable nanoparticles for photothermal therapy.

Biodistribution. Here, the three sizes of HGNS were
PEGylated for in vivo studies in nine mice, with three
mice for each nanoparticle size. Nanoparticles were
injected into the tail veinof nudemice, eachwith aglioma
xenograft transplanted fromaU87cell line. Themicewere
sacrificed 24 h postinjection. The biodistribution of the

TABLE 1. ExtinctionMaximumandZeta Potential of 80, 60, and40nmDiameterAgColloids and theCorrespondingHGNS

and HGNS@PEG

80 nm 60 nm 40 nm

particle type extinction max (nm) zeta potential (mV) extinction max (nm) zeta potential (mV) extinction max (nm) zeta potential (mV)

Ag colloid 458 �49.7 ( 2.2 430 �48.6 ( 1.0 412 �46.9 ( 0.9
HGNS 811 �30.6 ( 0.2 826 �35.2 ( 0.6 825 �41.7 ( 1.0
HGNS@PEG 804 �12.3 ( 0.1 806 �11.1 ( 0.2 787 �9.8 ( 1.6

Figure 3. Effect of laser irradiation on HGNS with an 800 nm CW laser at 2.0 W/cm2 for 25 min for three diameters: 82 nm
(black), 62 nm (red), and 43 nm (blue). Extinction spectra of HGNS (top panel) and HGNS@PEG (bottom panel) (A) before and
(B) after laser irradiation. TEM images of 82, 62, and 43 nm diameter (C) HGNS and (D) HGNS@PEG after laser irradiation. All
scale bars are 50 nm.
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HGNSwas examined by inductively coupled plasmamass
spectrometry (ICP-MS) to quantify the Ag and Au content
in each organ (Figure S5). The error bars in Figure S5A
represent the standard deviation of Au content in each
organ for the three mice injected with HGNS of 82, 62, or
43 nm. Error bars in Figure S5B were calculated in the
same manner for Ag content. For all nanoparticle sizes,
there is a high uptake in the liver and spleen, which is
common and has been observed by other groups.42,44,45

Notably, however, there is a variable ratio of Ag:Au in each
organ. The average Ag:Au ratio was determined for each
nanoparticle size and is shown in Figure 4. Assuming that
the particles have a ratio of 4:1 Ag:Au (as determined by
XPS), it would be expected in each organ to find three
times more Ag than Au. However, the ratio varies con-
siderably between organs. In fact, in the liver and spleen
theAu content is actually higher than the Ag content. The
variable ratio of Ag:Au in each organ indicates that the
particles are fragmenting at some point after injection.
Furthermore, data from Figure 3 suggest that the frag-
mentation of the particles is size dependent. The 43 nm
HGNS shows a very large amount of Ag surrounding the
particle after laser irradiation. As the overall particle size
decreases, the shell becomes thinner. This thinner shell
allows the 43 nm particle to fragment quicker, leading to

the more drastic variation in Au and Ag distribution seen
in mice injected with the 43 nm HGNS. For biological
applications it is imperative that the Ag be unaffected by
the environment and stay confined within the particles,
due to potential cytotoxic effects.46�48

Stability Studies. To explain the fragmentation of
the HGNS in vivo, stability studies were performed on
the 82 nm HGNS in a range of pH and in serum. In vivo,
the nanoparticles are subjected to a range of pH values
as they traffic throughout the organism;49 therefore,
we first investigated their pH stability. The 82 nmHGNS
were dispersed in aqueous solutions with pH ranging
from 2 to 10 for 24 h, and the extinction spectrum of
the nanoparticles wasmonitored for changes resulting
from each environment. When bare 82 nm diameter
HGNS were incubated in various pH solutions, a large
shift of the plasmon resonance from805 to 712 nmwas
observed (Figure 5A). With HGNS@PEG, we observe a
large shift of the plasmon resonance from 811 to
769 nm from pH 2�4, but only a small shift from from
769 to 756 nm for pH 4�10 (Figure 5B). This suggests
that PEG cannot protect the particles in acidic pH. In
both cases, we see a decrease in the extinction at low
pH, suggesting aggregation or breakdown of nanopar-
ticles. TEM images of HGNS@PEG incubated in pH 2�7

Figure 4. Comparison of the Ag:Au ratio in each organ determined by ICP-MS for 82 (A), 62 (B), and 43 nm diameter
HGNS@PEG (C). Ag and Au content were calculated in μg/g of organ. The green line indicates the expected Ag:Au ratio of 4:1
as determined by XPS analysis of the particles prior to injection.

Figure 5. Effect of a range of pH and human serumonHGNSwith andwithout PEG. Extinction spectra of 82 nmdiameter HGNS
(A) andHGNS@PEG (B) after 24h incubation inwater adjusted to various pH. (C) TEM images of HGNS@PEGafter 24h incubation
at pH 2�7. (D) HRTEM image of HGNS@PEG after 24 h incubation in human serum at physiological pH. All scale bars are 50 nm.
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for 24 h reveal that the particles are in fact destroyed at
low pH (Figure 5C).

Within physiological environments, the nanoparti-
cles are exposed to many other factors in addition to
various pH environments. In order to simulate a com-
plex biological environment, the HGNS were dispersed
in serum at physiological pH. Serum is the portion of
the blood that does not contain the blood cells, plate-
lets, or fibrinogens. However, it does contain dissolved
gases such as oxygen and carbon dioxide, proteins
including albumin and antibodies, as well as antigens,
salts such as sodium, chloride, and potassium ions,
hormones, oligonucleotides, etc.50,51 The HGNS@PEG
were incubated in human serum for 24 h, and high-
resolution transmission electron microscope (HRTEM)
images were taken to investigate the structural integrity
of HGNS in the in vivo-like environment. The HRTEM
image reveals that the particles break apart in serum at
physiological pH, similarly to the nanoparticle fragmenta-
tion observed at low pH (Figure 5D). The particles were
also incubated in fetal bovine serum, which showed
fragmentation of the particles as well (TEM not shown).

It is probable that the cause of the destruction of the
particles originates with the presence of Ag on the
surface of the nanoparticles. Many studies have shown
the instability of Ag nanoparticles.52 Lok et al. demon-
strated Ag nanoparticle aggregation in media with
high ionic strength.53 Bouwmeester et al. showed that
Ag nanoparticles incubated in cell culture media disso-
ciated into Ag ions,54 and Stebounova et al. showed that
Ag nanoparticles aggregate in artificial interstitial and
lysosomal fluid with only 1% of particles remaining
suspended after 24 h.55 Moreover, Hurt and co-workers
have shown pH-dependent dissolution of Ag nanoparti-
cles, with higher degrees of Ag dissolution occurring at
lower pH.49,56 Most notably, Hurt and co-workers con-
cluded that dissolved O2 in solution is crucial for Ag
dissolution.56 In deoxygenated acetate buffer at pH 4, Ag
dissolution is negligible, but it is drastically increased in
air-saturated acetate buffer at pH 4. The protons and
dissolved O2 cooperatively oxidize the Ag. In the case of
HGNS, dissolved O2 is present in all solutions, resulting in
some degree of oxidation; but as the pH is decreased,
more protons are available to cooperatively oxidize the Ag
in the shell layer, and subsequently at very lowpHAg from
the core is oxidized, destroying the integrity of the HGNS.

Another factor potentially influencing stability is
the protein corona that immediately forms on the
surface of nanoparticles when introduced in vivo.57

Any one of the more than 3700 proteins in plasma58

could have a degradative effect on the nanoparticles.
However, because biological media are so complex, it is
difficult to deduce one specific cause of HGNS fragmen-
tation; instead, it is likely that a variety of factors in this
complex environment contribute to the fragmentation,
including high ionic strengths, proteins, low pH envir-
onments, and dissolved O2.

49,53,55�57

This study shows that it is critically important that
the remnant sacrificial core material and the shell
material of HGNS both be monitored independently
when performing biodistribution studies. The results
shown here indicate that, although this nanoparticle
family has a highly promising set of characteristics for
in vivo use, it may be substantially degraded in vivo

even when PEGylated. Consequently, further investi-
gation into the fragmentation and toxicity of HGNS is
necessary to determine their ultimate suitability for
nanomedical applications.

CONCLUSION

HGNS of three sizes below 100 nm in diameter were
synthesizedwith plasmon resonances in theNIR region
as potential photothermal transducers for nanomedi-
cal applications. Using the Bruggeman effective medi-
um theory, resonant behavior of these nanoparticles is
well described by including porosity of the core and
shell, as well as surface defects, in the theoretical
model. The theoretical model confirmed that there is
a large amount of residual Ag in the HGNS, in order for
them to be NIR resonant. In this study, the HGNS
showed potential for photothermal therapy due to their
stability when PEGylated under laser illumination on
their plasmon resonance frequency, which corre-
sponded well to the great potential previously shown
in the literature. However, tracking the biodistribution of
both component species, Ag and Au, from our HGNS
following injection in mice strongly suggests that the
nanoparticles are fragmenting after injection. Testing
the HGNS@PEG stability over a large pH range and in
serum at pH 7 showed that even when PEGylated, the
nanoparticles fragment in low pH environments and in
human serum at physiological pH. These early studies
indicate that due to the remaining sacrificial Ag core, the
loss of structural integrity, and the known toxicity of Ag,
the stability and toxicity of HGNS made by galvanic
replacements should be more carefully studied prior to
their use in vivo. These results should strongly impact
the assessment of ongoing efforts to design biocompa-
tible plasmonic nanoparticles with compositions and
structural properties appropriate for nanomedicine.

MATERIALS AND METHODS
Materials. Potassium carbonate and hydrogen tetra-

chloroaurate(III) trihydrate (HAuCl4 3 3H2O) were purchased from
Sigma Aldrich. Citrate-stabilized silver colloids (0.02 mg/mL)

of 40, 60, and 80 nm diameters were purchased from nanoCom-
posix. Polyethylene glycol was purchased from Laysan Bio, Inc.
Water was deionized and filtered by a Milli-Q water system
(Millipore).
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Synthesis and Functionalization of Hollow Gold Nanoshells. A 1%
HAuCl4 solutionwasmade in H2O (500mL). A KCarb/Au solution
was prepared by adding K2CO3 (0.025 g, 0.181 mmol) and 2 mL
of 1% HAuCl4 to 100 mL of H2O, stirred for 30 min at room
temperature, and left at 4 �C for an additional 30 min. For
synthesis using 80 nm Ag cores, 24 mL of KCarb/Au was added
to 72 mL of silver colloid under vigorous stirring. The solution
was stirred for∼2 min, then sonicated for 30 min. For synthesis
using 40 and 60 nm silver cores, 24 mL of KCarb/Au was added
to 72 mL of silver colloid under vigorous stirring. The solutions
were stirred 30 min at 4 �C. All solutions were left at room
temperature for a further 30 min to obtain the desired plasmon
resonance. Solutions were centrifuged for 30 min at 800g. The
40 and 60 nm supernatant was centrifuged an additional 30min
at 800g. Particles were redispersed in H2O.

HGNS were functionalized first with 10 000 MW thiol-mPEG
and subsequently with 10 000 MW thiol-PEG-amine. A water
bath was heated to 50 �C. A solution of HGNS was combined
with thiol-PEG (15 μM final concentration) in a small vial and
vortexed. The vial was floated in the water bath, covered with
foil, and agitated in a Styrofoam box overnight. The solutions
were centrifuged to remove excess PEG and redispersed in H2O.
The procedure was repeated with the HGNS functionalized
with thiol-mPEG and a thiol-PEG-amine solution (70 μM final
concentration) to achieve a mixed monolayer.

pH and Serum Studies. Aliquots of water were adjusted to
various pH values from 2 to 12 using 0.1 M NaOH or 0.1 M HCl.
The 82 nm HGNS and HGNS@PEG were centrifuged and redis-
persed into separate vials with varying pH. HGNS@PEG of 82 nm
were centrifuged and redispersed into human serum AB ob-
tained from Lonza. UV�vis measurements were obtained for
each solution, to track the response of the plasmon resonance
to the pH environments, and TEM imageswere taken to observe
the integrity of the HGNS.

Irradiation with a NIR Laser. Solutions (2.5 mL) of each size of
HGNS, bare and PEGylated, were diluted with H2O to the same
optical density. Extinction spectra and TEM images were ob-
tained before resonant illumination. A solution was placed in a
vial with a stir bar and thermocouple, and the vial was sealed
with Parafilm. While stirring, the solution was irradiated with an
800 nmCW laser at 2.0W/cm2 for 25min. Extinction spectra and
TEM images were obtained from aliquots removed from the
solution after irradiation.

In Vivo Studies. The protocol for xenograft tumor creation and
nude mice imaging was approved by the Institutional Animal
Care and Use Committee (IACUC) of Baylor College of Medicine.

Athymic nude female mice (4�5 weeks old, Nude-Foxn1nu,
Harlan Sprague�Dawley) were injected sc on the right flank
with 1� 106U87_luc cells permouse, in a total volumeof 200 μL
of serum-freemedium.After 21�28days, tumorsgrewto8�12mm
in diameter and mice were randomized into 3 groups (n = 3).

Nanoparticles were administered via 200 μL tail vein injec-
tion with a concentration of 2 � 1011 particles/mL. Three
different nanoparticles were injected, one particle type per
group: HGNS@PEG 82 nm, HGNS@PEG 62 nm, and HGNS@PEG
43 nm.

To compare the biodistribution and the passive accumula-
tion in the tumor by enhanced permeability and retention, all
mice were euthanized with CO2 asphyxiation 24 h after nano-
particle injection. The tumor, brain, heart, lung, liver, spleen, gut,
and kidneys were collected, washed in phosphate-buffered
saline, and then stored at �80 �C until analysis.

Inductively Coupled Plasma Mass Spectrometry. The organs were
weighed into clean vials and digested in aqua regia for two
days. After digestion, the samples were purified and all samples
diluted in 10 mL of 1% aqua regia. The liver was diluted 100
timesmore, and the spleenwas diluted 10 timesmore. The gold
content was analyzed three times in the organs for statistical
analysis. Subsequently, the silver content was analyzed three
times in the organs. The ICP-MS analysis was performed using a
Perkin-Elmer inductively coupled plasma mass spectrometer.

Instrumentation. Extinction spectra were measured on a Cary
5000 UV/vis/NIR spectrometer. Zeta potential measurements
were taken with a Malvern Zetasizer Nano ZS. TEM images were
obtained on a JEOL 2010 transmission electron microscope.

HRTEM was performed on a JEOL 2100 field emission gun
transmission electron microscope. SEM images were taken on
a FEI Quanta 650 at an accelerating voltage of 25 kV. XPS
measurements were taken on a PHI Quantera X-ray photoelec-
tron spectrometer.
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