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The social and economic burden of cancer demands a
spectrum of therapeutic methodologies. Current options
include surgery, chemotherapy, radiotherapy, hyperthermia,[1]

and photodynamic therapy (PDT).[2] Only rarely, however, is
a single methodology sufficient to overcome cancer. This
requirement has inspired combination regimens that over-
come the additive, synergistic, and complementary interac-
tions between treatments.[3] An important advance in combi-
nation cancer therapy was achieved with the fabrication of
multifunctional nanomaterials, including polymeric micelles
and nanoparticles (NPs), which may be used to simultane-
ously perform more than one therapy.[4]

Polymeric multilayer capsules present several advantages
in combination cancer therapy, including a relatively high
capacity for the active substance and versatility in fabrication
of the capsule shell.[5] The hollow capsules are assembled in a
layer-by-layer (LbL) process onto a sacrificial template
followed by dissolution of the template.[6] Hollow polymeric
capsules can be fabricated by using templates that vary in size
from a few nanometers to hundreds of micrometers, and their
chemical and mechanical properties can be precisely tailored
by modulating the thickness and composition of the shell.[7]

Polymeric multilayer capsules attract interest in various fields
of research, and most recently for their high loading capacity
as vehicles in drug delivery systems (DDSs).[8]

Based on this background, we developed a new type of
hollow nanocapsule (NC) for use in combining PDT with
chemotherapy. To produce the photosensitizer, we synthe-
sized a negatively charged dendritic porphyrin (DP) that was
shown to be effective photosensitizer for PDT,[9] and com-
bined it as a bilayer component with poly(allylamine hydro-

chloride) (PAH) to fabricate hollow NCs. In general, photo-
sensitizers have large p-conjugation domains for high quan-
tum yields and effective energy absorption. Therefore, many
photosensitizers can easily form aggregates in aqueous media
because of their abilities to form p–p interactions and their
hydrophobic characteristics, which provide a self-quenching
effect of the excited state. Unlike conventional photosensi-
tizers, DP has large dendritic wedges that effectively prevent
self-quenching phenomena. Moreover, when the DP forms
self-assembled nanostructures such as polymeric micelles,
large numbers of DPs can effectively generate a high
concentration of singlet oxygen at local sites in order to
overcome the threshold concentration for oxidative damage.

The (PAH/DP)n multilayer nanocapsules were filled with
doxorubicin (DOX), a model anticancer drug, in order to
implement chemotherapy. While most NC shells used in DDS
are prepared from linear polyelectrolytes that lack any
function other than drug container, our system employs DP
as not only a polyelectrolyte for the formation of NC shells
but also as photosensitizing units for photodynamic therapy.

Figure 1 shows the preparation of hollow NCs by alter-
nating deposition of PAH and DP onto a negatively charged
polystyrene (PS) NP and the subsequent removal of the
template PS NP. The average molecular weight of PS was
determined to be 70 kDa by GPC analysis. It has been
reported that dissolved PS (Mw� 106 Da) can diffuse through
the multilayer shells when they were extracted with organic
solvents such as chloroform or tetrahydrofuran.[10] The DP
used in this study bears 32 carboxylate groups on its periphery
and a negative zeta potential (�31.0 mV) at pH 7.4. We
expected that multilayer shells would be formed by this LbL
deposition technique based on the electrostatic interaction
between positively charged PAH and negatively charged DP.
The stepwise formation of multilayer shells onto PS NPs was
monitored by observing zeta potential changes of particles
after each deposition step (Figure 2a). The bare PS NPs have
a zeta potential of approximately�55 mV. The PS NPs coated
with layers of PAH and DP showed discrete zeta potentials
that alternate between positive or negative, depending on the
outer layer type. This observation showed that the multilayer
surface was charge-overcompensated in each adsorption step,
which facilitated adsorption of the next oppositely charged
capsule shell layer. Owing to the strong UV/Vis absorbance
and fluorescence (FL) emission of DP, multilayer formation
could be monitored by changes in UV/Vis absorbance and FL
emission from the multilayer-coated PS particles (NCn�PS;
n = numbers of LbL bilayer, n = 1–3). As shown in Figure 2b,
the UV/Vis absorbance and FL emission increased with the
number of bilayers. Quantities of DP deposited in NCs were
determined to be (106.2� 0.4), (212.6� 0.4), and (366.1�
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0.9) mgmg�1 of PS particles for NC1, NC2, and NC3, respec-
tively. Thus the DP content of the NCs, and hence the strength
of the PDT effect, could be easily controlled by adjusting the
number of layers deposited.

TEM and FE-SEM studies (Figure 3a) showed the
formation of multilayered hollow NCs and the creased
morphology of these NCs, in contrast to the smooth
NCs�PS. However, even one bilayer was sufficiently stable
and maintained its globular shape after removing the
template PS NP. TEM images of hollow NCs also showed a
higher degree of electron transmission than NCs�PS. FE-
SEM showed that the creases became fewer and deeper as the
number of bilayers increased, which may result from the
differences in thickness between shells. To investigate their
stability, NCs were treated with solutions of various pH values
for 1 day, and then observed by FE-SEM. The NCs retained
their shape even when kept under strongly acid (pH 3) or
basic (pH 11) conditions (Figure 3b).

Because the NCs were stable and have a large inner cavity,
we tested these compounds for drug delivery by loading them
with doxorubicin hydrochloride (DOX) as this drug is water-
soluble and has been frequently used in multilayer capsu-
les.[8b, 11] Loading of this model anticancer drug into DP-
containing capsules should produce NCs with both PDT and
chemotherapeutic capability. Both NCs and NCs�PS were
incubated with a solution of DOX (800 mgmL�1 in PBS) for
24 h followed by centrifugation and washing, in order to load

Figure 1. Procedure for the preparation of multilayer hollow nano-
capsules.

Figure 2. Formation of multilayers on PS nanoparticles. a) Changes in
zeta potential by the number of PAH or DP layers deposited, b) UV/
Vis absorption and fluorescence emission spectra of NCn (n = 1, 2, 3).

Figure 3. SEM and TEM images of NCs. a) SEM and TEM images of
NCs before and after removal of PS nanoparticles. b) SEM images of
hollow nanocapsules (NC3) that were treated with solutions of different
pH values for 1 day. Scale bars 500 nm except for right-hand TEM
images (100 nm).
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DOX into the NCs. The loading amount as a function of time
was estimated by the UV/Vis absorption at 480 nm (Fig-
ure 4a). NCs�PS contained only very small amounts of DOX
because the drug could only adsorb onto the multilayer shells.
The hollow NCs could be loaded with significantly greater

quantities of DOX, thus indicating that DOX could diffuse
easily through the LbL membrane and fill the hollow NCs.
The number of bilayers (1, 2, and 3) did not significantly
influence the loading rate or total amount of loaded DOX.
The amount of DOX loaded into the hollow NCs increased
linearly with incubation time and reached a maximum value
after 24 h. The difference in DOX-loading capacity between
NCs�PS and NCs is another indication that the PS particles
were successfully removed to produce the multilayer hollow
NCs. After successful DOX loading, the release behavior of
hollow capsules was studied by the incubation of NCs�DOX
in phosphate-buffered saline (PBS). Because DOX was
loaded into NCs without altering any property of the multi-
layer shell, the release profile resembled the loading profile of
DOX (Figure 4b; NCs without cross-linking), that is, the
release rate was very rapid and largely complete within 24 h.
To control the release rate, the shells were cross-linked using
N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC). Because the carboxylic acid
moieties in DP and amino groups in PAH were already in
proximity and form a stable ionic complex, treatment with
EDC/NHS generated stable amide bonds. The degree of
cross-linking was monitored by a ninhydrin assay.[12] Figure 4c
shows the change of free amino groups in NCs with cross-
linking time, where the values are normalized by the amount

of free amino groups in non-cross-linked NCs. The EDC/NHS
cross-linking reaction significantly decreased the free amine
concentration and that the degree of cross-linking was
dependent on reaction time. The release of DOX from
NCs�DOX was dependent on the degree of cross-linking. For

example, if the cross-link-
ing reaction continued for
more than 2 h, the cap-
sule shells became imper-
meable to DOX, and did
not allow release of the
drug. However, by con-
trolling the degree of
cross-linking, we could
achieve sustained release
of DOX from NCs�DOX
for a much longer time
than from non-cross-
linked NCs�DOX; for
example, NCs�DOX
that were cross-linked
for 30 min continued to
release DOX for more
than 4 days (Figure 4 b;
cross-linked NCs).
Although a single-bilayer
capsule released slightly
more DOX than the
others for the initial 24 h,
the release behavior was
essentially independent
of the number of bilayers
(up to three bilayers), as
was loading.

The effective use of DP as a photosensitizer in PDT is
well-documented.[13] This activity stems from photoexcitation
of a porphyrin, which then generates reactive oxygen species
(ROS) by energy transfer or electron transfer to oxygen
molecules.[14] In this study, we have incorporated DP into the
NCs to be used as a drug delivery system, in order to combine
PDT with chemotherapy. The sustained DOX release and
ROS generation by photoirradiation may thus be applied
simultaneously to treat a malignant tumor. To evaluate the
feasibility of this combination cancer therapy, HeLa cells
(4000 cells per well) were incubated with NCs or NCs�DOX
in 48-well culture plates for 48 h (n = 12), where the amount
of encapsulated DOX was fixed at 50 mg mL�1 for all
NCs�DOX. The DP concentrations of NC1, NC2, and NC3

were estimated to be 0.76, 1.5, and 2.6 nm, respectively. The
culture medium was then exchanged to remove all the NCs
that were not taken up by cells and further incubated for 24 h
to ensure sufficient DOX release. Photoirradiation was
applied for 1 h with a broad-band visible light from a light-
emitting diode (LED; incident energy 132 kJcm�2). Figure 4d
shows the viability of HeLa cells after chemotherapy alone,
PDT alone, and combined therapy at the optimum concen-
tration (31.3 mgmL�1 of NCs) for the optimum visualization of
both effects. At this concentration, without DOX release and
photoirradiation, cell viability was approximately 80 % for all

Figure 4. Characteristics of NCs. a) Amount of DOX loading in hollow NCs and NCs�PS. b) Amount of DOX
released from cross-linked and non-cross-linked NCs. c) Relationship between reaction time of EDC/NHS cross-
linking on the percentage of free amine content of multilayer shells in NCs. (d) Comparison of cell viability
following chemotherapy (NCs�DOX), photodynamic therapy (NCs with light), and combined therapy
(NCs�DOX with light).
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NC treatments. The viability decreased to about 60 % when
the cells were incubated with NCs�DOX without photo-
irradiation because of the effect of DOX. When photo-
irradiation alone was applied using DOX-free NCs, the NCs
induced strong photocytotoxicity. Such strong photocytotix-
icity was not observable in the treatment of free DP. The NC3

exerted the strongest effect because they contained the
largest amount of DP in the capsule wall, which is further
supported by the IC50 values of hollow NCs based on the
concentration of DP. The IC50 values are dependent of the
number of layers, whereas the cytotoxicity cannot be directly
correlated to the concentration of photosensitizers because
the photocytotoxicity is not directly originated from photo-
sensitizers but from reactive oxygen species generated by
photoirradiation to photosensitizers.[15] When the NCs�DOX
were irradiated, all systems showed higher cytotoxicity than
with either chemotherapy or PDT alone; this effect thus
results from the combination of chemotherapy and PDT.

In summary, we fabricated DOX-loaded PAH/DP multi-
layer NCs that may potentially deliver combined cancer
therapy. DP, which is a component in the LbL assembly of the
NC shell, served as a photosensitizing agent for PDT, and the
amount of DP was controlled by changing the number of
layers deposited. DOX easily permeated the multilayer shells
and filled the hollow NCs; subsequent cross-linking between
PAH and DP allowed controlled release of DOX from the
hollow NCs. Cell viability studies showed that combined
treatment resulted in higher toxicity than either chemo-
therapy or PDT alone.
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