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 2 

The combination of photodynamic therapy and other cancer treatment modalities is a promising 

strategy to enhance therapeutic efficacy and reduce side effects. In this study, a tamoxifen-zinc(II) 

phthalocyanine conjugate linked by a triethylene glycol chain has been synthesised and 

characterised. Having tamoxifen as the targeting moiety, the conjugate shows high specific 

affinity to MCF-7 breast cancer cells overexpressed estrogen receptors (ER) and tumor tissues, 

therefore leading to a cytotoxic effect in the dark due to the cytostatic tamoxifen moiety, and a 

high photocytotoxicity due to the photosensitising phthalocyanine unit against the MCF-7 cancer 

cells. The high photodynamic activity of the conjugate can be attributed to its high cellular 

uptake and efficiency in generating intracellular reactive oxygen species. Upon addition of 

exogenous 17-estradiol as an ER inhibitor, the cellular uptake and photocytotoxicity of the 

conjugate are reduced significantly. As shown by confocal microscopy, the conjugate is 

preferentially localised in the lysosomes of the MCF-7 cells.  

INTRODUCTION  

Photodynamic therapy (PDT) is a unique invasive treatment for a range of cancers and non-

cancerous diseases. It involves the combination of a photosensitiser (PS), light and molecular 

oxygen (
3
O2). Upon irradiation, the excited PS transfers energy to the surrounding 

3
O2 to 

generate cytotoxic reactive oxygen species (ROS), especially singlet oxygen (
1
O2), which attacks 

key structural entities within the targeted cells, ultimately resulting in necrosis or apoptosis.
1-3

 

Although PDT has been extensively studied during recent years and preclinical practices have 

shown promising results, it is still less commonly used for cancer therapy in clinic. There are two 

main reasons. First, most of the PSs advanced for PDT lack tumor tissue selectivity, and are also 

highly taken up by normal tissues, which cause uncomfortable adverse effects, such as skin 
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 3 

photosensitivity and photoallergic reactions.
4
 Second, PDT is less effective for huge solid tumors 

and metastatic tumors. Thus, it is important to develop strategies for enhancing PDT outcomes 

and reducing its side effects. Two approaches have been extensively used: (1) PS-mediated 

targeting PDT, which is fulfilled either by making use of nanoparticles modified with target 

moieties as delivery vehicles for PSs
5-10

 or conjugation of PSs to biomacromolecules with 

targeting function such as antibody
11-13

, protein
14-16

, peptide
17-21

, transferrin
22, 23

, aptamer
24, 25

 etc. 

or small molecule targeting ligands such as folic acid
26-28

, biotin
29, 30

, saccharide
31-33

 etc.; (2) 

mechanism-based combination treatments in which PDT and other therapeutic methods are 

combined to obtain additive or synergistic effects with advantages, such as enhanced therapeutic 

efficacy, reduced side effects and retarded drug-resistance problem.
34-52

 

Binding of the steroidal hormone 17-estradiol (E2) to ER is a process essential to normal cell 

proliferation and differentiation in women.
53

 Specific estrogen receptor modulators (SERMs) are 

an important class of hormone therapy anticancer drugs. They can compete with E2 for binding 

to ER overexpressed in most of breast cancer cells, conformationally preventing adoption of 

associated transcription cofactors and subsequently initiating programmed cell death.
54-58

 A few 

of steroid-photosensitiser conjugates have been prepared with a view to improving the targeting 

ability of PS.
59-61 

Tamoxifen, as a SERMs, is regarded to be the first targeted medicine for breast 

cancer and has achieved considerable success in the treatment of breast tumor.
55-58

 Ana 

Fernandez Gacio et al. reported a tamoxifen-pyropheophorbide conjugate showing specific 

binding affinity to ER and displaying a strong cell-killing property against MCF-7 breast cancer 

cells compared with un-conjugated pyropheophorbide upon exposure to red light.
62

 The linker 

between tamoxifen and pyropheophorbide is a long carbon chain (7 carbon atom). The very 

hydrophobic linker would further render the dissolution of the hydrophobic tamoxifen-
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 4 

pyropheophorbide conjugate more difficult in biological media. In our current work, an 

amphiphilic triethylene glycol chain is employed to link tamoxifen and phthalocyanine. It will 

improve the amphiphilicity and biocompatibility of the conjugate, which may contribute to the 

cellular uptake leading to an enhanced therapeutic effect.  

It is expected that the combination of phthalocyanine and tamoxifen will embrace the 

advantages of the two different therapeutic mechanisms exhibiting dual targeting photodynamic 

and hormone therapy for breast cancers. In this paper, we demonstrate the preparation, 

characterisation, and anticancer activities of such a conjugate, in which a tamoxifen derivative is 

linked to a zinc(II) phthalocyanine core via a flexible triethylene glycol spacer. 

RESULTS AND DISCUSSION 

Molecular Design and Synthesis.  In conjugate 4, a zinc(II) phthalocyanine was selected as the 

photosensitising agent due to its superior photophysical / photochemical properties and high 

photocytotoxicity. A derivative of tamoxifen, the most widely used SERM, was employed as the 

targeting and cytostatic component due to its good affinity to ER and subsequently modulation of 

ER-mediated transcription. The two components were linked by a flexible triethylene glycol 

chain, which can improve the amphiphilicity and biocompatibility of the conjugate, while 

maintaining the maximum targeting capacity of tamoxifen. It is expected that the developed 

tamoxifen-zinc(II) phthalocyanine conjugate can embrace the advantages of the two very 

different therapeutic mechanisms. Scheme 1 shows the pathway used to prepare conjugate 4. 

Firstly, tamoxifen underwent N-desmethylation reaction by addition of -chloroethyl 

chloroformate (AcE-Cl) to give intermediate AcE-tamoxifen in CH2Cl2, followed by heating the 

residue in CH3OH to afford N-desmethylation compound 1.
63,64

 Treatment of this compound 
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 5 

with triethylene glycol monotosylate and K2CO3 in CH3CN produced compound 2, which was 

then underwent nucleophilic substitution with 3-nitrophthalonitrile in CH3CN to give the 

corresponding phthalonitrile 3. The “3+1” unsymmetrical phthalocyanine 4 was obtained by the 

mixed cyclisation of phthalonitrile 3 with an excess of unsubstituted phthalonitrile (9 equiv.) in 

the presence of Zn(OAc)2 and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in n-pentanol. The 

phthalocyanine could be purified readily by silica gel column chromatography in 9 % yield. All 

the new compounds were characterised with 
1
H NMR, HRMS and IR. For comparison, 

phthalocyanine M was prepared as the reference compound (Figure 1).
41 
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Scheme 1. Synthesis of tamoxifen-zinc(II) phthalocyanine conjugate 4. 
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Figure 1. Chemical structures of tamoxifen and reference compound M. 
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 6 

Photophysical and Photochemical Properties. The electronic absorption spectrum of conjugate 

4 in DMF was recorded (Figure 2). It showed typical features of non-aggregated phthalocyanine 

displaying an intense and sharp Q band at 678 nm, which strictly followed the Lambert-Beer’s 

law. Upon excitation at 610 nm, conjugate 4 showed a fluorescence emission band at 688 nm 

with a fluorescence quantum yield (F) of 0.17 relative to the unsubstituted zinc(II) 

phthtalocyanine (ZnPc) (F = 0.28).
65

 The electronic absorption and fluorescence data are listed 

in Table 1.  

 

 

Figure 2. UV/Vis absorption spectra of conjugate 4 in DMF at different concentrations. The 

inset plots the Q-band absorbance versus the concentration of conjugate 4. 

Table 1. Photophysical/photochemical data of 4 and M in DMF. 

compd max (nm) (log) em (nm)
[a]

 F
[b]

 Δ
[c]

 

4 678 (5.50) 688 0.17 0.61 

M 677 (5.41) 684 0.26 0.63 

[a] Excited at 610 nm. [b] Relative to ZnPc (F = 0.28 in DMF).
65

 [c] Relative to ZnPc 

(Δ = 0.56 in DMF).
66 

Page 6 of 39

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 7 

To evaluate the photosensitising potential, the singlet oxygen quantum yield (Δ) of conjugate 

4 in DMF was determined by a steady-state method using 1, 3-diphenylisobenzofuran (DPBF) as 

the singlet oxygen scavenger and ZnPc as the standard.
[20]

 The results show that both conjugate 4 

and reference M are highly efficient singlet oxygen generators (Δ: 0.61, 0.63 respectively) 

(Table 1). 

In Vitro Specificity toward Cancer Cells. To determine whether the cellular internalisation 

process of conjugate 4 was mediated by ER, we performed the following uptake competition 

experiments using 17-estradiol as an ER inhibitor. ER+ MCF-7 breast cancer cells were 

initially incubated with 17-estradiol (0, 25, 50 M) for 30 h, and subsequently with conjugate 4 

or reference M (0.5 M) for 24 h. Images from the cells (Figure 3A) by Olympus FV 1000 

confocal laser scanning microscope indicated that addition of exogenous 17-estradiol 

significantly inhibited the uptake of conjugate 4 by the MCF-7 cancer cells and the inhibition 

was dependent on the concentration of exogenous 17-estradiol. Intracellular fluorecence 

measurements quantitatively showed that the uptake of conjugate 4 by MCF-7 cancer cells 

decreased with the increasing concentrations of 17-estradiol (from 0 to 50 M), and the uptake 

was suppressed almost up to 80% at 17-estradiol concentration of 50 M (Figure 3B). The 

competitive responses are in agreement with previous report indicating 1-2 orders of magnitude 

greater ER binding ability for 17-estradiol versus tamoxifen.
67 

By contrast, the uptake of 

phthalocyanine M by the MCF-7 cancer cells did not change by addition of exogenous 17-

estradiol (Figures 3A and 3B). The comparable uptake experiments have also been performed 

between MCF-7 cells with high expression of ER (ER+) and MDA-MB-231 cells having low 
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 8 

expression of ER (ER-). As expected, the MCF-7 cells show a much higher uptake to conjugate 4 

than MDA-MB-231 cells (Figure 3D).  

Photocytotoxicity of conjugate 4 toward MCF-7 cancer cells in the prescence of exogenous 

17-estradiol was also investigated. MCF-7 cancer cells were firstly incubated with various 

concentrations of 17-estradiol for 30 h, and subsequently with conjugate 4 or reference M (0.05 

M) for 24 h. Then the cells were exposure to red light (= 670 nm, 80 mW·cm
-2

, 1.5 J·cm
-2

). 

As shown in Figure 3C, the photodynamic activity of conjugate 4 decreased with the increasing 

concentrations of 17-estradiol (from 0 to 50 M), and about 45% of cytotoxcity was suppressed 

at 17-estradiol concentration of 50 M (P＜0.01). By contrast, the photocytotoxicity of 

phthalocyanine M was independent on the presence of 17-estradiol. The results are in accord 

with the cellular uptake competition experiments. The ER expression-dependent uptake and 

photodynamic activity observed here clearly suggest that, as expected, conjugate 4 has obvious 

receptor-dependent targeting ability toward ER+ cancer cells. In fact, except the experiment 

program we used in this manuscript, there would be a better way for the “competition study” by 

adding the conjugate at the same time mixed with the increasing concentrations of 17-estradiol. 
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 9 

 

Figure 3. Cellular uptake and cell viability competition experiments. (A) Confocal images of 

MCF-7 breast cancer cells treated with 0.5 M conjugate 4 (upper two row) or reference M 

(lower two row), in the presence of 17-estradiol (from left to right: 0, 25, 50 M). (B) The 

histogram statistics of phthalocyanines’ intracellular fluorescence from confocal images (mean ± 

SD, ca. 10 cells). (C) Photocytotoxic effects of conjugate 4 and reference M (0.05 M) toward 

MCF-7 cancer cells in the prescence of 17-estradiol (0, 25, 50 M). Data are expressed as mean 

± SD of three independent experiments. Statistical significant ** (P＜0.01). (D) Comparable 

uptake of conjugate 4 by MCF-7 and MDA-MB-231 cells. 
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 10 

In Vivo Specificity toward Tumor Tissues. To further confirm the specificity of conjugate 4 to 

ER+ tumor tissues, the in vivo three-dimensional fluorescence imaging was performed by in vivo 

fluorescence molecular tomography (FMT) using the FMT
TM

 2500 system (PerkinElmer Inc.) 

excited at 680 nm and detected at 690-740 nm. Conjugate 4 and reference M were injected into 

Balb/c nude mice bearing MCF-7 tumor through the tail vein. As shown in Figures 4A and 4B, at 

48 h after administration, the total amount of conjugate 4 in tumor was visibly higher than that of 

M; the tumor/normal tissue mole ratio of conjugate 4 was actually about 5, while it was only 1.8 

for M, which can attribute to the slight passive tumor selectivity of phthalocyanine-based 

photosensitiser. At 96 h after administration, the tumors were striped from the mice and the 

fluorescence imaging was also performed by FMT (Figure 4C). It could be seen that the 

fluorescence intensity of conjugate 4 in tumor was obvious higher than in normal tissue, and also 

much higher than M in tumor. Figures 4D and 4E showed the optic slices of conjugate 4 and 

reference M in the centre of the tumors at 48 h, the fluorescence intensity of conjugate 4 in 

tumor centre was obvious higher than that of M, which is in accord well with the results 

observed in Figures 4A and 4B. At different time points (24 h, 48 h, 72 h, and 96 h after 

injection), the average concentrations of photosensitisers in the tumor and normal tissue were 

quantitated by FMT. As shown in Figure 4F, conjugate 4 exhibited an increasing tumor/normal 

tissue mole ratio in 48 hours and then gradually decreased. However, the tumor/normal mole 

ratio of compound M showed no obvious changes along with time. All the results indicate that 

conjugate 4 is highly specific affinity to ER+ tumor over normal tissues. 
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 11 

 

Figure 4. In vivo specificity study using nude mice with subcutaneous MCF-7 tumors. Three-

dimensional fluorescence signal based on FMT, at 48 h after administration with (A) M and (B) 

4. (C) FMT imaging of striped tumors from the mice treated with M (on the top row) and 4 (on 

the two rows in the middle), and skin of the mice treated with 4 (on the bottom row) at 96 h after 

injection. Transverse slice of FMT reconstruction overlaid on centrial axle of nude mice 

administrated by (D) M and (E) 4 at 48 h after injection. (F) comparison of the average value of 

time-dependent tumor/normal tissue biodistribution ratio of 4 and M. Statistical significant ** (P

＜0.01), * (P＜0.05). 

In Vitro Photodynamic Activities. The in vitro photodynamic activities of phthalocyanines 4 

and M against MCF-7 cancer cells were investigated. The corresponding dose-dependent 

survival curves are shown in Figure 5A and IC50 values are summarised in Table 2. It can be seen 

that both compounds were essentially noncytotoxic in the absence of light up to 1 M. In 
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 12 

contrast, they exhibited significantly high photocytotoxicities toward MCF-7 cancer cells with 

IC50 values as low as 13.80±1.94 and 11.27±0.77 nM (Figure 5A, Table 2) under a rather low 

light dose (= 670 nm, 80 mW·cm
-2

, 1.5 J·cm
-2

). The photodynamic activity of conjugate 4 was 

also evaluated using calcein AM which can be well retained within live cells, conversing the 

virtually nonfluorescent cell-permeant calcein AM to the intensely fluorescent calcein (ex/em 

488 nm/520-540 nm).
68

 Figure 5B shows the cytotoxic effects of conjugate 4 towards MCF-7 

cancer cells in the presence of different drug concentration (0.005, 0.05, 0.5 M) under 

irradiation. It showed obviously dose-dependent antiproliferative properties. All the cells were 

stained by calcein AM and did not show obvious morphological changes under a rather low drug 

concentration (0.005 M), indicating conjugate 4 is extremely low cytotoxic towards MCF-7 

cancer cells under this condition. At 0.05 M, about one-third of the cells were stained by 

calcein AM and two-third of the cells had morphological changes, shrinkage, size reduction, 

and turned round. However, when the drug concentration arrived at 0.5 M, no cells were 

stained by calcein AM and all of the cells completely lost their shapes. The results clearly show 

that conjugate 4 well maintains the photodynamic activity of phthalocyanine core. 

Due to the large-conjugated structure, phthalocyanine derivatives tend to aggregate, as a result, 

their photodynamic activities are greatly reduced or even disappeared.
69

 To account for the in 

vitro photodynamic activities, the aggregation behavior of phthalocyanines 4 and M, formulated 

with Cremophor EL in the DMEM culture medium, was examined by UV/Vis absorption spectra. 

As shown in Figure S1 in Electronic Supporting Information, both phthalocyanines showed a 

relatively sharp and intense Q-band suggesting that they were not significantly aggregated under 

these conditions, which seems to be in accord with their high photocytotoxicities. 
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 13 

The excitation of the photosensitiser results in the generation of ROS, which is thought to be 

the main mediator of cellular death induced by PDT. Here, the intracellular ROS production of 4 

was also evaluated by using 2′, 7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as the 

indicator.
66

 DCFH-DA was initially nonfluorescent, its oxidised product (DCF) by ROS could 

emit a green fluorescence. As shown in Figure 5C, conjugate 4 can sensitise the formation of 

ROS under irradiation and its ROS production efficiency showed an increased tendency along 

with the dye concentrations which is well in accord with its dose-dependent antiproliferative 

properties. 

 

Figure 5. (A) Cytotoxic effects of conjugate 4 (squares) and reference M (triangles) towards 

MCF-7 cancer cells in the presence (open symbols) and absence (close symbols) of light (=670 

nm, 80 mWcm
-2

, 1.5 Jcm
-2

). Data are expressed as mean ± SD of three independent 

experiments, each performed in sextuple. (B) Confocal Images of cells stained with calcein AM 

after administration with different concentration of conjugate 4 (0.005, 0.05, 0.5 M, from left to 

right) upon illumination. (C) The concentration-dependent intracellular ROS production of 
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 14 

conjugates 4. Data are expressed as mean ± SD of three independent experiments. Statistical 

significant * (P＜0.05), **(P＜0.01). 

Table 2. IC50 values for conjugate 4 and reference M against MCF-7 cells 

compd IC50
[a]

 (nM) 

4 13.80±1.94 

M 11.27±0.77 

 [a] in the presence of light (=670 nm, 80 mW·cm
-2

, 1.5 J·cm
-2

), Data are expressed as mean 

value±SD of three independent experiments, each performed in sextuple. 

 

In Vitro Antiproliferation Activities in Dark. To confirm the hormone treatment of the 

tamoxifen–zinc(II) phthalocyanine conjugate, the antiproliferative activities of conjugate 4, 

reference M, and tamoxifen were examined in dark (Figure 6). It can be seen that tamoxifen 

showed substantial cytotoxicity toward MCF cancer cells with an IC50 value of 21.05 M, 

phthalocyanine M only exhibited about 25% cell killing effect at this concentration. However, 

conjugate 4 showed a relatively higher cytotoxicity (about 50% cell killing effect) at a lower 

concentration (12.5 M), which can be attributed to the additional antitumor effect of the 

tamoxifen moiety.  
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 15 

 

Figure 6. Cytotoxic effects of conjugate 4, reference M and tamoxifen towards MCF-7 cancer 

cells in the absence of light. Data are expressed as mean ± SD of three independent experiments, 

each performed in sextuple. 

 

 

Figure 7. Confocal images of cells stained with calcein AM after administration with (A) solvent 

(control), (B) conjugate 4 (12.5 M), (C) phthalocyanine M (12.5 M) and (D) tamoxifen (12.5 

M) in the absence of light. 

Antiproliferative activities of conjugate 4, reference M, and tamoxifen were also studied using 

calcein AM assay. Figure 7 shows their cytotoxic effects towards MCF-7 cancer cells at a drug 

concentration of 12.5 M in dark. All the cells were stained by calcein AM and did not show 

morphological changes in the absence of drug (Figure 7A). When treated with tamoxifen, most 

of the cells had obvious morphological changes, shrinkage, size reduction and turned round 
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indicating the cells were in a state of apoptosis (Figure 7D). Administrated with M, only a small 

amount of cells died or had morphological changes indicating its low antiproliferative activity 

(Figure 7C). However, exposed to conjugate 4, more than 50% cells died and most of cells had 

morphological changes, which suggested it had higher antiproliferative activity (Figure 7B). The 

results clearly showed that conjugate 4 exhibited an enhanced antiproliferative activity compared 

with reference M. The additional cytotoxcity was due to tamoxifen moiety. In addition, 

conjugate 4 showed high specificity towards cancer cells with high expression of ER, and well 

maintained the photodynamic activity of phthalocyanine core. All the results indicated that the 

two antitumor components in conjugate 4 exhibited the combined anticancer effects. 

As a control, the photocytotoxicity of an equimolar mixture of M and tamoxifen has been 

studied and compared with that of conjugate 4. It can be seen in Figure S2 that its 

photocytotoxicity is comparable with that of 4. It means that conjugate 4 may only act in a 

combined manner, not a synergetic manner. Of course, it is more likely that a synergetic effect 

occurs in conjugate 4, but is not observed. This may be because the cytotoxicity of 

phthalocyanine moiety is much higher than that of tamoxifen unit in 4 (IC50 = 13 nM vs 21 M, 

3 orders of magnitude difference).  In this case, it is very difficult to show the synergetic effect 

by a control experiment. Anyway, conjugate 4 shows a combined photodynamic and hormone 

therapy. It exhibits high selectivity to cancer cells, which leads to a relatively low side effect. 

However, an equimolar mixture of M and tamoxifen does not have the advantages. 

Subcellular Localization. In addition, the subcellular localisation of conjugate 4 was also 

incubated with the conjugate 4 at 10 M in the DMEM culture medium for 24 h, and then 

stained with Lyso-Tracker DND 26 or Mito-Tracker Green FM (for 30 min) or DAPI (for 10 
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min), which are specific dyes for lysosomes, mitochondria, and nucleus respectively. As shown 

in Figure 8A, the fluorescence caused by the LysoTracker (excited at 488 nm, monitored at 

510−570 nm) can superimpose well with the fluorescence caused by conjugate 4 (excited at 633 

nm, monitored at 650−750 nm). The very similar fluorescence intensity line profiles of conjugate 

4 (red) and LysoTracker (blue) traced along the white line in the merged images also confirmed 

that conjugate can well target the lysosomes of the cells (Figure 8B). By contrast, the 

fluorescence images of conjugate could not be merged well with that of MitoTracker (excited at 

488 nm, monitored at 510-570 nm) and DAPI (excited at 405 nm, monitored at 425−475 nm) 

indicating conjugate 4 is not localised in the mitochondria and nucleus of the cells. This may be 

explained by the protonation of conjugate 4 bearing tamoxifen caused by lower lysosomal pH. 

By this way, the conjugate 4 becomes more water-soluble, it would be detained in the lysosomes 

due to greater difficulty in crossing the lysosomal membrane. 
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Figure 8. (A) Confocal fluorescence images of MCF-7 cancer cells treated with conjugate 4 

(column 3) and Mito-Tracker, Lyso-tracker, or DAPI (column 2). (B) Fluorescence intensity 

profiles of conjugate 4 (red line) and Tracker (blue line) traced along the white lines in the 

merged images. 

CONCLUSIONS 

In summary, we have reported the synthesis, characterisation and anticancer activities a novel 

zinc(II) phthalocyanine derivative substituted with a small molecule target-based cancer therapy 

drug tamoxifen via a flexible triethylene glycol chain. As expected, the conjugate showed high 

specific affinity to MCF-7 breast cancer cells and tumor tissues, therefore resulting in a heavy 

cytotoxic effect in the dark due to the cytostatic tamoxifen moiety, and a high photocytotoxicity 

due to the photosensitising phthalocyanine core against the MCF-7 cancer cells. Competition 

experiments indicated that the cellular uptake and in vitro photodynamic activity of this 

conjugate was substantially inhibited upon addition of exogenous 17-estradiol. The overall 
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results show that this tamoxifen-zinc(II) phthalocyanine conjugate is a highly promising 

photohormonetherapy (PHT) agent for dual targeting photodynamic and hormone therapy to 

breast cancers. The detailed mechanism of the PDT action of this conjugate and its in vivo PDT 

efficacy are under investigation. 

EXPERIMENTAL SECTION 

General. All the reactions were performed under an atmosphere of nitrogen. n-Pentanol was 

distilled from sodium. All other solvents and reagents were of reagent grade and used as received. 

1
H NMR spectra were recorded on AVANCE III 400 (

1
H, 400 MHz) spectrometer in CDCl3 or 

DMSO-d6. Chemical shifts were expressed in ppm relative to TMS (0 ppm). HRMS analyses 

were carried on an ion trap mass spectrometry DECAX-30000 LCQ Deca XP mass spectrometer. 

IR spectra were measured on a Perkin-Elmer SP2000. Electronic adsorption spectra were 

measured on a Beijing PuXi Tu-1901 spectrometer. Fluorescence spectra were obtained on a 

Varian Cary eclipse spectrometer. Subcellular location was carried on Olympus FV1000 

confocal laser scanning microscope; In vivo fluorescence imaging was recorded on PerkinElmer 

Fluorescence Molecular Tomography (FMTTM 2500LX). The purity of all new compounds was 

determined by HPLC analysis and was found to be ≥ 95%. 

Synthesis and Characterisation. 

Compound 2. A mixture of compound 1 (3.57 g, 10.0 mmol), triethylene glycol monotosylate 

(3.65 g, 12.0 mmol) and K2CO3 (5.53 g, 40.0 mmol) in acetonitrile (40 mL) was stirred at 85 ℃ 

under an atmosphere of nitrogen for 12 h. The volatiles were removed in vacuo. Then the residue 

was mixed with water (50 mL) and extracted with CH2Cl2 (50 mL3). The combined organic 
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extracts was dried and then purified by silica gel column chromatography using CH2Cl2/CH3OH 

(30:1 v/v ) as the eluent to give compound 2 as a yellow viscous liquid (2.50 g, 51%). 
1
H NMR 

(400 MHz, CDCl3): = 0.93 (t, J = 7.6 Hz, 3 H, CH3), 2.38 (s, 3 H, CH3), 2.43-2.49 (m, 2 H, 

CH2), 2.72 (br s, 2 H, CH2), 2.84 (br s, 2 H, CH2), 3.58-3.62 (m, 6 H, CH2), 3.64-3.67 (m, 2 H, 

CH2), 3.69-3.71 (m, 2 H, CH2), 3.97 (t, J = 6.0 Hz, 2 H, CH2), 6.55 (d, J = 8.8 Hz, 2 H, Ar-H), 

6.77 (m, J = 9.2 Hz, 2 H, Ar-H), 7.10-7.13 (m, 3 H, Ar-H), 7.16-7.20 (m, 2 H, Ar-H), 7.24-7.26 

(m, 2 H, Ar-H), 7.27-7.29 (m, 1 H, Ar-H), 7.33-7.37 ppm (m, 2 H, Ar-H); 
13

C NMR (100.6 MHz, 

DMSO-d6):  = 156.57, 143.41, 141.91, 140.80, 138.05, 134.97, 131.44, 129.48, 129.06, 128.41, 

128.06, 126.79, 126.31, 113.57, 72.44, 69.86, 69.79, 68.80, 65.74, 60.33, 56.76, 56.17, 42.95, 

28.63, 13.47; HRMS (ESI): m/z calcd for C31H39NO4 [M + H]
+
, 490.2952; found: 490.2989; 

IR: as (-CH3,) 2967, 2925, 2869, Ar) 1604, 1513, 1464, 1443, as (C-O-C) 1240, 1171, 1113, 

1066 cm
-1

. 

Phthalonitrile 3. A mixture of compound 2 (4.90 g, 10.0 mmol), 2,3-dicyano-1-nitrobenzene 

(2.08 g, 12.0 mmol) and K2CO3 (5.53 g, 40.0 mmol) in acetonitrile (30 mL) was stirred at 85 ℃ 

under an atmosphere of nitrogen for 12 h. Acetonitrile were evaporated under reduced pressure, 

and then the residue was extracted with CH2Cl2. The combined organic extracts were dried in 

vacuo. The residue was purified by silica gel column chromatography using CH2Cl2/CH3OH 

(50:1 v/v) as the eluent to give compound 3 as a brown viscous liquid (4.90 g, 80%). 
1
H NMR 

(400 MHz, CDCl3):  = 0.94 (t, J = 7.6 Hz, 3 H, CH3), 2.39 (s, 3 H, CH3), 2.47 (m, 2 H, CH2), 

2.72 (vt, J = 6.0 Hz, 2 H, CH2), 2.84 (vt, J = 6.0 Hz, 2 H, CH2), 3.60-3.64 (m, 4 H, CH2), 3.73-

3.75 (m, 2 H, CH2), 3.91 (vt, J = 4.8 Hz, 2 H, CH2), 3.96 (vt, J = 5.6 Hz, 2 H, CH2), 4.28 (vt, J = 

4.4 Hz, 2 H, CH2), 6.55 (d, J = 8.8 Hz, 2 H, Ar-H), 6.78 (d, J = 8.4 Hz, 2 H, Ar-H), 7.11-7.15 (m, 

3 H, Ar-H), 7.17-7.21 (m, 2 H, Ar-H), 7.25-7.27 (m, 3 H, Ar-H), 7.27-7.30 (m, 1 H, Ar-H), 7.35-
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7.38 (m, 3 H, Ar-H), 7.59 ppm (vt, J = 8.8 Hz, 1 H, Ar-H); 
13

C NMR (100.6 MHz, DMSO-d6):  

= 161.06, 156.50, 143.35, 141.86, 140.74, 137.99, 135.81, 134.91, 131.37, 129.42, 129.00, 

128.34, 127.99, 126.73, 126.24, 125.87, 118.89, 115.87, 115.45, 113.73, 113.50, 103.04, 70.14, 

69.74, 69.53, 68.73, 68.54, 65.67, 56.69, 56.08, 42.90, 28.58, 13.41; HRMS (ESI): m/z calcd for 

C39H41N3O4 [M + H]
+
, 616.3170; found: 616.3133; IR:  (-CN) 2229, as (-CH3) 2923, 2880, s 

(-CH3) 1391, Ar) 1621, 1581, 1505, 1451, 1427, as (C-O-C) 1293, 1241, 1206, 1123, 1065 

cm
-1

. 

Conjugate 4. To a mixture of phthalonitrile 3 (0.25 g, 0.41 mmol), 1,2-dicyanobenzene (0.47 g, 

3.7 mmol) and Zn(OAc)2 (0.38 g, 2.1 mmol) in 12 mL n-pentanol was added 0.7 mL DBU. The 

resulting solution was stirred at 150 ℃ under an atmosphere of nitrogen for 5 h. The volatiles 

were removed in vacuo. The residue was purified by silica gel column chromatography using 

CH2Cl2/CH3OH (30:1 v/v) as the eluent to give phthalocyanine 4 as a blue solid (0.04 g, 9%). 
1
H 

NMR (400 MHz, DMSO-d6): = 0.66 (t, J = 7.2 Hz, 3 H, CH3), 2.08 (s, 3 H, CH3), 2.13-2.19 

(m, 2 H, CH2), 2.46 (br s, 4 H, CH2), 3.47 (vt, J = 5.2 Hz, 2 H, CH2), 3.56 (vt, J = 5.2 Hz, 2 H, 

CH2), 3.68 (vt, J = 4.4 Hz, 2 H, CH2), 4.02 (vt, J = 4.4 Hz, 2 H, CH2), 4.34 (br s, 2 H, CH2), 4.78 

(br s, 2 H, CH2), 6.21 (d, J = 8.4 Hz, 2 H, Ar-H), 6.35 (d, J = 8.4 Hz, 2 H, Ar-H), 6.83 (d, J = 6.4 

Hz, 2 H, Ar-H), 6.93 (d, J = 7.2 Hz, 2 H, Ar-H), 6.97-7.00 (m, 3 H, Ar-H), 7.15-7.25 (m, 3 H, 

Ar-H), 7.57 (d, J = 8.0 Hz, 1 H, Pc-Hβ), 7.96 (t, J = 7.6 Hz, 1 H, Pc-Hβ), 8.13-8.19 (m, 6 H, Pc-

Hβ), 8.77 (d, J = 7.2 Hz, 1 H, Pc-Hα), 9.13 (d, J = 6.4 Hz, 1 H, Pc-Hα), 9.22-9.27 ppm (m, 5 H, 

Pc-Hα);
 13

C NMR (100.6 MHz, DMSO-d6 with a drop of pyridine-d5):  = 156.11, 155.54, 

152.74, 152.70, 152.59, 152.56, 152.53, 152.45, 152.37, 143.18, 141.71, 140.69, 140.13, 138.26, 

138.01, 137.97, 137.91, 137.87, 137.84, 134.85, 131.08, 130.57, 129.29, 129.18, 129.05, 128.81, 

128.24, 127.84, 126.61, 126.10, 124.67, 122.37, 122.31, 122.21, 114.88, 113.33, 113.24, 70.61, 
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70.03, 70.00, 68.81, 68.25, 65.03, 56.42, 55.72, 42.55, 28.44, 13.29; HRMS (ESI): m/z calcd for 

C63H53N9O4Zn [M + H]
+
, 1064.3585; found: 1064.3591; IR: Pc) 1599, 1484, 1447, as (C-N) 

1325, Ar-O-R) 1271, as (C-O-C) 1174, 1113, 1078, 1049 cm
-1

. 

Photophyscial and Photochemical Studies. Fluorescence quantum yields (F) were measured 

according to the equation: F(sample) = (Fsample / Fref) (Aref / Asample) (sample
2
 / ref

2
) F(ref), 

where F, A, and  are the integrated fluorescence area (ex = 610 nm, area under the emission 

peak), the absorbance at the excitation wavelength (610 nm), and the refractive index of the 

solvent, respectively. Unsubstituted zinc(II) phthalocyanine (ZnPc) in DMF was used as the 

reference (F = 0.28). The F measurements were performed using diluted solutions 

(absorbances of PSs at 610 nm are 0.04-0.05). Singlet oxygen quantum yields (Δ) were 

measured using 1,3-diphenylisobenzofuran (DPBF) as the scavenger. Light laser (670 nm, 80 

mWcm
-2

) was used as the light source and ZnPc was selected as the reference (Δ = 0.56 in 

DMF). 

In Vitro Specificity Studies. For uptake competition experments, about 7 × 10
4
 MCF-7 cells in 

1000L DMEM were seeded on a cell culture dish (diameter = 35 mm) and incubated overnight 

at 37 ℃ under 5% CO2. MCF-7 cells were incubated with increasing concentrations of 17-

estradiol for 30 h, and subsequently with 0.05 M conjugate 4 or reference M for 24 h. After 

incubation, the old medium was discarded and the cells were rinsed with PBS for three times, 

and then the cellular uptake of these phthalocyanines was revealed by comparing the intracellular 

fluorescence (excited at 633 nm, monitored at 650−750 nm). 
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For inhibition effects of estrogen on cytotoxicity of conjugate 4 or reference M, MCF-7 cells 

were seeded onto 96-well plates at 3000 cells per well and incubated overnight with increasing 

concentrations of estrogen (0, 25, 50 M). After 30 h incubation, the old medium containing 

estrogen was replaced by fresh medium containing 0.05 M conjugate 4 or reference M. After 

24 h incubation, the old medium was discarded and the cells were rinsed with PBS for three 

times, then the cells were exposed to red light (670 nm) at a dose of 1.5 Jcm
-2

. The cells after 

irradiation were incubated again for 24 h and then a MTT solution in PBS (10 L, 4 mgmL
-1

) 

was added to each well followed by incubation for 3-4 h. 100 L DMSO was then added into 

each well. The plate was incubated at room temperature for 30 min. The absorbance at 570 nm at 

each well was taken by a microplate reader.  

Cellular Uptake. Approximately 3.0 × 10
4
 MCF-7 or MDA-MB-231 cells in 100 L culture 

medium (per well) were seeded on 96-multiwell plates and incubated overnight at 37 ℃ under 

5% CO2. The old culture medium was removed, and then cells were incubated with a solution of 

phthalocyanine in fresh medium (10 , containing 1% DMSO) for 24 h under the same 

conditions. The solution was then removed, and the cells were rinsed with PBS three times and 

then lysed by 1% SDS solution to give a homogenous solution. The fluorescence of 

phthalocyanine in the cell extract was measured on a Bio-Tek microplate reader (ex : 610 nm, 

em: 680 nm). Cellular protein content was determined with a BCA Protein Assay Kit (Beyotime 

Institute of Biotechnology Co., Ltd., China). Results are expressed as nmol photosensitiser per 

mg cell protein. 

In Vivo Specificity Studies. All the animal experiments were approved by the IACUC. Male 

Balb/c nude mice (4 weeks old, 20–25 g, purchased from Model Animal Research Center of 
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Nanjing University, Nanjing, China) were maintained and handled in accordance with the 

recommendations of the institutional animal care and use committee (IACUC). The animals were 

kept under a pathogen-free condition with free access to sterilised water and food throughout the 

course of the experiments. The MCF-7 cells (5 x 10
7
 cells in 200 L) were inoculated 

subcutaneously into the right flank of the mice. 100 L estrogen (0.3 mgmL) were 

subcutaneously injected near the inoculation site every day. Once the tumors were grown to the 

size of 100-120 mm
3
, the injection of estrogen was stoped and the mice bearing MCF-7 tumors 

were used for in vivo three-dimensional fluorescence imaging. Conjugate 4 and phthalocyanine 

M were dissolved in dimethylacetamide (DMAC) containing 3.8 % cremophor to give 0.5 mM 

solutions, which were then diluted to appropriate concentrations with PBS (25 M conjugate 4 or 

M, 4.8% DMAC, 0.19% CEL). Then the final solution of conjugate 4 and phthalocyanine M 

(0.125 mol/kg of mice body weight) in 100 L were injected into the mice via tail vein 

respectively. After injection, mice in each group (the group administrated with conjugate 4 [n = 

4], the group administrated with phthalocyanine M [n = 2]) were anaesthetized with isoflurane 

and the tumor targeting capability of the agents within the mice was monitored at different time 

points (24 h, 48 h, 72 h, 96 h) by using a fluorescent molecular tomography FMT 2500TM LX 

instrument (PerkinElmer, Waltham, MA, USA) excitated at 680 nm and detected at emission 

690–740 nm. For quantitation the average concentrations of the agents, 1 M conjugate 4 or 

phthalocyanine M diluted by saline was used as a standard to calibrate the instrument. The 

images were then reconstructed by the software TrueQuant v3.0 (PerkinElmer, USA) to three-

dimension models. The quantitative information of drug average concentrations was obtained by 

creating ROIs around the tumor sites and non-tumor sites after the subtraction of auto-

fluorescence from the mice without administration of agents.  
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In Vitro Photodynamic Activities. MCF-7 cells were seeded onto 96-well plates at 3000 cells 

per well and incubated overnight. Conjugate 4 or phthalocyanine M were diluted to the needed 

concentration and added to six plicate wells. After 24 h incubation, the old medium containing 

drugs was replaced by fresh medium and the cells were exposed to red light (= 670 nm, 80 

mW·cm
-2

, 1.5 J·cm
-2

). The cells after irradiation were incubated again for 24 h and then a MTT 

solution in PBS (10 L, 4 mgmL
-1

) was added to each well followed by incubation for 3-4 h. 

100 L DMSO was then added into each well. The plate was incubated at room temperature for 

30 min. The absorbance at 570 nm at each well was taken by a microplate reader. For the dark 

toxicity, the procedures are almost the same as above, except that there is no irradiation. The 

survival curves were plotted as a function of concentration of dyes and IC50 values were 

calculated. 

For dose-dependent photodynamic activities of conjugate 4, about 7 × 10
4
 MCF-7 cells in 

1000 L DMEM were seeded on a cell culture dish (diameter = 35 mm) and incubated overnight 

at 37 ℃ under 5% CO2. Then the cells were treated with different concentration of conjugate 4 

(0.005, 0.05, 0.5 M) for 20 h. The old medium was removed and the cells were rinsed with PBS 

for three times. Then, the culture medium containing 5 M calcein AM was added into the cells. 

After incubation for 40 mins, the intracellular fluorescence of calcein AM was revealed by 

confocal laser scanning microscopy (ex/em ~488 nm/~520-540 nm).  

Intracellular ROS Measurements. Reactive oxygen species (ROS) were measured on the basis 

of the intracellular peroxide-dependent oxidation of DCFH-DA to form the fluorescent 

compound 2,7-dichlorofluorescein (DCF). Cells were seeded on to a 96-well plate at a density of 

15 000 cells per well and cultured overnight. Then fresh medium containing different 

Page 25 of 39

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 26 

concentration of conjugate 4 (0.001, 0.005, 0.01, 0.05, 0.1, 0.5 M) was added and cells were 

incubated for 24 h in dark. After washing three times with PBS, 50 L DCFH-DA (10 M) was 

added and cells were incubated for 30 min. The old medium was discarded and washed three 

times with PBS followed by illumination for 20 min (light dose of 1.5 Jcm
-2

) with a 96 wells 

matched-LED light source (670 nm) designed by our lab. Then the cells were lysed with 1% 

SDS (120 L) for 10 min at a table concentrator and then the DCF fluorescence was measured 

by a Bio-Tek microplate reader (excitation/emission: 488/525 nm).  

In Vitro Antiproliferation Activities in Dark. MCF-7 cells were seeded onto 96-well plates at 

3000 cells per well and incubated overnight. Conjugate 4, reference M, and tamoxifen were 

diluted to the needed concentration and added to six plicate wells. After 48 h incubation, the old 

medium containing drugs was replaced by fresh medium, and then a MTT solution in PBS (10 

L, 4 mgmL
-1

) was added to each well followed by incubation for 3-4 h. 100 L DMSO was 

then added into each well. The plate was incubated at room temperature for 30 min. The 

absorbance at 570 nm at each well was taken by a microplate reader. The survival curves were 

plotted as a function of concentration of dyes and IC50 values were calculated. 

About 7 × 10
4
 MCF-7 cells in 1000 L DMEM were seeded on a cell culture dish (diameter = 

35 mm) and incubated overnight at 37 ℃ under 5% CO2. Then the cells were treated with 25 M 

conjugate 4, reference M, and tamoxifen for 48 h. After incubation, the old medium containing 

drugs was discarded and the cells were rinsed with PBS for three times, and then the culture 

medium containing 5 M calcein AM was added and the cells were incubated for 40 mins again, 

after incubation, the intracellular fluorescence of calcein AM were revealed by confocal laser 

scanning microscope (ex/em ~488 nm/~520-540 nm). 
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Subcellular Localisation. Approximately 5  10
4
 MCF-7 cells were plated on a cell culture dish 

(diameter = 35 mm) and incubated overnight. Then the medium was replaced by fresh medium 

containing 10  conjugate 4 and the cells were incubated for 24 h again. After incubation, the 

cells were rinsed with PBS three times and incubated with MitoTracker Green (Beyotime 

Institute of Biotechnology Co., Ltd, 2  in culture medium, Incubated for 30 min), 

LysoTracker DND-26 (Xiamen Bioluminor Bio-Technology Co., Ltd, 2  in culture medium, 

Incubated for 30 min) or DAPI (5 min at room temperature). Then the cells were rinsed with 

PBS three times again and the subcellular localisation of conjugate 4 was revealed by comparing 

the intracellular fluorescence images caused by the fluorescent probe and phthalocyanines. 
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ER, estrogen receptors; PDT, Photodynamic therapy; PS, photosensitiser; ROS, reactive oxygen 

species; E2, 17-estradiol; SERMs, Specific estrogen receptor modulators; AcE-Cl, -

chloroethyl chloroformate; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; F, fluorescence quantum 
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yield; singlet oxygen quantum yield; DPBF, 1, 3-diphenylisobenzofuran; DCFH-DA , 2′, 7′-

dichlorodihydrofluorescein diacetate. 
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