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A series of poly(benzyl ether) dendrimer porphyrins (DPs) (Gn ) n-generation dendrimer,n ) 1-3)
was examined as potential photosensitizers for photodynamic therapy (PDT). Polyion complexes (PICs)
between the DPs and poly(ethylene glycol)-block-poly(L-lysine) (PEG-b-PLL) were formed via an
electrostatic interaction between the positively charged poly(L-lysine) (PLL) segment and negatively
charged periphery of the DPs. Dynamic light scattering (DLS) measurements and transmission electron
microscopy (TEM) showed that G3 formed a core-shell-type nanocarrier micelle, whereas G1 and G2
formed irregular-shaped nanoparticles with a relatively high polydispersity. The photophysical properties
of the DP-loaded PIC nanocarriers strongly depend on the generation of the DPs. In the case of G1 and
G2, their fluorescence lifetime and oxygen consumption ability were significantly reduced by the formation
of the PIC nanocarriers, whereas the G3-loaded PIC nanocarrier exhibited almost comparable fluorescence
lifetimes and oxygen consumption abilities to the free G3. The incorporation of DPs into PIC nanocarriers
resulted in an appreciable increase in the cellular uptake, yet inversely correlated with the generation.
Alternatively, the photocytotoxicity of the DPs within the nanocarriers increased with an increase in the
generation despite a decrease in the cellular uptake. By correlating the effects of the uptake amount with
the photocytotoxicity, the PIC nanocarriers showed remarkable enhancement of the PDT efficacy dependent
on the generation of DPs.

Introduction

Dendrimers with predictable three-dimensional architec-
tures are currently undergoing fast growth in various ap-
plications. This is due in part to the variety of applications
being pursued for dendrimers.1,2 In particular, application of
dendrimers to biomedical uses has attracted much attention
due to the tunable properties of the dendrimer generation,
terminal groups, and inner cavity for the incorporation of a

variety of molecules.1-6 PAMAM dendrimers, for example,
have been comprehensively investigated as diagnostic tools
and drug carriers.6-8 Recently, we have reported the third
generation poly(benzyl ether) dendrimer porphyrins (DPs)
as an effective photosensitizer for photodynamic therapy
(PDT).9-11

PDT involves the administration of a photosensitizer,
which preferentially accumulates in target tissues. Subsequent
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activation by light at a wavelength matching the absorption
wavelength of photosensitizer leads to the generation of
reactive oxygen species (ROS) that causes the oxidative
destruction of a target tissue.12,13As a revolutionary method
in preclinical and clinical applications over the last few
decades, numerous attempts have been made to improve the
PDT efficacy. Among them, the creation of an efficient
photosensitizer and its efficient delivery to the target tissue
is an attractive topic. An ideal photosensitizer should
have the following properties: (1) high quantum yield, (2)
a large absorption cross-section, (3) good solubility in an
aqueous medium, (4) no dark toxicity, and (5) preferential
selectivity to the malignant tissue.12-15 However, most of
the photosensitizers developed in a preclinical or
clinical study show poor water solubility with aggregate
formation and skin phototoxicity due to a nonspecificity to
tumors.13,16

On the basis of the above information, we have designed
DPs as potential photosensitizers, because we expected that
large dendritic wedges can effectively segregate the focal
porphyrin cores and thereby prevent collisional quenching
of the porphyrins even at a very high concentration.9-11 In
fact, the third generation DPs exhibited a remarkable PDT
efficacy. In addition, ionic peripheral functionalities allow
the formation of polyioncomplex (PIC) micelles with op-
positely charged block copolymers.

In a present study, we investigated the systematic evalu-
ation of the influence of the DP generation on the physico-
chemical properties and nanocarrier formation. A series of
negatively charged DPs (Figure 1; Gn ) n-generation

dendrimer,n ) 1-3)11,17,18with poly(ethylene glycol)-block-
poly(L-lysine) (PEG-b-PLL)19-21 were used to form the PIC
nanocarriers.

Results

Formation of DP-Loaded PIC Nanocarriers. The DPs
were synthesized by a previously reported method.17 All of
the dendrimers were unambiguously characterized by1H
NMR and MALDI-TOF-MS measurements. The DPs clearly
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Figure 1. Structures of dendrimer porphyrins (DPs).

Table 1. Physical Properties of DP-Loaded PIC Nanocarriers

generation
hydrodynamic
diameter (nm)a

polydispersity
index (µ2/Γ2)

Mw,app

(105 g/mol)
association no.
PEG-b-PLL/DP

CACb

(mg/mL)
ú-potential

(mV)

G1 126.5 0.131 2240 8989/32585 <0.1 1.11( 0.072
G2 78.0 0.249 100 399/722 <0.1 0.48( 0.31
G3 44.0 0.030 9.26 39/38 <0.1 -0.20( 0.57

a Cumulant diameter.b Critical association concentration.
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formed multimolecular PIC assemblies (PIC nanocarriers)
by mixing with PEG-b-PLL in aqueous solutions. As shown
in Table 1, the DP-loaded PIC nanocarriers have almost
neutralú-potential values, indicating a charge neutralization
between the DPs and PEG-b-PLL to form PICs with a PEG
palisade. The size and polydispersity index of the PIC
nanocarriers, which were evaluated by DLS measurements,
strongly depended on the generation number of the DPs
(Table 1).22 The G3-loaded PIC nanocarrier exhibits an
average diameter of 44 nm and remarkably low polydisper-
sity index (µ2/Γ2 ) 0.030), which is consistent with the core-
shell-type micelle structure. The G2-loaded PIC nanocarrier
had an average diameter of 78 nm and remarkably high
polydispersity index (µ2/Γ2 ) 0.249), and the G1-loaded PIC
nanocarrier showed a relatively large average diameter of
126 nm and a moderate polydispersity index (µ2/Γ2 ) 0.131).
Also, the association numbers, apparent molecular weight
(Mw,app), as well as theú-potential of the PIC nanocarriers
are summarized in Table 1. The G3-loaded PIC nanocarrier
was formed from 38 G3 and 39 PEG-b-PLL copolymers.
The G2-loaded PIC nanocarrier had 1 order of magnitude
higher association numbers andMw,appthan those of the G3-
loaded PIC nanocarrier. The G1-loaded PIC nanocarrier
showed much higher association numbers andMw,appvalues
than both the G-2 and the G-3 loaded species. The TEM
image of the G3-loaded PIC nanocarriers showed spherical
nanoparticles, indicating the formation of a core-shell-type
micelle structure (Figure 2).

Time-Resolved Fluorescence Measurements.The ag-
gregate formation of photosensitizers results in fluorescence
quenching due to an increase in the nonradiative decay of
the excited states.23 Our previous studies10,11 indicated that
large dendritic wedges can successfully prevent the quench-
ing of photosensitizers by steric isolation. In this context,
time-resolved fluorescence decay curves of the DPs and DP-
loaded PIC nanocarriers were recorded to obtain information
about the effect of collisional quenching of the focal
porphyrin units within the self-assembled PIC systems. As
shown in Figure 3, the free DPs exhibit almost comparable
fluorescent decay profiles, indicating that DPs have high
solubility in aqueous medium and mostly exist in monomeric

state. Within the PIC nanocarriers, the G1- and G2-loaded
PIC nanocarriers exhibit a significant fluorescence quenching
signature as compared to the corresponding free DPs. In
sharp contrast, the G3-loaded PIC nanocarrier showed almost
comparable decay rates to the free G3 (Figure 3c). This result
supports our assumption that the large dendritic wedges can
prevent the collisional quenching of the photosensitizing
units, whereas the relatively small dendritic architecture
cannot perfectly prevent the collisional quenching of the focal
porphyrin units within the core of PIC nanocarriers.

Oxygen Consumption Abilities.The photoinduced oxy-
gen consumption of the DPs and DP-loaded PIC nanocarriers
was observed to evaluate the efficiency of the photochemical
reactions. Under light irradiation, photosensitizers produce
ROS involving singlet oxygen and the superoxide anion. The
partial oxygen pressure (PO2) change in the medium contain-
ing DPs or PIC nanocarriers with 10% FBS was recorded
during photoirradiation. As shown in Figure 4, the G3 and
G3-loaded PIC nanocarrier exhibit similar oxygen consump-
tion amounts. In contrast, the oxygen consumption amount
appreciably decreased when the G2 or G1 DP was loaded
into the nanocarriers. Without 10% FBS, both the DPs and
the DP-loaded PIC nanocarriers showed an almost negligible
change in the PO2 upon photoirradiation (data not shown),

(22) Burchard, W. InLight Scattering: Principles and DeVelopment;
Brown, W., Ed.; Clarendon Press: New York, 1996.
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Figure 2. TEM images G3-loaded PIC nanocarriers.

Figure 3. Fluorescence decay curves of G1 (a), G2 (b), and G3 (c) DPs
(red line) and DP-loaded PIC nanocarriers (black line).
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indicating that the proteins in FBS act as sacrificial acceptors
of ROS.

Cellular Uptake. Efficient cellular association of a
photosensitizer could lead to a high PDT efficacy. To
quantitatively evaluate the cellular uptake of DPs and DP-
loaded PIC nanocarriers, HeLa cells were incubated with 6.25
µM DPs or DP-loaded PIC nanocarriers having an equivalent
amount of DPs (Figure 5). The cellular uptake of DPs is
significantly enhanced by the incorporation into nanocarriers,
indicating that the anionic surface of the DPs results in a
limited interaction with a negatively charged cellular mem-
brane. Charge neutralization and shielding of the PICs by
the PEG segment might reduce the electrostatic repulsion
with a cell. Therefore, encapsulation of the DPs into the PIC
nanocarriers might be effective for the intracellular delivery
of DPs.

The uptake amount of DPs showed a strong generation
dependence. Interestingly, the G1-loaded PIC nanocarrier
shows the largest uptake amount, while the G3-loaded PIC

nanocarrier gave the lowest uptake amount among the three
DP-loaded PIC nanocarriers. The difference in the cellular
uptake between generations is possibly caused from the
morphological difference in the nanocarriers, such as the size,
association number, and stability of the PICs.

Photodynamic Effect.The in vitro photodynamic effect
against HeLa cells was evaluated by the MTT assay. The
DPs and the DP-loaded PIC nanocarriers showed an almost
negligible cytotoxicity under dark conditions (data not
shown), whereas each species exhibited a strong photocy-
totoxicity. Figure 6 shows the cell viability-concentration
curve, where the DPs apparently exhibit a remarkable
increase in the photocytotoxicity by incorporation into the
nanocarriers. Fifty percent inhibitory concentrations (IC50)
of the DPs and DP-loaded PIC nanocarriers, the concentration
of photosensitizer at which 50% mortality of tumor cells as
compared to the control was observed after a photoirradia-
tion, were calculated from the cell viability-concentration
curve (Table 2). The G1- and G2-loaded PIC nanocarriers
exhibited 7.5 and 50 times, respectively, higher photocyto-
toxicities as compared to the G1 and G2 DPs. Notably, the
G3-loaded PIC showed a 167 times enhanced photocyto-
toxicity as compared to free G3 DP.

Discussion

All of the DPs showed high solubility in aqueous medium
due to the ionic charges of dendritic wedges. When the DPs
are mixed with PEG-b-PLL copolymers in a stoichiometric
ratio, positively charged PLL segments successfully interact
with negative surface functionalities of DPs to form the DP-
loaded PIC nanocarriers. The values of theú-potential also
well coincide with the charge neutralization between the DPs
and PEG-b-PLL as well as encapsulation of the PICs within
the PEG layer.

Notably, the PIC nanocarriers had a high stability upon
dilution with a very low critical association concentration
being observed. These features are significantly important
parameters from a therapeutic point of view. For target
delivery of the therapeutic agent, the drug formulation should
have a tolerance against dilution and maintain long circula-

Figure 4. Oxygen partial pressure change of medium included G1 (a), G2
(b), and G3 (c) DPs (- - -) and DP-loaded PIC nanocarriers (-).

Figure 5. Cellular uptake amount of DPs and DP-loaded PIC nanocarriers.
6 µM DPs or DP-loaded PIC nanocarriers with equivalent amount of DPs
is incubated.
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tion times in the blood stream. Also, the PIC nanocarriers
may facilitate targeting to tumor tissues by the so-called
enhanced permeability and retention (EPR) effect.24

The DLS measurement of the DP-loaded PIC nanocarriers
exhibited a generation dependence, where the G3-loaded PIC
nanocarrier showed a nicely dispersed particle formation with

a diameter of 44 nm. The sizes of the G1- and G2-loaded
PIC nanocarriers are generally larger than that of the G3-
loaded PIC nanocarrier. TEM observations of the G3-loaded
PIC nanocarrier showed a spherical assembly formation,
which is consistent with the core-shell-type micelle struc-
ture. In contrast, the G2- or G1-loaded PIC nanocarrier
showed a high polydispersity. The difference in size and
distribution might be attributable to the number of anionic
charges and dendritic architecture. The relatively open
architecture of the G1 and G2 cannot perfectly preventπ-π
interactions among the porphyrin cores when they form the
PICs. Thus, the association of the DPs with a low generation
is possibly driven by theπ-π interaction as well as an
electrostatic interaction.

In the photodynamic process sequence, the DPs are
converted to excited state under light irradiation, and then
they transfer excited energy or electrons to oxygen molecules
to generate the ROS. The time-resolved fluorescence obser-
vation provides information about the energy transduction
procedure, and the oxygen consumption ability is directly
related to the ROS generation. The fluorescence decay and
oxygen consumption profiles of each DP did not have large
differences among the differnet generation of DPs (Figures
3 and 4). Also, the cellular uptake and photocytotoxicity of
DPs were almost comparable values regardless of the
generation of DPs (Figures 5 and 6). A molecular aggregation
of the photosensitizers might result in the fluorescence
quenching behavior. All of the free DPs exhibit almost
comparable fluorescence decay profiles, indicating that DPs
are succesfully segregated within aqueous medium due to
high solubility and charge repulsion of surface carboxylic
acid functionalities. On the other hand, the G1 and G2
showed a significant fluorescence quenching by incorporation
into the PIC nanocarriers (Figure 3), indicating that the G1
and G2 have high proportions of nonradiative decays within
the PIC nanocarriers by collisional quenching. Also, the G1-
or G2-loaded PIC nanocarriers exhibited a significant
decrease in their oxygen consumption ability as compared
to the free DPs (Figure 4). We noted that either the DPs or
the DP-loaded PIC nanocarrier solution without 10% FBS
showed almost negligible changes in the PO2 upon photoir-
radiation, indicating that the proteins in FBS act as sacrificial
acceptors of the ROS. In other words, if proteins do not exist
in the medium, once generated, the ROS promptly revert to
the ground-state oxygen molecules due to their short
lifetimes. This fact means that the reduced oxygen consump-
tion of the G1- or G2-loaded PIC nanocarrier is possibly
caused by the increase in the nonradiative decays of the
excited states and also the generation of less reactive ROS.
Additionally, the diffusivity of oxygen molecules is possibly
reduced within the G1- and G2-loaded PIC nanocarriers due
to their large hydrodynamic size. In contrast, the G3-loaded
PIC nanocarrier showed an almost comparable fluorescence
decay profile (Figure 3) and oxygen consumption to the free
G3 (Figure 4), indicating that the third generation dendritic
wedges can sufficiently prevent aggregation of the photo-
sensitizing porphyrin units, and the G3 can efficiently transfer
excited energy to oxygen molecules without loss even in a
highly concentrated state of G3 in the PIC nanocarrier. Also,

(24) Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K.J. Controlled
Release2000, 65, 271-284.

Figure 6. The viability of Hela cells treated with G1 (a), G2 (b), and G3
(c) DPs (red line) and DP-loaded PIC nanocarriers (black line).

Table 2. IC50 of DPs and DP-Loaded PIC Nanocarriers (unit: M)

generation DP DP-loaded PIC nanocarrier

G1 3.0× 10-05 4.0× 10-06

G2 1.2× 10-05 2.0× 10-07

G3 1.0× 10-05 6.0× 10-08

Photodynamic Efficacy of Dendrimer Porphyrins Chem. Mater., Vol. 19, No. 23, 20075561



the ROS generated from the G3-loaded PIC nanocarrier can
efficiently react with serum proteins in the media.

Positively charged particles might have a large affinity
against cell membranes, but the cationic particles easily
associate with the negatively charged serum proteins such
as albumin. Therefore, DPs with an anionic periphery may
have a high availability from a clinical point of view as
compared to the positively charged ones. Furthermore, the
formation of the PIC nanocarriers may prevent aggregate
formation during the blood circulation due to the steric
stabilization of the PEG shell layer. Also, the formation of
the PIC nanocarriers may improve the uptake amount of the
DPs by the charge neutralization. In fact, DP-loaded PIC
nanocarriers showed an appreciably high level of uptake as
compared to the free DPs (Figure 5). Correspondingly, the
photocytotoxicity of each PIC nanocarrier was remarkably
improved as compared to that of the free DPs (Figure 6).
One of the interesting aspects in this regard is the enhanced
photocytotoxicity of the PIC nanocarriers encapsulating DP
with an increased generation despite the generation-depend-
ent relative decrease in their uptake amount of PIC nano-
carriers.

To evaluate the effect of the DP generations on the PDT
efficacy, various parameter changes after the incorporation
of the DPs into the PIC nanocarriers are summarized in Table
3. The cellular uptake and photocytotoxicity ratios are
obtained by normalization of the cellular uptake amount and
the IC50 of the DP-loaded PIC nanocarriers by those of the
free DPs. Additionally, the photocytotoxicity ratio is normal-
ized by the uptake ratio for calculating the PDT efficacy of
the individual DPs (B/A). G1 shows the reduced PDT efficacy
by incorporation into the PIC nanocarriers. This is consistent
with the shortened lifetime and decreased oxygen consump-
tion of the G1-loaded PIC nanocarrier. However, the G2-
loaded PIC nanocarrier exhibits a comparable PDT efficacy
with the free G2 despite the shortened fluorescent lifetime
and decreased oxygen consumption. Notably, the incorpora-
tion of the G3 into the PIC nanocarrier shows an 11-fold
enhancement of the PDT efficacy. The high local concentra-
tion of DPs within the core of PIC nanocarrier is able to
generate a large amount of ROS at a local site, which may
lead to a high photochemical oxidation level and easily

overcome the photodynamic threshold. Also, there is a
possibility to change the subcellular localization of DPs by
the formation of PIC nanocarriers. It should be noted in this
regard that the pegylated chlorin-e6 as well as the PEG-based
polymeric micelles were recently reported to show an
enhanced localization in several cytoplasmic organelles
including the mitochondria.25,26Now, we are going to observe
the subcellular localization of the DPs to investigate detailed
mechanism of the enhanced PDT efficacy.

Consequently, in the present investigation, we were able
to determine that the PDT efficacy is highly dependent on
the generation of the DPs when they formed PIC nanocar-
riers. The PIC nanocarriers formed from large DPs produced
a high quantum yield of ROS generation and a strong
nanocarrier effect, resulting in a high PDT efficacy.27

Conclusions

This study was conducted to systematically investigate the
effect of the dendritic structures of DPs on the physico-
chemical property, cellular uptake, and PDT efficacy. A
dendrimer generation-dependent PDT efficacy was revealed
by the inclusion of DPs into supramolecular nanocarriers of
PICs. To summarize the results in the present Article, we
can consider the following several parameters to design
effective photosensitizers: (1) Large dendritic wedges form
uniform core-shell PIC micelles. (2) PIC nanocarrier
formation enhances cellular uptake. (3) Incorporation of DPs
in nanocarrier systems may provide enhancement of the
photodynamic efficacy. In this way, G3 with a large dendritic
structure encapsulated into the PIC micelles would be an
ideal photosensitizer and may have a high utility for in vivo
PDT applications.
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Table 3. The Change of Parameters of DPs by Inclusion into the
PIC Nanocarriers in Each Generation System

generation
fluorescence

lifetime
oxygen

consumption

uptake
ratio
(A)

photocytotoxicity
ratio (B) B/A

G1 shortened decreased 95 7.5 0.079
G2 shortened decreased 53 50 0.94
G3 maintained no change 15 167 11.1
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