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P
hotodynamic therapy (PDT), as a non-
invasive therapeutic modality involv-
ing the use of photosensitizer (PS)

and light irradiation, is being increasingly
explored for its utility in treating malignant
diseases such as cancer.1�4 During the PDT,
PS is elevated to its excited state by light
irradiation, and then subsequent energy
transfer to molecular oxygen results in the
formation of reactive oxygen species (ROS)
composed mainly of singlet oxygen (1O2).

5�7

The highly oxidizing ROS can induce apopto-
sis and necrosis of neoplasia cells and ulti-
mately lead to cell destruction. While PDT
is a FDA-approved therapeutic method, its
broader clinical acceptance for cancer ther-
apy would critically depend on the pro-
gresses in such areas as target delivery of
high doses of PS to diseased tissues and
adoption of long-wavelength light irradiation

(e.g., near-infrared (NIR) light) for increasing
treatment depth8 so as to overcome the
challenges associated with PS instability,9

low PS uptake by target cells,10,11 and lim-
ited PS activation deep in thediseased tissue
due to high attenuation of light in the visible
range.12

With respect to further improvement of
PDT efficacy, there is a growing interest in
using Au nanostructures as a carrier for PS
delivery, taking advantage of the versatile
surface functionality of Au for PS conjuga-
tion, relative easy cellular uptake of Au
nanoparticles, and their recognized bio-
compatibility.13�15 Furthermore, the strong
electromagnetic (EM) field induced by loca-
lized surface plasmon resonance (LSPR)
of Au nanostructures can be harvested to
enhance ROS generation, affording addi-
tional benefit for PDT treatment.16�18 For
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ABSTRACT A layer-by-layer (LbL) assembly strategy was used to incorporate

high concentrations of Al(III) phthalocyanine chloride tetrasulfonic acid (AlPcS4)

photosensitizer (PS) onto plasmonic Au nanorings (Au NRs) for increasing the

cellular uptake of AlPcS4 and subsequently enhancing the efficacy of photo-

dynamic therapy (PDT) of human breast cancer cells (MDA-MB-231) in the near-

infrared (NIR) range. Au NRs with two layers of AlPcS4 (Au NR/(AlPcS4)2)

markedly increased the cellular internalization of AlPcS4 and elevated the

generation of reactive oxygen species (ROS). Quenching the photosensitivity of

AlPcS4 on the Au NR surface during the uptake and then significant ROS

formation only upon PS release inside the cellular compartment made it possible

to achieve a high PDT specificity and efficacy. PDT of breast cancer cells following

4 h of incubation with various formula revealed the following cell destruction rate: ∼10% with free AlPcS4, ∼23% with singly layered Au NR/(AlPcS4)1
complex, and∼50% with doubly layered Au NR/(AlPcS4)2. Incubation with Au NR/(AlPcS4)2 for an additional 2 h resulted in∼85% cell killing, more than

8-fold increase compared to AlPcS4 alone. Together, integration of LbL of PS with Au NRs holds a significant promise for PDT therapeutic treatment of a

variety of cancers.
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instance, chemical conjugation of PS onto colloidal Au
nanoparticles allows the delivery of PS to deep cancer-
ous tissues and therefore increases the PDT treatment
depth.19 The chemical conjugation approach is, how-
ever, limited to low PS concentration due to instability
of Au colloidal solution at higher PS concentrations.
In addition, PDT under NIR irradiation with the aid of
Au nanorods that exhibit overlapping LSPR has proven
to yield high treatment efficacy over a greater tissue
depth.20,21 This significant finding stems from a larger
tissue penetration depth with NIR compared to the
visible light. Note that there are two LSPR modes in an
Au nanorod, a transverse mode at the two ends with
a strong EM field in the NIR and a longitudinal mode
along the length of the rod with a weak field in
the visible. This uneven field distribution does not
allow effective use of all available Au surface and PS
conjugates for field-enhanced PDT. In this regard, a
strategy that enables the increased PS loading in Au
nanostructures while synergistically exploiting the
LSPR in the NIR to the fullest extent, thus circumvent-
ing the limits of chemical conjugation of PS and the
anisotropic Au nanorods, will significantly advance Au
nanostructure-enhanced PDT for cancer therapy.
Here, we report the use of an intriguing Au nano-

structure, Au nanoring (Au NR), as both a carrier for PS
incorporated onto the Au NR surface via layer-by-layer
(LbL) assembly and an EM field enhancer to enhance
ROS formation at NIR, for improved PDT of breast
cancer cells. The use of Au NRs offers numerous
advantages. First, our earlier experimental studies have
demonstrated the LSPR of Au NRs could be readily
tuned to the NIR range by adjusting their size and
aspect ratio.22 Second, Au NRs allow the inner and the
outer surfaces to be accessible for LBL PS loading,
compared to only the outer surface of the enclosed
Au nanoshells that are also known for their tunable
LSPR in the NIR. Third, Au NRs are anticipated to exhibit
higher EM field enhancement than nanoshells of the
same dimension due to their lower mass and hence
reduced radiation damping.23 Forth, the high chemical
purity of Au NRs is of great appeal for their application
in PDT, compared to Au nanoshells with cytotoxic
residual Ag content due to incomplete galvanic ex-
change with Ag nanoparticles for structural stability24

or silica core/Au shell nanostructures where silica
remains as part of the structure.25

LbL, sequential and alternating deposition of con-
stituent polyelectrolytes and chargedmolecules, offers
a powerful means of incorporating a significant
amount of drugs while preserving their bioactivity.26,27

Examples include its use to incorporate therapeutic
drugs on polymeric nanoparticles for systemic delivery
at high doses.28�30 In this study, we innovatively
explored the LbL method to incorporate high concen-
trations of Al(III) phthalocyanine chloride tetrasulfonic
acid (AlPcS4), a second-generation PS with a high ROS

yield,31,32 onto Au NRs for improved PDT efficacy. Our
general strategy is depicted in Scheme 1. Two layers of
negatively charged AlPcS4 were alternatively depos-
ited onto AuNRs by LbL via electrostatic attractionwith
positively charged poly(allylamine hydrochloride)
(PAH) polyelectrolyte as the counterions, leading to
the formation of Au NR�AlPcS4 complexes. We show
that a significant amount of AlPcS4 could be loaded
into the assembled complex, which in turn led to a
marked increase of the intracellular AlPcS4 level after
cellular uptake of the complexes. We revealed that the
photosensitivity of AlPcS4 at the Au NR surface was
inhibited due to charge-transfer-induced quenching.33

Subsequent release of AlPcS4 from Au NR surface after
cellular internalizationmade the PS highly photoactive.
We demonstrated that upon NIR light irradiation, the
Au NR�AlPcS4 complexes in the cellular compart-
ments yielded elevated ROS formation, resulting in
an 8-fold increase in cancer cell killing efficiency during
PDT, compared to the use of AlPcS4 only or the Au
NR-AlPcS4 mixture.

RESULTS AND DISCUSSION

Colloidal Au NRs were prepared by galvanic re-
placement reaction.22 Cobalt nanoparticles (Co NPs)
stabilized with poly(vinylpyrrolidone) (PVP) and so-
dium citrate were used as the sacrificial template,
which was galvanically replaced with gold acid to form
highly monodisperse and pure Au NRs. By controlling
the size of Co NPs and the concentration of gold acid,
both outer and inner diameters of Au NRs can be

Scheme 1. Synergistic Integration of LbL Assembly with Au
NRs for Increased Loading of PS (i.e., AlPcS4) and Enhanced
PDT of Cancer Cells in the NIRa

a The photosensitivity of AlPcS4 and hence ROS formation is
inhibited when the PS is directly adsorbed on the Au NR
surface due to quenching effect. Field-enhanced ROS gen-
eration is activated upon release of the PS from and in the
immediate vicinity of the Au NRs during NIR irradiation.
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readily modulated. In this study, an outer diameter of
30�40 nm was chosen for the synthesized Au NRs in
order to achieve an optimal cellular uptake.34 As shown
in Figure 1, the as-prepared Au NRs had an average
outer diameter (D) of 32.9( 2.4 nm, inner diameter (d)
of 15.7 ( 2.5 nm, and sidewall height (h) of 13.4 (
1.4 nm, respectively. Tethering neutrally charged PVP
and negatively charged citrate, predominantly PVP,
onto Au NRs during the synthesis yielded Au NRs with
a slightly negative ζ potential of �3.4 mV. In order to
facilitate the adsorption of negatively charged AlPcS4
onto Au NRs illustrated in Figure 2a, thiol-terminated
poly(ethylene glycol) ligand with carboxyl group (HS-
PEG-COOH) at the terminal end was first introduced
to the Au NR surface via ligand exchange.35 During the
exchange process, the PEG ligand could replace PVP
and citrate ions originally capped on Au NRs via thiol
chemistry, forming a relatively strong Au�S bond.36

The negatively charged carboxyl group of ligands

could effectively prevent the aggregation of Au NRs
during the exchange. Note that a broadening of
the absorption peak was observed for Au NR after
PEGylation (Figure 2b) and can be attributed to slight
aggregation of the Au NRs upon PEGylation that
involved purification via centrifugation at 15,000 rpm
and redispersion in Milli-Q water. Afterward, a layer
of cationic poly(allylamine hydrochloride) (PAH) was
adsorbed to switch the surface charge of Au NRs to
positive for subsequent deposition of a layer of AlPcS4
molecule via electrostatic interaction.
Adsorption of each layer onto AuNRs could be easily

ascertained by the change of surface charge reflected
in the measured ζ potential values. As shown in
Figure 2c, following the order of as-prepared Au NRs,
Au NRþ PEG, Au NRþ PEGþ PAH and Au NRþ PEGþ
PAH þ AlPcS4 (i.e., Au NR/(AlPcS4)1), the measured
potentials are �3.4, �34.5, þ 41.3, and �29.4 mV,
respectively, corresponding well with the adsorption
of each layer. The switch of ζ potential from positive
(Au NR þ PEG þ PAH) to negative (Au NR/(AlPcS4)1)
indicates the robustness of electrostatic interaction
in forming the Au NR�AlPcS4 complexes. In addition,
successful adsorption of AlPcS4 onto positively charged
Au NR þ PEG þ PAH surface was also confirmed with
the appearance of the characteristic absorbance peak
at 675 nm from the absorption spectrum measure-
ment (Au NR/(AlPcS4)1 in Figure 2b). Since the AlPcS4
layer completely switches the ζ potential of Au NR
complexes to negative, it is possible to continue the
LbL assembly, i.e., alternating thedepositionof PAH and
AlPcS4 layers, to incorporate more AlPcS4. During the

Figure 1. (a) TEM images of as-fabricated Au NRs and (b)
schematic illustration of the geometry of Au NR, where D is
the outer diameter, d is the inner diameter, and h is the
sidewall height.

Figure 2. (a) Schematic illustration of LbL assembled AlPcS4 on Au NR, leading to Au NR/(AlPcS4)2 complexes; (b) UV�vis
absorption spectra of various Au NR complexes; (c) ζ potential measurements of (1) as-fabricated Au NR, (2) Au NRþ PEG, (3)
Au NRþ PEGþ PAH, (4) Au NR/(AlPcS4)1, (5) Au NR/(AlPcS4)1 þ PAH, and (6) Au NR/(AlPcS4)2; and (d) TEMmicrographs of Au
NR/(AlPcS4)2 complexes with the LbL assembled PAH/AlPcS4 layers throughout the Au NR surface as indicated by arrows.
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deposition of the second PAH layer, the competitive
interaction between free PAH (PAH solution) and first
PAH layer of Au NR complex for AlPcS4 led to partial
desorption of earlier adsorbed AlPcS4, as evidenced by
the reduced intensity of AlPcS4 peak in the absorption
spectrum after the LbL deposition of the second PAH
layer (Au NR/(AlPcS4)1 þ PAH in Figure 2b). Partial
salvaging of prior adsorbed layer is a common phe-
nomenon during the LbL deposition of polyelectrolytes
in consideration of the systematic ionic equilibrium
driven by the overall entropy change.37 Once again,
the net ζ potential of the resultant Au NR/(AlPcS4)1 þ
PAH complex was þ32.5 mV, indicating the successful
deposition of the positively charged PAH on the first
AlPcS4 layer. Following a similar manner to the first
AlPcS4 deposition, a second layer of AlPcS4 was also
deposited onto the second PAH layer. The final resul-
tant complex was Au NR/(AlPcS4)1þ PAHþ AlPcS4 (i.e.,
Au NR/(AlPcS4)2). In the absorption spectra, the higher
intensity in Au NR/(AlPcS4)2 (red in Figure 2b) is a clear
indication of more AlPcS4 being loaded, as compared
to Au NR/(AlPcS4)1 (blue in Figure 2b). Note the con-
centrations of Au NRs in both Au NR/(AlPcS4)1 and Au
NR/(AlPcS4)2 solutions are comparable, with a similar
peak intensity of Au NRs at 802 nm.
The absorption spectra of Au NR/(AlPcS4)1, Au

NR/(AlPcS4)1 þ PAH, and Au NR/(AlPcS4)2 in the visible
range exhibit stronger signal than the others in the
corresponding wavelength. It could be attributed to
the fact that the absorption spectra of these complexes
in the visible range are a superposition of the spectra
of the constituent Au NRs and photosensitizer AlPcS4.
As AlPcS4 in aqueous solution shows a noticeable
absorption peak in the visible range from 300 to
400 nm in Figure 2b, similar to an earlier study,38 it will
contribute to the higher signal intensity in the Au
NR�AlPcS4 complex. The increased signal intensity
of Au NR/(AlPcS4)1, Au NR/(AlPcS4)1 þ PAH, and Au
NR/(AlPcS4)2 is therefore expected, particular from
400 to 500 nm. In addition, AlPcS4 deposition increases
the index of refraction surrounding Au NRs, leading
to a slight red shift in the surface plasmon resonance
of Au NRs complexes (Figure 2b).39

Besides ζ potential and absorption measurements,
the size and morphology of Au NR/(AlPcS4)2 structures
were also characterized by transmission electron
microscopy (TEM). As shown in Figure 2d, the overall
assembled layers laden with two depositions of AlPcS4
uniformly cloaked the entire surface of Au NRs with
a thickness of approximately 2 nm in all dimensions,
indicating the highly controllable nature of the LbL
assembly process. In principle, more AlPcS4 layers can
be repeatedly built into the assembled structures
by LbL alternating the PAH/AlPcS4 deposition steps.
However, due to successive loss of Au NR/(AlPcS4)n
during purification via centrifuge at each step of the
LbL processes, only up to two layers of PAH/AlPcS4

depositions were pursued. Consequently, only Au
NR/(AlPcS4)1 and AuNR/(AlPcS4)2 complexes were used
for further experiments.
To quantify the amount of AlPcS4 incorporated in

the assembled Au NR�AlPcS4 complexes, supernatants
collected from each step of the LbL assembly were
measured for their absorbance intensity at 675 nm
and calculated for free AlPcS4 in the solutions using
the established UV�vis calibration curve (Table S1 and
Figure S1). The amount of AlPcS4 bound to Au NRs
was calculated by subtracting the free AlPcS4 from
the total loaded one. On average, the molar ratio of
bound AlPcS4 per Au NR for Au NR/(AlPcS4)1 and Au
NR/(AlPcS4)2 was ∼5000:1 and ∼10,000:1, respectively.
Doubling the molar ratio of AlPcS4 upon the second
layer deposition is a strong indication of the controll-
ability and efficiency of LbL assembly for PS loading.
There is strong evidence in the open literature about

the quenching characteristics of Au nanostructures via
Förster resonance energy transfer (FRET) that depends
on the geometric features of Au nanostructures and
their distance with fluorophore.40 Taking advantage
of this unique feature, it is possible to design the Au
NR�AlPcS4 complexes so that they exhibit delayed
ROS formation by AlPcS4 prior to their uptake by
targeted cells, optimizing the PDT specificity and effi-
ciency as a result. It is known that AlPcS4 has its main
absorption peak at 675 nm (Figure 2b) and its emission
at 690 nm. Substantial overlap of these peaks with the
LSPR (max@760 nm) of Au NRs, in conjunction with
a precise control of the distance of AlPcS4 from Au NR
surface during LbL assembly, can facilitate the energy
transfer from excited AlPcS4 to AuNRs for ground-state
complex formation,41 leading to inhibited fluores-
cence and photosensitivity. Indeed, ourmeasurements
showed that the fluorescence of AlPcS4 in both Au
NR/(AlPcS4)1 and Au NR/(AlPcS4)2 complexes was
markedly lower than that of either free AlPcS4 or the
mixed Au NRs and AlPcS4 at the same concentration
(Figure 3a), indicating fluorescence quench within
Au NR�AlPcS4 complexes. As shown in Figure 3a, the
fluorescence quench of the Au NR/(AlPcS4)2 complex
was more pronounced than Au NR/(AlPcS4)1. In addi-
tion to the FRET effect, the second PAH overlayer
introduced on the first layer of AlPcS4 during LbL
facilitates more nonradiative energy transfer between
AlPcS4 and PAH owing to dipole�dipole interaction,42

leading to stronger fluorescence quench observed
in Au NR/(AlPcS4)2 complex as compared to Au
NR/(AlPcS4)1. In ROS generation, a mixture of 1.5 μM
AlPcS4 and 0.15 nM Au NRs with the same concentra-
tions as Au NR/(AlPcS4)2 was compared with Au
NR/(AlPcS4)2. ROS formation was indirectly quantified
by a global ROS tracking probe of dihydrorhodamine
123 (DHR123).43 Note that cell-free ROS formation in
Au NR-(AlPcS4)2 mixture and Au NR/(AlPcS4)2 complex
was detected immediately after mixing with DHR123,
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before dissociation of AlPcS4 from Au NR surface.
Although both circumstances exhibited an irradiation-
dependent ROS formation, Au NR/(AlPcS4)2 demon-
strated a significantly lower ROS generation rate
(Figure 3b), suggesting delayed ROS formation with
AlPcS4 tethered onto Au NRs. The ability for AlPcS4 in
the Au NR/(AlPcS4)2 not to participate in ROS genera-
tion unless released from the Au NR surface due to
quenching is essential to prolong the AlPcS4 stability
without self-destruction.
The colloidal dispersibility of Au NR/(AlPcS4)1 and

Au NR/(AlPcS4)2 complexes in culture medium was
also examined by dynamic light scattering (DLS) and
UV�vis measurements (Table S2 and Figure S2). The
Au NR�AlPcS4 complexes were well-dispersed in the
culture medium with negligible aggregation, as indi-
cated by small size deviation and narrow absorption
band. The biocompatibility of Au NR/(AlPcS4)1 and
Au NR/(AlPcS4)2 to human breast cancer cells (MDA-
MB-231) was evaluated by culturing at different con-
centrations for 24 h. The thiazolyl blue tetrazolium
bromide (MTT) assays revealed negligible cytotoxicity
of both complexes to MDA-MB-231 at 0.15 nM for 24 h
(Figure S3). Interestingly, dark toxicity was only ob-
served for Au NR/(AlPcS4)2 when the Au NRs loading
concentration reached 0.25 nMdue probably to a com-
bination of high Au NRs concentration and high AlPcS4
dose. Intracellular distribution of Au NR/(AlPcS4)1 or Au
NR/(AlPcS4)2 upon uptake by MDA-MB-231 cells was
visualized by TEM examination of the ultrathin sections
of the cells incubated with these complexes for 4 h.
Amajority of the AuNR�AlPcS4 complexes were found
in the cytosolic vesicles, i.e., endosomes and lysosomes,
as aggregates (Figure 4 and Figure S4), indicating that
internalization of Au NR/(AlPcS4)1 and Au NR/(AlPcS4)2
follows the endocytosis pathway.44

Upon cellular uptake, the intracellular distribution of
AlPcS4 could be directly visualized under the fluores-
cencemicroscope. Representative fluorescence images

of MDA-MB-231 cells incubated with AlPcS4 or Au
NR�AlPcS4 complexes as described in Figure 5a�f
were taken at 4 and 6 h. Compared to AlPcS4, the Au
NR�AlPcS4 complexes showed a stronger fluorescence
intensity inside the cells, indicating the efficiency of
Au NRs as carrier for enhancing the cellular uptake of
AlPcS4, in good agreement with previous findings.45

Clearly, with the same amount of Au NRs, the fluores-
cence fromAuNR/(AlPcS4)2 wasmuch brighter than Au
NR/(AlPcS4)1, correlating well with the initial AlPcS4
loaded within the LbL assembled layer. The fluores-
cence intensity was also measured quantitatively
which will be further discussed. It is necessary to
mention that the measured fluorescence may come
mainly from the AlPcS4 outside of the quenching zone
(a fewnanometers) of the AuNR�AlPcS4 complexes. To
affirm this, we further extended the incubation time of
the above culture for twomore hours in fresh medium.
Indeed,much strongerfluorescencewasobserved from
Au NR/(AlPcS4)2 upon further 2 h incubation than the
initial 4 h even after removal of the released AlPcS4,
While the extended culture of Au NR/(AlPcS4)1 yielded
only marginal difference from the initial culture, due
probably to the different release profiles between Au
NR/(AlPcS4)1 and AuNR/(AlPcS4)2. To better understand
the intracellular localization of Au NR�AlPcS4 com-
plexes, Lysotracker Red DND-99 was used to track the

Figure 3. (a) Normalized fluorescence intensity (ex/em: 660/690 nm) of (AlPcS4)n only, (AlPcS4)n mixed with Au NR and Au
NR/(AlPcS4)n [where n = 1 (0.75 μM AlPcS4) or 2 (1.5 μM AlPcS4) and 0.15 nM Au NR equiv]; and (b) kinetic ROS formation of
AlPcS4 uponmixingwith AuNR andAuNR/(AlPcS4)2 with detection agent DHR123. The datawere collected fromexperiments
that were repeated at least 3 times.

Figure 4. TEM micrographs of intracellular location of Au
NR/(AlPcS4)2 (arrow) in MDA-MB-231. N stands for nucleus.
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positionof endo/lysosome.46As shown inFigure 5b,c,e,f,
fluorescence images of Au NR�AlPcS4 complex-loaded
cells overlapped well with Lysotracker Red DND-99
stained areas. These results indicate the colocalization
between Au NR/AlPcS4 complex and endo/lysosome.
In contrast, in the cells treated with AlPcS4 only

(Figure 5a,d), AlPcS4 was freely distributed in the cyto-
plasm, and only partially overlapped with Red DND-
99-stained area. This finding further confirms that the
intracellular location of themajority of theAuNR�AlPcS4
complexes were in the endo/lysosomes.
To quantify the differential cellular uptake of AlPcS4

only or Au NR/(AlPcS4)2, fluorescence intensity of in-
tracellular AlPcS4 was also measured at different times
(Figure 6a,b). As expected, the fluorescence intensity
of Au NR/(AlPcS4)2 was higher than the one of Au
NR/(AlPcS4)1 after 4 h incubation and further increased
with the extension of incubation time, while a com-
parable or slightly declined fluorescence intensity was
detected with (AlPcS4)1 only, (AlPcS4)2 only, and Au
NR/(AlPcS4)1 groups. After 6 h incubation, the fluores-
cence intensity of Au NR/(AlPcS4)2 was about 2.5 times
of that from AlPcS4 only, further confirming the fluo-
rescence microscopic results. The Au NR/(AlPcS4)2
complexes thus offer a more efficient approach to
deliver AlPcS4 to MDA-MB-231 breast cancer cells via
endocytosis than gradient-driven passive diffusion.47

In addition, AlPcS4 was released from the internalized
Au NR/(AlPcS4)2 in a time-dependentmanner (4 vs 6 h).
The ability of LbL assembled coating for controlled

release of small molecule was demonstrated48�50

but was not tested for Au NR�AlPcS4 complexes.
In this regard, further analysis of the AlPcS4 release
from individual complexes is necessary. As shown in
Figure 6c, about 80% of the bound AlPcS4 was released
from Au NR/(AlPcS4)2 over a 6 h period in a physiolo-
gical buffer solution (PBS), whereas a similar release
percentage for Au NR/(AlPcS4)1 was reached after only
4 h of incubation under the same conditions. Similar
release profile was also obtained with Au NR�AlPcS4
complexes in the culture medium (Figure S5). The
slower release rate of AuNR/(AlPcS4)2 can be attributed
to the additional PAH overlayer introduced on the first
layer of AlPcS4 during LbL, acting as a barrier to reduce
the diffusion of AlPcS4. Taken together, tethering
AlPcS4 onto Au NRs through LbL assembly can not only
protect AlPcS4 from light decomposition and improve
loading efficiency but also increase the cellular uptake

Figure 5. Representative fluorescence images of MDA-MB-
231 cells incubatedwith AlPcS4 only [(a) 0.75 μM; (d) 1.5 μM]
and Au NR�AlPcS4 complexes [(b) Au NR/(AlPcS4)1 at
0.75 μM AlPcS4; (e) Au NR/(AlPcS4)2 at 1.5 μM AlPcS4]. After
incubation for 4 h, the cells were washed with HBSS and
then cultured with fresh culture medium for another 2 h
(c, f). After the times indicated, cells were stained with
Lysotracker Red DND-99. The fluorescence images were
captured at both 4 and 6 h. Left column: AlPcS4, middle
column: Red DND-99, and right column: merged images of
AlPcS4 and Red DND-99. Scale bar = 50 μm.

Figure 6. Intracellular AlPcS4 fluorescence after incubation with (AlPcS4)n only and Au NR/(AlPcS4)n: (a) n = 1 (0.75 μMAlPcS4)
and (b) n = 2 (1.5 μM AlPcS4) for 4 and 6 h, respectively. A constant Au NR concentration of 1.5 nM was used for all studies.
The presented data are average of three separate experiments. **p < 0.005. (c) The concentration of AlPcS4 released from
Au NR/(AlPcS4)1 and Au NR/(AlPcS4)2 as a function of time. The release was performed by suspending the complexes in PBS
(pH ∼ 7.4) and incubating at 37 �C under gentle shaking. The concentration of AlPcS4 was calculated from fluorescence
intensity measurement, and the initial loading concentration was 0.75 and 1.5 μM, respectively.
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efficiency of AlPcS4. More importantly, the delayed
release of AlPcS4 from Au NR/(AlPcS4)2 can also effec-
tivelyminimize the loss of AlPcS4 during circulation and
cell internalization. These features are highly desirable
for enhanced PDT efficacy.
To investigate the effect of Au NR�AlPcS4 com-

plexes on PDT, monolayer cultured MDA-MB-231 cells
were used as a model platform for PDT experiments.
Previous finding has demonstrated the capability of
LSPR of Au nanostructures in elevating ROS formation
during PDT.51�53 In this regard, light irradiation with
NIR light close to the LSPR of Au NRs and the absorp-
tion peak of AlPcS4 would be beneficial (Figure 2b).
MDA-MB-231 cells after incubation with AlPcS4 only,
Au NR-AlPcS4 mixtures, or Au NR�AlPcS4 complexes
were irradiated with a halogen light filtered with
600 nm long pass filter. Light intensity was significantly
reduced after the long pass filter, which resulted in
negligible hyperthermia destruction (data not shown).
PDT treatment for those 4 h incubations with various
formats of AlPcS4, only Au NR�AlPcS4 complexes
yielded pronounced cell killingwith∼23%cell destruc-
tion for Au NR/(AlPcS4)1 and∼54% for Au NR/(AlPcS4)2
at the same AuNRs concentration (Figure 7a). To clarify
two possible factors contributing to the enhancement
of cell destruction: (1) increased cellular delivery of
AlPcS4 and (2) enhanced ROS generation due to the
plasmonic properties of Au NRs under light irradiation,
we further compared the killing efficiency under the
same treatment conditions with the same amount of
AlPcS4 delivered into cells using silica (SiO2) nano-
particles as carriers (detailed information can be found
in Supporting Information). Note that the two layers
of AlPcS4 were deposited on SiO2 nanoparticles via
the same LbL assembly strategy as for Au NR�AlPcS4
complex formation, resulting in SiO2/(AlPcS4)2. As shown
in Figure S6, Au NR/(AlPcS4)2 exhibited a significant

higher cell destruction rate than SiO2/(AlPcS4)2 upon
light irradiation, suggesting the significant effect of EM
field enhancement in elevated ROS generation that
is absent in SiO2-based complexes. In recognition of
the unique capability of Au NR/(AlPcS4)2 for continuous
release of AlPcS4 between 4 and 6 h, it would be
essential to determine whether such an attribute could
benefit PDT. Thus, MDA-MB-231 cells incubated with
Au NR/(AlPcS4)2 for additional 2 h (a total of 6 h) were
similarly irradiated with NIR light and evaluated for cell
destruction. Strikingly, a significant cell killing (∼90%)
was achieved (Figure 7b). In the cell-free ROS measure-
ment (Figure 3b), at the very early stage of Au
NR�AlPcS4 complexes before the release of photosen-
sitizer AlPcS4 from the Au NR surface, the quenching
effect of Au NR plays a dominating role in the ROS
formation. However, upon cellular uptake and incuba-
tion for 4 h, release of AlPcS4 from Au NR took place
efficiently (Figure 6) and reached the maximum at 6 h.
Therefore, the efficient release of AlPcS4 represents
a major contributor to the final cell destruction with
significant ROS enhancement. The high cell destruction
efficacy found in the Au NR/(AlPcS4)2 treated group
may result from a combinational effect of the high
AlPcS4 retention in cancer cells and NIR-enabled field-
enhanced ROS formation.
Under NIR light irradiation, individually SERS-active

Au NRs are able to generate enhanced EM field and
delivery the amplified energy to sufficiently activate
AlPcS4 molecules and induce the formation of ROS for
cell destruction. In contrast, PDT treatment after 6 h
incubation with AlPcS4 only or AlPcS4 mixed with Au
NRs at the sameAlPcS4 andAuNRs concentration as Au
NR/(AlPcS4)2 only yielded ∼10% cell killing efficiency.
Clearly, Au NRs functionalized with AlPcS4 via LbL
assembly have the potential to be part of PDT strategy
with marked improvement of killing efficiency of

Figure 7. Quantification of MDA-MB-231 cell viability by MTT assay after various PDT treatments where cells were incubated
for 4 h (a) with AlPcS4 only [(AlPcS4)1: 0.75 μMand (AlPcS4)2: 1.5 μM], with AuNR-AlPcS4mixture [0.75 μM (AlPcS4)1 and 1.5 μM
(AlPcS4)2,] andwithAuNR�AlPcS4 complexes [AuNR/(AlPcS4)1 andAuNR/(AlPcS4)2 ] and incubated for 4 or 6 h (b)with 1.5μM
(AlPcS4)2 only, Au NR-1.5 μM (AlPcS4)2 mixture, and Au NR/(AlPcS4)2 prior to 20 min NIR light (λ > 600 nm) irradiation.
A constant Au NR concentration of 1.5 nM was used for all studies. The irradiated cells were further cultured for 24 h prior to
MTT measurement. The culture without AlPcS4 and Au NRs was used as controls. **p < 0.001.
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breast cancer cells. Further increase in the layers of LbL
assembly of AlPcS4 would be beneficial for loading
more AlPcS4 without inducing significant phototoxi-
city. On the other hand, a comprehensive study on the
maximal distance to quench the fluorescence and ROS
formation of AlPcS4 by AuNRswould give an indication
of maximum layers of AlPcS4 deposited onto Au NRs
for optimal PDT efficacy. Despite the promising results,
we are keenly aware of the importance of in vivo

experiments in order to translate in vitro findings to
potentially positive outcome in preclinical practice.

CONCLUSION

In summary, LbL assembly offers an effective and
robust approach to deposit AlPcS4 onto Au NRs with
the loading amount precisely controlled by the LbL
process. The resultant Au NR/(AlPcS4)n complexes
(where n = 1 or 2) prove to be far more efficient for

delivering AlPcS4 to cancer cells for internalization than
AlPcS4 itself or the mixture of AlPcS4 with Au NRs.
In addition, the unique quenching capability of Au NRs,
i.e., inhibiting the photosensitivity and hence ROS
formation of bound AlPcS4, better protects AlPcS4 from
deactivation in the process of cell uptake and inter-
nalization. The combination of delayed release of
AlPcS4 from Au NR/(AlPcS4)2 and NIR light irradiation
results in an 8-fold increase in PDT-induced cell killing
efficiency, compared to that of AlPcS4 or Au NR-AlPcS4
mixture-based PDT. Upon further optimization of the
LbL procedure especially in conjunction with targeting
mechanism for cancer cells, the multifunctional Au
NR/(AlPcS4)n complexes with NIR-LSPR have great
potential to overcome the ongoing challenges asso-
ciated with current clinical practice of PDT for cancer
therapy by greatly improving the efficacy and tissue
penetration depth.

EXPERIMENTAL METHODS
Materials. Cobalt chloride hexahydrate (CoCl2 3 6H2O 99,99%),

sodium borohydride (NaBH4 99%), gold(III) chloride solution
(30 wt % of HAuCl4 in diluted HCl), poly(vinylpyrrolidone) (PVP,
Mw = 2500), poly(allylamine hydrochloride) (PAH, Mw = 15,000),
poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (HS-PEG-
COOH, Mw = 3,500), dihydrorhodamine-123 (DHR123), and
(3-aminopropyl)trimethoxysilane (APTMS) were purchased from
Sigma-Aldrich (St Louis, MO). Sodium citrate trihydrate was
procured from Fisher Scientific (Pittsburgh, PA). Al(III) phthalo-
cyanine chloride tetrasulfonic acid (AlPcS4) was obtained from
Frontier Scientific Inc. (Logan, UT). Silica Microspheres (SiO2, size
∼50 nm) were purchased from Polysciences, Inc. (Warrington,
PA). Milli-Q ultrapure water (<18.2 MΩ 3 cm) was used for syn-
thesis experiments.

Preparation of Au NRs. Au NRs were prepared using galvanic
replacement reaction as described previously.22 Briefly, a
mixture of 100 μL 0.4 M CoCl2 3 6H2O and 400 μL 0.1 M sodium
citrate trihydrate was added to 100 mL Milli-Q water and
deaerated for 40 min. Then, 1 mL of 0.1 M freshly prepared
NaBH4 and 200 μL of 1 wt % PVP were injected into the solution
simultaneously under vigorous mechanical stirring with contin-
uous argon flow to prevent oxidation, resulting in the formation
of Co NPs. After stirring for 40 min, 150 μL of 0.1 M HAuCl4 was
added into the cobalt solution dropwise and reacted for 30 min.
Thereafter, the solution was exposed to the ambient environ-
ment to remove unreacted cobalt by oxidation and dissolution
of cobalt oxide, thereby obtaining highly pure colloidal Au NRs.

PEGylation of Au NRs with HS-PEG-COOH. Au NR colloidal solution
was centrifuged at 8000 rpm for 10 min to remove excess
PVP and sodium citrate, and then Au NRs were dispersed in
deionizedwater. In a typical process, 0.8mL of a 0.25mM freshly
prepared HS-PEG-COOH solution was added to 5.2 mL of 1 nM
AuNR colloidal solution. Themixturewas stirredovernight at 4 �C.
After PEGylation, the solution was centrifuged at 15,000 rpm for
15min and redispersed inMilli-Qwater for three times to remove
unreacted HS-PEG-COOH.

LbL Assembly of AlPcS4 onto Au NRs. For polyelectrolyte deposi-
tion, 0.1mLof 10mg/mLPAH and 0.1mLof 1mMNaCl solutions
were added to 0.8 mL 1 nM PEG-Au NRs. After adsorption for
40 min, Au NRs were washed with Milli-Q water for three times.
Subsequently, 0.1 mL of 100 uM AlPcS4 was added to 0.9 mL of
1 nM PEG-Au NR-PAH solution and incubated for 1 h to form a
charged complex. Excessive AlPcS4 was removed by centrifuga-
tion and carefully collected for further evaluation. Additional
PAH and AlPcS4 layers were assembled following the same
manner. The final purified complex was dispersed in Milli-Q

water. The whole deposition process was performed under the
dark conditions.

Quantification of AlPcS4 on Au NRs. Prior to analysis, a UV�vis
calibration curve for AlPcS4 with a series of known concentra-
tions (0.5, 1, 5, 10, and 20 μM) was obtained, in which the
absorbance intensity of AlPcS4 at 675 nm is linearly proportional to
the concentration. To estimate the amount of AlPcS4 assembled
onto Au NRs, the unconjugated AlPcS4 in the supernatants
upon centrifugation separation of Au NR�AlPcS4 complexes
was determined by measuring the absorbance at 675 nm
and then calculating against the AlPcS4 UV�vis calibration curve.
The amount of AlPcS4 tethered onto Au NRs was obtained by
subtracting the unconjugated AlPcS4 from the total amount.
Measurement was repeated at least three times.

The release of AlPcS4 from Au NR�AlPcS4 complexes was
determined by suspending the complexes in PBS (6.7 mM,
pH 7.4) at a final Au NRs concentration of 0.15 nM and then
incubating at 37 �C in the dark. At designated times, the
complexes were centrifuged, and supernatants were collected
and measured for the absorbance intensity at 675 nm. The
release curve was obtained by plotting the released AlPcS4
against the incubation time.

Characterization of LbL Assembled Au NR�AlPcS4 Complexes. The
size, distribution, and absorption spectra of as-fabricated
Au NRs and Au NR�AlPcS4 complexes were examined with a
TEM (Philips CM20) and a UV�vis spectrometer (Synergy HT
multidetection microplate reader, BioTek Instruments, Inc.,
Winooski, VT). The obtained images were analyzed for size
and distribution with Image-J 1.46 software (NIH). ζ potential
of the Au NRs upon each layer deposition was measured with
a Zetasizer Nano Z (Malvern Instruments Ltd., Worcestershire,
U.K.). The colloidal dispersibility of Au NR�AlPcS4 complexes
in culture medium was evaluated by DLS with Zetasizer Nano Z
(Malvern Instruments Ltd., Worcestershire, U.K.) and UV�vis
spectrometer.

Preparation of SiO2�AlPcS4 Complexes. For the formation of
SiO2�AlPcS4 complexes, the process was similar to Au NR�
AlPcS4 complexes. Briefly, 10 mg/mL APTMS was added into
1 mL of 50 nm SiO2 nanoparticles solution (0.5 mg/mL of
ethanol), and the final weight ratio of SiO2:APTMS was 10:1.
After 12 h of stirring at room temperature, modified silica
nanoparticles were isolated and purified by centrifugation
and redispersion processes (for 10 min at 15,000 rpm, 3 times)
to remove the excess APTMS. The purified SiO2-APTMS nano-
particles were dispersed in Milli-Q water with positive charge.
Subsequently, AlPcS4 and PAH layers were added repeatedly
as described above. The final purified complex was dispersed in
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Milli-Q water. The whole deposition process was performed
under the dark condition.

ROS Formation. Au NR�AlPcS4 complexes and free AlPcS4
mixed with Au NRs were studied for ROS formation with
DHR123 as a global ROS tracking agent, which turns to fluor-
escent Rhodamine 123 (R123) upon oxidation by ROS.43 Briefly,
50 μL of 10 μMDHR123was added into 100 μL of Au NR�AlPcS4
complexes or themixture of AlPcS4 and Au NRs in 96-well plates
(n = 3) with a final concentration of 0.15 nM Au NRs, 1.5 μM
AlPcS4, and 3.33 μM DHR123 was irradiated for different time
durations with a 150 W halogen lamp (100 mW/cm2, Dolan-
Jenner Fiber-Lite MI-150, Dolan-Jenner Industries, MA) filtered
through 600 nm long pass filter (Thorlab FEL0600). The fluores-
cence intensity was measured 1 min after irradiation using the
Synergy HT multimode microplate reader at 485/20 nm for
excitation and 528/20 nm for emission.

Cell Seeding and Culture. Human breast cancer cells (MDA-
MB-231, ATCC, Manassas, VA) were used as a model in this
study. The cells were cultured in L-15 medium (Leibovitz) (Life
Technologies, Grand Island, NY) supplemented with 10% (v/v)
fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch,
GA) and 1% (v/v) 100 mM penicillin/streptomycin (Sigma-
Aldrich, St. Louis, MO) at 37 �C without CO2.

Intracellular Distribution of Au NR�AlPcS4 Complexes by TEM. MDA-
MB-231 cells (1.5� 104 cells/mL) seeded onto 6-well plates and
cultured for 24 hwere incubatedwith AuNR�AlPcS4 complexes
suspended in serum-free medium at a final concentration of
1.5 μM AlPcS4. After incubation for 4 h, the cells washed three
times with PBS were typsinized and centrifuged to obtain cell
pellets. The pellets were fixed with the glutaraldehyde�
formaldehyde fixative (Electron Microscopy Sciences, Hatfield,
PA). After fixation for 24 h, the pellets were washed with PBS
and then postfixed with osmium tetroxide for 1 h. Upon rinsing
with distilled water, the pellets were dehydrated in a series of
graded ethanol and embedded in Epoxy for 24 h. Thin sections
(60 nm) of the embedded pellets were cut with Leica Ultracut S
Ultramicrotome (LeicaMicrosystems Inc., IL) and then examined
with TEM.

Fluorescence Analysis. To study the subcellular localization of
Au NR�AlPcS4 complex, MDA-MB-231 cells (1.5� 104 cells/mL)
were seeded on the cover glass for 24 h. After 4 h incubation of
free AlPcS4 andAuNR�AlPcS4 complexes at 1.5 μMand 0.75 μM
AlPcS4 equivalent concentrations, respectively, cells were
washed three times with Hank's buffered salt solution (HBSS)
in the dark and then cultured with fresh culture medium.
Meanwhile, cells were stained 30 min with Lysotracker Red
DND-99 (Molecular Probes, Life Technologies, Grand Island, NY)
according to the manufacturer's instruction to label lysosomes
inside of cells. The final working concentration of 60 nM of the
Red DND-99 in the growth medium was used. Fluorescence
images of cells at 4 h or after culture for another 2 h were
captured using Nikon Eclipse 80i epi fluorescencemicroscope to
observe intracellular distribution of free AlPcS4, Au NR�AlPcS4
complex, and Red DND-99-stained endo/lysosomes. Overlap
between Au NR�AlPcS4 complex and Red DND-99-stained
endo/lysosomes was observed by merging the colocalization
and fluorescent topographic profiles using NIS-Elements BR 3.10
software.

To determine the cellular uptake of AlPcS4, MDA-MB-231
cells cultured in 96-well plates (3� 103 cells/well) for 24 h were
treated with 200 μL of free AlPcS4 or Au NR�AlPcS4 complexes
(1.5 μM AlPcS4 equivalent) in serum-free medium for 4 h
at 37 �C. Thereafter, the cells were washed with HBSS for three
times and added 200 μL phenol red-free L-15 medium. Fluo-
rescence intensity of AlPcS4 was measured with the Synergy
HT multimode fluorescence microplate reader (ex = 660 nm,
em = 690 nm).

Cellular Photodynamic Therapy (PDT). The cellular PDT was con-
ducted following a similar procedure as reported previously.54

Briefly, 200 μL ofMDA-MB-231 cell suspension (1.5� 104 cells/mL)
for each well was seeded into 96-well plates. After 24 h, the
medium of cell-seeded well plates was replaced with serum-
free medium containing AlPcS4 or Au NR�AlPcS4 complexes
or SiO2�AlPcS4 complexes at an equivalent concentration of
0.75 or 1.5 μM AlPcS4. Serum-free medium was used as control.

After incubation for 4 h in the dark, the medium was replaced
with 100 μL of phenol red-free L-15 medium and then the cells
were irradiatedwith a broadband light source of a 150Whalogen
lamp filtered through 600 nm long-pass filter for 20 min. After
irradiation, phenol red-free L-15 medium was replaced with
complete cell culture media and incubated for 24 h before cell
viability assessment.

Cell Viability. The viability of cells was determined by the
thiazolyl blue tetrazoliumbromide (MTT, Sigma) assay. Briefly, the
cells after different treatments were incubated with 0.5 mg/mL
MTT in cell culture medium for 2 h at 37 �C. After removal of
the nonreactedMTT, 100 μL of dimethyl sulfoxide (DMSO, Sigma)
was added to dissolve the formazan crystals. Absorbance of the
extract was measured at 570 nm with a Synergy HT multimode
microplate reader. Cell viability was calculated as a percentage
of the nontreated control. Dark toxicity of free AlPcS4 or Au NR-
AlPcS4 complexes was also evaluated by incubation for 24 h at
an equivalent concentration without light exposure.

Statistical Analysis. Each experiment was repeated at least
three times on different days and data were expressed as the
mean ( standard deviation. All quantitative measurements
were collected at least in triplicate for each group. Student's
t test was used for statistical analysis. A value of p < 0.05 was
considered to be statistically significant.
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