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Abstract

Aluminum and silicon phthalocyanines bearing water-soluble poly(ethylene glycol) as axial ligands which
formed vesicles in water enhanced photoacoustic (PA) signal intensities under continuous photoirradiation.
The photoinduced cleavage of axial ligands in water-soluble phthalocyanines is a key step to produce

phthalocyanine aggregates which generate strong photoacoustic wave.



1. Introduction

Metallophthalocynanine (MPc), one of cyclic tetrapyrrole family, is a photostable near-infrared (NIR) dye
with high molar extinction coefficient (g) (~1.0 x 10°) and low photoluminescence quantum yield (®) (< 0.10),
converting the excited energy into strong photoacoustic (PA) wave efficiently.*3!  Because of these properties,
many researchers focused their attentions on MPcs as a promising NIR photosensitizer for practical PA
imaging.[*®  Although the reported MPc-containing PA contrast agents can generate strong PA wave, their
“always-on” properties may cause the strong background signals from non-targeted tissues and blood vessels.
Hence, activatable PA contrast agents based on MPcs whose PA signal intensity can be enhanced by biological
stimuli have been developed.l?*”8  Pu and co-workers developed MPcs bearing oxidant-responsive water-
soluble side chains as an activatable PA contrast agent.[!  Yoon and co-workers prepared protein-responsive
MPc-based photosensitizers for tumor theranostics.*®  Toriumi, Uchiyama, and co-workers reported
benziphthalocyanines which change PA signal intensities through tautomerization, as a potent activatable PA
contrast agent.'!  Recently, we have developed naphthalocyanines bearing enzyme-responsive peptide and
water-soluble poly(ethylene glycol) (PEG) as an axial ligand and demonstrated their application as enzyme-
activatable contrast agents to in vivo PA tumor imaging.'? However, the turn-on properties of these
photosensitizers should be affected by the concentration of endogenous oxidant, protein, and enzyme in the
target tissues. To avoid the influence of endogenous biological and chemical substances, the PA signal
enhancement triggered by controllable external stimuli such as photoirradiation is ideal. In the course of our
continuous investigation of MPcs bearing a water-soluble axial ligands, we found that photoirradiation induced
the cleavage of axial PEG ligands in aluminum phthalocyanine (AIPc) and silicon phthalocyanine (SiPc)
derivatives, resulting in the aggregation of MPcs to enhance PA signal intensity (Figure 1). Because bulky axial
ligands grafted on MPcs can more efficiently suppress their aggregation compared with the peripheral
decoration of MPcs, AlPc and SiPc were selected as a backbone of activatable photosensitizers. Although
some of “always-on”-type water-soluble MPcs were applied to tumor therapy under photoirradiation,*4 there
is no example of activatable PA probes consisting of PEG and MPcs under photoirradiation. Here, we describe

the preparation of self-assemblies consisting of PEG-grafted MPc derivatives (M = Al, Si) and the evaluation
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of photoactivatable enhancement of their PA signal intensity. Based on the theoretical calculation and the
isolation of cleaved axial ligands, we propose that the photoinduced cleavage of axial ligands proceeds through

the intermolecular electron transfer between two MPcs, followed by hydrolysis.
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Figure 1. Photoinduced MPc aggregation for PA signal enhancement.  AlPc (M = Al) and SiPc (M = Si)
were used. Two PEG axial ligands were incorporated in SiPc, but one of two ligands is omitted for clarity.

2. Experimental
2.1. Materials and methods

Poly(ethylene glycol) monomethyl ether (MW = 2000) wes purchased from Sigma-Aldrich (USA). 1-Ethyl-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) was purchased from Watanabe Chemical
Industries, Ltd.  (Japan). 1-Pentanol, aluminum chloride  (AICls), triethylamine, (3-
aminopropyl)dimethylethoxysilane, 4-dimethylaminopyridine (DMAP), and anhydrous dichloromethane

(CH:Cly) were purchased from Fujifilm Wako Pure Chemicals Industries, Ltd. (Japan). 1,8-
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Diazabicyclo[5.4.0Jundec-7-ene (DBU), pyridine, potassium carbonate (K.CQOs), N,N-dimethylformamide
(DMF), methanol (MeOH), and succinic anhydride were purchased from Nacalai Tesque (Japan).
Dichloromethane (CH:Cl,) and diethyl ether (Et,O) was purchased from Kishida Chemical Co., Ltd. (Japan).
Tetrachlorosilane (SiCls), quinoline, and indocyanine green (ICG) were purchased from Tokyo Chemical
Industry Co., Ltd. (Japan). Dialysis membrane Spectra/Por 6 (molecular weight cutoff (MWCO): 25 kDa) was
purchased from Spectrum Laboratories Inc. (Rancho Dominguez, CA, USA). Before use as a reaction solvent,
pyridine and DMF were distilled over CaH,, and MeOH was distilled over Mg. Other reagents and solvents
were used as received.

UV-vis absorption spectra were recorded by UV-vis spectrophotometer (UH5300, Hitachi High Technologies,
Japan).

Transmission electron microscopy (TEM, JEM-1400, JEOL Ltd., Japan) was used to visualize the
morphology of dried self-assemblies. Sample solutions were dropped onto a TEM copper grid covered with a
carbon film (200 mesh, Nisshin EM, Japan) and dried for 3 h before observation.

Dynamic light scattering (DLS) (FPAR-1000, Otsuka Electronics Co., Ltd., Japan) measurements were
performed at scattering angles of 90° at 25 °C.

PA signals of samples in H,O (3.0 x 10° M) were measured according to the reported procedure'?® or
measured by Nexus 128 (ENDRA Life Sciences Inc., USA). The sample solutions were kept in the dark at
room temperature for more than 3 h before measurement. For measurement using Nexus128 apparatus, a
sample solution was placed in 2 mL microtube.

Mass spectra were measured by Exactive Plus Orbitrap (ESI, Thermo Fisher Scientific Inc., USA) and

Ultraflex 111 (MALDI, Bruker Co., USA).

2.2. Synthesis of PEGylated Pcs.

Water-soluble MPc derivatives were synthesized from metallooctamethylphthalocyanine MPc-OH bearing
hydroxy group(s) (M = Al and Si) according to the following synthetic procedures (Scheme 1). According to

the conventional phthalocyanine synthesis, 1 MPc-OH was prepared from phthalonitrile or diiminoisoindoline
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species.
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Synthesis of AIPc-OH and SiPc-OH. In a flame-dried Schlenk tube, a mixture of 4,5-
dimethylphthalonitrilel*®! (0.11 g, 0.67 mmol) and AICI; (23 mg, 0.17 mmol) in 1-pentanol (1.5 mL) and DBU
(0.20 mL) was stirred at 140 °C. After stirring for 23 h, the organic solvents were removed under reduced
pressure. The residue was washed by MeOH (10 mL) and Et,O (5 mL x 3), and then dried under reduced
pressure to afford crude solid. A mixture of the crude solid and K>COs (0.12 g, 0.90 mmol) in H,O (0.50 mL)
and DMF (4.5 mL) was stirred at 80 °C.  After stirring for 23 h, the resulting mixture was dispersed in H20
(5.0 mL) and the blue precipitate was collected by centrifugation. The solid was washed with MeOH (10 mL)
and Et,O (5 mL x 3), and then dried under reduced pressure to afford AlPc-OH (60 mg, 90 umol, 54 %) as a
blue solid. No peak was observed in *H NMR spectrum because of aggregation. AlPc-OH: mp: >250 °C;
IR (neat) 502, 508, 519, 548, 556, 579, 719, 735, 758, 813, 878, 992, 1030, 1086, 1179, 1244, 1313, 1342, 1381,
1409, 1432, 1468, 1515, 1618, 2853, 2920, 3048, 3417 cm™!; HRMS (MALDI-TOF) calcd for CsHssAINgO
(M*): 668.2593, found: 668.2594.

In a flame-dried Schlenk tube, a mixture of 5,6-dimethyl-1,3-diiminoisoindoline™” (86 mg, 0.50 mmol) and
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SiClys (68 pL, 0.60 mmol) in quinoline (1.0 mL) was stirred at 200 °C. After stirring for 3.5 h, the organic
solvent was removed under reduced pressure. The residue was washed by MeOH (10 mL) and Et,O (5 mL x
3), and then dried under reduced pressure to afford crude solid (82 mg). A mixture of the crude solid (34 mg)
and K>COs (29 mg, 0.20 mmol) in H>O (0.50 mL) and DMF (4.5 mL) was stirred at 80 °C.  After stirring for
23 h, the resulting mixture was dispersed with H,O (5.0 mL) and the bluish green precipitate was collected by
centrifugation. The solid was washed with MeOH (10 mL) and Et,O (5 mL x 3), and then dried under reduced
pressure to afford SiPc-OH (28 mg, 40 umol, 80 %) as a bluish green solid. No peak was observed in H
NMR spectrum because of aggregation.  SiPc-OH: mp: >250 °C; IR (neat) 503, 519, 524, 562, 584, 595, 617,
724,738, 753, 771, 812, 880, 1020, 1040, 1082, 1135, 1180, 1206, 1315, 1345, 1378, 1411, 1433, 1471, 1520,
1619, 1657, 1738, 2938, 2971, 3046, 3455 cm*; HRMS (MALDI-TOF) calcd for C4oH3sNsO2Si (M*): 686.2574,
found: 686.2568.

Synthesis of AIPc-NH; and SiPc-NH..  Aluminum octamethylphthalocyanine AIPc-NH; bearing an amino
group at the end of an axial ligand was synthesized from AlIPc-OH bearing a hydroxy group as an axial ligand
according to the reported method (Scheme 1).1*1  Silicon octamethylphthalocyanine SiPc-NH, was
synthesized from SiPc-OH in the similar manner.

In a 200 mL flame-dried two-necked round-bottom flask, a mixture of AIPc-OH (15 mg, 23 umol) and 3-
(aminopropyl)dimethylethoxysilane (50 pL, 0.20 mmol) in dry pyridine (65 mL) was stirred at 100 °C overnight
under N, atmosphere. After stirring for 12 h, the organic solvent was removed under reduced pressure (<
40 °C). The residue was dissolved in MeOH and an insoluble solid was removed by centrifugation. After
removal of solvents under reduced pressure, the residue was washed with Et;O (5 mL x 3) and then dried under
reduced pressure to afford AIPc-NH; (12 mg, 14 umol, 36%) as a blue solid. No peak was observed in *H
NMR spectrum because of aggregation. AlPc-NH; was used for the next reaction without further purification.
SiPc-NH; (~42% yield, bluish green solid) was prepared according to the similar synthetic procedure from
SiPc-OH. 3-(Aminopropyl)dimethylethoxysilane (20 equiv) was used. The crude SiPc-NH; was used in the
next step without purification. SiPc-NHa: *H NMR (400 MHz, CDCls, 25 °C): § = 9.40 (s, 8H), 2.94 (s, 24H),

1.15 (t, J = 7.3 Hz, 4H), —1.18 to —1.26 (m, 4H), —2.28 (t, J = 8.2 Hz, 4H), —2.86 (s, 12H).
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Synthesis of AIPc-PEG and SiPc-(PEG).. In a 50 mL flame-dried two-necked round-bottom flask, a
mixture of PEG-COOH® (70 mg, 35 pmol, average molecular weight: 2000) and EDC-HCI (9.0 mg, 44
pmol) in dry CHCl; (5.0 mL) was stirred at room temperature for 30 min. This solution was added to a
solution of DMAP (2.0 mg, 25 umol) and AlPc-NH; (20 mg, 23 pmol) in dry CH:Cl, (5.0 mL) under N
atmosphere, and the resulting mixture was stirred at room temperature overnight.  After removal of the solvent
under reduced pressure, the residue was dissolved in pure water (10 mL) and the mixture was centrifuged. The
blue supernatant was dialyzed against water (MWCO : 25 kDa) for 24 h and freeze-dried to afford AlPc-PEG
(blue solid, 58 mg, 20 umol, 89% (assuming as a pure material), probably containing a small amount of free
PEG-COOH) as a blue solid.  AlPc-PEG: mp: 51-52 °C; IR (neat) 534, 548, 585, 667, 701, 737, 759, 796,
841, 962, 1060, 1102, 1147, 1241, 1342, 1360, 1410, 1467, 1548, 1645, 2742, 2883, 3295 cm L.  Although
signals of the PEG fragment were observed in *H NMR spectrum (solvent: D,O, CDCl; or CD30OD), no signal
of AlPc was observed because of aggregation (Figure S1a). In MALDI-TOF mass spectrum of AlPc-PEG,
the weak parent signal was observed along with signals of PEG fragments (Figure S2a).

A mixture of PEG-COOH (0.14 g, 70 umol) and EDC-HCI (20 mg, 0.10 mmol) in dry CH,Cl, (10 mL) was
stirred at room temperature for 30 min. This solution was added to a solution of DMAP (2.0 mg, 25 pmol) and
SiPc-NH; (20 mg, 22 pmol) in dry CH.CI; (5 mL) under nitrogen atmosphere, and the resulting mixture was
stirred at room temperature overnight.  After removal of the solvent under reduced pressure, the residue was
dissolved in pure water (10 mL) and the mixture was centrifuged. The blue supernatant was dialyzed against
water (MWCO : 25 kDa) for 24 h and freeze-dried to afford SiPc-(PEG). (blue solid, 0.11 g, 22 umol, 98%
(assuming as a pure material), probably containing a small amount of free PEG-COQH) as a bluish green solid.
SiPc-(PEG)2: a bluish green solid; mp: 50-51 °C; IR (neat) 506, 516, 521, 534, 546, 570, 584, 738, 759, 795,
841, 962, 1060, 1103, 1147, 1241, 1279, 1342, 1359, 1467, 1547, 1647, 2882, 3293 cm™®.  Although signals
of the PEG fragment were observed in *H NMR spectrum (solvent: D,O, CDCI; or CDsOD), no signal of SiPc
was observed because of aggregation (Figure S1b). In MALDI-TOF mass spectrum of SiPc-(PEG), the
fragment peaks of SiPc bearing one PEG axial ligand and peaks of PEG fragments were observed together with

the parent peaks (Figure S2b).



Synthesis of AIPc-CX and SiPc-CX. To a mixture of succinic anhydride (12 mg, 0.12 mmol) and
triethylamine (25 mg, 0.25 mmol) in dry CH.ClI; (5 mL) was added AIPc-NH; (13 mg, 17 umol).  After stirring
for 12 h, the resulting solution was washed with water and the organic layer was dried over MgSQO,. After the
organic solvent was removed under reduced pressure, the residue was dispersed in water (10 mL) and the blue
precipitate was collected by centrifugation. The crude solid was washed with Et,O (5.0 mL x 3), and then dried
under reduced pressure to afford AIPc-CX (5.6 mg, 6.0 umol, 37%) as a blue solid. AlIPc-CX: mp: >250 °C;
IR (neat) 518, 526, 531, 543, 578, 598, 610, 722, 735, 757, 794, 839, 878, 1029, 1085, 1217, 1229, 1313, 1366,
1619, 1739, 2856, 2928, 2970, 3017, 3456 cm*; HRMS (MALDI-TOF) calcd for CagHseAINgQ4Si [M+H"]:
884.3649, found: 884.3631.

SiPc-CX was synthesized from SiPc-NH: (23 mg, 26 umol) in a similar manner of AlPc-CX. Succinic
anhydride (36 mg, 0.36 mmol) and triethylamine (75 mg, 0.75 mmol) were used. SiPc-CX: a bluish green
solid (11 mg, 9.4 umol, 37% yield); mp: >250 °C; IR (neat) 509, 515, 527, 541, 561, 578, 723, 737, 758, 773,
830, 879, 1038, 1091, 1206, 1217, 1229, 1316, 1354, 1366, 1412, 1435, 1521, 1619, 1739, 2863, 2946, 2971,
3017, 3456 cm%; H NMR (400 MHz, CDCls, 25 °C): & = 9.39 (s, 8H), 2.93 (s, 24H), 2.91 to 2.87 (m, 8H),
1.16 (t, J=7.2, 4H), —1.18 to —1.26 (m, 4H), —2.28 (t, J = 8.2 Hz, 4H) , —2.86 (s, 12H); HRMS (ESI) calcd for

CsgHe7N100sSiz [M—H™]: 1115.4457, found: 1115.4459.

2.3. Preparation of self-assemblies of MPc-PEG.

Self-assemblies of AIPc-PEG were prepared as follows (Figure S5).120

Method A: Powdered AIPc-PEG (1.0 mg) was dissolved in Milli-Q water (3.5 mL) under sonication
(100 W, 28 kHz). The resulting solution was filtered by using syringe filter (pore size: 0.45 um) and the
filtrate (A-AlPc) was kept in the dark at room temperature for 3 h before measurement.

Method B: Powdered AlPc-PEG (1.0 mg) was dissolved in CH.Cl, (2.0 mL) in a 25 mL round-bottom
flask. The solvent was removed by gentle blowing of nitrogen gas to prepare AIPc-PEG film. To this flask,
Milli-Q water (3.5 mL) was added and the resulting mixture was sonicated (100 W, 28 kHz). The resulting

solution was filtered by using syringe filter (pore size: 0.45 um) and the filtrate (B-AlPc) was kept in the dark
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at room temperature for 3 h before measurement.
Self-assemblies A-SiPc and B-SiPc were similarly prepared from SiPc-(PEG).. The average particle size

of self-assemblies is summarized in Table 1.

Table 1. Particle size distribution and morphology of self-assemblies composed of MPc-PEG.

self-assembly method Dovs (nm) Drem (nm) morphology
A-AlPc method A 301+71 143 +35 aggregate
B-AlPc method B 307 £ 67 312 + 149 vesicle
A-SiPc method A 221 +44 139+ 27 aggregate
B-SiPc method B 321 +61 572 +193 vesicle

2.4. Photoinduced cleavage of axial ligands in water-soluble AlPc and SiPc.

Photostability of AlIPc-PEG and SiPc-(PEG),. Each solution of A-AlPc, B-AlPc, A-SiPc, or B-SiPc in
water (0.50 mg/mL) was prepared. ICG was dissolved in Milli-Q water (2.5 uM). Each solution was
transferred into a quartz cuvette and irradiated using a LED photoirradiation apparatus (CL-1501, Asahi Spectra
Co., Ltd., Japan) equipped with LED head unit (CL-H1-730-9-1, Amax = 737 nm, half-bandwidth = 20 nm,
illuminance: 25 mW (A = 730 nm) at the sample level). The time-dependent photobleaching and nanoparticle
size change were monitored by measuring the absorbance at the maximum and DLS (Table S1 and Figures S9
and S10). The precipitate was collected by centrifugation and washed several times with Milli-Q water for
MALDI-TOF mass spectrometry (Figure S11).

Photoinduced cleavage of axial ligands in water-soluble AlPc and SiPc.  Aqueous solutions of A-AlPc,
B-AlPc, A-SiPc, or B-SiPc (0.50 mg/mL) were prepared. Each solution was transferred into quartz cuvettes
and irradiated using a LED photoirradiation apparatus (CL-1501, Asahi Spectra Co., Ltd., Japan) equipped with
LED head unit (CL-H1-730-9-1, Amax = 737 nm, half-bandwidth = 20 nm, illuminance: 25 mW (A = 730 nm) at
the sample level). For hypoxic conditions, nitrogen bubbling was conducted for 15 min and the cuvettes were
sealed during irradiation. The precipitates were collected by centrifugation. The precipitates were dissolved

in conc. H.SO4 and the amounts of MPc derivatives were quantified by UV-vis absorbance (Figure S14) utilizing



the linear relationship as shown in Figure S15.

The fragment generated from the axial ligand under photoirradiation of MPc-CX was corrected as follows.
MPc-CX (1.0 mg) was dissolved in water (10 mL) with K,CO3 (2.0 mg).  Part of the resulting aqueous solution
in a quartz cuvette (optical path length: 10 mm) was irradiated for 2 h using a Xenon light source device (MAX-
303, Asahi Spectra Co., Ltd., Japan) equipped with a visible mirror module and a rod lens (RLQL80-1,
illuminance: 25 mW (A = 680 nm) at the sample level). After photoirradiation, the precipitate formed was
removed by centrifugation and ESI high-resolution mass spectra of supernatant were measured to confirm the
consumption of MPc-CX and the generation of fragments of the axial ligand (Figure S17).

For isolation of the axial ligand fragment, in a 100 mL round-bottom flask, a mixture of MPc-CX (4.0 mg)
and K>COs (8.0 mg) in water (40 mL) was irradiated for 24 h using the same photoirradiation apparatus. To
the resulting solution was added dichloromethane (20 mL) and the organic layer was separated. After
neutralization with HCI ag., the organic solution was concentrated under reduced pressure to afford a white
solid. H NMR (Figure S18) and liquid chromatography-tandem mass spectrometer (LC-MS) measurements
(Figures S19 and S20) of this solid were carried out. Nexera X2 UHPLC liquid chromatograph system (LC-
30AD, Shimadzu Industrial System Co., Ltd. Japan) with column (InertSustain C18 (2 pum, for SiPc-CX) or
InertSustainSwift C18 (1.9 pum, for AlPc-CX), 2.1 1. D. x 150 mm, GL Sciences Inc., Japan) and PDA detector
(SPD M30A) was used for LC-MS/MS measurements. The mobile phase consisted of H,O (phase A) and
acetonitrile (phase B). The gradient program was set as follows, 0-3 min, 30% B; 3-5 min, 30-50% B. The
flow rate was 0.3 mL/min with a pump (LC-30AD, Shimadzu Industrial System Co., Ltd. Japan). Detection
was performed on a triple quadrupole mass spectrometer (LCMS-8030, Shimadzu Industrial System Co., Ltd.,
Japan) with an electrospray ionization (ESI) source. The parameters of the source were set under a N2
generator (AT 10NP5NSC). The MS was operated in the negative ionization mode with the data acquisition

mode of selective ion monitoring (SIM).

3. Results and Discussion

In UV-vis absorption spectra of AlPc-PEG and SiPc-(PEG). in DMF, strong signals attributed to the Q-band
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of their monomeric forms were observed at 679 nm (e = 2.4x10* Mt cm™) and 678 nm (¢ = 8.0x10* Mt cm™),
respectively (Figures 2a and 2b). In the case of AIPc-PEG, a broadened signal around 750 nm was observed
besides Q-band, which indicated that a small part of AlIPc-PEG form aggregates even in DMF solution. In
regard to UV-Vis spectra of A-AlPc and A-SiPc prepared according to method A shown in 2.3., the sharp
absorption signals of monomeric MPc decreased and new signals which are assigned as J-aggregates?!! were
observed at 722 nm and 733 nm, respectively (Figures 2c and 2d, blue lines). Interestingly, in UV-vis spectra
of B-AlPc and B-SiPc, which were prepared according to method B shown in 2.3., the absorbance of J-
aggregates decreased and monomeric signal (Q-band) increased. In transmission electron microscope (TEM)
observation, whereas A-AlPc and A-SiPc formed spherical nanometer-size aggregates (Figures 2e, 2g, S6, S7a,
and S7c), it was observed that B-AlPc and B-SiPc formed vesicles (Figures 2f, 2h, S7b, and S7d). From
dynamic light scattering (DLS) measurement, hydrodynamic diameters of self-assemblies prepared by methods

A and B were estimated to be 220-320 nm (Table 1).
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Figure 2. UV-vis absorption spectra of (a) AIPc-PEG (3.5 x 10> M) and (b) SiPc-(PEG), (2.0 x 107° M) in
DMF. UV-vis absorption spectra of (c) A-AlPc (blue) and B-AlPc (red) (1.8 x 10* M) and (d) A-SiPc (blue)
and B-SiPc (red) (1.0 x 10* M) in water. Representative TEM images of self-assemblies of (e) A-AlPc, (f) B-
AlPc, (g) A-SiPc and (h) B-SiPc.

Crystallographic analyses of AlPcs were reported; however, their intermolecular interaction was not
discussed in detail. 2l Mizuguchi and co-workers reported the titanium(1V) phthalocyanine oxide having a small
axial ligand.”® In the crystal structure, Ti(O)Pcs were packed through the concave-concave interaction (H-
aggregation) and the convex-convex interaction (J-aggregation). Considering these observation and UV-vis
spectra shown in Figures 2c and 2d, it was assumed that AIPc-PEG favors random H- and J-aggregation(! in
A-AlPc, whereas B-AlPc forms a layer of AlPc dimers with concave-concave interaction (Figure 3a). In

contrast, A-SiPc favors J-aggregate forms with partial overlap of Pcs (J-aggregation) because of two large
11



hydrophilic axial ligands. The hydrophilic-hydrophobic-hydrophilic structure of SiPc-(PEG). facilitates

forming vesicles composed of a SiPc monolayer in B-SiPc (Figure 3b).

(a) J-aggregation

H-aggregation
(face-to-face)

\_Y_l

(b) J-aggregation

Figure 3. Plausible aggregation modes (H- and J-aggregates) in vesicles composed of (a) B-AlPc and (b) B-
SiPc.

The photostability of self-assemblies was compared with indocyanine green (ICG), which is an approved
NIR dye for practical diagnosis.®  Under continuous photoirradiation using light-emitting diode (LED) at 25
mW (L = 730 nm) for 1 h, the absorbance decrement of ICG was 45%, whereas the absorbance decrement of A-
AlPc and A-SiPc were 3% and 1%, respectively (Figure 4a and Table S1). In contrast, the absorbance
decrement of B-AlPc and B-SiPc were 9% and 12% for 1 h under the identical photoirradiation conditions,
respectively, the precipitate being gradually generated for several hours. In MALDI-TOF mass spectra of
precipitates, the parent mass numbers of MPc-PEG were not observed, but the corresponding fragment mass
numbers of AlPc-OH and SiPc-OH were detected (Figure S11). These results indicate that the axial ligands
of AlIPc-PEG and SiPc-(PEG), were cleaved by continuous photoirradiation, where MPc-OH precipitated due
to the low water solubility.  Next, the PA signal intensity were monitored before/after continuous

photoirradiation.?®!  As expected, no change of the PA signal intensity of A-AlPc and A-SiPc was observed,
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whereas PA signal intensity of vesicles B-AlPc and B-SiPc gradually increased during photoirradiation for 10—
20 min and kept constant after then (Figures 4b and 4c). The DLS measurement of the irradiated solutions
points out that the hydrodynamic diameters of self-assemblies of B-AlPc gradually increased, whereas those of
A-AlPc showed no significant change (Figure S9). In contrast, PA signal intensities of B-AlPc and B-SiPc
were not changed in the dark for 48 h (Figure S12). These results support that AlIPc-OH generated from B-
AlPc under photoirradiation gradually aggregated to form larger nanoparticles, enhancing PA signal intensity.
It is well-accepted that the aggregation of n-conjugated dyes enhances the PA signal intensity due to fluorescence
quenching.tc27l - Although Pc-based probes utilizing aggregation-induced PA signal intensity enhancement
have been reported,”® to our knowledge, this is the first example of photo-activatable PA signal intensity

enhancement of MPcs.
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Figure 4. (a) Photostability of ICG and self-assemblies of A-AlPc, B-AlPc, A-SiPc, and B-SiPc under
continuous photoirradiation at 25 mW (A = 730 nm). Time-dependent PA signal intensity change of (b) A-
AlPc (blue) and B-AlPc (red), and (c) A-SiPc (blue) and B-SiPc (red) during continuous photoirradiation at 25
mW (A =730 nm). PA signal intensities were measured using pulsed laser (Aex = 680 nm). Conc.: 1.0 x 10
M. The statistical significances were determined using a two-tailed t-test, *p < 0.05.

The efficiency of photoinduced cleavage of axial ligands in MPc-PEG was next examined by measuring UV-

vis absorbance. In the case of AlPc-PEG, the yields of AlIPc aggregates collected by centrifugation after
13



continuous photoirradiation were 18% (for 10 min), 32% (for 30 min), and 34% (for 60 min), respectively
(Figure S14a). These results as well as time-dependent PA signal intensity change (Figures 4b and 4c) and
size distribution change (Figures S9 and S10) accord to that the cleavage efficiency of axial ligand in AlPc-
PEG was up to 30% under continuous photoirradiation for 30 min. In contrast, the yields of SiPc precipitates
generated from SiPc-(PEG). were 6% (for 10 min), 6% (for 30 min), and 9% (for 60 min), respectively (Figure
S14b). Because of the water solubility of SiPc-PEG bearing an unreacted PEG ligand, the yields of SiPc
aggregates are much lower than those of AIPc aggregates. It is not clear that the yields of AlPc and SiPc
aggregates were saturated at 30% and 10%, but it may be reasoned that the partial transformation of MPc-PEG
leads to the morphology change from vesicles to non-photoresponsive MPc aggregates.

To clarify the mechanism for photoinduced cleavage of axial ligands, we carried out the continuous
photoirradiation of their aqueous solutions of water-soluble AlPc-CX and SiPc-CX for 2 h and measured high-
resolution mass spectrometry to detect photodegraded fragments of axial ligands (Figures 5a and S17). The
detection of [CoH1sNO4Si]-and [CoH1sNO3Si] ions in negative ion detection mode supports that the M-O-Si
moiety of AlIPc-CX and SiPc-CX was hydrolyzed. Although trialkylsilanol was not observed, the detection
of siloxane A is sufficient evidence to support the photoinduced cleavage of axial ligands (Figures S18-S20).

Recently, Burda, Basilion, and co-workers reported that SiPc bearing OSiMez(CH2)sNH; and
OSiMez(CH2)sNMe; as an axial ligand showed photoinduced decomposition.?®!  Kobayashi and co-workers
reported that the axial ligand OSiMe>(CH)sN*Rs in SiPc was gradually hydrolyzed by photoirradiation in the
presence of one electron-donating molecules under hypoxic conditions and no cleavage occurred in the absence
of one electron-donating molecules, such as sodium ascorbate and L-cysteine, or under normoxic conditions.
They pointed out that SiPc radical anion was generated through one electron transfer from electron-donating
molecules, and then an axial ligand was cleaved by H.0.%  Because MPc-PEG undergoes the photoinduced
cleavage in the absence of any external electron donors, we assumed that MPc radical anion might be generated
from MPc-PEG through the intermolecular electron transfer between two MPc molecules or the intramolecular
electron transfer from an amide moiety to an MPc core.  Considering that the vesicle formation is essential for

the photoinduced cleavage of axial ligands, we assumed the intermolecular electron transfer between two MPc-
14



PEGs s likely.  The plausibility of the intermolecular electron transfer was supported by the density functional
theory (DFT) calculation with consideration of the energy-minimized structures of the ground state, the excited
state, the radical cation, and radical anion states of an MPc derivative (Figure S21). Consequently, the sum of
Gibbs free energies of the ground and excited states is larger than the sum of radical cation and radical anion
states (Table S2), indicating that the closely located MPcs in vesicle membrane can lead to the intermolecular
electron transfer to form radical cation and radical anion pairs under photoirradiation. It has been reported that
triplet MPcs (M = Al and Si) form excimers via triplet-triplet annihilation reaction and then excimers
disproportionate to give MPc radical anion and MPc radical cation in protic solvents.l  Although it is not
clear whether the photoinduced electron transfer proceeds through photoredox reaction or excimer
disproportionation, considering the measured redox potential of MPc-PEG (Table S3, Figure S22), we conclude
that the generation of radical anion species through the intermolecular electron transfer is plausible pathway for
the photoinduced cleavage of an axial ligand.

The plausible reaction mechanism is depicted in Figure 5b.  One of MPcs in a vesicle membrane is excited
by photoirradiation. One electron is transferred between closely located two MPc molecules to form a pair of
radical cation and radical anion.  The axial ligand as an siloxide anion from radical anion is released to generate
MPc radical.B%  One electron is transferred from the MPc radical to radical cation and the resulting cation
species reacts with H;O or hydroxide to generate water insoluble MPc-OH. It is noted that the cleavage of
axial ligands in MPc-PEG proceeded under both hypoxic and normoxic conditions, although the PA signal
generation was slightly suppressed under normoxic conditions (Figure S23).  This result also indicates that the
intermolecular one electron transfer of MPc-PEG is less hampered by oxygen molecules.  This result and high
photostability of MPcs suggests that the singlet oxygen species (*O2)-mediated cleavage of an axial ligand is
negligible, although MPc is known to be a photosensitizer for 1O, generation (Figure S24).521  Because the
photoirradiation efficiently enhanced the PA signal intensity in the absence of additional electron donors, MPcs
having a photocleavable axial ligand in this study are one of good candidates as a photoactivatable

photosensitizer in tumor theranostics.
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Figure 5. (a) Photoinduced cleavage of MPc-CX. (b) Plausible mechanism of photoinduced cleavage of axial
ligands.

Conclusion

In summary, we have developed phthalocyanine derivatives AlPc-PEG and SiPc-(PEG), bearing water-
soluble PEG moieties, which exhibit photoinduced enhancement of PA signal intensities via the cleavage of
axial ligands. Vesicles of MPc-PEG prepared by method B gradually released axial ligand under
photoirradiation to genarate water insoluble MPc-OH, which aggregated to form larger nanoparticles in water,
enhancing their PA signal intensities up to 1.4 times. The cleavage of axial ligands in J-aggregates of MPc-
PEG prepared by method A was not observed, resulting in no enhancement of PA signal intensity. The most
plausible mechanism of the photoinduced cleavage of axial ligands involves the generation of MPc radical anion
through the intermolecular one electron transfer between closely located two MPcs, followed by the hydration
of radical anion. Because an amide moiety in an axial ligand is widely applicable to biological research, further
modification using photocleavable axial ligand having tumor-targeting molecules will provide highly tumor-

specific photoactivatable PA contrast agents in near future.
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