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T
he development of multidrug resis-
tance (MDR) has been a major impe-
diment to the success of cancer

chemotherapy and interest is growing in
the development of drug delivery systems
using nanotechnology to reverse MDR in
cancer.1�3 As one of the most important
mechanisms involved in many MDR cells,
P-glycoprotein (P-gp), a membrane-bound
active drug efflux pump, is an important
transporter and is capable of effluxing a
broad range of structurally and functionally
distinct anticancer agents, which is often
overexpressed in the plasma membrane of
many MDR cells.4,5 Therefore, inhibition, or
bypass, of P-gp-mediated drug efflux or
P-gp expression has become an important
strategy in overcomingMDR. For example, it
has been validated that Pluronic polymers
sensitize MDR cells to a few cytotoxic drugs
by inhibiting the P-gp drug efflux system
and affecting several other drug resistance
mechanisms.6�8 In other examples, by ap-
plying multifunctional nanoparticles, for ex-
ample, anionic liposome�polycation�DNA
complexes (LPD-II) and mesoporous silica
nanoparticles, siRNAs targeting the gene
encoding P-gp have been delivered into
MDR cells to downregulate P-gp expression,
thereby helping to restore intracellular drug
levels to the concentrations required for
induction of cytotoxicity.9 Thus, simulta-
neously codelivering cytotoxic drugs by
these same nanoparticles exerts enhanced
efficiency in inhibiting growth of MDR
cells.9,10 Other nanoparticle-based ap-
proaches, such as by rendering the drug
inaccessible to the P-gp efflux pump in MDR
cells, have also been reported to overcome

MDR in cancer.11�16 As a typical example,
Bae's group reported that doxorubicin-loaded
polymeric micellar nanoparticles can over-
come cancer MDR by targeting both the
folate receptor and early endosomal pH.17,18

Nanoparticles can enter cells by an en-
docytosis pathway, whichmay bemediated
by clathrin, caveolae, macropinocytosis, or
phagocytosis.19�21 Many studies have indi-
cated that exocytosis of nanoparticles may
be independent from the P-gp pathway,22�24

in other words, nanoparticles may not be the
substrate of P-gp. Thus, it can be expected that
an ideal nanoparticular delivery system that
can significantly overcome MDR would be
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ABSTRACT Multidrug resistance (MDR) is a major impediment to the success of cancer

chemotherapy. Through the development of a drug delivery system that tethers doxorubicin onto

the surface of gold nanoparticles with a poly(ethylene glycol) spacer via an acid-labile linkage (DOX-

Hyd@AuNPs), we have demonstrated that multidrug resistance in cancer cells can be significantly

overcome by a combination of highly efficient cellular entry and a responsive intracellular release of

doxorubicin from the gold nanoparticles in acidic organelles. DOX-Hyd@AuNPs achieved enhanced

drug accumulation and retention in multidrug resistant MCF-7/ADR cancer cells when it was

compared with free doxorubicin. It released doxorubicin in response to the pH of acidic organelles

following endocytosis, opposite to the noneffective drug release from doxorubicin-tethered gold

nanoparticles via the carbamate linkage (DOX-Cbm@AuNPs), which was shown by the recovered

fluorescence of doxorubicin from quenching due to the nanosurface energy transfer between the

doxorubicinyl groups and the gold nanoparticles. DOX-Hyd@AuNPs therefore significantly enhanced

the cytotoxicity of doxorubicin and induced elevated apoptosis of MCF-7/ADR cancer cells. With a

combined therapeutic potential and ability to probe drug release, DOX-Hyd@AuNPs represent a

model with dual roles in overcoming MDR in cancer cells and probing the intracellular release of drug

from its delivery system.

KEYWORDS: gold nanoparticles . multidrug resistance . drug delivery . doxorubicin .
nanosurface energy transfer . intracellular drug release
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dependent on the high efficiency of cellular entry of
the nanoparticles and subsequent rapid release of the
cytotoxic drug intracellularly that should be sufficiently
high to induce cytotoxicity. Gold nanoparticles (AuNPs),
which are known tobe inert, have shownadvantages and
significant progress in the delivery of small molecules to
large biomacromolecules, including DNA, siRNA, and
proteins.25�30 On the other hand, recent studies have
indicated that AuNPs act as good quenchers of many
fluorescence donors, due to the nanosurface energy
transfer (NSET) effect.31�33 This may render AuNPs as
the base of a fluorescent “nanoprobe”, particularly useful
in the trafficking of intracellular drug release, bymonitor-
ing changes influorescence. In this study,wedevelopeda
drug delivery system by tethering doxorubicin onto the
surface of AuNPs with a poly(ethylene glycol) spacer via
an acid-labile linkage (Scheme 1), which can significantly
overcome P-gp-mediated drug resistance by a combina-
tion of enhanced doxorubicin cellular entry and a re-
sponsive intracellular release of doxorubicin in acidic
organelles. In addition, the intracellular responsive release
of doxorubicin fromAuNPswasmonitored andvisualized
following the recovery of fluorescence signals quenched
by AuNPs.

RESULTS AND DISCUSSION

Preparation and Characterization of DOX-Tethered AuNPs.
To obtain doxorubicin-tethered AuNPs with a rapid

response to the acidity of acidic organelles or compart-
ments, we first synthesized heterofunctional R-lipoyl-
ω-doxorubicinyl poly(ethylene glycol) with a hydra-
zone linker between the doxorubicinyl group and the
poly(ethylene glycol) chain (further denoted as LA-
PEG-Hyd-DOX). As shown in Figure 1, synthesis started
from R-hydroxy-ω-amino-poly(ethylene glycol) (HO-
PEG-NH2, MW = 3400), which was first condensed with
R-lipoic acid to give R-lipoyl-ω-hydroxy poly(ethylene
glycol) (LA-PEG-OH). The hydroxyl group of LA-PEG-OH
was then activated with p-nitrophenyl chloroformate,
generating LA-PEG-NPC, which was further reacted
with hydrazine monohydrate to give LA-PEG-Hyd. LA-
PEG-Hyd-DOX was obtained by conjugating doxorubi-
cin to LA-PEG-Hyd by a hydrazone linker. As a control,
doxorubicin was also conjugated to LA-PEG-NPC to
generate LA-PEG-Cbm-DOX, which contained a carba-
mate linker between the doxorubicinyl group and the
poly(ethylene glycol) chain. The detailed characteriza-
tions of the intermediates, LA-PEG-Hyd-DOX and LA-
PEG-Cbm-DOX by 1H NMR analyses, are shown in the
Supporting Information (Figures S1�S5). The extents
of doxorubicin conjugation to PEG of both LA-PEG-
Hyd-DOX and LA-PEG-Cbm-DOX were approximately
100% from the 1H NMR analyses.

The hydrazone linker is hydrolytically cleavable,
particularly at low pH values.34 As shown in Figure 2,
LA-PEG-Hyd-DOX exhibited a monodispersed peak at

Scheme 1. (A) Schematic illustration of doxorubicin (DOX)-tethered responsive gold nanoparticles. (B) Schematic illustration
of the cooperationbetweenenhanceddoxorubicin cellular entry and a responsive intracellular releaseof doxorubicin into the
cells to overcome drug resistance. The fluorescence of doxorubicin tethered to gold nanoparticles is quenched (Fluorescence
“OFF”), while recovered when it is released with response to cellular acid conditions (Fluorescence “ON”).
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anelution timeof 4.0min (trace2)whenanalyzedbyhigh
performance liquid chromatography (HPLC) with a fluor-
escencedetector,while freedoxorubicinwaselutedat 1.6
min (trace 1). Incubationof LA-PEG-Hyd-DOXat pH5.0 for
1 h led to partial degradation of the hydrazone bonds,
resulting in two separate elution peaks (trace 3), corre-
sponding to doxorubicin and LA-PEG-Hyd-DOX, respec-
tively. However, treatment of LA-PEG-Hyd-DOX at an
even lower pH of 1.0 for 1 h completely degraded the
hydrazone bonds of LA-PEG-Hyd-DOX (trace 4), indicat-
ing the accelerated hydrolization of hydrazone bonds at
the low pH. However, LA-PEG-Cbm-DOX, with a carba-
mate linker, did not significantly degrade after incubation
at pH 1.0 for 1 h (trace 6).

AuNPs stabilized with citric acid were prepared
according to the procedure reported in the literature.35

The nanoparticles were roughly spherical and the
average diameter was around 30 nm as determined
by transmission electron microscopy (TEM) (Figure 3A,
upper). LA-PEG-Cbm-DOX or LA-PEG-Hyd-DOX was
anchored onto the surface of AuNPs via Au�disulfide
interactions, generating doxorubicin-tethered DOX-
Cbm@AuNPs or DOX-Hyd@AuNPs, respectively, which
was purified by centrifugation to remove free LA-PEG-
Cbm-DOX or LA-PEG-Hyd-DOX. No self-aggregation
was observed during the conjugation of heterofunc-
tional R-lipoyl-ω-doxorubicinyl poly(ethylene glycol)
to the surface of AuNPs, and the doxorubicin-tethered
AuNPs could be easily resuspended in aqueous solution.
A typical proof relied on theUV�vis absorption spectrum
of DOX-Hyd@AuNPs shown in Supporting Information,
Figure S6, which exhibited a slight red shift (2 nm) of λmax

when compared to that of citric acid-stabilized AuNPs,

but therewasnochange inotheropticalproperties. Sucha
phenomenon suggested no self-aggregation of DOX-
Hyd@AuNPs and it indicated the successful conjugation
of LA-PEG-Hyd-DOX to the surface of AuNPs.36,37 A similar
spectrum of DOX-Cbm@AuNPs was observed (result not
given). The image of DOX-Hyd@AuNPs observed by TEM
exhibited a thin polymer layer, surrounding the AuNPs
with an approximately 2�3 nm thickness (Figure 3A,
lower). The amount of LA-PEG-Hyd-DOX conjugated to
the AuNPs was 17.0( 2.0% by weight ratio (LA-PEG-Hyd-
DOX to AuNPs), calculated from HPLC analysis results of
LA-PEG-Hyd-DOX in the supernatant of the reaction mix-
ture after centrifugation. In consideration of the face
centered cubic structure of atoms in gold nanoparticles,38

the molar mass of gold nanoparticles is about 1.64 �
108 g/mol, while the grafting number of DOX-PEG con-
jugate on each particle is around 8400.

It is worth noting that the fluorescence emission
intensity of LA-PEG-Hyd-DOX significantly decreased
after the reaction with AuNPs. When the concentration
of LA-PEG-Hyd-DOX was fixed at 10 μM, the increase in
AuNPs concentration from 0 to 3000 pM in the reaction
solution resulted in a significant increase in doxorubi-
cin fluorescence quenching (Figure 3B), demonstrating
the presence of nanosurface energy transfer (NSET)
between the doxorubicinyl groups and AuNPs. This
phenomenon indeed indicated the formation of dox-
orubicin-tethered AuNPs sincemixing free doxorubicin
with AuNPs did not significantly give fluorescence
quenching. Our experimental data showed a
quenching efficiency of nearly 97% when the con-
centration of AuNPs reached 1500 pM; while nearly
100% when the concentration of AuNPs reached

Figure 1. Syntheses of R-lipoyl-ω-doxorubicinyl poly(ethylene glycol) with a hydrazone linker (LA-PEG-Hyd-DOX) or with a
carbamate linker (LA-PEG-Cbm-DOX). (a)R-lipoic acid,N,N0-dicyclohexyl carbodiimide, triethylamine, dichloromethane; (b) p-
nitrophenyl chloroformate, triethylamine, dichloromethane; (c) hydrazine monohydrate, dichloromethane; (d) doxorubicin,
trifluoroacetic acid, methanol; (e) doxorubicin, triethylamine, N,N0-dimethylformamide.
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3000 pM (Figure 3B). The Stern�Volmer quenching
constant (KSV) was calculated on the basis of eq 1
according to the reference, in which φ0 and F0 are
quantum yield and emission intensity at 565 nm in
the absence of the nanoparticle quencher; φ and F

are the same parameters in the presence of the
nanoparticle quencher; [CQ] is the concentration of
the nanoparticle quencher.31,39

φ0

φ
¼ F0

F
¼ 1þ KSV[CQ] (1)

Linear dependence of F0/F on the concentration of
AuNPs was depicted in Figure 3C, which exhibited a
slope of KSV = 1.16 � 1010 M�1, revealing high
quenching efficiency of doxorubicin by AuNPs. Care-
ful comparison of the emission spectra revealed the
decreased ratio of intensities at 565 and 595 nm (I565/
I595) upon addition of AuNPs (Figure 3B and Support-
ing Information, Figure S7A), while the I565/I595 of
free doxorubicin aqueous solution did not obviously
change upon dilution with water (Supporting Infor-
mation, Figure S7B). Figure 3D showed highly over-
laid emission spectrum of doxorubicin with the
UV�vis absorption spectrum of AuNPs. Since the
fluorescence emission of doxorubicin at 565 nm is
more overlaid with the absorbance spectrum of
AuNPs than that at 595 nm (Figure 3D), it is reason-
able to conclude that the decrease of fluorescence
intensity of doxorubicin and the I565/I595 ratio is due
to the energy transfer from doxorubicin to AuNPs,
which results in quenching of doxorubicin fluores-
cence. It has been reported that the fluorescence
quenching efficiency in an NSET model is dependent
on the distance between the donor and the
quencher,40 which in this case are the doxorubicinyl
groups and AuNPs (Figure 3E), respectively. The energy
transfer efficiency is inversely proportional to the fourth
power of the distance between the donor and the

Figure 2. Analyses of the stability of LA-PEG-Hyd-DOX and
LA-PEG-Cbm-DOX by reverse-phase high performance li-
quid chromatography. Trace (1) doxorubicin (DOX), (2) LA-
PEG-Hyd-DOX, (3) LA-PEG-Hyd-DOX after incubation at pH
5.0 for 1 h, (4) LA-PEG-Hyd-DOX after incubation at pH 1.0
for 1 h, (5) LA-PEG-Cbm-DOX, (6) LA-PEG-Cbm-DOX after
incubation at pH 1.0 for 1 h.

Figure 3. (A) Transmission electron microscopic image of citric acid-stabilized AuNPs (upper) and DOX-Hyd@AuNPs (lower)
(scale = 200 nm). (B) Fluorescent intensity change of LA-PEG-Hyd-DOX (10 μM) after reaction with citric acid-stabilized AuNPs
at different concentration from0 to 3000pM. Excitationwavelength =465nm. (C) Dependenceof F0/Fon the concentrationof
AuNPs, F0 is the fluorescence emission intensity of LA-PEG-Hyd-DOX in the absence of AuNPs; F is the fluorescence emission
intensity in the presence of AuNPs. (D) Overlay of the UV�vis absorption spectrum of citric acid-stabilized AuNPs (red line)
and thefluorescence emission spectrumof LA-PEG-Hyd-DOX (green line). (E) Schematic illustrationof the nanosurface energy
transfer (NSET) of doxorubicin-tethered AuNPs. The AuNPs and doxorubicinyl groups functioned as the “quencher” and the
“donor”, respectively.
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quencher.40 Therefore, it is understandable that mixing
free doxorubicin with AuNPs will not lead to NSET or
significant fluorescence quenching, while tethering LA-
PEG-Hyd-DOX onto the surface of AuNPs will shorten the
distance between the donor and the quencher and
subsequently quench the fluorescence of doxorubicin.

pH-Responsive Release of Doxorubicin from Doxorubicin-
Tethered AuNPs. The degradation of hydrazone bonds
of DOX-Hyd@AuNPs will result in the release of doxor-
ubicin from the nanoparticles. As discussed above, the
quenched fluorescence of doxorubicin recovers once
doxorubicin is released from the nanoparticles, following
the degradation of hydrazone bonds due to the cessation
of NSET (Figure 4A). To demonstrate this, we incubated
DOX-Hyd@AuNPs in acetate buffer at pH 5.0 and mea-
sured the fluorescence emission spectrum at different
time intervals. As shown in Figure 4B, incubation of
DOX-Hyd@AuNPs at pH 5.0 led to rapid recovery of
fluorescence. However, incubation of DOX-Hyd@AuNPs
inphosphatebufferedsaline (PBS) atpH7.4didnotexhibit
significant fluorescence recovery after 2 h incubation
(Supporting Information, Figure S8). These data demon-
strate that the release of doxorubicin from DOX-
Hyd@AuNPs is responsive toacidicpH. Figure4C illustrates
the fluorescence images of nanoparticles in capillaries
after different treatments, where the treatment of DOX-
Hyd@AuNPs at pH 5.0 resulted in high fluorescence

intensity due to the release of doxorubicin from the
nanoparticles and subsequent fluorescence recovery.
However, DOX-Hyd@AuNPs incubated at pH 7.4 did not
show bright fluorescence. Moreover, incubation of DOX-
Cbm@AuNPs at pH 7.4 or pH 5.0 did not recover the
fluorescence of doxorubicin.

To quantitatively determine doxorubicin release
from the nanoparticles, doxorubicin-tethered AuNPs
were suspended in either PBS at pH 7.4 or acetate
buffer at pH 5.0 in a dialysis membrane tubing at 37 �C.
The amount of released doxorubicin at predetermined
time intervals was measured by HPLC. The results
shown in Figure 4D reveal a release of up to around
20% of the total doxorubicin from DOX-Hyd@AuNPs
after 48 h of incubation at pH 7.4. However, a much
faster release of doxorubicin was observed when DOX-
Hyd@AuNPswere incubated at pH 5.0, reaching 80%of
cumulative release under otherwise identical condi-
tions. These data demonstrated that the cleavage of
hydrazone linkers was accelerated at lower pH values.
Nevertheless, the release of doxorubicin from DOX-
Cbm@AuNPs was minimal. The cumulative release of
doxorubicin from DOX-Cbm@AuNPs was only about
7% in 48 h, while the release rate was independent
from the pH of the medium.

Accumulation and Retention of Doxorubicin in MDR
Cancer Cells. Here, a multidrug resistant cancer cell line,

Figure 4. (A) Schematic illustration of fluorescence recovery after the degradation of hydrazone bonds in DOX-Hyd@AuNPs.
(B) Fluorescence emission spectra of DOX-Hyd@AuNPs after incubation in acetate buffer (pH 5.0, 0.02M) for different periods
of time. (C) Bright field (left) and fluorescence images (right) of nanoparticles at 1 nM in capillaries after different treatments:
(1) DOX-Hyd@AuNPs incubated at pH 5.0 for 1 h, (2) DOX-Hyd@AuNPs incubated at pH 7.4 for 1 h, (3) DOX-Cbm@AuNPs
incubated at pH5.0 for 1 h, (4) DOX-Cbm@AuNPs incubated at pH 7.4 for 1 h. (D) Quantitative analyses of the in vitro release of
doxorubicin at 37 �C from doxorubicin-tethered AuNPs at pH 7.4 or in acetate buffer at pH 5.0.
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MCF-7/ADR, which was obtained by continuous culture
of parental MCF-7 cells in doxorubicin and maintained
with doxorubicin at a dose of 1 μgmL�1, was selected to
test the efficiency of DOX-Hyd@AuNPs in overcoming
multidrug resistance.41�43

The drug resistance of MCF-7/ADR was demon-
strated by the overexpression of the P-gp-encoding
MDR1gene and the P-gpprotein, when comparedwith
the parental MCF-7 cells (Supporting Information,
Figure S9A and S9B). P-gp is a member of the MDR/
TAP subfamily, which is involved in multidrug resis-
tance and is an ATP-dependent drug efflux pump for
xenobiotic compounds with broad substrate speci-
ficity.44 It is also responsible for decreased drug accu-
mulation in MDR cells and often mediates the devel-
opment of resistance to anticancer drugs.4,5 Because of
the overexpression of P-gp, MCF-7/ADR cells showed a
high tolerance when treated with free doxorubicin, as
compared to that of its counterpart wild-type MCF-7
cells, in the MTT assays (Supporting Information,
Figure S9C). The simultaneous resistance of MCF-7/ADR
to different drugs;a trait known asmultidrug resistance
or cross resistance was proven by treating the cells with
epirubicin, another anthracyclinedrugcommonlyused in
chemotherapy (Supporting Information, Figure S9D).

We next demonstrated whether doxorubicin-teth-
ered AuNPs could help drug accumulation and retention
in MCF-7/ADR cells. Free doxorubicin or doxorubicin-
tethered AuNPs in culture medium was incubated with
either MCF-7/ADR or MCF-7 cells at 5 μg mL�1 of
doxorubicin or an equivalent dose. At different time
intervals from 1 to 24 h, the extracellular medium was
discarded and intracellular doxorubicin accumulation
was quantitatively determined by analyses of doxorubi-
cin concentration in the cell lysates, which were normal-
ized to total cellular protein content of the cells. It should
be mentioned that the fluorescence intensity of doxor-
ubicin conjugated to PEG was similar to that of doxor-
ubicin at the samepHandmolar concentration. Figure 5A
and 5B illustrate the intracellular accumulation of doxor-
ubicin (or equivalent) in MCF-7/ADR and MCF-7 cells,
respectively. Owing to the efflux of doxorubicin by P-gp,
the intracellular concentration of doxorubicin in MCF-7/
ADR cells was only 0.42( 0.03 μg permg protein after 24
h of incubation, which was significantly lower than that
seen inMCF-7 cells after incubationwith free doxorubicin
for the same period (3.61 ( 0.41 μg per mg protein). A
much higher intracellular accumulation of doxorubicin
and its equivalent was observed in MCF-7/ADR cells after
incubationwith doxorubicin-tetheredAuNPs, though the
value was slightly lower in MCF-7 cells in the same
conditions. When incubated with DOX-Hyd@AuNPs or
DOX-Cbm@AuNPs, the cellular amountofdoxorubicin (or
equivalent) inMCF-7/ADR cells increased rapidly with the
extension of culturing time, reaching 2.57 ( 0.04 and
2.83 ( 0.21 μg per mg protein, respectively, which was
about 6 timeshigher than thevalue after freedoxorubicin

treatment. Furthermore, the cellular amounts of doxor-
ubicin (free DOX or equivalent in polymeric conjugate
form) in MCF-7/ADR cells and MCF-7 cells were very
similar. These results indicated that doxorubicin-tethered
AuNPs might not be the substrate of P-gp, thus they
could be retained in the MDR cells after internalization.

In another experiment, we determined how doxor-
ubicin (or equivalent) was retained in MCF-7/ADR
cells with the delivery of doxorubicin-tethered AuNPs.

Figure 5. (A and B) Comparison of total doxorubicin (DOX)
accumulation in MCF-7/ADR cells (A) and MCF-7 cells (B)
after incubation with free DOX, DOX-Hyd@AuNPs, or DOX-
Cbm@AuNPs for different periods of time. The concentra-
tion of DOX (free DOX or equivalent) in cell culture was 5
μgmL�1 in all the experiments. (C) RetentionofDOX inMCF-
7/ADR cells after preincubation with DOX, DOX-Hy-
d@AuNPs, or DOX-Cbm@AuNPs for 4 h. The concentration
of total DOX (free DOX and equivalent DOX in polymeric
conjugate form) in the free DOX preincubation was 40
μg mL�1, while it was 5 μg mL�1 for DOX-tethered AuNPs.
Three independent experiments were performed.
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MCF-7/ADR cells were incubated with either free doxor-
ubicin or doxorubicin-tethered AuNPs for 4 h and the
cells were subsequently washed with PBS to remove
uninternalized free doxorubicin or doxorubicin-tethered
AuNPs. The cells were further incubated in fresh cell
culture medium for different periods of time (from 1 to
4 h). It is noteworthy that wemaintained the initial doses
of doxorubicin at 5 μg mL�1 in treatments with doxor-
ubicin-tethered AuNPs but intentionally increased the
initial concentration of doxorubicin to 40 μg mL�1 in the
free doxorubicin treatment to increase the initial cellular
doxorubicin level. As shown in Figure 5C, a fast decline in
intracellular doxorubicin levelwasobserved inMCF-7/ADR
cells preincubatedwith freedoxorubicin as a result of drug
efflux by P-gp. Only 15.1( 1.6%doxorubicinwas retained
in the cells after 4 h of incubation in the free doxorubicin
treatment. However, the amount and the efflux rate of
doxorubicin were significantly lower when the cells were
preincubated with doxorubicin-tethered AuNPs, where
cells retained about 68.0 ( 4.5% and 75 ( 4.5% doxor-
ubicin (free DOX or equivalent DOX in polymeric conju-
gate form) after 4 h of incubation, indicating the efflux of
doxorubicin was decreased upon its immobilization on

AuNPs. These results demonstrated that tethering doxor-
ubicinonto thesurfaceofAuNPsprotected it against efflux
by P-gp, thus the nanoparticles increased the cellular
retention of doxorubicin in MCF-7/ADR cells.

Internalization and Intracellular Drug Release of Doxorubicin-
Tethered AuNPs. We next demonstrated that doxorubi-
cin could be released from DOX-Hyd@AuNPs in re-
sponse to the intracellular acidic microenvironment
during or after its accumulation in MCF-7/ADR cells. In
considering this point, a cellular entry following acidic
organelle formation is probably the prerequisite for
triggered intracellular drug release via the breakage of
hydrazone bonds. We then investigated the entry
mechanism of DOX-Hyd@AuNPs into MCF-7/ADR cells.
Endocytosis is known as one of the important entry
mechanisms for various extracellular materials, parti-
cularly nanoparticles, which is energy dependent and
can be hindered when incubation is performed at low
temperatures (e.g., 4 �C instead of 37 �C).45 As shown in
Figure 6A, incubation of DOX-tethered AuNPs at 4 �C
for 1 h resulted in significant depressed internalization
of AuNPs to 26.5( 5.4% of the control, which involved
incubation of DOX-Hyd@AuNPs with MCF-7/ADR cells

Figure 6. (A) Cellular amount of AuNPs in MCF-7/ADR cells after 4 h of incubation with DOX-Hyd@AuNPs. Cells were
incubated either at 37 �C (control) or at 4 �C. Prior to the incubationwith DOX-Hyd@AuNPs at 37 �C, cells were pretreatedwith
sucrose, potassium depletion, filipin, methyl-β-cyclodextrin (MBCD), or amiloride. (B) Confocal images showing cellular
uptake of nanoparticles (red) byMCF-7/ADR cells after 4 h of incubationwith DOX-Hyd@AuNPs at 37 �C. The acidic organelles
were stained with Lysotracker Green (green), and the cell nuclei were counterstained with 40,6-diamidino-2-phenylindole
(DAPI, blue). (C, D, E) MCF-7/ADR cells observed by transmission electron microscopy. (C) The cells were cultured with DOX-
Hyd@AuNPs for 12 h. AuNPs were located in the extracellular region before endocytosis. (D1�D3) DOX-Hyd@AuNPs were
located in large (>1000 nm, D1), medium (150 to 1000 nm, D2) and small (<150 nm, D3) vesicles. (E) The cells were cultured
with DOX-Hyd@AuNPs for 24 h. AuNPs escaped from vesicles and localized in the cytosol. Sections 1, 2, and 3 in D1�D3 and E
indicate the cell nucleus, cell cytosol, and vesicles, respectively.
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at 37 �C for 1 h where cellular amounts of AuNPs were
analyzed by inductively coupled plasma mass spectro-
metry (ICP-MS). This result suggested that DOX-
Hyd@AuNPs entered the cells via energy-dependent
endocytosis.

The endocytosis pathway encompasses several sub-
categories, including phagocytosis, pinocytosis, clathrin-
dependent receptor-mediated and caveolae-dependent

endocytosis; phagocytosis is always attributed to the
endocytosis of large particles,46 which was not tested in
thiswork. As shown in Figure 6A, amiloride, an inhibitor of
pinocytosis,47 did not show an obvious effect on the
endocytosis of DOX-Hyd@AuNPs, demonstrated by a
similar cellular level of AuNPs (120.3 ( 15.35%) to the
control group. However, sucrose treatment or potassium
depletion of the cells, which are known to perturb
clathrin-mediated endocytosis,48 caused around a 40%
decrease in the uptake of the AuNPs. Pretreatment of the
cells with filipin or methyl-β-cyclodextrin (MBCD), both
reported to block caveolae-mediated uptake,49 prior to
the incubation with DOX-Hyd@AuNPs also had a signifi-
cant effect on their uptake byMCF-7/ADR cells, exhibiting
42.6( 5.65% and 36.4( 9.13% reductions, respectively,
when compared with the control. These data indicated
that both caveolae and clathrinmediated the internaliza-
tion ofDOX-Hyd@AuNPs intoMCF-7/ADR cells. Itmust be
mentioned that clathrin-mediation is known to lead to
the formation of primary endosomes, which conse-
quently form late endosomes and lysosomes that are
acidic organelles with low pH values at 5.0�6.5.46,50 The
confocal laser scanning microscopy (CLSM) image of
MCF-7/ADR cells shown in Figure 6B also shows that after
4 h of incubation, red fluorescence fromdoxorubicin was
mainly localized in the acidic organelles labeled with
Lysotracker Green (green).

The intracellular particle distribution of DOX-Hy-
d@AuNPs was further evaluated by transmission elec-
tron microscopy after exposing the nanoparticles to
cells for 12 and 24 h. Figure 6C shows the nanoparticles
located in the extracellular region before endocytosis.
After 12 h of incubation, AuNPs were found in intra-
cellular vesicles with different sizes, which weremerely
observed in the cytoplasm or nucleus (Figure 6D1-D3).
Vesicles with a medium- (150 to 1000 nm) and large-
size (>1000 nm) probably contribute to the formation
of endosomes and lysosomes, which are important
acidic organelles. It appears that some AuNPs were
capable of escaping from membrane-bound vesicles
and were distributed in the cytoplasm (Figure 6E).

To demonstrate our assumption that doxorubicin-
tethered AuNPs can release the drug rapidly in re-
sponse to the acidic environment in MDR cancer cells
and in turn overcome drug resistance, we incubated
free DOX or doxorubicin-tethered AuNPs with MCF-7/
ADR cells and analyzed the cells using flow cytometry
at different time intervals. As shown in Figure 7A, low
mean fluorescence intensity was observed when the
cells were incubated with free DOX at all tested time
intervals from 1 to 4 h due to its poor cellular retention
in MCF-7/ADR cells. On the contrary, a much enhanced
fluorescence in MCF-7/ADR cells was observed after
incubating the cells with DOX-Hyd@AuNPs. It is a remark-
able fact that although the cellular accumulation of
AuNPs inMCF-7/ADR cells was similar for treatmentswith
either DOX-Hyd@AuNPs or DOX-Cbm@AuNPs for the

Figure 7. (A) Geometric mean fluorescence intensity (GMFI)
of MCF-7/ADR cells after incubation with free doxorubicin
(DOX) and doxorubicin-tethered AuNPs for various periods
of time. The dose of doxorubicin or its equivalent was
5 μg mL�1. Data were collected from flow cytometric
analyses (n = 3). (B) Determination of cellular amount of
AuNPs in MCF-7/ADR cells after incubation with doxorubi-
cin-tethered AuNPs for various periods of time at a doxor-
ubicin or its equivalent dose of 5 μg mL�1 (n = 3). (C) Flow
cytometric analyses of MCF-7/ADR cells after incubation
with doxorubicin-tethered AuNPs for 1 h with or without
preincubation at pH 5.0. The dose of doxorubicin or its
equivalent was 5 μg mL�1.
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same time intervals, as measured by ICP�MS (Figure 7B),
the fluorescence intensity of cells treated with DOX-
Cbm@AuNPs was significantly lower than that following
treatment with DOX-Hyd@AuNPs at all tested time inter-
vals. These data demonstrated that internalized DOX-
Hyd@AuNPs could release doxorubicin in the acidic
organelles of MCF-7/ADR cells, which would activate
the fluorescence of doxorubicin quenched by AuNPs
due to NSET, as illustrated in Figure 4A. However, the
prevention of doxorubicin release from DOX-
Cbm@AuNPs would not turn “ON” the fluorescence of
doxorubicin, thus causing the lower fluorescence inten-
sity in cells observed by FACS. The lower fluorescence
intensity of cellswas alsoobserved inparentalMCF-7 cells
treated with DOX-Cbm@AuNPs when it was compared
with the treatment of DOX-Hyd@AuNPs at all tested time
intervals from 1 to 4 h. However, parental MCF-7 cells
treated with free DOX at the same dose exhibited
stronger fluorescence due to the nondrug resistance of
MCF-7 cells (Supporting Information, Figure S10).
Although the cellular reduction condition (e.g., glu-
tathione, GSH) may mediate the release of pegylated
doxorubicin conjugated on the surface of AuNPs, it must
be clarified that the disulfide bond linking the pegylated
drug to the AuNP is much more stable than the hydra-
zone linkage. As shown in the Supporting Information
(Figure S11), incubation of DOX-Hyd@AuNPs in PBS (pH
7.4, 0.02M) with 20mMGSH only led to slight increase of

fluorescence intensity in 2 h incubation, likely due to the
replacement of LA-PEG-Hyd-DOX fromAuNPsbyGSHand
the subsequent recovery of fluorescence quenchment.
However, much higher increase of fluorescence intensity
was observed when LA-PEG-Hyd-DOX was incubated at
acidic condition (pH 5.0) in the absence of GSH.

In another experiment, we mixed DOX-tethered
AuNPs with the culture medium at pH 5.0 for 1 h and
adjusted the pH back to pH 7.4. This medium was then
submitted for culture with MCF-7/ADR cells for 1 h. We
observed a significant decline in fluorescence intensity
in MCF-7/ADR cells treated with the medium contain-
ing pretreated DOX-Hyd@AuNPs but not pretreated
DOX-Cbm@AuNPs, when compared with cells incu-
bated with corresponding DOX-tethered AuNPs that
did not receive preincubation under acidic conditions
(Figure 7C). These data provided circumstantial evi-
dence of the responsive release of doxorubicin from
DOX-Hyd@AuNPs. This is because extracellular treat-
ment of DOX-Hyd@AuNPs at pH 5.0 led to partial
extracellular release of doxorubicin but not from
DOX-Cbm@AuNPs. Nevertheless, extracellular doxoru-
bicin could not be effectively retained in MCF-7/ADR
cells due to the efflux mediated by P-gp, resulting in
the decline in cell fluorescence intensity in the case of
cell culture pretreatedwithDOX-Hyd@AuNPs at pH 5.0.

In addition to the flow cytometry measurements,
confocal microscopy provided visible evidence of acid

Figure 8. Confocal lasermicroscopic observation ofMCF-7/ADR cells incubatedwith free doxorubicin (DOX) or DOX-tethered
AuNPs for 24 and 48 h. The dose of doxorubicin or its equivalent was 5 μg mL�1 in the cell culture. The cells were
counterstained with DAPI (blue) for the cell nucleus and Alexa Fluor 488 phalloidin (green) for the cell membrane.

A
RTIC

LE



WANG ET AL . VOL. 5 ’ NO. 5 ’ 3679–3692 ’ 2011

www.acsnano.org

3688

responsive intracellular release of doxorubicin from
DOX-Hyd@AuNPs. As indicated in Figure 8, MCF-7/
ADR cells incubated with free doxorubicin for 24 h
showed faint red fluorescence signals in the peri-
membrane region, likely to be due to complex forma-
tionwith P-gp, whichwas different to that seen inMCF-
7 wild-type cells incubated with doxorubicin, where a
rapid entry of doxorubicin into the cell nucleus was
observed within 30 min (result not given). However,
fluorescence signals were observed in the cytosol of
MCF-7/ADR cells when the cells were incubated with
doxorubicin-tethered AuNPs. This observation corre-
sponds well with the above-mentioned results where
doxorubicin-tethered AuNPs were shown to be inter-
nalized by and retained in MCF-7/ADR cells. Close
scrutiny of the images revealed that the fluorescence
signal from cells treated with DOX-Hyd@AuNPs were
significantly stronger than the control groups, which
were more dispersed in the peri-nuclear region. The
lower fluorescence signal within the cells incubated
with DOX-Cbm@AuNPs indicated that the carbamate
linkage hindered the release of doxorubicin, which
could not lead to an “ON” state of fluorescence due
to NSET. On the contrary, doxorubicin could be re-
leased fromDOX-Hyd@AuNPs in acidic organelles after
being internalized and turning on the fluorescence
from the quenching by the NSET. Furthermore,
although fluorescence of doxorubicin could be found
in the nuclei of MCF-7/ADR cells following 48 h of
incubation with free doxorubicin or doxorubicin-teth-
ered AuNPs, it was much stronger in the cell nuclei
when DOX-Hyd@AuNPs was used. Considering that
the interaction of doxorubicin with DNA by intercala-
tion in the nucleus is one of the major modes of action
for doxorubicin,51,52 and that doxorubicin-tethered
AuNPs might not be able to enter the nuclei, the
release of doxorubicin is therefore a necessary prere-
quisite and is crucial in playing its role in the growth
inhibition of MCF-7/ADR cells.

Enhanced Cytotoxicity and Apoptosis of MCF-7/ADR Cells
Induced by DOX-Hyd@AuNPs. The above data demon-
strated that the acid responsive DOX-Hyd@AuNPs
enhanced drug retention in MCF-7/ADR cells and
rapidly released the tethered drug into the cells. As a
result, delivery of doxorubicin with DOX-Hyd@AuNPs
can rapidly increase the concentration of the free drug
in MCF-7/ADR cells, thereby improving its cytotoxicity
and overcoming MDR in cancer cells efficiently. We
incubated free doxorubicin, DOX-Hyd@AuNPs or DOX-
Cbm@AuNPs at the equivalent doxorubicin doses with
both MCF-7 and MCF-7/ADR cells for 48 or 72 h, and
determined the half maximal inhibitory concentration
of doxorubicin (IC50) by MTT assay. The cytotoxicity to
MCF-7 cells in response to the doses of doxorubicin is
given in the Supporting Information (Figure S12).
Doxorubicin showed obvious cytotoxicity to MCF-7
cells at low concentration (IC50 = 0.35( 0.16 μg mL�1)
after incubation for 72 h; the cytotoxicity of DOX-
Hyd@AuNPs was comparable with that of doxorubicin
at identical conditions (IC50 = 0.39 ( 0.12 μg mL�1),
while DOX-Cbm@AuNPs was less cytotoxic to MCF-7
cells. However, in multidrug resistant MCF-7/ADR cells,
a significant decrease in the IC50 of DOX-Hyd@AuNPs
(IC50 5.12 ( 0.92 and 1.82 ( 1.68 μg mL�1 for 48 and
72 h, respectively) was observed when compared with
free DOX treatment (IC50 25.70 ( 3.42 and 10.12 (
1.07 μg mL�1 for 48 and 72 h, respectively) (Figure 9
panels A and B). It must be mentioned that DOX-
Cbm@AuNPs, which do not have the acid responsive
doxorubicin release characteristic, did not exhibit en-
hanced cytotoxicity, showing an IC50 close to that of free
doxorubicin treatment (IC50 26.8 ( 2.40 and 10.85 (
1.23 μgmL�1 for 48 and 72 h, respectively). It is possible
that the carbamate bonds are cleaved in the cells with
the aid of intracellular enzyme(s), sincewe could observe
the intracellular release of free doxorubicin when we
measured the total doxorubicin accumulation in the cells,
though it was observed thatmost doxorubicinmolecules

Figure 9. (A and B): Viability of MCF-7/ADR cells after treatment with free doxorubicin or doxorubicin-tethered AuNPs for (A)
48 or (B) 72 h. (C) Detection of DNA ladder formation inMCF-7/ADR cells after treatmentwith free doxorubicin or doxorubicin-
tethered AuNPs at an equivalent concentration of 2 μg mL�1.
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were still conjugated to PEG. This might explain why
DOX-Cbm@AuNPs exhibited cytotoxicity but was less
effective when compared with DOX-Hyd@AuNPs. On
the other hand, it is also worthy of pointing out that
PEG-capped AuNPswithout doxorubicin conjugation did
not exhibit obvious cytotoxicity to both MCF-7 and MCF-
7/ADR cells after 72 h incubation (Supporting Informa-
tion, Figure S13), indicating the cytotoxicity of DOX-
Hyd@AuNPswould not be due to the presence of AuNPs.
We also analyzed the DNA ladder formation, which is
characteristic for cell apoptosis. As shown in Figure 9C,
the DNA ladder formation could be detected in MCF-7/
ADR cells after incubation with DOX-Hyd@AuNPs,
whereas it could not be detected in cells treated with
other formulations, suggesting that acid-responsive dox-
orubicin-tethered AuNPs could induce enhanced apop-
tosis of MCF-7/ADR cells.

Chemotherapeutics are crucial in combating can-
cer; however, drug resistance represents a major factor
that limits the efficacy of chemotherapeutics. With
unique properties, such as small size, high biocompat-
ibility, low toxicity, and versatility due to the ease of
surface functionalization, gold nanoparticles have
been identified as promising candidates for potential
clinical translation.53,54 However, overcoming the drug
resistance of cancer is still challenging. In this study,
DOX-Hyd@AuNPs has been synthesized by simple
chemistry. Such nanoparticles are conjugated with
doxorubicin with PEG spacer, showing a small size
around 30 nm. DOX-Hyd@AuNPs is insensitive to

P-gp transporter-based efflux, while the retention of
drug in the MDR cells is enhanced. More importantly,
the acid-labile linkage between the PEG spacer and
doxorubicin leads a rapid intracellular release of dox-
orubicin, and in turn, the delivery of doxorubicin with
this system rapidly increases the intracellular drug
concentration for treating drug resistant cancers. It is
worth noting the PEGylation nature of this delivery
system would be potentially beneficial in terms of the
prolonged circulation, and it would eventually en-
hance its accumulation in solid tumors through the
“enhanced permeation and retention” effect,55 which
needs further demonstration in vivo. On the other
hand, this system may need further optimization to
improve the bioavailability, for example, by involving
active targeting of cancer-specific or overexpressed
membrane proteins.

In summary, we have developed a drug delivery
system by tethering doxorubicin onto the surface of
AuNPs with a poly(ethylene glycol) spacer via an acid-
labile linkage, and have demonstrated that such a deliv-
ery system can significantly inhibit the growth of multi-
drug-resistantMCF-7/ADR cancer cells, owing to the high
efficiency of cellular uptake by endocytosis and subse-
quent acid responsive release in cells. The acid response
was also demonstrated using an NSET phenomenon
between doxorubicin and the AuNPs. The doxorubicin-
tethered AuNPs therefore served dual roles by overcom-
ing MDR in cancer cells and probing the intracellular
release of drug from the delivery system.

MATERIALS AND METHODS

Materials. R-Hydroxyl-ω-amino-poly(ethylene glycol) (HO-
PEG-NH2) and citric acid-stabilized AuNPs were prepared ac-
cording to the literature.35 p-Nitrophenyl chloroformate and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were obtained from Sigma-Aldrich Co. (Shanghai, China).
N-Hydroxysulfosuccinimide (NHS) was purchased from Shang-
hai Medpep Co. Ltd. Hydrazine monohydrate was purchased
from Sinopharm Chemical Reagent Co. Ltd. Doxorubicin hydro-
chloride was purchased from Zhejiang Hisun Pharmaceutical
Co. Ltd. Methanol, N,N-dimethylformamide (DMF), and dichlor-
omethane were dried over calcium hydride for 24 h at room
temperature, followed by distillation just before use. Triethyla-
mine (TEA) was refluxed with phthalic anhydride, then with
potassium hydroxide and with calcium hydride, and distilled.
Milli-Q water (18.2 MΩ) was prepared using Milli-Q Synthesis
System (Millipore, Bedford, MA). R-Lipoic acid, N,N0-dicyclohex-
ylcarbodiimide (DCC), and hydrogen tetrachloroaurate (III) tri-
hydrate (HAuCl4 3 3H2O) were obtained from Beijing Chemical
Reagent Co., China, and used as received. All other reagents and
solvents were of analytical grade and used as received.

General Characterizations. HPLC analyses of doxorubicin and
the degradation of heterofunctional R-lipoyl-ω-doxorubicinyl
poly(ethylene glycol) were performed with Waters HPLC sys-
tem, equipped with a Waters 1525 binary pump, a Waters 2475
fluorescence detector, 1500 column heater, and a Symmetry
C18 column. HPLC grade acetonitrile/water (50/50, v/v) with pH
2.7 adjusted by HClO4 was used as the mobile phase at 30 �C
with a flow rate of 1.0 mL min�1. Fluorescence detector was set

at 460 nm for excitation and 570 nm for emission and linked to
Breeze software for data analysis. UV�vis absorption spectra of
citric acid-stabilized AuNPs and doxorubicin-tethered AuNPs
were obtained in a quartz cuvette using a Shimadzu UV 2501
spectrophotometer. TEM measurements were performed on a
JEOL 2010 high-resolution transmission electron microscope
with an accelerating voltage of 200 KV. The sample was
prepared by pipetting a drop of the aqueous solution of
nanoparticles (0.1 mg mL�1) onto a 230 mesh copper grid
coated with carbon and the sample was allowed to dry in air
before the measurement. The fluorescence emission spectra
were recorded using a Shimadzu RF-5301PC spectrofluorophot-
ometerwith an excitationwavelength at 465 nm. The amount of
gold was determined using an X Series 2 ICP-MS (Thermo,
Rockford, IL).

Preparation of Doxorubicin-Tethered AuNPs. LA-PEG-Hyd-DOX or
LA-PEG-Cbm-DOX (1 mg) was mixed with citric acid-stabilized
AuNPs (1 mg) in 10 mL of ultrapurified water at pH 8.0. The
mixture was stirred in the dark for 12 h at room temperature.
Thereafter, the nanoparticles were centrifuged at a speed of
14000 rpm for 15 min to remove unconjugated polymers and
washed once with Milli-Q water. The concentration of unconju-
gated polymer was determined by HPLC analyses as described
above, and the amount of conjugation at the surface of AuNPs
was thus calculated.

Release of Doxorubicin from Doxorubicin-Tethered AuNPs. Doxoru-
bicin-tethered AuNPs were incubated in phosphate buffer (0.02 M,
pH 7.4) or acetate buffer (0.02M, pH 5.0). The fluorescence emission
spectrawere recordedafter different time intervals. To quantitatively
determine the release of doxorubicin, doxorubicin-tethered AuNPs
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were suspended in phosphate buffer (0.02 M, pH 7.4) or acetate
buffer (0.02 M, pH 5.0) at 0.1 mg mL�1 in the dialysis membrane
tubing (MW cutoff = 14000, Spectrum Laboratories, Compton, CA),
and the tubing was immersed in 15 mL of PBS (0.02 M, pH 7.4) or
acetate buffer (0.02, pH 5.0), respectively, in a shaking water bath at
37 �C. At predetermined time points, the external buffer was
collected, which was replaced with an equal volume of phosphate
buffer or acetate buffer with identical pH values. The collected
release medium was freeze-dried and dissolved in acetonitrile�
water (50/50, v/v), and the concentration of doxorubicin was
analyzed by HPLC.

Cell Culture. MCF-7 cell line was obtained from the American
Type Culture Collection (ATCC, MD, USA), and the P-gp over-
expressing human carcinoma cell line (doxorubicin resistant
MCF-7 cell line, MCF-7/ADR) was kindly provided by Prof. Tao
Zhu from the University of Science and Technology of China.
The cells were cultured in RPMI 1640 medium, supplemented
with 10% fetal bovine serum and 2 mM L-glutamine at 37 �C
using a humidified 5% CO2 incubator. MCF-7/ADR cells were
maintained with free doxorubicin at 1 μg mL�1.

Determination of the Intracellular Accumulation and Retention of
Doxorubicin. MCF-7 or MCF-7/ADR cells were seeded in 24-well
plates at a density of 100 000 cells/well and incubated over-
night. The cells were washed with Earle's Balanced Salt Solution
and treated with free doxorubicin or doxorubicin-tethered
AuNPs in culture medium with equivalent doxorubicin at a
concentration of 5 μg mL�1. Cells were incubated at 37 �C for
different periods of time, washed twice with cold PBS, and lysed
in PBS containing 1% Triton X-100 at 37 �C for 30 min with three
freeze�thaw cycles. The cell lysates were then treated with KCN
(1 mM) for 2 h. DOX concentrations in cell lysates were
measured by HPLC analyses and normalized to the total cellular
protein content of the cells, which was determined by the BCA
Protein Assay Kit (Pierce, Rock-ford, IL). To determine the
intracellular retention of doxorubicin, MCF-7/ADR cells were
cultured with either free doxorubicin or doxorubicin-tethered
AuNPs for 4 h, washed with PBS, and then incubated with
culture medium at 37 �C for an additional 1, 2, 3, or 4 h. Cells
were lysed and the concentrations of doxorubicin in cell lysates
were measured as described above.

Transmission Electron Microscopy. MCF-7/ADR cells were seeded
onto 6-well plates at a density of 500000 cells per well, after 12 or
24 h incubation with DOX-Hyd@AuNPs at a doxorubicin dose of
5 μgmL�1. Excessmediawas removed, and the cells werewashed
with PBS, trypsined, and centrifuged. The cell pelletswere fixed in a
0.1 M PBS solution containing 2.5% glutaraldehyde for 4 h,
dehydrated through an ethanol series (70% for 15 min, 90% for
15 min, and 100% for 15 min twice) and embedded in Epon
Araldite resin (polymerization at 65 �C for 15 h). Thin sections
(70 nm) containing the cells were placed on the grids and stained
for 1 min each with 4% uranyl acetate (1:1, acetone/water) and
0.2% Reynolds lead citrate (water), air-dried, and imaged under an
80 kV JEOL-1230 transmission electron microscope.

Flow Cytometric Analyses of Cells after Treatment with Doxorubicin or
Doxorubicin-Tethered AuNPs. MCF-7/ADR cells were seeded in 24-
well plates at 100 000 cells per well in 500 μL of complete RPMI
1640 medium and incubated at 37 �C in 5% CO2 humidified
atmosphere for 24 h. The media was replaced with fresh media
containing free doxorubicin, doxorubicin-tethered AuNPs, or
doxorubicin-tethered AuNPs after 1 h preincubation at pH 5.0
with equivalent doxorubicin at a concentration of 5 μg mL�1.
The cells were further incubated for specific periods of time, and
then washed with PBS twice, harvested, and suspended in
200 μL of PBS for analyses using FACSCalibur flow cytometer.
Cells with PBS treatment were used as control. The data were
analyzed using WinMDI 2.9 software.

Analyses of Gold in Cells after Treatment with Doxorubicin-Tethered
AuNPs. MCF-7/ADR cells were cultured and treated with doxor-
ubicin-tethered AuNPs as described above. After incubation for
1, 2, 3, or 4 h, the cells were washed twice with ice-cold PBS and
lysed in PBS containing 1% Triton X-100 at 37 �C for 30 min with
three freeze�thaw cycles. The cellular amount of gold in cell
lysates was measured by ICP�MS and normalized to the total
cellular protein content of the cells, which was measured as
described above.

Confocal Laser Microscopy. MCF-7/ADR cells were seeded onto
12 mm coverslips in 24-well plates with 50000 cells per well and
allowed to growuntil 60%confluent. Cellswerewashed twicewith
PBS, and then incubated with free doxorubicin or doxorubicin-
tethered AuNPs with equivalent doxorubicin at a concentration of
5 μg mL�1 in complete RPMI 1640 medium for 4, 24, or 48 h at
37 �C. Cells were washed twice with ice-cold PBS and fixed with
fresh 4% paraformaldehyde for 15 min at room temperature. The
cells were counterstained with 40 ,6-diamidino-2-phenylindole
(DAPI) for the cell nucleus, Alexa Fluor 488 phalloidin (Invitrogen,
Carlsbad, CA) for the cell membrane or Lysotracker Green
(Invitrogen, Carlsbad, CA) for acidic organelles following the man-
ufacturer's instructions. The coverslips were mounted on glass
microscope slides with a drop of antifade mounting media
(Sigma-Aldrich Co., USA) to reduce fluorescence photobleaching.
The intracellular localization was visualized under a laser scanning
confocalmicroscope (LSM710Meta,Carl Zeiss Inc., Thornwood,NY).

Cell Growth Inhibition Assay. MCF-7/ADR cells were seeded in
96-well plates at 5000 cells per well in 100 μL of complete RPMI
1640 medium, and incubated at 37 �C in 5% CO2 humidified
atmosphere for 24 h. The culture medium was then replaced
with 100 μL of freshly prepared culture medium containing
either free doxorubicin or doxorubicin-tethered AuNPs at dif-
ferent doxorubicin concentrations. The cells were further in-
cubated for 72 h, and then 25 μL of MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide, Sigma-Aldrich, Saint
Louis, MO) stock solution (5 mg mL�1 in PBS) was added to
each well to achieve a final concentration of 1 mg mL�1, with
the exception of the wells as blank to which 25 μL of PBS was
added. After incubation for another 2 h, 100 μL of extraction
buffer (20% SDS in 50% DMF, pH 4.7, prepared at 37 �C) was
added to the wells and incubated for another 4 h at 37 �C. The
absorbance was measured at 570 nm using a Bio-Rad 680
microplate reader. Cell viability was normalized to that of
MCF-7/ADR cells cultured in complete culture media. The IC50
values were calculated using GraphPad Prism software (version
5.01), which were based on three separate experiments.

Cell Apoptosis Determined from DNA Fragmentation. MCF-7/ADR
cells were plated in 6-well plates at a cell density of 500 000 cells
per well in 2mL of complete RPMI 1640medium, and incubated at
37 �C in 5% CO2 humidified atmosphere for 24 h. The culture
medium was then replaced with 2 mL of freshly prepared culture
media containing either free doxorubicin or doxorubicin-tethered
AuNPs at a doxorubicin concentration of 2 μg mL�1. After 48 h
incubation, both adherent and nonadherent cells were collected,
centrifugedat 5000 rpm for 5min topellet all the cells, andwashed
with PBS. Cell pellets were then resuspended in 200 μL of PBSwith
RNase A (0.1 mg mL�1) and incubated at room temperature for
3 min. Proteinase K (1 mg mL�1) and lysis buffer were added,
respectively. The samples were incubated at 70 �C for 10 min, and
then transferred into the DNA purification spin column (Beyotime,
China) for purification, according to the manufacturer's protocol.
The soluble DNA samples were subjected to electrophoresis on
1.5% agarose gel at 50 V for 2.5 h.
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