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old nanostructures have recently

received increasing interests in bio-

medical applications due to their
spectacular physical and chemical proper-
ties, as well as low cytotoxicity.! For ex-
ample, when Au nanostructures interact
with an incident light, they can strongly
scatter and/or absorb the light at a reso-
nance wavelength depending on the size
and shape of the nanostructures. This opti-
cal phenomenon has been known as local-
ized surface plasmon resonance (LSPR).2
When the LSPR peaks are tuned into the
near-infrared (NIR) region, particularly, the
“transparent window” for soft tissues in the
range of 700—900 nm, Au nanostructures
can be used as contrast agents for imaging
modalities such as optical coherence to-
mography (OCT) and photoacoustic tomog-
raphy (PAT).3"8 They can also be used as
nanoscale transducers to convert near-
infrared light into heat, providing a new
platform for cancer treatment via the pho-
tothermal effect.> 2

Among various Au nanostructures, Au

nanocages with hollow interiors and po-
rous walls are of particular interest for bio-
medical applications because their LSPR
peaks can be easily and precisely tuned into
the NIR region while maintaining a com-
pact size.” Their hollow interiors can also
be potentially loaded with various contrast
agents and drugs to provide a multifunc-
tional platform for cancer diagnosis and
treatment.' For such applications to be ef-
fective, it is crucial for the Au nanocages to
have the capability to selectively target can-
cer cells rather than healthy ones. Antibod-
ies represent a class of commonly used
ligands that can be easily conjugated to
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ABSTRACT Gold nanocages with localized surface plasmon resonance peaks in the near-infrared region
exhibited a broad two-photon photoluminescence band extending from 450 to 650 nm when excited by a Ti:
sapphire laser at 800 nm. The bright luminescence makes it possible to explore the use of Au nanocages as a new
class of optical imaging agents for two-photon microscopy. In this work, we have demonstrated the use of two-
photon microscopy as a convenient tool to directly examine the uptake of antibody-conjugated and PEGylated Au
nanocages by U87MGwtEGFR cells. We have also correlated the results from two-photon microscopy with the
data obtained by inductively coupled plasma mass spectrometry. Combined together, these results indicate that
the antibody-conjugated Au nanocages were attached to the surface of the cells through antibody—antigen
binding and then internalized into the cells via receptor-mediated endocytosis. The cellular uptake process was
dependent on a number of parameters, including incubation time, incubation temperature, size of the Au
nanocages, and the number of antibodies immobilized on each nanocage.

KEYWORDS: gold nanostructure - antibody conjugation - cellular uptake - two-
photon microscopy - inductively coupled plasma mass spectrometry

the surface of Au nanocages (and other
types of nanostructures) for targeting the
receptors typically overexpressed on the
surface of cancer cells with high specificity.
To this end, a quantitative understanding of
the cellular uptake of antibody-conjugated
Au nanocages in vitro can provide valuable
information with regard to the design, syn-
thesis, and surface modification of Au nano-
cages for cancer diagnosis and therapy. It
is worth noting that the uptake of nanopar-
ticles by cells depends on not only the size
and shape of the particles but also their sur-
face properties.” Recent studies show that
nanoparticles conjugated with antibodies
not only bind to the cell surface via the
antibody—antigen interaction but also acti-
vate membrane receptors and subsequent
protein expression.'®

There are a number of methods for ana-
lyzing the uptake of Au nanostructures by
cells. One of the commonly used techniques
is based upon inductively coupled plasma
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mass spectrometry (ICP-MS), which can measure the
concentration of Au ions down to the parts per billion
level. This method, however, is rather time-consuming
as it requires digestion of the cells containing Au with
aqua regia. In contrast, an optical method will provide
many advantages. As reported in literature, Au nano-
structures can be excited optically, resulting in photolu-
minescence (PL) emission. The PL emission arose from
a recombination of the photoexcited electrons in the
s—p conduction band with holes in the d-band of metal
surface such as Au, Cu, and Ag."'® This phenomenon
is more pronounced for noble metals with feature sizes
on the nanometer scale, especially when noble metal
nanoparticles were illuminated by a laser in resonance
with the LSPR peak.'”~%' The PL can also be induced by
two-photon excitation where two low-energy photons
were absorbed to excite the electron from d-band to
s—p-band of the metal.'®?2 When a Ti:sapphire laser is
used, Au nanostructures that have LSPR peak tuned
into the NIR region can give strong PL signals under
the plasmon-resonant condition. Wang et al. have dem-
onstrated that a Au nanorod with a longitudinal LSPR
peak at 820 nm could produce PL signals 58 times that
of the fluorescence signals from a rhodamine molecule
when excited at 820 nm using a two-photon scheme.?
More recently, Durr et al. and Black et al. have also
shown the use of Au nanorods as contrast agents for
two-photon luminescence imaging of cancer cells. 2%

Similar to Au nanorods, Au nanocages also have
LSPR peaks tunable in the NIR region and are antici-
pated to emit strong PL when excited using a two-
photon scheme under the plasmon-resonant condi-
tion. In this work, we examined the two-photon-
induced PL of Au nanocages and then used two-photon
microscopy to evaluate the uptake of antibody-
conjugated Au nanocages by U87MGWtEGFR cells, a
cancer cell line that is documented to overexpress epi-
dermal growth factor receptor (EGFR) on the surface.
The results were correlated with ICP-MS analysis of Au
content to provide a quantitative understanding of the
in vitro targeting and uptake processes.

RESULTS AND DISCUSSION

We began our studies with Au nanocages having a
mean edge length of 50 = 3 nm and wall thickness of
5 £ 1.2 nm. The monoclonal antibody, anti-EGFR, was
conjugated to the surface of Au nanocages using a two-
step protocol to generate anti-EGFR Au nanocages. In
the first step, O-pyridyl disulfide —poly(ethylene
glycol)—succinimidyl valeric acid-activated ester (OPSS-
PEG-SVA) was attached to the surface of Au nanocages
via the gold—thiolate chemistry. In the second step,
anti-EGFR was coupled to the Au—S—PEG—SVA
through an amide bond. The number of anti-EGFR per
nanocage could be controlled by adjusting the ratio of
anti-EGFR to Au nanocages used for the reaction and
quantified using the bicinchoninic acid (BCA) protein

MCNT AN . .
A‘“t%\\@) VOL. 4 = NO.1 = AU ET AL.

assay. Figure 1A displays the extinction spectra of the
Au nanocages with a typical TEM image in the inset
showing their cubic shape and porous structure. The
LSPR peak of the Au nanocages in phosphate buffered
saline (PBS) was initially tuned to 770 nm. Surface modi-
fication with anti-EGFR red-shifted the LSPR peak by
10 to 780 nm. When the anti-EGFR Au nanocages were
transferred into the culture medium, the LSPR peak was
further red-shifted to 795 nm due to a change in refrac-
tive index for the surrounding medium. The LSPR peak
of the anti-EGFR Au nanocages remains symmetric with
a Lorentzian shape, indicating that the nanocages were
well-dispersed in the culture medium. Differently sized
anti-EGFR nanocages were also prepared with their
LSPR peaks tuned to 760 and 780 nm (in the culture me-
dium) for nanocages with edge lengths of 35 = 4 and
90 = 8 nm, respectively (Figure 1B,C). They exhibited a
similar PL profile when excited using a two-photon
scheme under the plasmon-resonant condition. Figure
1D shows the typical PL emission spectra from the anti-
EGFR Au nanocages as measured using a two-photon
microscope. Similar to PL of Au nanorods,?*>?* the Au
nanocages exhibited a broad PL band extending from
450 to 650 nm when excited by a Ti:sapphire laser with
a peak output at 800 nm. In a control experiment, no
PL was observed for an aqueous solution that contained
no Au nanocages.

The PL from Au nanocages provides a convenient
way to evaluate their in vitro targeting capability using
two-photon microscopy. In a typical study,
U87MGWEGFR cells were incubated with anti-EGFR Au
nanocages for 3 h at 37 °C in the presence of FM4-64
dye, a marker for membrane and endosome. The PL
from the Au nanocages was then collected in the range
of 500—550 nm, showing a green color (Figure 2A),
while the fluorescence from FM4-64 dye was collected
in the range of 650—700 nm, exhibiting a red color (Fig-
ure 2B). Figure 2C shows superimposition of these two
images, indicating that the anti-EGFR Au nanocages
were colocalized with the FM4-64 dye. In contrast, can-
cer cells incubated with the PEGylated Au nanocages
under the same condition showed little PL (Figure
2D—F), suggesting that very few PEGylated Au nano-
cages were attached to or internalized into the cancer
cells after 3 h incubation.

When the incubation time was extended to 24 h, the
PL intensity originating from the Au nanocages was dra-
matically enhanced for both anti-EGFR (Figure 3A) and
PEGylated Au nanocages (Figure 3B). Note that all of the
images were taken with the same setting for PL, so their
intensities could be directly compared. We also deter-
mined the Au content in the cells by ICP-MS analysis. The
concentration of Au was then converted into the num-
ber of nanocages using the following equations and plot-
ted in Figure 3C. For a Au nanocage of L and /in outer
and inner edge length, respectively, the number of Au at-
oms (n) containing in each nanocage was determined by
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Figure 1. (A—C) UV—vis—NIR extinction spectra of the Au nanocages (solid line) in PBS, anti-EGFR-conjugated Au
nanocages (dashed line) in PBS, and anti-EGFR Au nanocages (dotted line) in the culture medium. The insets show
TEM images of the corresponding Au nanocages with edge lengths of 50 + 3, 35 = 4, and 90 = 8 nm, respectively.
The scale bars in the insets represent 50 nm. (D) Photoluminescence emission spectrum for the Au nanocages of 50

nm in edge length.

.
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Figure 2. (A—C) Confocal images of the U87MGWtEGFR cells after incubation for 3 h with 0.02 nM of anti-EGFR Au nano-
cages and 5 pg/mL of FM4-64 dye: (A) photoluminescence from Au nanocages; (B) red fluorescence from FM4-64; and (C) su-
perimposition of (A) and (B). (D,E) Confocal images of the U87MGWtEGFR cells after incubation with PEGylated Au nano-
cages and FM4-64 dye for 3 h: (D) photoluminescence from Au nanocages; (E) red fluorescence from FM4-64; and (F)
superimposition of (D) and (E). The scale bar applies to all images.
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Figure 3. Confocal images of the U87MGWtEGFR cells after they had been incubated for 24 h with (A) anti-EGFR and (B) PE-

Gylated Au nanocages. (C) Quantitative ICP-MS plots showing the number of anti-EGFR and PEGylated Au nanocages per cell
for incubation time of 3 and 24 h, respectively. (D—F) Confocal images of the cells that were treated with excess anti-EGFR

(100 nM) for 1 h prior to incubation with anti-EGFR nanocages and FM4-64 for 3 h: (D) photoluminescence from Au nano-

cages and (E) superimposition of the luminescence from Au nanocages and red fluorescence from FM4-64, indicating that the
EGF receptors were effectively saturated and there was essentially no uptake for the nanocages. (F) Superimposition of the
luminescence from Au nanocages, red fluorescence from FM4-64, and phase contrast image of the cells that were incubated
with anti-EGFR nanocages and FM4-64 dye at 4 °C for 1 h. The scale bar applies to all images.

eq 1, where a refers to the lattice constant of a unit cell
of Au (a = 4.08 A) and there are four Au atoms per unit
cell. The number of Au nanocages (N) can then be calcu-
lated by eq 2, where M refers to the measured number of
Au ions (atoms) from ICP-MS analysis.

n=>2-__1/ m

)

At t = 3 h, the total number of nanocages taken (includ-
ing both surface-bounded and internalized) by the cells
was 408 =+ 40 and 57 = 10 for anti-EGFR and PEGylated
Au nanocages, respectively; these two numbers increased
to 826 = 50 and 190 = 31 at t = 24 h. The overall up-
take of the anti-EGFR Au nanocages by the cancer cells
was approximately 4—7 times higher than the PEGylated
Au nanocages. The high uptake of anti-EGFR Au nano-
cages can be attributed to the endocytosis mediated by
interactions between the anti-EGFR on the surface of
nanocage and the receptor overexpressed on the sur-
face of UB7MGWLEGFR cells. To further confirm the in-
volvement of receptor-mediated endocytosis (RME) for
the anti-EGFR Au nanocages, we treated the cells with ex-
cess anti-EGFR to saturate the receptors on the cell sur-
face before incubating them with the anti-EGFR nano-
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cages. Under this condition, no PL was observed for the
cells after incubation with the anti-EGFR Au nanocages
(Figure 3D). However, the FM4-64 dye was still taken by
the cells presaturated with anti-EGFR to display a red color
(Figure 3E). These results indicate that the anti-EGFR Au
nanocages entered the cells as a result of the interactions
between anti-EGFR and its receptor. The uptake of
FM4-64 dye likely went through a different internaliza-
tion pathway that did not work for the Au nanocages. In
addition, temperature may affect the binding between
anti-EGFR and EGFR, the lateral mobility of the
antibody—antigen complex, as well as ATP-dependent
process, resulting in inhibition of the RME process.?’?
When the cells were incubated with anti-EGFR Au nano-
cages and the FM4-64 dye at 4 °C, neither of them was
taken up by the cells (Figure 3F).

The RME process involves the binding of antibodies
on the nanoparticles to receptors on the cell surface
and internalization of the nanoparticles into the cell
when the cell membrane folds inward. Eventually, the
receptors may be recycled back to the membrane sur-
face after delivery of the antibody-conjugated nanopar-
ticles into the cell. Differentiation of the internalized
particles from the surface-bound particles could shed
some light on the RME mechanism and thus enhance
the delivery efficacy of antibody-conjugated nanoparti-
cles.?® After incubation with anti-EGFR Au nanocages,
we treated the cells with 20 mM sodium acetate in PBS

Www.acsnano.org



Figure 4. SEM images of the methanol-fixed U87MGwtEGFR
cells after incubation with anti-EGFR Au nanocages for 1 h:
(A) before and (B) after extensive washing with PBS (pH =
3.0) containing 20 mM sodium acetate, which is supposed to
remove the nanocages bound to the cell surface (not the sili-
con wafer).

(pH = 3.0) buffer. Low pH is one of the commonly used
treatments for breaking the antibody—antigen com-
plex. In this case, an acidic solution is expected to selec-
tively release the anti-EGFR Au nanocages bound to
the cell surface.'® Figure 4 shows SEM images of the rep-
resentative cells before and after the treatment with
an acidic solution. Before fixing with methanol, the cells
were incubated with anti-EGFR Au nanocages for 1 h
at 37 °C, and the excess free nanocages were removed
by washing with PBS three times. The membrane of the
cell was decorated with hundreds of Au nanocages (Fig-
ure 4A). The inset shows a blown-up image of the Au
nanocages on the cell membrane. After the treatment
with an acidic solution, very few nanocages could be
found on the cell surface (Figure 4B), indicating that
most of the surface-bound Au nanocages had been se-
lectively removed.

We then studied the cellular uptake of anti-EGFR
Au nanocages as a function of incubation time. The
U87MGWtEGFR cells were incubated with anti-EGFR
nanocages for different periods of time in the culture
medium. After removal of the free nanocages from each
well, the cells were rinsed with an acidic PBS solution
(pH = 3) and the surface-bound nanocages released
into the washing solution were collected with a coni-
cal tube. The cells were then detached from each well
with trypsin and collected with another tube. The wash-
ing solution and the trypsinized cells were then di-
gested separately with aqua regia and analyzed for Au
content by ICP-MS. Figure 5 shows plots of surface-
bound number (N;), internalized number (N;), and total
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Figure 5. Quantitative ICP-MS analysis of the number of
surface-bound (M), internalized (O), and total (A) anti-EGFR
Au nanocages per cell for samples prepared with different
incubation time. The surface-bound Au nanocages were se-
lectively detached from the cell surface during the treatment
with PBS (pH = 3.0) containing 20 mM of sodium acetate.

number (N;) of Au nanocages per cell as a function of in-
cubation time. Note that N, and N; were derived from
the Au concentration measured by ICP-MS, and N is
simply a sum of N; and N.. The N; initially increased,
reached a peak around 1 h, and then fell. The internal-
ization of Au nanocages shows two different profiles: N;
went up sharply in the first 30 min, and the uptake
then started to slow down, but still continued to in-
crease up to the end of the study. This finding is differ-
ent from a previous study with spherical Au nano-
particles. In that case, the uptake was mediated by
nonspecific adsorption of serum proteins on the sur-
face of Au nanoparticles, and N; was significantly in-
creased for the first hour, and then the rate of uptake
reached a plateau in the period of 4—7 h.?° The discrep-
ancy might be due to the difference in terms of recep-
tor availability, ligand —receptor interaction, and the
equilibrium condition between the surrounding and in-
terior of the cell.

We also compared the cellular uptake of Au nano-
cages with different numbers of antibodies on the sur-
face. In this case, the Au nanocages were reacted with
anti-EGFR at different molar ratios to obtain samples
with roughly 10, 28, and 96 anti-EGFR per nanocage.
Figure 6 shows the PL images of the cells after incuba-
tion with these anti-EGFR Au nanocages for 3 h and
their corresponding superimpositions with confocal im-
ages taken from FM4-64 staining. The colocalization of
the PL from the Au nanocages and the fluorescence
from the FM4-64 confirmed that the nanocages were
bound to and/or internalized into the cells. The PL in-
tensity from the cells after treatment with nanocages
was enhanced as the number of anti-EGFR per nano-
cages was increased. This observation was in agree-
ment with the ICP-MS data shown in Figure 7, indicat-
ing that the number of Au nanocages per cell increased
as the number of anti-EGFR per nanocage increased.

Finally, we compared the internalization of Au nano-
cages with different sizes. For RME, the uptake rate of
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Figure 6. Confocal images of the U87MGWtEGFR cells incubated for 3 h with 5 pg/mL of FM4-64 dye and 0.02 nM of Au
nanocages having different numbers of anti-EGFR on the surface. (A—C) Photoluminescence from Au nanocages with
roughly (A) 10, (B) 28, and (C) 96 anti-EGFR on the surface of a nanocage, and (D—F) superimpositions of the luminescence
from Au nanocages and red fluorescence from FM4-64. The scale bar applies to all images.

particles is size-dependent. Gao et al. developed a
model involving a wrapping process for the mem-
brane and predicted that the optimum size range for
the most efficient wrapping of spherical particles would
be in the range of 54—60 nm.*° From the viewpoint of
thermodynamics, Zhang et al. also predicted that
spherical particles of 50—60 nm in diameter would
have a maximum number of uptake into the cell, which
was estimated to be in the range of 500—5000.3' We
chose Au nanocages with an edge length of 35 + 4, 50
+ 3,and 90 = 8 nm (i.e., Au-35, Au-50, and Au-90) for
a comparison study. All of the Au nanocages were con-
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Figure 7. Quantitative ICP-MS analysis of the number of
surface-bound (M), internalized (O), and total (A) anti-EGFR
Au nanocages per cell when the cells were incubated for 3 h
with 0.02 nM of nanocages having different numbers of anti-
EGFR on the surface: 10, 28, and 96. The surface-bound Au
nanocages were selectively detached from the cell surface
by treating with PBS (pH = 3.0) containing 20 mM of sodium
acetate.
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jugated with a maximum number of anti-EGFR per
nanocage. By converting the edge length of cubic
nanocage into its effective diameter (d.) with the as-
sumption of equal volume, d. equals 44, 62, and 112
nm for Au-35, Au-50, and Au-90 nanocages, respec-
tively. Figure 8 shows the number of Au nanocages per
cell analyzed by ICP-MS after the cells were incubated
with the Au nanocages having different edge lengths.
The number of internalized Au nanocages was 605 =+
33,334 * 30, and 170 = 5 for Au-35, Au-50, and Au-90
nanocages, respectively. Clearly, the Au-35 nanocages
with d. of 44 nm were internalized into the cells with
the highest number.
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Figure 8. Quantitative ICP-MS analysis of the number of
surface-bound (M), internalized (O), and total (A) anti-EGFR
Au nanocages per cell when the cells were incubated for 3 h
with 0.02 nM of anti-EGFR Au nanocages with different mean
edge lengths: 35, 50, and 90 nm. The surface-bound Au
nanocages were detached from the cell surface by treating
with PBS (pH = 3.0) containing 20 mM of sodium acetate.
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CONCLUSION

We have evaluated the uptake of anti-EGFR Au
nanocages by U87MGwtEGFR cancer cells using two-
photon microscopy. For Au nanocages with their
LSPR peak tuned to 795 nm (in the culture medium),
they exhibited a broad luminescence band extend-
ing from 450 to 650 nm when excited using a two-
photon scheme with a Ti:sapphire laser centered at
800 nm. Two-photon optical images clearly indicate
that the anti-EGFR Au nanocages were both at-
tached to the cell surface and internalized into the
cell through RME process. The qualitative PL results
agree well with the quantitative analysis of Au con-

EXPERIMENTAL METHODS

Chemical and Materials: OPSS-PEG-SVA (O-pyridyl
disulfide—poly(ethylene glycol)—succinimiyl valeric acid-
activated ester, MW =~ 5000) and mPEG-thiol (methoxy-
poly(ethylene glycol)—thiol, MW =~ 5000) were purchased from
Laysan Bio (Arab, AL). Anti-EGFR (monoclonal antibody, clone
LA1) was purchased from Millipore (Temecula, CA). The BCA as-
say kit was purchased from Thermo Scientific (Rockford, IL). The
FM4-64 dye, medium DMEM-HG (Dulbecco’s modified eagle me-
dium with high glucose), FBS (fetal bovine serum), and G418 (Ge-
neticin) were purchased from Invitrogen (Carlsbad, CA).

Synthesis and Characterization of Au Nanocages: Gold nanocages
with mean edge lengths of 35, 50, and 90 nm were synthesized
through galvanic replacement by reacting chloroauric acid with
Ag nanocubes of 30, 45, and 70 nm in edge length, respectively.
The detailed procedure has been reported in our previous
publications.3?33 The LSPR peaks of these nanocages were tuned
to 770 nm by controlling the amount of chloroauric acid added into
the suspensions of Ag nanocubes. The absorbance spectra were re-
corded using a Cary 50 UV—vis spectrophotometer (Varian, Palo
Alto, CA). TEM samples were prepared by dropping an aqueous
suspension of the nanocages onto a carbon-coated copper grid
(Ted Pella, Redding, CA) and allowing it to dry under ambient con-
ditions. The sample was continuously rinsed with water for 1 h to
remove residual PVP and then dried before TEM characterization.
TEM images were collected on a Tecnai G2 Spirit Twin microscope
(FEI, Hillsboro, OR) operated at 120 kV. The Au concentrations of the
nanocage suspensions were measured using an Agilent 7500ce
ICP-MS (Agilent Technologies, Santa Clara, CA). From the ICP-MS
data and TEM images, the molar concentrations of the nanocages
can be calculated.

Bionconjugation of Au Nanocages: Gold nanocages were functional-
ized with monoclonal antibodies using a two-step protocol. First,

1 mL of a 1 mM aqueous solution of OPSS-PEG-SVA was mixed with
a suspension of Au nanocages 25 pM in concentration. The suspen-
sion of nanocages was then agitated for 4 h at room temperature
in the dark. After incubation, the solution was centrifuged at 10 000
rpm for 20 min, and the supernatant was removed. The nano-
cages were washed once with PBS. In the second step, 1 mL of
PBS containing 10—120 pg of anti-EGFR was added to the nano-
cages and incubated at 4 °C for 12 h under agitation. The nano-
cages were centrifuged down, and the supernatant containing free
anti-EGFR was used for BCA assay. The anti-EGFR Au nanocages
were redispersed in PBS and stored at 4 °C until future use. For
PEGylated samples, the same amount of Au nanocages was mixed
with 1 mL of 1 mM mPEG-SH. The solution was agitated for 4 h in
the dark at room temperature. Afterward, the solution was centri-
fuged, washed once with PBS, and redispersed in 1T mL of PBS. The
Au contents were analyzed using ICP-MS to determine the final
concentration of the functionalized nanocages.

Quantifying the Number of Anti-EGFR per Nanocage: The superna-
tant collected previously containing unbound anti-EGFR was
analyzed using BCA assay. This assay uses a bicinchoninic acid
formulation for the colorimetric detection and quantification of
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tent by ICP-MS. Our time-dependent study showed
a rapid cellular uptake of anti-EGFR nanocages at the
beginning. The uptake rate slowed down after the
first hour with a total of ~800 anti-EGFR Au nano-
cages per cell at 24 h. The uptake of Au nanocages
increased with the increase in number for anti-EGFR
per Au nanocage. The uptake of Au nanocages was
also size-dependent, with the 35 nm Au nanocages
showing the largest number as compared to 50 and
90 nm samples. The two-photon PL from Au nano-
cages can be used to quickly screen their interac-
tions with cells, as well as evaluate their distribu-
tion in tissue for ex vivo and in vivo studies.

protein. The procedures were carried out as provided by the
manufacturer. The number of antibodies per nanocage (N,) was
calculated as follows: N, = the total number of antibodies added
— the number of antibodies in the supernatant. Incubation with
10, 35, and 120 pg of anti-EGFR yielded roughly 10, 28, 96 anti-
EGFR per Au nanocage, respectively.

Cell Culture: The U87MGWLEGFR cell line was obtained from
Prof. Michael J. Welch in the Department of Radiology at Washing-
ton University in St. Louis. The cells were cultured in the DMEM-HG
supplemented with 10% FBS and 500 mg/L of G418 under 5%
CO, at 37 °C. The US7MGWLEGFR cells were reseeded 24 h before
experiments in a 6-well plate at a population of 5 X 10° cells per
well. The medium was changed immediately prior to incubation
with Au nanocages. Nanocages (at a final concentration of 0.02 nM)
were added into each well and incubated with gentle rotation for
a given amount of time as noted in the text. Dye FM4-64, a widely
used marker for staining membrane and endosomes, was incu-
bated with the cells simultaneously at a final concentration of 5 g/
mL. After incubation, the cells were rinsed three times with PBS to
remove any unbound Au nanocages. For the removal of surface-
bound nanocages, the cells were washed for 10 min at 4 °C with 2
mL of a PBS solution containing 20 mM sodium acetate, whose pH
had been adjusted to 3.0 with HCI. They were then rinsed again
with the 2 mL of PBS solution containing sodium acetate. The
washings were collected and saved for ICP-MS analysis. For block-
ing experiments, anti-EGFR with a final concentration of 100 nM
was added to the cells 1 h prior to the addition of nanocages. For
experiments at a low temperature, the cells were refrigerated at 4
°C for 10 min prior to and then for 1 h under gentle agitation after
the addition of nanocages. The cells were only incubated for 1 h at
4 °C because longer incubation time resulted in cells lifting off
from the wells during the washing process.

Two-Photon Confocal Imaging: After washing off the unbound Au
nanocages, the cells were covered with a coverslip (#1.5, Corning,
Corning, NY) and sealed with vacuum grease. They were kept in the
dark and imaged within the next few hours. The imaging was per-
formed using an upright Zeiss LSM 510 NLO system (Carl Zeiss)
coupled with a Ti:sapphire laser (Chameleion, Coherent), a green
helium—neon (543 nm) laser, and a 63X water immersion objec-
tive (Carl Zeiss). The Ti:sapphire laser was operated in a mode-
locked configuration at a wavelength overlapping with the LSPR
peak of the nanocages, generating sub-200 fs pulse trains at 90
MHz. The PL data were collected using BP500-550IR. The fluores-
cence dye was excited at 543 nm, and the emission was collected
with BP650-700IR. Multi-track mode was used to collect both lumi-
nescence and fluorescence images. For comparison, all of the con-
focal images were taken at the same setting. The emission and ex-
citation spectra of anti-EGFR Au nanocages in PBS were collected
using the same microscope. The suspension of nanocages was
drawn into a microcapillary tube (Vitrocom, 5002-050) for imag-
ing. For the emission spectrum, the sample was irradiated at 800
nm and the fluorescent images were simultaneously collected at
different wavelengths (380—720 nm, 10 nm intervals). The emis-
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sion spectrum was derived from the intensity of the fluorescent sig-
nal and from the collected images using the Zeiss LSM software.
Sample Preparation for ICP-MS Analysis: For the analysis of surface-
bound Au nanocages, the PBS—acetate washings that were pre-
viously collected were digested in 5% aqua regia. For internal-
ized nanocages, the cells that had been washed with the acidic
PBS solution were removed from the bottom of the well using 2
mL of trypsin, followed by two rinses with 1 mL aliquots of the
medium. This solution was collected and then digested with 5%
aqua regia. All solutions were centrifuged at 3000 rpm for 5
min to remove any cellular debris which may clog the instru-
ment. The Au contents of the solution were then analyzed us-
ing ICP-MS. For each data point in the plot, it was an average
from three different samples.
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