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Abstract

A series of dendrimer porphyrins (GnDPM; n¼generation of dendrimer, n¼ 1–3;
M¼ coordination metal, M¼ freebase, Zn, Pt) were prepared and their photosensitizing
properties were compared. All GnDPM exhibited sharp absorption in organic solvents. However,
the Soret absorptions of GnDPM(CO2H) in 10 mM phosphate buffer solution (pH¼ 7.4) are
broader than those of GnDPM in organic solvents, indicating inhomogeneous microenviron-
ments of the focal porphyrin derivatives. All G3DPM(CO2H) successfully formed globular polyion
complex micelles that were uniform in size. Under dark conditions, all GnDPM(CO2H) showed
negligible cytotoxicity. However, all samples exhibited concentration-dependent photocyto-
toxicity under light irradiation. In vitro photocytotoxicity as well as singlet oxygen generation
revealed that G3DPZn(CO2H) is the best dendritic PS of the three different dendrimer porphyrin
species.
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Introduction

Photodynamic therapy (PDT) is a less-invasive therapeutic

modality that utilizes nontoxic light-sensitive chemicals,

photosensitizers (PSs), for the selective destruction of malig-

nant tissue [1–3]. Unlike other types of phototherapy, PDT

involves three key components: a PS, light and oxygen in the

tissue. Light irradiation to the PS initiates a series of

photochemical reactions that generate reactive oxygen spe-

cies, which cause oxidative stress to the surrounding cells.

Of the three key components, the most important is the design

of effective PSs because it is not possible to fine tune light

delivery conditions and oxygen concentrations in tumor

tissue. Several parameters must be considered for the design

of effective PSs. First, PSs should be basically nontoxic but

become highly toxic under light irradiation. To achieve such

high photocytotoxicity, PSs require large absorption cross-

sections with high quantum yield for singlet oxygen (1O2)

production [4–6]. The most common conventional PSs are

composed of porphyrin derivatives that have a strong

extinction coefficient with visible light absorption due to

expanded �-conjugation domains [7,8]. Although expanded

�-conjugation domains are useful for effective light absorp-

tion, the skeletons of porphyrin moieties are basically

hydrophobic and easily form aggregates in aqueous media

due to strong �–� interactions as well as their hydrophobic

nature. Therefore, the efficacy of some PSs decreases in high

local concentrations. Several years ago, we developed

dendritic PSs to overcome this drawback [9–12]. The large

dendritic wages can effectively segregate focal PS units from

external environments and improve solubility in aqueous

media. The charged periphery of dendritic PSs can associate

with oppositely charged hydrophilic block copolymers to form

polyion complex (PIC) micelles [9,11]. Initial studies of

dendritic PSs were focused on the evaluation of effectiveness

in a variety of animal models [13,14]. Then studies moved on

to the application of dendritic PSs for drug or nucleic acid

delivery. Several formulations have been designed for the

light-driven delivery of drugs and nucleic acids [15–20].

Based on these results, we are currently preparing new types

of nanodevices for the combination of PDT by dendritic PSs

and other therapeutics or diagnostic tools [21–23]. Along

these lines, we have assessed the effectiveness of dendritic

PSs and the structural utility of dendritic architecture

[14,21–26]. However, the effective PDT effects of dendritic

PSs remain incompletely understood.

In this study, we investigate the effects of the sizes of

dendritic wedges and central metal ions on photosensitizing

properties. A series of dendrimer porphyrins (GnDPM;

n¼ generation of dendrimer, n¼ 1–3; M¼ coordination

metal, M¼ freebase (FB), Zn, Pt; Figure 1) were prepared

and their photosensitizing properties were compared.

Materials and methods

Materials

Chemicals for dendrimer and polymer syntheses were

purchased from Tokyo Kasei Co., Ltd. (Tokyo, Japan) and
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Sigma-Aldrich Co., Inc. (St Louis, MO) and used without

further purification. All solvents for dendrimer and poly-

mer syntheses were freshly distilled just before use.

a-Methoxy-$-amino-poly(ethylene glycol) (MeO–

PEG–NH2, MW¼ 12 kg/mol) was purchased for block

copolymer synthesis from Nippon Oil and Fats, Co., Ltd

(Tokyo, Japan).

Synthesis

GnDPM was prepared following previously reported proced-

ures [12,27]. Briefly, alkali-mediated coupling of 5, 10, 15,

20-tetrakis (30,50-dihydroxyphenyl)porphyrin with methoxy-

carbonyl-terminated poly(benzyl ether) dendritic bromides

was carried out to obtain GnDPFB. GnDPZn was obtained by

subjecting GnDPFB to a simple metalation process by the

treatment of Zn(OAc)2 in MeOH/CH2Cl2. Because the

introduction of Pt(II) to the porphyrin center requires very

harsh conditions, Pt(II)-coordinated porphyrin (PPt-OMe) was

prepared and methoxy groups were converted into hydroxyl

groups by the treatment of BBr3 in CH2Cl2. Then, poly(ben-

zyl ether) dendritic bromides were introduced to the hydroxyl

groups to obtain GnDPPt. Finally, surface methoxycarbonyl

groups were hydrolyzed to obtain water-soluble forms of

GnDPM (GnDPM(CO2H)). The synthesis of GnDPPt was

conducted as follows (Scheme 1):

PPt-OMe: PFB-OMe (200 mg, 0.233 mmol) and PtCl2(II)

(185 mg, 0.699 mmol) was dissolved in dried benzonitrile

(10 mL) and refluxed for 10 h under N2 atmosphere. The

solvent was removed in vacuo, and the residue was purified

with silica column chromatography. The recrystallized form

CH2Cl2/hexane, PPt-OMe, was obtained as an orange solid

with a 36% yield (244 mg). 1H NMR (400 MHz, CDCl3):

d 4.02 (s, 24 H, OCH3), 7.21 (s, 4 H, p-H C6H3), 7.33 (s, 8 H,

o-H C6H3) and 8.83 (s, 8 H, pyrrole-b-H).

PPt-OH: BBr3 (1.9 mL, 1.0 M in CH2Cl2) was slowly added

to a CH2Cl2 (40 mL) solution of PPt-OMe (200 mg,

0.19 mmol) and stirred for 2 h at 0 �C. The reaction mixture

was quenched with H2O (10 mL) and poured into saturated

aqueous NaHCO3 solution, which was extracted with EtOAc.

The combined organic layer was dried over anhydrous MgSO4

and evaporated. The residue was recrystallized (MeOH/

CH2Cl2) to obtain PPt-OH as an orange solid (140 mg,

80%). 1H NMR (400 MHz, dimethylsulfoxide (DMSO)-d6):

d 6.64 (s, 4 H; p-H C6H3), 6.95 (s, 8 H; o-H C6H3), 8.84

(s, 8 H; pyrrole-b-H) and 9.71 (s, 8 H, OH).

G1DPPt: To a tetrahydrofuran (THF) (10 mL) solution of

PPt-OH (50 mg, 0.053 mmol) and methyl-4-bromomethyl-

benzoate (121 mg, 0.53 mmol), K2CO3 (22 mg, 0.16 mmol)

and 18-crown-6 (14 mg) were added and refluxed for 24 h.

The reaction mixture was evaporated to dryness, and the

residue was purified with silica column chromatography to

obtain G1DPPt as an orange solid (80 mg, 71%). 1H NMR

(400 MHz, CDCl3): d 3.89 (s, 24 H; CO2CH3), 5.27 (s, 16 H;

O-CH2), 7.03 (s, 4 H; p-H C6H3), 7.40 (s, 8 H; o-H C6H3),

7.56 (d, 16 H; o-H C6H4), 8.07 (d, 16 H; m-H C6H4) and 8.72

(s, 8 H; pyrrole-b-H). matrix-assisted laser desorption

ionization time-of-flight mass-spectroscopy (MALDI-TOF-

MS): m/z¼ 2121.141.
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Figure 1. Structures of dendrimer porphyrins.
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G2DPPt: To a THF (10 mL) solution of PPt-OH (50 mg,

0.053 mmol) and G1Br (265 mg, 0.53 mmol), K2CO3 (22 mg,

0.16 mmol) and 18-crown-6 (14 mg) were added and refluxed

for 24 h. The reaction mixture was evaporated to dryness, and

the residue was purified with silica column chromatography

to obtain G2DPPt as an orange solid (160 mg, 70%). 1H NMR

(400 MHz, CDCl3): d 3.85 (s, 48 H; CO2CH3), 4.97 (s, 32 H;

O-CH2), 5.10 (s, 32 H; O-CH2), 6.53 (s, 8 H; p-H C6H3), 6.70

(s, 16 H; o-H outer C6H3), 7.00 (s, 4 H; p-H inner C6H3), 7.32

(d, 32 H; o-H C6H4), 7.35 (s, 8 H; o-H inner C6H3), 7.90

(d, 32 H; m-H C6H4) and 8.71 (s, 8 H; pyrrole-b-H).

MALDI-TOF-MS: m/z¼ 4284.783.

G3DPPt: To a THF (8 mL) solution of PPt-OH (46 mg,

0.049 mmol) and G1Br (509 mg, 0.49 mmol), K2CO3 (7 mg,

0.05 mmol) and 18-crown-6 (5 mg) were added and refluxed

for 24 h. The reaction mixture was evaporated to dryness, and

the residue was purified with silica column chromatography

to obtain G3DPPt as an orange solid (300 mg, 71%). 1H NMR

(400 MHz, CDCl3): d 3.81 (s, 96 H; CO2CH3), 4.83 (s, 64 H;

outer O-CH2), 4.87 (s, 32 H; mid O-CH2), 5.05 (s, 16 H; inner

O-CH2), 6.38 (s, 16H; o-H mid C6H3), 6.51 (s, 32H; o-H outer

C6H3), 6.67(s, 16H; p-H outer C6H3), 7.00 (s, 4H, p-H inner

C6H3), 7.25 (d, 64 H; p-H inner C6H4), 7.37 (s, 8 H; o-H inner

C6H3), 7.81 (s, 8 H, p-H mid C6H3), 7.89 (d, 64 H; m-H C6H4)

and 8.76 (s, 8 H; pyrrole-b-H). MALDI-TOF-MS:

m/z¼ 8615.107.

G3DPPt(CO2H): To a THF (10 mL) solution of G3DPPt,

3 M NaOH(aq) (10 mL) was added and refluxed for 20 h. The

solution was dialyzed with pure water using a 1000 g/mol cut-

off dialysis membrane for two days and freeze-dried to obtain

G3DPPt(CO2H).

Poly(ethylene glycol)-block-poly(L-lysine) (PEG-b-PLL)

was synthesized by the polymerization of N-carboxyanhy-

dride of Ne-Z-L-lysine initiated by CH3O-PEG-NH2

(12 000 g/mol) in DMF, followed by deprotection of the

Z group according to a previously reported method [12]. The

degree of polymerization of PLL was determined to be 40 by

gel-permeation chromatography and 1H NMR spectroscopy,

respectively.

Formation of PIC micelle

The PIC micelles were prepared by mixing G3DPM(CO2H)

and PEG-b-PLL at a stoichiometric charge ratio. In a typical

procedure, PEG-b-PLL (2.8 mg) was dissolved in a 10 mM

NaH2PO4 solution (1.23 mL) and added to G3DPM(CO2H)

(1.2 mg) in a 10 mM Na2HPO4 solution (2.77 mL) to obtain a

solution containing G3DPM(CO2H) incorporated PIC micelles

in a 10 mM phosphate buffered solution (pH 7.4).

Octanol/water partitioning

GnDPPt(CO2H) (10 lM) in 25 mM phosphate buffer solution

(PBS; 3 mL) containing 150 mM NaCl with varying pH

(4.5–8.0) was mixed with the same volume of 1-octanol. The

mixture was vigorously shaken by a vortex mixer. The amount

of GnDPPt(CO2H) remaining in the aqueous phase was

determined from the decrease in the Soret absorption band

to calculate the octanol/water partitioning ratio of

GnDPPt(CO2H).

Measurements

The UV/Vis absorptions of each dendrimer were measured by

a JASCO V-660 spectrophotometer (JASCO, Tokyo, Japan) in

various solvents, including THF, toluene, DMSO and H2O.

The dynamic light scattering of PIC micelle was measured

using a Zetasizer nano ZS (Malvern, Worcestershire, UK).

The morphologies of PIC micelles were assessed using field

emission scanning electron microscopy (FE-SEM). FE-SEM

was performed with a JEOL Model JSM-6701F at 30 kV

Scheme 1. Synthetic route of GnDPPt.
(i) PtCl2, benzonitrile, reflux, 10 h;
(ii) BBr3, CH2Cl2, –78 �C, 1 h; (iii) GxBr
(x¼ 0, 1, 2), K2CO3, 18-crown-6, THF,
reflux, 24 h; and (iv) 3 M NaOH(aq),
H2O/THF, reflux, 20 h.

DOI: 10.3109/1061186X.2014.928717 Effects of dendrimer size and central metal ions on photosensitizing properties 3
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(JEOL Ltd., Tokyo, Japan). 1H spectra were obtained on a

Bruker DPX-400(400 MHz) spectrometer (Billerica, MA).

MALDI-TOF-MS measurements were performed on a Bruker

model LRF20 using dithranol as a matrix. The steady-state

luminescence of 1O2 was directly observed around 1275 nm

using a Spex Nanolog 3-211 spectrofluorometer (HORIBA,

Kyoto, Japan) upon excitation of the Soret band of each

dendrimer. 1O2 detection in PBS was carried out using singlet

oxygen sensor green (SOSG) (Molecular Probes, Inc.,

Eugene, OR). To GnDPM(CO2H) (1.0 lM, 2 mL) in 10 mM

PBS containing 150 mM NaCl, MeOH solution of SOSG

(1 mM, 10 lL) was added. Then, the mixture solution was

photoirradiated for 30 min with a broad-band visible light

from a light emitting diode (LED; incident energy

66 kJ cm�2). Finally, the fluorescence intensity of SOSG

was measured.

Cell experiments

HeLa cells were used to evaluate the PDT effects of each

dendrimer in vitro. Cells were maintained as a monolayer in

RPMI 1640 containing 10% fetal bovine serum and 1%

antibiotics in a humidified atmosphere containing 5% CO2 at

37 �C. For the cytotoxicity assay, the cells were photoirra-

diated for 1 h with broad-band visible light from a LED

(incident energy 132 kJ cm�2). The viability of the cells was

evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) assay. All dendrimer samples were

first dissolved in 10 mM Na2HPO4 solution, and the pH of the

solution was set to 7.4 by adding 10 mM NaH2PO4 solution.

The concentration of prepared DP stock solution was 10�4 M.

For treatment, the stock solutions were diluted with culture

medium (1/5 dilution), which is of the highest concentration

(2 lM). For each sample, 10 cases with different concentra-

tions (1/2 dilution) were tested.

Results and discussion

GnDPFB and GnDPZn were prepared based on a previously

reported procedure [27]. For the synthesis of GnDPPt, Pt(II)-

coordinated porphyrin (PPt-OH) was newly synthesized and

reacted with GnBr to obtain GnDPPt. All GnDPM were

hydrolyzed by treatment with 3 M NaOH to obtain water-

soluble GnDPM(CO2H). All GnDPM were unambiguously

characterized by 1H NMR and MALDI-TOF-MS analyses. All

GnDPM exhibited very high solubility in several organic

solvents, including toluene, THF and DMSO. The hydrolyzed

form of GnDPM, GnDPM(CO2H), also exhibited very high

solubility in aqueous media due to the ionic charges of the

dendritic wedges. UV/Vis absorption spectra of GnDPM and

GnDPM(CO2H) were measured in various solvents (10.0 lM)

(Figure 2). The wavelengths of absorption maxima and full

width of half maximum (FWHM) values at the Soret band are

summarized in Table 1. All GnDPM exhibited sharp absorp-

tion bands in organic solvents. However, the Soret absorptions

of GnDPM(CO2H) in 10 mM PBS (pH¼ 7.4) became broader

than those of GnDPM in organic solvents, indicating inhomo-

geneous microenvironments of the focal porphyrin deriva-

tives. Because THF, toluene and DMSO are good solvents for

both dendritic wedge and core porphyrin derivatives, the

dendritic wedges in all GnDPM may have fully extended

conformations. Therefore, the core porphyrin derivatives

would directly contact solvent molecules. In fact, all GnDPM

exhibits similar FWHM values within the same metallopor-

phyrin series. In contrast, high solubility of GnDPM(CO2H) in

PBS can be achieved by the carboxylate groups on the

periphery. The dendritic building blocks as well as the

porphyrin core have basically hydrophobic natures. Therefore,

dendritic wedges will not adopt fully extended conformations

in PBS to reduce the exposure of their hydrophobic skeletons

or the focal porphyrin structure to the aqueous phase [28–30].

Moreover, the relatively open architecture of low generation

dendrimers may induce self-aggregation. In fact,

G1DPM(CO2H) have absorption maxima at the more highly

blue-shifted region than those of G2DPM(CO2H) or

G3DPM(CO2H), indicating the formation of H-aggregates in

the aqueous phase. Figure 3(a) shows normalized absorption

spectra of G1DPZn(CO2H) upon dilution in PBS. According to

the increasing concentration, the intensity of the peak

at 402 nm was gradually increased by the formation of

H-aggregates. In contrast, the absorption maximum of

G3DPM(CO2H) appeared in the longest wavelength region.

The absorption spectrum of G3DPZn(CO2H) in PBS lacks

concentration dependency, indicating that large dendritic

wedges can effectively prevent aggregation (Figure 3b).

G3DPM(CO2H) can form supramolecular PIC micelles by

mixing with PEG-b-PLL in a stoichiometric ratio of positive

and negative charges [9,11]. When solutions of

G3DPM(CO2H) in 10 mM Na2HPO4 solution were mixed

with PEG-b-PLL in 10 mM NaH2PO4 solution, all

G3DPM(CO2H) successfully formed globular PIC micelles

that were uniform in size. The formation of PIC micelles was

confirmed by FE-SEM (Figure 4). All PIC micelles exhibited

the same morphologies, indicating that G3DPM(CO2H) have

similar solution behaviors regardless of central metal coord-

ination due to large dendritic wedge substitution.

PDT effects against HeLa cells were evaluated in vitro for

all GnDPM(CO2H) by MTT assay. Under dark conditions, all

GnDPM(CO2H) showed negligible cytotoxicity. However, all

samples exhibited concentration-dependent photocytotoxicity

under light irradiation. Due to the increasing dendrimer size,

all series of GnDPM(CO2H) tend to increase photocytotoxi-

city. Platinum-coordinated porphyrin derivatives are known to

be efficient 1O2 generators due to the high intersystem

crossing quantum yield achieved by heavy-atom effects

[31–37]. However, within three different series of porphyrin

dendrimers, GnDPZn(CO2H) exhibited the highest photocyto-

toxicity but GnDPFB(CO2H) and GnDPPt(CO2H) exhibited

very similar PDT effects (Figure 5).

Based on the above information, we attempted direct

observation of photoluminescence from 1O2 in various

solvents. Fixed concentrations (1.0 lM) of GnDPM and

GnDPM(CO2H) solutions in several organic solvents and

PBS were prepared for the evaluation of 1O2 detection. Upon

the excitation of Soret bands of each solution, the relative

intensities of photoluminescence around 1275 nm were rec-

orded. The intensity of photoluminescence from 1O2 was

dependent on the polarity of solvents. By changing from

nonpolar solvents to polar solvents, the intensity of photo-

luminescence gradually decreased as shown in Figure 6.

Typically, the intensity of 1O2 photoluminescence in PBS was

4 J.-H. Kim et al. J Drug Target, Early Online: 1–9
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significantly weaker than in organic solvents. Such aspects

can be explained by poor 1O2 quantum yield as well as the

reduced lifetime of 1O2 in aqueous media. In fact, the lifetime

of 1O2 in aqueous media is 1/100 of that in THF [38].

Although we compared the photoluminescence intensities of
1O2 in aqueous media, we were unable to obtain reliable data

for 1O2 generation in aqueous media due to the weak signal

intensity. Therefore, we utilized the indirect method. The

generation efficacy of 1O2 of GnDPM(CO2H) in PBS was

compared using SOSG. First, we compared the 1O2 gener-

ation ability of different generations of GnDPM in the same

metal series in THF. In the cell viability test, larger

dendrimers exhibited higher photocytotoxicity for all series

of dendrimers. However, the production of 1O2 in the same

solvents was comparable in the same metal series of

dendrimers regardless of generation, indicating that the

higher toxicity of larger dendrimers did not cause differences

in 1O2 generation quantum yield. In contrast, GnDPZn

exhibited the highest 1O2 generation ability in comparisons

with different metal series, which is consistent with the

photocytotoxicity evaluation. Therefore, we can conclude that

the highest photocytotoxicity of GnDPZn(CO2H) within three

different metal series originated from the highest 1O2

generation efficiency. However, the generation dependency

Figure 2. UV/Vis absorption spectra of G3DPM and G3DPM(CO2H) in various organic solvents and pH 7.4 PBS (10 lM). (a) G3DPZn and
G3DPZn(CO2H), (b) G3DPPt and G3DPPt(CO2H), and (c) G3DPFB and G3DPFB(CO2H).

DOI: 10.3109/1061186X.2014.928717 Effects of dendrimer size and central metal ions on photosensitizing properties 5
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of photocytotoxicity cannot be explained by 1O2 generation

efficiency in THF. The results of the 1O2 detection experiment

using SOSG in PBS indicated slightly higher 1O2 generation

efficacy for larger dendrimers (Figure 7).

In a previous investigation, we found that larger dendri-

mers exhibited slightly higher cellular uptake within the

GnDPZn(CO2H) series [12]. However, the differences in the

cellular uptake amounts were within error ranges. Therefore,

the generation dependency of photocytotoxicity cannot be

fully explained by cellular uptake or 1O2 generation

efficiency. We hypothesize two different mechanisms for

the explanation of generation dependency in photocytotoxi-

city. One is based on the ease of aggregation of small

dendrimers. When dendrimer uptake occurs by endocytosis,

surface carboxylates are protonated by decreases of pH, and

GnDPM(CO2H) becomes hydrophobic. In such conditions,

small GnDPM(CO2H) easily forms aggregates. The results of

octanol/water partitioning experiments indicate that the

solubility of G1DPM(CO2H) can be greatly decreased by pH

lowering (Figure 8). The partitioning of G1DPPt(CO2H) to the

aqueous phase significantly decreased as pH decreased from

7.0 to 6.5. In contrast, large dendrimers can effectively

prevent the aggregation of porphyrin cores when they become

insoluble in acidic conditions. Compared to G1DPPt(CO2H),

G2DPPt(CO2H) and G3DPPt(CO2H) exhibited improved solu-

bility at pH 5.0 to 6.5. The cell viability curve of the

GnDPZn(CO2H) series shows that the photocytotoxicity of

G1DPZn(CO2H) is slightly higher than that of G2DPZn(CO2H)

at low concentrations. As concentrations increase, the

photocytotoxicity of G2DPZn(CO2H) becomes greater than

that of G1DPZn(CO2H). This might be due to the formation of

aggregates of G1DPZn(CO2H) at high concentrations. The

second hypothesis considers the improved 1O2 generation

quantum yield of porphyrin cores in hydrophobically pro-

tected dendrimer cores. Because small dendrimers have

relatively open architecture, the core porphyrin is exposed

Figure 3. Normalized UV/Vis absorption spectra of (a) G1DPZn(CO2H) and (b) G3DPZn(CO2H) upon dilution in pH 7.4 PBS (10, 5, 2.5, 1.25 and
0.625 lM).

Figure 4. FE-SEM images of polyion complex micelles with PEG-b-PLL and G3DPM(CO2H). (a) G3DPFB(CO2H), (b) G3DPZn(CO2H) and
(c) G3DPPt(CO2H). (Scale bar¼ 100 nm).

Table 1. The wavelengths of absorption maxima and full width of half
maximum (FWHM) values GnDPM.

Toluene
(�max*/FWHMy) DMSO THF PBS (pH 7.4)z

G1DPFB 423/643 423/648 420/673 406/2309
G1DPZn 427/570 430/459 426/510 404/2066
G1DPPt 405/1013 406/1047 403/1076 385/1449
G2DPFB 424/633 424/652 422/690 415/1921
G2DPZn 428/577 431/510 427/593 432/1733
G2DPPt 407/1045 407/1091 405/1147 406/1835
G3DPFB 427/600 426/669 425/707 429/1895
G3DPZn 430/959 432/533 429/595 434/1294
G3DPPt 409/1079 408/1096 407/1063 412/1851

*nm, ycm�1, zGnDPM(CO2H) used and PBS contains 150 mM NaCl.
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to hydrophilic environments. In contrast, large dendrimers

may prevent the access of polar solvent molecules to focal

porphyrin units, typically in acidic conditions, in endosomes

because the protonation of surface carboxylates causes

shrinkage of dendritic wedges. In fact, the results of 1O2

detection experiments using SOSG in PBS indicated the

higher 1O2 generation efficacy of larger dendrimers.

In conclusion, we synthesized three different series of

dendritic PSs to investigate the effects of central metal ions

and dendrimer size on photosensitizing properties.

Within three different porphyrin species, Zn(II) coordinated

porphyrins exhibited the highest photocytotoxicity as well as
1O2 generation efficiency in THF. In the cell viability assay,

larger generation dendrimers exhibited higher photocytotoxi-

city for the entire range of GnDPm(CO2H). G3DPZn(CO2H) is

the best choice for a dendritic PS involving a large dendritic

wedge and a central metal ion. Although we continuously

carried out PDT-related experiments using G3DPZn(CO2H) as

Figure 5. Cell viability curves of (a) GnDPZn(CO2H), (b) GnDPPt(CO2H) and (c) GnDPFB(CO2H). Error bars indicate standard deviation, n¼ 4.
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the dendritic PS, the exact mechanism explaining the

improved PDT efficacy remains unclear. This research is an

important starting point for the understanding of mechanisms

underlying the improved PDT efficacy of dendritic PS.
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