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I
n this article, we present the develop-
ment of biodegradable plasmonic vesi-
cles, assembled from amphiphilic gold

nanorods (AuNRs) carrying mixed polymer
brushes of poly(ethylene glycol) (PEG) and
polylactide (PLA), for simultaneous spectros-
copic detection of cancer cells by surface
enhanced Raman scattering (SERS) and com-
binedchemo-photothermal therapy. Localized
surface plasmon resonance (LSPR), leading to
confined electromagnetic field surrounding
plasmonic metal nanostructures, endows
them with spectrally tunable optical and
photothermal conversion properties that are
of considerable interest for optoelectronics,
biosensing, and nanomedicine.1,2 LSPR of
plasmonic nanostructures can be broadly
tailored by modulating their intrinsic struc-
tural parameters and immediate environ-
ment such as dielectric property of local
mediumand separatingdistanceof neighbor-
ing nanoparticles.3 Consequently, while in-
tense research has focused on wet-chemical
synthesis of plasmonic metal nanostructures

with controlled size, morphology, and chemi-
cal configuration,4�6 parallel efforts have also
been made to organize them into assemblies
with collective properties significantly differ-
ent from that of their building blocks.7�10 The
signal contrast between the assemblies and
their building blocks, governed by interparti-
cle-spacing dependent plasmonic coupling,
has found widespread uses in plasmonic
nanosensors and surface enhanced spectros-
copy.11,12 For example, the interstitial spaces
andnanoparticle junctions in strongly coupled
plasmonic assemblies can serve as SERS hot-
spots, leading todramatically amplifiedRaman
signals for sensitive detection of biological and
small molecular targets.13,14

Self-assembly of plasmonic nanostructures
into well-defined discrete ensembles rather
than irregular macroscopic aggregates has
received increasing attention because of
fundamental interest in plasmon hybridiza-
tion in molecular-like structures and appli-
cations in living systems with size-limited
biological barriers.15�17 Surface coatings,
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ABSTRACT We have developed surface-initiated organocatalytic

ring-opening polymerization on functional nanocrystals and synthe-

sized amphiphilic gold nanorods carrying well-defined mixed polymer

brushes of poly(ethylene glycol) and polylactide. Self-assembly of the

amphiphilic gold nanorods affords biodegradable plasmonic vesicles

that can be destructed by both enzymatic degradation and near-

infrared photothermal heating. When tagged with Raman probes,

strongly coupled gold nanorods in the self-assembled vesicles give

rise to highly active SERS signals. The biodegradable plasmonic

vesicles exhibit a unique combination of optical and structural properties that are of particular interest for theranostic applications. We have demonstrated

that bioconjugated SERS-active plasmonic vesicles can specifically target EpCAM-positive cancer cells, leading to ultrasensitive spectroscopic detection of

cancer cells. Furthermore, integration of photothermal effect of gold nanorods and large loading capacity of the vesicles provides opportunities for localized

synergistic photothermal ablation and photoactivated chemotherapy, which have shown higher efficiency in killing targeted cancer cells than either single

therapeutic modality. The versatile chemistry of organocatalytic ring-opening polymerization, in conjugation with recent development in synthesizing

functional nanocrystals with tailored optical, electronic, and magnetic properties opens the possibilities for constructing multifunctional biodegradable

platforms for clinical translation.

KEYWORDS: plasmonic vesicle . amphiphilic nanocrystal . surface-initiated organocatalytic ring-opening polymerization .
chemo-photothermal therapy . SERS . theranostic nanomedicine
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primarily biomolecules and synthetic polymers, play
major roles in directing the self-assembly of functional
nanocrystals by imparting specific recognition and asso-
ciation mechanisms to the hybrid nanoparticles.18,19 Re-
cent research by several groups including us has
developed anewclass of plasmonicbuildingblocks based
on amphiphilic polymer brush coatings, which allow for
amphiphilicity-driven self-assembly of plasmonic nano-
structures in aqueous medium, leading to well-defined
ensembles ranging from multimers to tubules and
vesicles.20�26 Amphiphilic polymer brushes were gener-
ally attached on nanostructures in a “grafting to”manner
through ligandexchange reactionswithend-functionalized
polymers. Our recent results have demonstrated that
tandem “grafting to” and “grafting from” (surface-initiated
polymerization) of amphiphilic mixed brushes allows for
efficient loading of the brushes with precisely controlled
structures (molecular weight, graft density, relative ratio,
andpedant functionality) onhigh-qualityplasmonicnano-
structures of selective sizes andmorphologies.27 Addition-
ally, in comparisonwith thecommonmethodsolelybased
on “grafting to”, which results in low graft density due to
interchain steric hindrance, this two-step strategyprovides
opportunities for grafting a diverse range of functional
polymers on the plasmonic “core” nanoparticles in high
graft densities. On the other hand, it is noteworthy that
polymerization techniques currently applicable for graft-
ing from plasmonic nanostructures, i.e., controlled free
radical polymerizationonly allows for controlledgrowthof
polymer grafts with nondegradable hydrocarbon main
chains.28 However, the increasing biomedical uses of
plasmonic nanomaterials have created growing demands
for polymeric coatings with well-established biodegrad-
ability and biocompatibility.29

In the current study, we achieved sequentially con-
ducted ligand exchange and surface initiated organo-
catalytic living ring-opening polymerization (ROP) for
synthesizing amphiphilic AuNRs coated with mixed
PEG and PLA brushes (AuNR@PEG/PLA), and further
assembled them into biodegradable plasmonic vesi-
cles for theranostic applications. Our work represents
the first example of surface-initiated living ROP of
biodegradable polymers on plasmonic nanoparticles.
A major challenge for surface initiated polymerization
on functional nanocrystals is to maintain the stable
binding of surface-immobilized initiators and colloidal
stability of the nanocrystals. For metal nanostructures,
initiators are typically anchored by forming metal�
sulfur bonds, which become labile at high temperature
conditions (>60 �C).30,31OrganocatalyticROPhasemerged
as a versatile polymerization technique for biodegradable
polyesters and polycarbonates.32 Of particular importance
is that appropriate combination of organic catalysts and
solvent systems allows for low-temperature (<40 �C) living
polymerization of a broad spectrum of cyclic monomers
including lactide (LA), in contrast to metal-catalyzed ROP
requiringhigh temperature (>100 �C),33making it possible

for the living growth of biodegradable polymers on
plasmonic nanostructures.
Multifunctional theranostic platforms hold great

promise in nanomedicine by coupling diagnostic and
therapeuticmodalities for simultaneous imaging/detection
and treatment, which are essential for traceable drug
delivery and imaging-guided therapy.34�38 Here, self-
assembly of amphiphilic AuNR@PEG/PLA nanoparticles
leads to well-defined vesicles consisting of AuNRs em-
bedded PLA shell and PEG corona at both sides of the
hydrophobic shell, as illustrated in Figure 1. The AuNR@
PEG/PLA plasmonic vesicles exhibit a unique combina-
tion of optical and structural properties that are of
particular interest for theranostic applications. First, all
of the three components of the AuNR@PEG/PLA naopar-
ticles have excellent biocompatibility proven in medical
applications. PEG with excellent protein resistant prop-
erty is among themost widely used polymers in biotech-
nology and pharmaceuticals.39 PLA and its copolymers
havebeenwidely explored for biodegradable biomedical
devices, tissue engineering scaffolds, and controlled drug
release.40 Polymeric micelles of PEG-b-PLA block copoly-
mers encapsulating anticancer drug paclitaxel have been
approved by the Food and Drug Administration for the
treatment of advanced breast cancer.41 And pegylated
gold nanostructures are under active development in a
variety of preclinical studies.42�44 Second, when tagged
with Raman probes, strongly coupled AuNRs in the self-
assembled vesicles give rise to highly active SERS signals,
which enable the ultrasensitive spectroscopic detection
of targeted cancer cells labeled with bioconjugated
plasmonic vesicles. Recent advances in developing
SERS-encoded plasmonic nanostructures that generate
stable and reproducible signals havemade Raman imag-
ing and spectroscopy an intriguing diagnostic tool for
clinical uses.45�47 Importantly, the aspect ratio-depen-
dent longitudinal LSPR of AuNRs,48,49 in conjugation with
the controlled plasmonic coupling in the vesicles, allows
for tuning the LSPR of plasmonic vesicles into near-
infrared (NIR) spectral window, which is essential for
clinical translation of AuNRs@PEG/PLA vesicles because
of better tissue penetration depth. Third, the plasmonic
vesicle offers both hydrophobic PLA shell and large
aqueous cavity for loading of anticancer therapeutics of
diverse physiochemical properties. Integration of the
highly efficient photothermal effect of AuNRs and large
loading capacity of the vesicles provides opportunities for
localized synergistic photothermal ablation and photo-
activated chemotherapy, which have shown higher effi-
ciency in killing targeted cancer cells than either single
therapeutic modality because cells under hyperthermia
become more vulnerable to chemotherapy.50,51

RESULTS AND DISCUSSION

Synthesis and Self-Assembly of Amphiphilic AuNR@PEG/PLA.
SERS-active amphiphilic AuNRs were synthesized in a
two-step reaction starting with anchoring hydrophilic
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PEG (Mn = 5 kDa), initiator of organocatalytic ROP, and
Raman probe on AuNRs by ligand exchange, followed
by 4-dimethylaminopyridine (DMAP) catalyzed surface-
initiatedROPof lactide (Figure1). To facilitate thebindingof
hydrophobic ROP initiator, i.e., 11-mercapto-1-undecanol
(MUD) and Raman probe, i.e., 2-naphthalenethiol (NPT)
on hydrophilic AuNRs stabilized by cetyltrimethyl-
ammonium bromide (CTAB), the AuNRs dispersed
in water were first pretreated with a weak ligand, i.e.,
2-(2-aminoethoxy)ethanol to transfer the nanorods
into dimethyl sulfoxide (DMSO). Afterward, ligand ex-
change followed with a mixture of PEG (40 mg), MUD
(6.5 mg), and NPT (0.12 mg) with a molar ratio of 5:20:1
in DMSO for 12 h, and the surface-functionalized
AuNRs were purified by repeated centrifugation and
redispersion. 1H NMR spectrum (Figure S1) of mixed
PEG and MUD ligands detached from AuNRs shows
that the actual PEG/MUD ratio on AuNRs is 1:23, which
is reasonable because small molecular MUD can be
anchored on AuNR surfaces more efficiently than PEG.
The resultant AuNRs (AuNR@PEG/MUD) were well-
dispersed in polar solvents like DMSO, but not in non-
polar solvents such as chloroform (inset in Figure 2a).
The formation of insoluble aggregates is possibly due
to the polar hydroxyl end group of MUD and hydrogen
bonding between the hydroxyl groups in MUD and
oxygen atoms in PEG. Since the organocatalytic ROP
necessitates nonpolar solvents such as chloroform and
toluene, the AuNRs were suspended in chloroform and
used asmacroinitiator for DMAP-catalyzedROPof lactide.
Surprisingly, after the polymerization progressed for 1 h
at 40 �C, the insoluble AuNR precipitates completely
dissolved and formed a homogeneous dispersion (inset
in Figure 2a and Movie in Supporting Information).
Apparently, the growth of the PLA grafts on the AuNRs

improved their solubility in chloroform. UV�vis spectra
(Figure 2a) show that the longitudinal LSPR of AuNRs
(∼13 nm � 46 nm) (Figure S2) with an aspect ratio of
3.5 red-shifted from 745 to 778 nm in AuNR@PEG/PLA
because of increased refractive index of the polymer
coating.

Gel permeation chromatography (GPC) measure-
ments (Figure 2b) show that the PLA brushes have low
polydispersity (1.08�1.14) and their molecular weights
increase from 6.5 to 13 and 21 kDa at reaction time of 8,
13, and 20 h, respectively, thanks to the living ROP of
lactide catalyzed by DMAP.52 The characteristic reso-
nances of PEG at 3.65 ppm (�CH2�CH2�O) and PLA at
1.54 (CH3�) and 5.18 ppm (�CH(CH3)�) were detected
in 1H NMR spectra (Figure 2c) of AuNR@PEG/PLA, and
stronger PLA signals were found for the samples with
longer PLA grafts. Similarly, the growth of PLA grafts in
AuNR@PEG/PLA from 6.5 to 13 and 21 kDa led to a
gradual increase of polymer weight fraction from 8.7%
to 13.5% and 19.3% (Figure 2d) in thermogravimetric
analysis (TGA). A PEG/PLA molar ratio of 1:2.5 is calcu-
lated from the results of GPC and 1H NMR analysis,
which, in combination with the weight fraction deter-
mined by TGA, give rise to a polymer graft density of
∼0.5 chain/nm2 (see Supporting Information). An in-
itiator efficiency of 11% in the surface-initiated orga-
nocatalytic ROP can be deduced from the PEG/PLA
(1:2.5) and PEG/MUD (1: 23) ratios collectively (see
Supporting Information). The graft density achieved
is similar to what we obtained in surface initiated atom
transfer radical polymerization (ATRP),27 correspond-
ing to an average number of 1090 polymer grafts
(310 PEG chains and 780 PLA chains) per nanorod. In
contrast, the one-step “grafting to”modification using
thiolated PEG (Mn = 5 kDa) and PLA (Mn = 21 kDa) of the

Figure 1. Schematic illustration of the synthesis of SERS-active amphiphilic gold nanorods with mixed polymer brushes PEG
and PLA (AuNR@PEG/PLA) in the sequentially combined “grafting to” (coadsorption PEG, Raman reporter and ROP initiator)
and “grafting from” (organocatalytic surface-initiated ROP) approaches and self-assembly of AuNR@PEG/PLA into plasmonic
vesicles.
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same molecular weight led to a graft density of
0.25 chain/nm2, which is only 50% (Figure 2d) of what
we obtained through the tandem “grafting to” and
“grafting from” method. Polymer coatings have been
widely used to improve colloidal stability and biocom-
patibility of functional nanocrystals. Polymer brushes
with a higher graft density can offer better shielding of
the hard “core”, which is certainly beneficial for these
functions. Furthermore, a dense layer of amphiphilic
mixed polymer brushes is also highly desirable in
the amphiphilicity-driven self-assembly because self-
association of hydrophobic grafts, regulated by hydro-
philic ones to prevent the formation macroscopic
aggregates, provide driving force for the self-assembly
in aqueous media. In “grafting to” reactions, polymer
grafts attached initially generate steric hindrance to
block the attachment of incoming chains, therefore
leading to low graft densities. This effect becomes
more prominent for polymer grafts of highermolecular
weights, making it difficult to flexibly control essential
parameters of polymer brushes such as molecular
weight and graft densities. And the loading of mixed
polymer brushes introduces additional complexity of
competition between the chemically different polymer
chains during ligand exchange reaction. Our strategy
overcomes this problem by loadingmixed amphiphilic

brushes sequentially in tandem “grafting to” and
“grafting from” reactions, allowing for tailoring the
structure of mixed brushes in a broad range. Particu-
larly, the development of surface-initiated living orga-
nocatalytic ROP on functional nanocrystals expand the
possible library of polymer brushes that can be struc-
turally integrated with nanocrystals, opening synthetic
approaches to imparting new functionalities such as
biodegradability to the hybrid nanomaterials.

Amphiphilic AuNR@PEG/PLA (Mn(PLA) = 13.0 kDa)
were assembled into vesicles using the film rehydration
method we reported previously.24 Scanning electron
microscopy (SEM) image (Figure 3a) reveals vesicles
of∼190 nm in size (Figure S3) with AuNRs horizontally
oriented along the vesicle shell. The clear contrast
between the interior and peripheral region in the
vesicles, observed in transmission electronmicroscopy
(TEM) (Figure 3b), confirms the presence of hollow
cavity in the vesicles. In comparison with the typical
collapsed structures observed in dried polymeric ve-
sicles, the plasmonic vesicles with embedded nano-
rods in the polymer shell maintained their structural
integrity after dried, appearing to exhibit better me-
chanical stability. The close attachment of AuNRs in the
vesicles leads to strong interparticle plasmonic cou-
pling, as evidenced by the significant red-shift of

Figure 2. (a) UV�vis spectra of AuNRs coatedwith CTAB inwater (green line) andAuNR@PEG/PLA in chloroform (orange line).
Inset: photographs of AuNRs coated with PEG, MUD, and NPT (AuNR@PEG/MUD) in DMSO (left) and chloroform (middle) and
AuNR@PEG/PLA in chloroform (right). (b) GPC traces of the PLA detached from AuNR@PEG/PLA with different molecular
weights. 1H NMR (c) and TGA (d) analysis of the AuNR@PEG/PLA with different molecular weight PLAs (red line,Mn = 6.5 kDa;
blue line, Mn = 13 kDa; black line, Mn = 21 kDa) and AuNR@PEG/PLA prepared by one -step ligand exchange reaction using
thiolated PEG (Mn = 5 kDa) and PLA (Mn = 21 kDa) (dash line).
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transverse and longitudinal LSPR of AuNRs (Figure 3c).
Our synthetic strategy allows for the growth of well-
defined mixed polymer brushes on nanoparticle scaf-
folds synthesized in established wet-chemical meth-
ods, which enables us to precisely tailor the optical
properties of assembled vesicles for biological applica-
tions. Here we purposely adjusted the LSPR wave-
length of the plasmonic vesicles to match the laser
wavelength (808 nm) for maximal photothermal con-
version efficiency. The degree of plasmonic coupling of
AuNRs in the vesicle is strongly dependent on the
relative ratio of PEG and PLA, which can be controlled
by changing the relative ratio of PEG and MUD in the
ligand exchange reaction. It was found that increasing
the PLA/PEG ratio to 3.5 and 4.5, while maintaining the
same graft density, caused further red-shift of the
longitudinal LSPR to 883 and 940 nm (Figure S4). We
reason that reducing the number of PEG grafts mini-
mizes the steric hindrance for the association of AuNRs
during the self-assembly and gives rise to more effi-
cient packing of the nanorods and consequently stron-
ger plasmonic coupling. AuNRs encoded with NPT
Raman probes through Au�S bond exhibit SERS activ-
ity (Figure 3d) when excited with 785 nm laser. And the
SERS signal (Figure 3d) is further enhanced by a factor
of 24 due to the strongly coupled AuNRs in the vesicles,
resulting in an overall enhancement factor of 5.7� 106

(see details in Supporting Information).

Enzymatic Degradation and Photothermal Properties of the
Amphiphilic Vesicles of AuNR@PEG/PLA. We further exam-
ined biodegradability of the AuNR@PEG/PLA vesicles
by treating themwith proteinase K, which is among the
most active enzymes to degrade PLA.53,54 Complete
degradation of hydrophobic PLA converts it intowater-
soluble lactic acid and is expected to change the
structural integrity and morphology of the plasmonic
vesicles. After a treatment of 5 h at 37 �C, SEM image
(Figure 4a) clearly shows that small holes appeared in
the originally intact vesicles (Figure 2a) with their
hollow cavities exposed. At 15 h, defects between
individual AuNRs became more evident and major
fragments falling off the vesicles were seen, indicative
of homogeneous degradation of the PLA shell. Further
extension of the treatment to 25 h led to collapse of the
majority of vesicles, suggesting a major loss of the PLA
component. Eventually, at 35 h, mostly small clusters
of AuNRs rather than defected vesicles were observed.
To further confirm the disruption of the vesicle was
caused by the enzyme, control experiments were
performed in pH 7.4 PBS and pH 5.0 acetate buffer in
absence of proteinase K. After incubation at 37 �C for
45 h, the substantial degradation of vesicles appearing
in presence of the enzyme was not observed and the
vesicle structurewas retained (Figure S5a,b), consistent
with the stability of PLA for more than 15 days under
these conditions.29

Figure 3. SEM (a) and TEM (b) images of the AuNR@PEG/PLA plasmonic vesicles. (c) UV�vis spectra of the AuNR@PEG/PLA in
chloroform (red line) and the plasmonic vesicles in water (blue line). (d) SERS spectra of the AuNRs (red line) and plasmonic
vesicles (blue line) and corresponding photographs of AuNR (left) and plasmonic vesicle (right) dispersion (Inset).
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We next investigated the impact of enzymatic
degradation on controlled release of the payload en-
capsulated in the vesicles. Anticancer drug doxorubicin
(DOX) was loaded in the vesicles by dissolving depro-
nated DOX together with AuNR@PEG/PLA in chloro-
form to prepare the thin film for rehydration with pH
10.0 NaHCO3 buffer.

37 In line with our previous study,
our results (Figure 5a) show that increasing the amount
of DOX added results in continuous rise of loaded DOX
in the vesicles up to 58%; however, the loading effi-
ciency drops after the feeding weight ratio of DOX and
vesicle goes beyond 25%. Fluorescence of DOX was
significantly quenched after encapsulation (Figure 5b),
possibly because of the quenching and absorption of
fluorescence by AuNRs in the vesicles. Generation of
structural defects on the vesicle shell by enzymatic
degradation is expected to cause the release of pay-
load encapsulated in the vesicle. We have found that
enzymatic treatment of DOX-loaded AuNR@PEG/PLA
vesicle led to gradual recovery of DOX fluorescence
(Figure 5c) up to 80% at 35 h, indicating the release of
DOX into aqueous medium. And no significant DOX
fluorescence was recovered after the treatment in
either pH 7.4 PBS or pH 5.0 acetate buffer for 45 h
(Figure S5c,d). The release kinetics of DOX was deter-
mined by measuring the absorption of free DOX at
485 nm after removing the vesicles by centrifugation.
While a cumulative DOX release of 86% was achieved
after enzymatic treatment of 45 h (Figure 5d), the
release of DOX at pH 7.4 and 5.0 buffer dispersions
was exceedingly slow, and only reached 9% at pH 7.4
and 14% at pH 5.0 after 45 h, agreeing well with the
slow vesicle degradation observed in SEM observation
and also suggesting stable trapping of DOX. However,

it is noticed that enzyme treatment only caused 8%
release in the first 5 h, although small holes of about
20�50 nm already appeared on the vesicles after 5 h
degradation. We reason that the holes could be gen-
erated under the high vacuum condition during SEM
experiments when the structure stability of vesicles is
compromised after partial PLA degradation. Other-
wise, shell defects in this size scale are expected to
cause much faster payload release.

The photothermal conversion property of AuNR@-
PEG/PLA was evaluated by infrared thermographic
mapping. As shown in Figure 6a, temperature of the
vesicle dispersion (0.05 nM AuNRs) underwent a rapid
increase to more than 60 �C in 20 min under the
irradiation of 808 nm diode laser at a power output
of 2.5 W/cm2. In contrast, very minor temperature
change (<3 �C) was detected for the control PBS buffer,
suggesting highly efficient photothermal conversion
of the plasmonic vesicles. Also noted is better perfor-
mance (Figure 6b) of the vesicles than AuNRs at the
same concentration, which should result from the precise
matching of the longitudinal LSPR of the vesicles with the
laser wavelength (808 nm) (Figure 3c). The comparison of
the vesicles and nanorods at different laser power output
showed the same trend (Figure 6c), with higher power
affording faster temperature increase. In SEM and TEM
images (Figure 6d,e), spherical vesicles were transformed
into flattened pancake-like clusters of AuNRs after an
irradiation of 6 min, further confirming the rapid genera-
tion of a tremendous amount of heat during laser ex-
posure. The large optical cross-section (>109 M�1 cm�1)
of plasmonic nanostructures in the NIR spectral range
contributes to their superior performance in localized
heating.55,56 We also examined the impact of such a

Figure 4. SEM images of the vesicles after treatment by the enzyme for 5 h (a), 15 h (b), 25 h (c), and 35 h (d).
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Figure 5. (a) DOX loading efficiency (black line) and loading content (blue line) in the plasmonic vesicles as a function of the
feeding ratio of DOX versus the vesicle. (b) Fluorescence spectra of free DOX (red line) and DOX-loaded vesicles (black line) at
the same DOX concentration. (c) Fluorescense spectra of DOX (red line) and DOX-loaded vesicle at the same DOX
concentration after different times of enzymatic degradation: 0 h (black line), 5 h (green line,) 15 h (blue line), 25 h
(orange line), and 35 h (purple line). (d) Typical in vitro release profiles of DOX-loaded vesicles in PBSwith enzyme (green line),
pH 5.0 acetate buffer (blue line), and pH 7.4 PBS (black line) at 37 �C.

Figure 6. (a) Infrared thermographic images of vesicle dispersions in 96-well plate irradiated by a diode laser (808 nm) at a
power output of 2.5W/cm2. (b) Temperature variationof vesicles (red line), AuNRs (blue line), andPBS (black line) as a function
of laser irradiation time at 2.5W/cm2. (c) Plotted average temperatures at different powerdensity laser irradiation: vesicle (red
line), AuNR (blue line), andPBS (black line). SEM (d) andTEM (e) images of the vesicles after 6min laser irradiation at 2.5W/cm2.
(f) DOX release profiles of DOX-loaded vesicles without (purple line) and with laser at 1.0 W/cm2 (orange line) and 2.5 W/cm2

(green line) for 8 min irradiation.
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dramatic structural change on payload release from the
vesicles. AuNR@PEG/PLA vesicle dispersion was exposed
to 808 nm laser at the power output of 1.0 and 2.5W/cm2

for 8minand then the releaseofDOXwasmonitoredover
a period of 40 min. The vesicle showed minimal drug
release inabsenceof laser irradiation.Andover85%ofDOX
was released in 30 min after laser exposure at 2.5 W/cm2

and it dropped to 80% at 1.0W/cm2 (Figure 6f). This result
is in line with the considerable vesicle disruption by
localized heating observed in SEM and TEM images
(Figure 6d,e). The availability of both slow enzymatic
degradation and acute photothermal disruption of Au@
PEG/PLA vesicles provides possibilities for personalizing
the payload release kinetics in practical applications,
where long-term stability allows for retaining the payload
before the vesicles reach targeted tissue and photoacti-
vated rapid release can create a localized high dosage to
maximize the therapeutic efficacy. In thermotherapy, cells
at 42�45 �C become more sensitive to the treatment of
chemotherapy and radiation.57 The efficient photother-
mal conversion of AuNR@PEG/PLA vesicle, in conjugation
to its drug loading capacity, makes it a promising nano-
medicine platform that can take full advantage of this
effect for combination therapy.

Targeting and Spectroscopic Detection of Cancers Cell by
Bioconjugated AuNR@PEG/PLA Vesicles. To explore the use
of SERS-active AuNR@PEG/PLA vesicles for spectro-
scopic detection of specific cancer cells, in the “grafting
to” reaction, we replaced 35% of the monofunctional
thiolated PEG with heterofunctional PEG ended with
thiol and carboxylic acid groups for the bioconjugation
of targeting ligands. Here,monoclonal antibodies against
epithelial cell adhesion molecule (EpCAM),58,59 which is

highly overexpressed in varieties of human cancer of
epithelial origin, were tagged on the vesicles by 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDAC) cata-
lyzed coupling. The dense layer of PEG on the surface
of the vesicles plays multifunctional roles in improving
the colloidal stability in cell culture medium and mini-
mizing nonspecific cell uptake, in addition to serve as
flexible spacer of the targeting ligands. We have chosen
two hepatocellular carcinoma (HCC) cell lines, i.e., Ep-
CAM-positve Hep3B and EpCAM-negative PLC/PRF/5
cells (Figure S6) in this study. HCC is currently the fifth
most common cancer type and the no. 3 killer in all
cancer-related deaths, accounting for over 600000
deaths every year.60 The strong scattering of AuNRs at
their LSPR wavelength allows for imaging the cellular
binding and intracellular distribution of the plasmonic
vesicles by dark-fieldmicroscopy. As displayed in Figure 7,
40 min of incubation gave rise to considerable uptake of
the bioconjugated vesicles by the EpCAM-positve Hep3B
cells, whereas the control vesicles without antibody
ligand showed little cellular uptake by the Hep3B cells.
Similarly, very weak scattering signal of the targeted
vesicles (Figure 7c) was detected in the EpCAM-negative
PLC/PRF/5 cells. Inductively coupled plasma mass spec-
troscopy (ICP-MS) analysis was further performed to
make quantitative comparison. Figure 7d revealed that
the total amount of AuNRs (2.7 � 105) taken up by the
Hep3B cells incubated with targeted vesicles was about
33 times higher than that (8.2 � 103) of nontargeted
control samples, which is very close to the amount in PLC/
PRF/5 cells. Raman spectroscopic detection also showed
highly specific labeling of Hep3B cells by the targeted
vesiclesagainstnegativecontrols (Figure7e). Incomparison

Figure 7. Overlaid dark-field and fluorescence images of live Hep3B cells incubated with targeted vesicles (a) and
nontargeted vesicles (b), and live PLC/PRF/5 cells cultured with targeted vesicles (c). Cell nuclei were stained with blue
fluorescent Hoechst 33342. (d) The average number of AuNRs uptake by cancer cells under different conditions. (e) SERS
signals of Hep3B cells incubated with targeted vesicles (brown line) and nontargeted vesicles (green line), PLC/PRF/5 cells
treated with targeted vesicles (orange line), and control Hep3B cells (black line). (f) SERS spectra of different concentrations
(number of cells/mL) of Hep3B cells labeled with targeted vesicles.
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with commonly used fluorescence probes, SERS-encoded
nanoprobes offer a number of advantages such as low
background signals, better photostability, and tremen-
dous potential for multiplexing that are highly impor-
tant for biosensing of molecular, cellular, and in vivo

targets.61 To evaluate the sensitivity of our SERS-encoded
plasmonic vesicles, a series of labeled Hep3B cells was
subjected to Raman spectroscopicmeasurements, which
revealed a low detection limit of 40 cells/mL (Figure 7f
and Figure S7), demonstrating the potential of detecting
satellite tumor nodules and tiny metastasis in vivo.

Combined Dual-Modality Chemo-Photothermal Therapy by
AuNR@PEG/PLA Vesicles. Active targeting of DOX-loaded
AuNR@PEG/PLA vesicles to EpCAM-positve cells en-
ables the laser-activated intracellular release of DOX.
Dual-modality dark-field and fluorescence microscopy
was used to monitor the delivery process by indepen-
dently tracking the plasmonic vesicles and red fluores-
cence of DOX. Figure 8a shows that weak fluorescence
of DOX was detected and largely co-localized with the
vesicles after an incubation of 40 min. However, stron-
ger red fluorescence, homogeneously distributed thro-
ughout the cells, was observed 30 min after a laser
irradiation (1.0 W/cm2) of 8 min, with the plasmonic
scattering remaining unchanged. As discussed above,
fluorescence of DOX was significantly quenched after
encapsulation, but recovered once it is released from

the vesicles. The change of DOX fluorescence intensity
and intracellular distribution implies laser-activated
release of DOX, which is further supported by nucleus-
accumulation of DOX (Figure 8c) at 60 min after laser
exposure. In contrast, without laser irradiation, the
plasmonic and fluorescence signals did not show any
change after 48 h of incubation (Figure 8d), indicating
the stable encapsulation of DOX and the absence of
highly active proteinase or esterase for PLA degrada-
tion in the local environment, which is consistent with
the in vitro and in vivo degradation kinetics of PLA
reported previously.29,62,63

Tailoring the laser power output to induce cytotoxic
heat allows us to investigate the combination cancer
therapy with integrated photothermal therapy and
chemotherapy. A live/dead assay, with calcein AM
staining live cells and propidium iodide (PI) highlight-
ing dead/late apoptotic cells, reveals that the photo-
thermal effect of targeted AuNR@PEG/PLA vesicles
under cell-tolerable laser exposure (1.0 and 2.5 W/cm2)
yields power-dependent cell death (Figure 9a). And the
cytotoxic effect was further enhanced when DOX is
loaded into the vesicles. It appears that a mild laser
irradiation (1.0W/cm2), in conjuctionwith a lowdosage
of DOX (0.5 μg/mL), is sufficient to cause almost 100%
death of Hep3B cells by the EpCAM-targeted vesicles.
In contrast, the nontargeted vesicles showed minimal

Figure 8. Dark-field, fluorescence and the overlaid images of Hep3B cells labeled with bioconjugated DOX-loaded vesicles
after 40min incubation (a), postincubation for 30min (b) and 60min (c) after laser irradiation at 1.0W/cm2 for 8min, and 48 h
postincubation without laser irradiation (d). DOX has a red fluorescence and cell nuclei were counter-stained with Hoechst
3342 exhibiting blue fluorescence.
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cytotoxicity under the same treatment condition
(Figure 9a), which is consistent with the dramatic
difference in cellular uptake measured by imaging,
SERS spectroscopy, and ICP-MS.

To quantitatively evaluate the therapeutic efficacy
of the DOX-loaded plasmonic vesicle, viability of cor-
responding Hep3B cells was measured using cell-
counting kit-8 (CCK-8). Biocompatibility of the AuNR@
PEG/PLA vesicles was manifested by the fact that the
targeted vesicles showed no toxicity 24 h after uptake
by Hep3B cells (Figure 9b). When the laser exposure
time is shorter than 4 min, both the targeted blank
vesicles and vesicles containing drug affords similar
low toxicity (<25%), indicating little release of DOX
after a short period of laser exposure and a primary
contribution by photothermal heat. However, a con-
siderably better therapeutic effect (>160%) of drug-
loaded vesicles than that of the blank vesicles was
observed after 8 min irradiation at 1.0 W/cm2, suggest-
ing the initiation of DOX release and a combined
chemo-photothermal therapy. On the other hand,
exposure to 2.5 W/cm2 laser for 8 min led to more than
80% cell death, which is similar towhat is caused by the
drug-loading vesicles, indicative of the generation of a

tremendous amount of cytotoxic heat at higher power
output. As shown in Figure 9c, targeted vesicle and
targeted DOX-loaded vesicle without laser induced
negligible toxicity, while the targeted DOX-loaded
vesicles with laser and free DOX caused dose-dependent
cytotoxicity. In case of DOX delivered by targeted
vesicles, the combination of hyperthermia therapy
from vesicles and chemotherapy of DOX reduced half
maximal inhibitory concentration (IC50) of DOX from
0.49 μg/mL of free DOX to 0.26 μg/mL, leading to a
synergistic therapeutic effect that is considerably bet-
ter than that of individual treatment. Taken together,
the effective localized heating and resultant drug
delivery can give rise to the synergistic treatment of
specific cancer cells, which, in conjugation with SERS-
based ultrasensitive spectroscopic detection, make
biodegradable plasmonic vesicles a promising thera-
nostic platform. Accumulating evidence has demon-
strated an urgent need in combination therapy that
integrates the therapeutic effects of multiple reagents
or mechanisms to improve the treatment of highly
heterogeneous human cancer.50,64 In light of the recent
development in Raman spectrometers for intraopera-
tive applications,46 biodegradable plasmonic vesicles

Figure 9. (a) Fluorescence images of Hep3B cancer cells after chemo-photothermal therapy with nontargeted DOX-loaded
vesicles, targetedvesicles and targetedDOX-loadedvesicles irradiatedbya laser (808nm) at apoweroutputof 1.0 or 2.5W/cm2 for
8min.Cellswere stainedwith calceinAM(live, green) andPI (dead, red) after 24hpostincubation. Control: laseronly. (b) Viability of
Hep3B cells incubated with targeted blank vesicle exposed to 1.0 W/cm2 (red bar) and 2.5 W/cm2 (blue bar) laser, and targeted
DOX-loaded vesicle exposed to 1.0W/cm2 (green bar) and 2.5W/cm2 (cyan bar) for different times laser irradiation. (c) Viability of
Hep3B cells incubated targeted vesicle (red bar), nontargeted DOX-loaded vesicle without (blue bar) and with laser (purple bar)
(power output, 1.0 W/cm2; irradiation time, 8 min), targeted DOX-loaded vesicle without (orange bar) and with laser (green bar),
free DOX without (pink bar) and with laser (dark yellow bar) at different concentrations of DOX.

A
RTIC

LE



SONG ET AL. VOL. 7 ’ NO. 11 ’ 9947–9960 ’ 2013

www.acsnano.org

9957

that allow for personalized photoactivated payload re-
lease are of great potential for the integrated detection
and chemo-photothermal treatment of positive tumor
margins and micrometastases during cancer surgery,
which are primary causes of cancer resurgence.

CONCLUSION

In summary, we have realized surface initiated or-
ganocatalytic ROP on functional nanocrystals, which
enabled the synthesis of amphiphilic AuNRs covered
with well-defined mixed PEG and PLA brushes. Self-
assembly of amphiphilic AuNR@PEG/PLA give rise to
plasmonic vesicles consisting of PEG corona and
AuNRs-embedded PLA shell, which endow the vesicles

with a unique combination of structural and optical
properties such as high colloidal stability, excellent bio-
compatibility, enzymatic biodegradability, and photo-
thermal disruption. One key finding is that SERS-active
plasmonic vesicles, tagged with cancer targeting ligands,
can function as a new class of theranostic platform that
allows for simultaneous SERS detection and synergistic
chemo-photothermal therapy of specific cancer cells. The
versatile chemistry of organocatalytic ROP, in conjugation
with recent development in wet-chemical synthesis of
functional nanocrystals with tailored optical, electronic,
and magnetic properties, opens new possibilities for
constructing a new generation of biodegradable thera-
nostic platforms for clinical translation.

EXPERIMENTAL SECTION
Materials and Characterization. 11-Mercapto-1-undecanol (MUD),

2-naphthalenethiol (NPT), doxorubicin (DOX), 4-dimethylamino-
pyridine (DMAP), D,L-lactide (LA), triethylamine (TEA), cetyltrimethyl-
ammonium bromide (CTAB), sodium borohydride (NaBH4), silver
nitrate (AgNO3), 2-(2-aminoethoxy)ethanol, 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDAC), propidium iodide (PI), and
proteinase K were purchased from Sigma-Aldrich. LA was recrys-
tallized from dry ethyl acetate three times. All solvents unless
specified were obtained from Sigma-Aldrich and used as received.
Methoxy-poly(ethylene glycol)-thiol (MPEG-SH) and carboxyl-poly-
(ethylene glycol)-thiol (HOOC-PEG-SH) with a molecular weight of
5 kDa were received from Laysan Bio. Hydrogen tetrachloroaurate-
(III) trihydrate (HAuCl4 3 3H2O) was from Alfa Aesar. Hoechst 3342
and calcein AM were purchased from Life technology.

Scanning electron microscopy images were obtained on a
FESEM (JSM-6700F, Japan). Transmission electron microscopy
(TEM) observationswere conducted on a Jeol JEM 2010 electron
microscope at an acceleration voltage of 300 kV. UV�vis
absorption spectra were recorded by using a Shimadzu
UV-2501 spectrophotometer. 1H NMR spectra were obtained
at Bruker AV300, using dimethyl sulfoxide-d6 (DMSO-d6) and
CDCl3 as solvents. Gel permeation chromatography (GPC) was
measured on a Shimadzu HPLC system using chloroform as the
eluent, and the molecular weight is calibrated with polystyrene
standards. PEG andMUD, and polymer grafts were cleaved from
AuNRs by treating the nanorods with 5 mM iodine solution in
chloroform,65,66 and PLA was separated from PEG by precipitat-
ing the solution in water. Fluorescence spectra were collected
on a Fluoromax-3 spectrometer (Horiba Scientific). Dark-field
imaging of live cells were carried out in an Olympus71 inverted
microscope with an oil-immersion dark-field condenser at 40�
magnification, and fluorescence images were collected using
Photometrics CoolSNAP-cf cooled CCD camera. Infrared ther-
mographic images of vesicle dispersions were obtained using
FLIR T420 thermal imaging infrared camera. Live cells were
immobilized on a polylysine-modified glass coverslip for the
imaging experiments. Inductively coupled plasma mass spec-
troscopy (ICP-MS) was measured on a Prodigy High Dispersion
ICP-MS. Hydrodynamic sizes were measured using a Malvern
NANO-ZS90 Zetasizer. Thermogravimetric analysis (TGA) was
performed on a Perkin-Elmer Diamond TG/DTA. Samples were
placed in platinum sample pans and heated under a nitrogen
atmosphere at a rate of 10 �C/min to 100 �C and held for 40 min
to completely remove residual solvent. Samples were then
heated to 700 �C at a rate of 10 �C/min. A CW diode laser of
808 nm (spot size: 1 cm) was used for the laser irradiation
experiment. A RENISHAW Raman microscope with WIRE
2.0 software and 785 nm emission line of an air-cooled He�Ne
laser was used for SERS measurements. The laser beam was
focused by a 50� objective, and the laser power on sampleswas
0.45 mWwith a laser spot size of 2�5 μm. A single scan with an

integration time of 15 s was performed. The encoder feedback
controlled the grating stage with a holographic grating of 1800
lines/mm on an interchangeable magnetic mount.

Synthesis of SERS-Active Amphiphilic AuNRs with Mixed Polymer
Brushes of PEG and PLA. CTAB stabilized AuNRs were synthesized
using a seed-mediated method,67 and free CTAB were removed
by repeated centrifugation (9000g, 20 min). A total of 0.1 mL
2-(2-aminoethoxy)ethanol was slowly added into 4 mL AuNR
dispersion (30 nM) and the mixture was stirred for 12 h. The
modified AuNRs were obtained by centrifugation (9000g, 10 min)
and dispersed in 4 mL DMSO. The amphiphilic AuNRs with
polymer brushes of PEG and PLA were synthesized by tandem
“grafting to” and “grafting from” reactions. In the first step, 1mL
of DMSO solution of 40mgof PEG (HOOC-PEG-SH andMPEG-SH
with a molar ratio of 35/65), 6.5 mg of MUD and 0.12 mg of
NPT was added into the AuNR dispersion over 10 min, and
the mixture was stirred for 12 h before the sample was
precipitated in chloroform to remove unbound ligands. The
obtained SERS-encoded AuNRs with PEG and MUD was sus-
pended in 5 mL of anhydrous chloroform. In the “grafting to”
step, 1.5 g of LA and 10 mg of DMAP were added into the
obtained chloroform suspension of AuNR@PEG/MUD. After the
reaction mixture was degassed with nitrogen for 40 min, the
polymerization of LA was carried out at 40 �C. After a prede-
termined period of time, the AuNRs coated with PEG and PLA
(AuNR@PEG/PLA) were separated from the mixture by centri-
fugation and purified by repeated redispersion and centrifugation
in 2 mL of chloroform. To obtain Au@PEG/PLA with PEG/PLA ratio
of 1:3.5 and 1:4.5, the ratio of PEG/MUD used in the ligand
exchange reaction was adjusted to 5:28 and 5:37, respectively.

Fabrication of DOX-Loaded and Bioconjugated AuNR@PEG/PLA Vesicles.
To prepare DOX-loaded vesicles, 120 μg of DOX was deproto-
nated with equal molar amount of TEA and dispersed in chloro-
form. Afterward, AuNR@PEG/PLA (30 nM AuNR) and DOX in
0.2mL of chloroformwere dried on a 4mL glass vial wall to form
a film, and then 1 mL of pH 10.0 NaHCO3 buffer was added to
rehydrate the film under sonication. The free DOXwas removed
by centrifugation and the obtained DOX-loaded vesicle was
redispersed in pH 7.4 PBS for further use. The blank vesicle was
prepared in the same condition except usingwater to rehydrate
the AuNR@PEG/PLA film. To conjugate EpCAM antibody on the
vesicles, antibody (400 μg) and EDAC (0.6 mg) were added into
1 mL of AuNR@PEG/PLA vesicle (0.1 nM AuNR) aqueous disper-
sion and the reaction was carried out at 4 �C for 8 h. The
unconjugated antibody was removed by centrifugation (2000g,
5 mim) twice and the bioconjugated AuNR@PEG/PLA vesicles
were stored in PBS at 4 �C.

Enzymatic Degradation of Plasmonic Vesicles and Triggered Drug
Release. To test the vesicle degradation by enzyme, 1 mL of
DOX-loaded vesicle (0.05 nM AuNR) dispersion incubated with
50 μL of proteinase K (25 mg/mL in Tris-HCl buffer, 800 U/mL
activity) was loaded into a membrane dialysis tube with a
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molecular cutoff of 3000 Da. The tube was immersed in a 20mL
glass bottle filled with 10 mL of pH 7.4 PBS buffer at 37 �C for
45 h. Control experiments were performed in pH 7.4 PBS and pH
5.0 acetate buffer without enzyme. DOXwas quantified using its
absorbance at 485 nm.

NIR Laser Irradiation and Triggered DOX Release. A total of 100 μL
AuNR@PEG/PLA vesicle and AuNR dispersions (0.05 nM) in
96-well plate were irradiated with a 808 nm diode laser (spot
size: 1 cm) at a power density of 1.0 and 2.5W/cm2 for 2�14min.
Temperature and thermographic images were taken by an
infrared thermographic camera at 2 min intervals. For laser
triggered DOX release experiments, 1mL of DOX-loaded vesicle
solution was loaded into a membrane dialysis tube (cut-off:
3000 Da). The tube with DOX-loaded vesicle solution was
immersed in a 20 mL tube filled with 10 mL of pH 7.4 PBS.
The experiments were performed after laser exposure (1.0 or
2.5 W/cm2) for 8 min at 37 �C. The amount of loaded and released
DOX was determined by measuring the UV�vis absorbance of
DOX at 485 nm. All measurements were conducted in triplicate.

Live Cell Imaging and SERS Detection. Hep3B cells and PLC/PRF/5
cells were transferred and cultured onto 60 mm polylysine-
modified glass slides in culture dish and allowed to grow in
DMEM medium supplemented with 10% fetal bovine serum
and 1% antibiotics (37 �C, 5% CO2) for 48 h. Next, the medium
was replaced with fresh culture medium containing nontar-
geted vesicles (0.1 nM) for Hep3B cells and targeted vesicles
(0.1 nM) for both Hep3B and PLC/PRF/5 cells. After incubation
for 40 min, the glass slides were washed with PBS for live cell
imaging. The dark-field image was captured with unpolarized
white light illuminated through a dark-field condenser. In case
of the intracellular DOX release studies, Hep3B cells were
treated with targeted DOX-loaded vesicles (0.1 nM) for 40 min
with cell nuclei counterstained with Hoechst 33342. To obtain
the in situ disruption of the plasmonic vesicles inside live cells,
cells were irradiated by an 808 nm laser at 1.0 W/cm2 for 8 min.
The cellular fluorescence images were collected using wide-
band blue excitation (450�480 nm) provided by a mercury
lamp, a long-pass dichroic filter (500 nm), and a band-pass
emission filter (590�630 nm). Dark-field images were captured
as described above. For SERS detection of targeted cancer cells,
preseeded Hep3B cells were exposed to targeted vesicles for
40 min. Afterward, the cells were washed with PBS three times
and collected after treated by trypsin. The obtained cells were
counted and redispersed in 200 μL of PBS at different concen-
trations for the Raman detection.

Chemo-Photothermal Therapy of Hep3B Cells Labeled with Bioconju-
gated DOX-Loaded AuNR Vesicles. Hep3B cells were seeded in each
well of 96-well plates at a density of 1.0 � 104 cells/well and
incubated for 48 h. Afterward, the cells were exposed to
targeted blank vesicles and targeted DOX-loaded vesicles at
the same DOX concentration (0.5 μg/mL). After incubation for
40 min, the cells were washed with PBS and fresh medium was
added. The cells were further irradiated with 808 nm laser at a
power output of 1.0 and 2.5 W/cm2 for 0, 2, 4, 6, 8, 10 min and
incubated for 24 h before the cell viability was measured using
the standard cell counting Kit-8 (CCK-8) assay. The data reported
represent the means of triplicate measurements. In the live/dead
assay, cells were stained with calcein AM (live, green) and
propidium iodide (dead, red). In parallel, Hep3B cells were
exposed to free DOX, nontargeted DOX-loaded vesicles, and
targeted DOX-loaded vesicles at various DOX concentrations
(0, 0.125, 0.25, 0.5, 1.0, 1.5, 3.0, 6.0 μg/mL) for 40 min. Afterward,
cell culture medium was replaced with fresh one, and the cells
were or were not irradiated with 808 nm laser at an output
power of 1.0 W/cm2 for 8 min. After cells were maintained in
incubator for another 24 h, cell survival efficiency wasmeasured
using the CCK-8 assay.
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