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Photodynamic therapy (PDT) has been applied in cancer treatment by utilizing reactive oxygen species

(ROSs) to kill cancer cells. However, a high concentration of reduced glutathione (GSH) is present in

cancer cells and can consume ROSs and sharply reduce the PDT activity. To address this problem,

herein, we synthesized a thymine modified Zn phthalocyanine (ZnPc, a monomer and an active form for

PDT) and prepared its nanoparticle form (an aggregator and an inactive form) with Hg2+ providing

the driving force for the ‘‘thymine–Hg2+–thymine’’ interaction. The nanoparticles could remain in the

inactive form during the delivery process in blood. Once endocytosed by cancer cells, the nanoparticles

are disintegrated, and deprived of Hg2+ by intracellular GSH, which decreases the level of GSH. Simultaneously,

the activity of the released monomer ZnPc is recovered and high PDT activity is observed.

Introduction

PDT is a clinically used, minimally invasive therapeutic modality for
cancer treatments.1 In PDT, photosensitizers (PSs), accumulating in
tumours, are activated by light of a specific wavelength to generate
ROSs, such as singlet oxygen (1O2), to kill cancer cells.2 So, PDT is
based on PS-mediated oxidative cytotoxicity.3

GSH is an important antioxidant defence of cells because it
can prevent the damage caused by ROSs. The stable ratio balance
of GSH and oxidized glutathione (GSSH), defined as glutathione-
redox homeostasis, is a critical regulator for the cellular redox state
balance; and changes in GSH/GSSG are closely associated with
cellular apoptosis processes.4,5 An increase in GSH/GSSG is indi-
cative of augmented antioxidant capacity, whereas a decrease is
suggestive of oxidative stress and diminished antioxidant
defences.4 So, disturbing cellular glutathione-redox homeostasis
could ultimately lead to cell toxicity or apoptosis.

Intracellular GSH concentration (ca. 10 mM) is known to be
substantially higher than the extracellular levels (ca. 2 mM).
Besides, the intracellular GSH concentration is reportedly

higher in cancer cells, especially in chemo-resistant cancer
cells, than in normal cells.6–8 Recent reports indicated that
the high level of GSH in cancer cells could consume ROS and
sharply reduce PDT activity.9 So, finding effective methods to
reduce the GSH concentration and disrupt the glutathione-
redox homeostasis inside cells might greatly improve PDT
activity. But, the high GSH concentration in cancer cells could
also be utilized for selective drug release and activation inside
cancer cells.10,11

Thymine can form a ‘‘thymine–Hg2+–thymine’’ complex with
Hg2+. GSH can deprive the complex of Hg2+ and lead to its
disaggregation because of the higher affinity of GSH to Hg2+

than that of thymine. GSH–Hg2+ complex formation could
decrease the free GSH concentration, destroy the glutathione-
redox homeostasis and break the antioxidant defences of cells.
Based on this concept, we synthesized thymine modified ZnPc
(a monomer and an active form for PDT) and prepared its
nanoparticle form (ZHNP, an aggregator and an inactive form;
aggregation of ZnPc causes it to lose its PDT activity12) with
Hg2+ providing the driving force for the ‘‘thymine–Hg2+–thymine’’
interaction.

As shown in Scheme 1, ZHNP could maintain an inactive
form during the delivery process in blood. Once endocytosed by
cancer cells, the nanoparticles are disintegrated, and deprived
of Hg2+ by intracellular GSH, which leads to a decrease in the
level of GSH and breaks the endogenous antioxidant defence.
Simultaneously, the activity of the released monomer ZnPc3
was recovered and showed high PDT activity in the low auto-
xidation microenvironment (Scheme 1).
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Experiment
Chemicals

The chemicals used were of analytical purity grade and obtained
from commercial suppliers and used without further purification
unless otherwise stated. 1,8-diazabicyclo [5,4,0]-undec-7-ene (DBU),
thymine-1-acetic acid and dicyclohexylcarbodiimide (DCC) were
purchased from Sigma-Aldrich. TLC was performed on silica gel
GF254 plates. 300–400 mesh silica gel was used for preparative
column chromatography. The Glutathione Assay Kit and the
Annexin V-FITC/PI apoptosis detection Kit were purchased from
Beyotime Biotechnology. Dulbecco’s minimum essential medium
(DMEM) and fetal bovine serum (FBS) were from Gibco. Hoechst
33342 and the ROS detection kit (DCFH-DA) were from Beyotime.
3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide (MTT)
was from Amresco.

IR spectra were recorded on a Nicolet Nexus 670 IR-Spectrometer.
1H NMR and 13C NMR spectra were recorded using a Bruker
Advance 400 MHz NMR spectrometer. Mass spectra were obtained
on an UltrafleXtreme MALDI-TOF-MS spectrometer. Elemental
analysis was performed using a Vario MICRO Elementar.
Fluorescence spectra were carried out using a Perkin Elmer
LS 50B fluorescence spectrophotometer. UV-Vis spectra were
recorded on a Cary 50, Varian spectrophotometer. Cell morphology
changes were observed under a Nikon Ti Observer fluorescence
microscope. Transmission electron microscope (TEM) measure-
ments were made on a JEOL JEM-2100F transmission electron
microscope operated at an accelerating voltage of 200 kV.13 Flow
Cytometry (FCM), a rapid, accurate and objective detection
technology for single particles usually used for assigning cells,
was used to detect a variety of characteristics (parameters) of
the particles and for qualitative and quantitative analysis.
The electrochemical tests were performed using a CHI 660 C
electrochemical analyser (CH Instruments, Shanghai, Chenhua Co.)
at 30 � 1 1C. A standard three-electrode system (consisting of a
saturated calomel reference electrode (SCE), a catalyst modified
glassy carbon electrode as the working electrode, and platinum
wire as the auxiliary electrode) was used to perform electro-
chemical experiments.14,15 A 665 nm LED (7 W) was used as the
light source.

Synthesis of compounds

All the compounds were detected by melting point (M.P.) analysis,
infrared spectra (IR), spectral imaging of hydrogen (1H NMR) and
an UltrafleXtreme MALDI-TOF-MS spectrometer. The synthetic
route of all compounds is shown in Scheme 2.

Synthesis of 4-(three benzene methyl amino) phenol

A mixture of 4-(aminomethyl) phenol (500 mg, 4.06 mmol) and
triethylamine in DMF (5 mL) was stirred under nitrogen at
room temperature. Then, triphenylmethyl chloride (1.70 g,
6.09 mmol) in CH2Cl2 (25 mL) was added dropwise to the
solution over a period of 3 h, and stirring was continued
overnight after the titration was complete. The formed solid
material was filtered off and washed with CH2Cl2 (3 � 25 mL)
three times, and the filtrate was dried with sodium sulfate for 4 h.
After filtration, the crude product was separated and purified by
silica gel column chromatography using ethyl acetate/petroleum
ether (1 : 5, v/v) as the eluent to obtain compound 1 as a sallow
solid (1.11 g, 75%). M.P. 148 1C. IR (KBr, cm�1): 3529 (OH), 3431
(NH), 3056 (Ar-H), 2813, 1607, 1512, 1447, 1245, 757; 1H NMR
(400 MHz, CDCl3): d (ppm) 7.67 (t, 6H, J = 4.2 Hz, Ar-H), 7.41–7.34
(m, 8H, Ar-H), 7.32–7.27 (m, 5H, Ar-H), 3.37 (s, 2H, CH2), 2.16 (s,
1H, NH). 13C NMR (100 MHz, d6-DMSO): d (ppm) 156.5, 146.6,
131.5, 129.1, 128.9, 128.2, 126.6, 115.4, 71.0, 47.3. Anal. calcd
for C26H23NO: C, 85.45; H, 6.34; N, 3.83. Found: C, 85.40; H,
6.35; N, 3.81.

Synthesis of 4,5-(4-((three benzene methyl amino) methyl)
phenoxy) phthalic nitrile

4,5-Dichlorophthalonitrile (100 mg, 0.507 mmol), compound 1
(741.9 mg, 2.03 mmol) and finely dried K2CO3 (561.2 mg,
4.06 mmol) were mixed in DMF (8 mL) under nitrogen and

Scheme 1 Schematic presentation of the enhanced PDT effect of ZHNP
by breaking the endogenous strong antioxidant defence.

Scheme 2 Brief synthetic route for the synthesis of phthalocyanine derivatives.
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stirred at 75 1C for 24 h. During the whole process, the reaction
was monitored by TLC using ethyl acetate/petroleum ether
(1 : 5, v/v). After cooling to room temperature, the solution
was poured into water (50 mL) and a little HCl was added into
the above solution. After filtration, the white precipitate was
purified by column chromatography with silica gel as the
column material to obtain compound 2 as a white solid. Yield:
350 mg (80.6%). M.P. > 200 1C. IR (KBr, cm�1): 3435 (NH), 3059
(Ar-H), 2231 (CN), 1592, 1497, 1307, 1216 (C–O–C), 893, 706;
1H NMR (400 MHz, CDCl3): d (ppm) 7.62–7.59 (m, 13H, Ar-H),
7.53 (d, 4H, J = 8.4 Hz, Ar-H), 7.37–7.32 (m, 13H, Ar-H),
7.28–7.24 (m, 6H, Ar-H), 7.11–7.08 (m, 4H, Ar-H), 3.43 (s, 4H,
CH2), 2.94 (d, 2H, J = 25.2 Hz, NH). 13C NMR (100 MHz, CDCl3):
d (ppm) 152.7, 152.1, 145.9, 139.0, 130.0, 128.7, 128.0,
127.9, 126.5, 121.5, 120.0, 110.1, 71.1, 47.3. Anal. calcd for
C60H46N4O2: C, 84.28; H, 5.42; N, 6.55. Found: C, 84.32; H, 5.40;
N, 6.57.

Synthesis of 2,3,9,10,16,17,23,24-8-(((amino)methyl)phenoxy)zinc
phthalocyanine (ZnPc2)

Under a nitrogen atmosphere, a mixture of compound 2 (390 mg,
0.46 mmol), Zn(CH3COO)2 (52.3 mg, 0.29 mmol) and DBU
(0.35 mL, 2.67 mmol) in n-pentanol (10 mL) was heated at
140 1C for 12 h. After cooling to room temperature, the solution
was poured into CH3OH (30 mL) to afford a crude green solid.
The deep blue solid product was precipitated and collected by
filtration, then washed with methanol until the filtrate was
colourless. The blue fraction was collected, evaporated under
vacuum, and dried at 50 1C for 12 h to afford the product as a
dark green solid (ZnPc1).

ZnPc1 (500 mg, 0.14 mmol) was dissolved in CH2Cl2 (25 mL),
and trifluoroacetic acid (TFA) (2 mL) was added in excess. The
solution was stirred at room temperature for 3 h. After green
solid precipitation and filtration, the cake was washed with
CH2Cl2. Thereafter, the green solid was dissolved in water and
precipitated by adjusting the pH to 8–9. After filtration, the
product was vacuum-dried to afford ZnPc2 as a dark green
solid. Yield: 177 mg (80.1%). M.P. > 200 1C. IR (KBr, cm�1): 3425
(NH2), 2852 (CH2), 1599 (NH2), 1498, 1268 (C–O–C), 1090, 887;
1H NMR (400 MHz, d6-DMSO): d (ppm) 7.52–6.99 (m, 40H,
Pc-H, Ar-H), 4.05 (s, 16H, CH2). MS (MALDI-TOF, [M + H]+) m/z:
calcd for C88H72N16O8Zn: 1544.5. Found: [M + H]+ 1545.5. Anal.
calcd for C88H72N16O8Zn: C, 68.32; H, 4.69; N, 14.49. Found: C,
68.35; H, 4.67; N, 14.51.

Synthesis of 2,3,9,10,16,17,23,24-8-((((thymine-1-acetic
acid)amino)methyl)phenoxy) zinc phthalocyanine (ZnPc3)

As shown in Scheme 2, ZnPc3 was synthesized according to a
typical DCC condensation method. 50 mg (0.03 mmol) of ZnPc2
and 66 mg (0.36 mmol) of thymin-1-ylacetic acid were dissolved
in DMF (8 mL). Then, 64 mg (0.3 mmol) of DCC was added in
one portion, and the reaction mixture was stirred at room
temperature for 24 h. The precipitate was removed by centrifugation
after the material reaction was complete, the centrifugal super-
natant fluid was poured into water and the crude product
precipitated. Then, the resulting solid was washed with distilled

water and methanol, respectively, and dried under vacuum at
60 1C; a grass green solid was obtained successfully (ZnPc3).
Yield: 68 mg (73.1%). M.P. > 200 1C. IR (KBr, cm�1): 3461, 3325
(NH), 2928, 2850 (Ar-H), 1686 (CQO), 1645 (CQC), 1380, 1238
(C–O–C), 795; 1H NMR (400 MHz, d6-DMSO): d (ppm) 8.50 (s,
8H, NH), 8.08 (s, 8H, Ar-H), 7.95–7.14 (m, 40H, Pc-H, Ar-H), 5.76
(d, 16H, J = 8 Hz, CH2), 4.25 (s, 16H, CH2), 3.89 (s, 24H, CH3). MS
(MALDI-TOF, [M + H]+) m/z: calcd for C144H120N32O32Zn: 2876.07.
Found: [M + H]+ 2876.30. Anal. calcd for C144H120N32O32Zn: C,
60.14; H, 4.21; N, 15.58. Found: C, 61.05; H, 4.34; N, 15.21.

ZHNP preparation

100 mL of ZnPc3 (2.0 mM, in DMF) and 100 mL of HgSO4 solution
(16.0 mM, in ethanol) were mixed in methanol. The mixture was
stirred for 30 min to form ZHNP. The resulting ZHNP was
purified by dialysis of the solution using a 12–14 kDa cut-off
cellulose membrane for 24 h.

1O2 detection
1O2, an important indicator of the photosensitizing ability of
PSs in PDT, results from the energy transfer between the triplet
state of photosensitizers and the ground state of molecular
oxygen.16–18 ADPA was used as the scavenger to evaluate the
singlet oxygen generation ability of the compounds in water.
ADPA can interact with 1O2 to generate its endoperoxide and
induce a decrease of its absorbance intensity (lmax of ADPA =
378 nm). 3 mL of PS solution was mixed with 150 mL ADPA
(5.5 mM). We monitored 1O2 generation by detecting the
characteristic peak intensity change of ADPA in water locating
at 378 nm under 665 nm LED (7 W) irradiation. The rate of 1O2

formation was calculated using the following equation:

ln([ADPA]t/[ADPA]0) = �kt

where [ADPA]t and [ADPA]0 are the concentrations of ADPA after
and prior to irradiation, respectively.

In vitro glutathione-redox environment detection

The glutathione-redox balance, expressed as the ratio of intra-
cellular reduced GSH and GSSH, plays an important role in
regulating cell function.19 For the detection of in vitro total GSH
and GSSH, a total glutathione assay kit was used. Glutathione
reductase can reduce GSSG into GSH, then GSH reacts with a
chromogenic substrate DTNB, and produces yellow TNB and
GSSG. All glutathione determines the amount of yellow TNB
formed, thus by measuring A405 the amount of total glutathione
can be calculated.

Dark cytotoxicity

In the dark toxicity test, A549 cells were seeded into 96 well
plates at a density of 5 � 105 cells per cm2 and incubated for
24 h in an incubator.20–22 After that, the cells were treated with
ZnPc3 (5.0 mM), Hg2+ (20.0 mM) or ZHNP (5.0 mM, the concentration
of ZHNP was defined by ZnPc3 in the complex) for another 24 h.
Then, cellular survival was measured by the [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] (MTT) colorimetric assay.
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Phototoxicity studies

For the determination of light-dependent cytotoxicity, A549 cells
were seeded into 96 well plates at a density of 5� 105 cells per cm2

and incubated for 24 h. Then, the cells were treated with ZnPc3
(5.0 mM), Hg2+ (20.0 mM) or ZHNP (5.0 mM, the concentration of
ZHNP was defined by ZnPc3 in the complex) for another 4 h. After
that, the cells were washed with PBS three times to remove
adhered ZnPc. Then, the cells were exposed to light for 5 min.
The cells were incubated for 24 h and cell viability was measured
by MTT assay.23,24 In addition, the apoptosis properties of the
drugs were determined using an Annexin V/FITC-PI apoptosis
detection kit and detected using a flow cytometer.

Hoechst 33342 staining

Nuclear staining is a usual method to detect chromatin con-
densation by Hoechst 33342.25 After treating with drugs over-
night and irradiating with light, the cells were washed with
phosphate buffered saline (PBS) three times and treated with
25 mg mL�1 Hoechst 33342 at 37 1C with 5% CO2 in the dark for
30 min.26 Then, a fluorescence microscope was used to observe
the change of nuclear morphology.

Statistical analysis

All biochemical experiments were performed in duplicate and
an average of the results was used. Statistical analysis was done
and the mean, standard deviation, standard error, and significant
changes were expressed as the mean � SD. P o 0.05 was
considered to be statistically significant.

Results and discussion
Morphology and aggregation properties of ZHNP

The TEM images to elucidate the aggregation process between
ZnPc3 and Hg2+ are shown in Fig. 1. After adding Hg2+, ZnPc3
immediately forms aggregates with Hg2+ at a low aggregation
degree.

Then, the morphology of the complex changed to the floc
form after 1 h, indicating their increased aggregation degree.
With the increase of reaction time, ZnPc3 aggregated gradually
and formed ZHNP, which could stably disperse in aqueous
solution for a long time.

Further evidence for the aggregation process between ZnPc3
and Hg2+ was obtained from the UV-Vis absorption (Fig. 2A)
and fluorescence spectra (Fig. 2B). There are two absorbance
bands of ZnPc3 in the region from 550 to 750 nm. The
aggregator form band of ZnPc3 was located at 630 nm and
the monomer one was at 685 nm. After forming ZHNP, the
monomer band was sharply decreased but the aggregator band
was increased, which indicates that Hg2+ could interact with
the thymine of ZnPc3 and such interaction could induce its
aggregation. Additional evidence of ZnPc3 aggregation behaviour
triggered by Hg2+ was obtained from the fluorescence intensity
change in the complex system. It is well-known that monomeric
Pc has a strong fluorescence signal, whereas the aggregated form
does not. So, fluorescence signal detection is a sensitive method

to investigate the aggregation of Pcs because the formation of
ZnPc3 aggregates results in dramatic fluorescence quenching.27

As shown in Fig. 2B, ZnPc3 shows a strong fluorescence signal at
698 nm. The formation of ZHNP results in an obvious fluores-
cence quenching of ZnPc3, which is consistent with the TEM and
UV-Vis absorption spectra results.

To further verify that the interaction of ‘‘thymine–Hg2+–
thymine’’ is the driving force for the aggregation process
between ZnPc3 and Hg2+, experiments on the selectivity of
ZnPc3 for different metal ions were carried out. Thymine is
known as one of the most specific ligands for Hg2+ that can
form a thymine–Hg–thymine complex with strong affinity and

Fig. 1 The TEM image of the ZHNP formation process by mixing ZnPc3
and Hg2+ (A) for 0 h, (B) for 1 h, (C) for 2 h and (D) for 3 h (bar = 100 nm).

Fig. 2 (A) Absorption spectra of ZnPc3, Hg2+ and ZHNP; (B) fluorescence
spectra of ZnPc3, Hg2+ and ZHNP (lex = 610 nm).
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high selectivity.28,29 As an analogue of it, ZnPc3 combined with
thymine-1-acetic acid may retain this selectivity. To investigate
the selectivity of ZnPc3 to Hg2+, the fluorescence of ZnPc3 in the
presence of different metal ions, including Ba2+, Co2+, K+, Al3+,
Mg2+, Na+, Zn2+, Ni2+ and Fe3+, was investigated under identical
conditions. Fig. 3A shows that only Hg2+ leads to dramatic
fluorescence quenching (about 79.3%), whereas other ions
cause no obvious change. These results indicate that ZnPc3
has excellent selectivity to Hg2+.

Electrochemical methods for the detection of the affinity
between ZnPc3 and Hg2+ are shown in Fig. 3B. No obvious
oxidation peak was detected in ZnPc3. Hg2+ showed two clear
oxidation peaks. After forming ZHNP, the oxidation peak was
obviously shifted, which indicated the complexation interaction
between Hg2+ and ZnPc3. The selectivity of ZnPc3 for different
metal ions and the electrochemical results all indicated that
‘‘thymine–Hg2+–thymine’’ is the driving force for the aggregation
process between ZnPc3 and Hg2+.

GSH activated disaggregation and PDT activity recovery of ZHNP

Aggregation behaviour of Pcs always lowers their PDT activity.12

So, we hypothesize that after forming ZHNP, the PDT activity of
ZnPc3 could be greatly decreased, which could be helpful for
ZHNP to maintain low toxicity during the delivery process in
blood. However, we hoped that the activity of ZHNP could be
recovered after its endocytosis by cancer cells. So, the disaggregation
of ZHNP is important for the recovery of its PDT activity.
Biological thiols, including cysteine (Cys), homocysteine (Hcy),
and GSH, could deprive ZHNP of Hg2+ and lead to its disaggregation

because of the higher affinity of biothiols to Hg2+ than that of
thymine.30

Although Cys and Hcy could also cause the disaggregation of
ZHNP, the intracellular content of Cys and Hcy is much lower
than that of GSH.31 So, we proposed that ZHNP could be
disaggregated and recover its PDT activity triggered by GSH
inside cancer cells because the intracellular GSH concentration
(ca. 10 mM) is known to be substantially higher than the
extracellular levels (ca. 2 mM) and the intracellular GSH concen-
tration is reportedly higher in cancer cells than in normal cells.6,7

Furthermore, ZnPc3 release, triggered by GSH, was accompanied
by GSH–Hg2+ formation, which could cause GSH depletion and
improve the PDT activity.

To verify the disaggregation of ZHNP by biothiols, fluorescence
recovery and electrochemical experiments were carried out. The
selectivity for ZHNP fluorescence recovery by various kinds of
amino acids and GSH is shown in Fig. 4A. The addition of Cys,
Hcy and GSH results in an obvious disaggregation of ZnPc3 with
the recovery of fluorescence intensity since the Hg2+–thymine
interaction of ZHNP was replaced by the stronger Hg2+–S bond
between Hg2+ and biothiols, resulting in ZHNP disaggregation and
fluorescence recovery.28

Electrochemical experiment results indicated that after GSH
addition, the two clear oxidation peaks of ZHNP sharply decreased
and such a phenomenon could be prevented by N-ethylmaleimide
(NEM) (Fig. 4B), a kind of inhibitor to suppress the interaction of
Hg2+ and GSH.32 The above results all verified the disaggregation
of ZHNP by biothiols.

In addition, the recovery of ZHNP PDT activity, triggered by
biothiols, was analysed by comparing the 1O2 generation ability
before and after the addition of biothiols. 1O2 is one of the most
active ROSs and has a prominent role in various biological and
chemical processes in PDT.33–37 It occurs because of the energy
transfer between the triplet state of PSs and the ground state
of molecular oxygen during the PDT process. 1O2 generation
was detected using the ADPA bleaching method. As shown in
Fig. 5A–D, the 1O2 generation ability of ZnPc3 was sharply
decreased after the formation of ZHNP. Adding biothiols
obviously induced the recovery of the 1O2 generation ability of
ZHNP, which indicated that Hg–thymine interaction was
replaced by the stronger Hg–S bond, and ZHNP disaggregates
into the monomer active form again. To verify this hypothesis,
their fluorescence spectra were detected. As we know, monomeric
Pc has a strong fluorescence signal, whereas the aggregates
do not. So, fluorescence signal detection is a sensitive method
to investigate the aggregation of Pcs because the formation of the
ZnPc aggregates results in dramatic fluorescence quenching and
the formation of the ZnPc monomer results in fluorescence
recovery.27 These results indicated that Hg–thymine interaction
was replaced by the stronger Hg–S bond, and ZHNP disaggregates
into a monomer active form again. As shown in Fig. 5E, the
addition of Hg2+ leads to a significant decrease in the fluores-
cence intensity but the addition of biothiols leads to fluorescence
recovery. These results indicated that Hg–thymine interaction
was replaced by the stronger Hg–S bond, and ZHNP disaggregates
into the monomer active form again.

Fig. 3 (A) Fluorescence quenching ratio (I0 � I)/I0 at 680 nm after the
addition of various kinds of metal ions. I0 and I are the fluorescence intensity at
680 nm before and after the addition of metal ions. (B) Cyclic voltammograms
of ZnPc3, ZHNP and Hg2+ in N2-saturated solution at 50 mV s�1.
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In vitro anticancer activity

The uptake of ZnPc3 and ZHNP in A549 cells is shown in
Fig. 6A; the intracellular concentration shows no obvious
difference within 4 h. As shown in Fig. 6B, before irradiation,
ZnPc3, Hg2+ and ZHNP all showed low anticancer activity. On
the contrary, after irradiation by 665 nm LED light for 5 min
and incubation for another 24 h, the anticancer activity of
ZnPc3 and ZHNP treated cells obviously increased (Fig. 6C).

Besides, the increasing degree of anticancer activity of ZHNP
was much higher than the sum effect of ZnPc3 and Hg2+, which
implied that there are additive and synergistic anticancer
mechanisms in the anticancer process of ZHNP. To elucidate
the synergistic effect of ZHNP, the anticancer activity of ZnPc3
alone, Hg2+ alone, Hg2+ uptake first followed by ZnPc3, ZnPc3
uptake first and then Hg2+ uptake, and ZHNP was compared
after irradiation. As shown in Fig. 6C, the increasing degree of
anticancer activity of ZHNP was much bigger than the sum
effect of ZnPc3 and Hg2+, which indicated that there are
additive and synergistic anticancer mechanisms in the anti-
cancer process of ZHNP (synergistic index = 1.72, Table 1) (MGI,
mean growth inhibition rate = growth rate of treated group/
growth rate of untreated group). The synergistic index was
calculated by dividing the expected growth inhibition rate by
the observed growth inhibition rate. An index of more than 1
indicates a synergistic effect and an index o1 indicates less
than an additive effect. On the contrary, although the other two
groups (Hg2+ uptake first followed by ZnPc3 or ZnPc3 uptake
first and then Hg2+ uptake) also showed improved anticancer
activity compared with ZnPc3 or Hg2+ alone, their synergistic
indexes were 0.87 and 0.96. Different from these two groups,

ZHNP could ensure that ZnPc3 and Hg2+ could be taken up by
cancer cells, simultaneously, and locate at the same position
after being released inside cells. PDT is based on the irradiation
of photosensitizers with an appropriate wavelength to generate
ROSs, such as 1O2 and free radicals, to oxidize various cellular
compartments, finally resulting in irreversible damage of
tumor cells. The life time of such ROSs is quite short, which
indicates that their effective diffusion distance is short. Taking
1O2 as an example, its life time is only 1 ms in aqueous solution
and during this interval it can diffuse over a mean radial
distance of only 100 nm. So, if Hg2+ could not destroy GSH
around ZnPc3, its PDT activity could not be improved efficiently.

Apoptosis is a programmed or suicidal cell death, which
plays an important role in maintaining the balance between
cell proliferation and death. To evaluate the morphologic
characteristics of apoptotic nuclei, the cells were stained with
Hoechst 33342 after incubation with Hg2+, ZnPc3, and ZHNP.
As shown in Fig. 7, control cells exhibit homogeneous, weak and
intact nuclear staining, and drug treated cells display typical
apoptotic changes, such as stained brightness, reduction of
nuclei volume and condensed chromatin, which indicated that
Hg2+, ZnPc3, and ZHNP can induce apoptosis.

To further verify that ZHNP could induce apoptosis, Annexin
V-FITC/PI apoptosis detection was performed to compare the
apoptosis-inducing capabilities of Hg2+, ZnPc3 and ZHNP.

Annexin V-FITC labels the phosphatidylserine sites that
translocate to the extracellular membrane upon initiation of
apoptosis, while PI labels the intracellular DNA in the late apoptotic
cells where the plasma membrane has been compromised. This
combination allows the differentiation of early apoptotic cells, late
apoptotic cells and viable cells, which can be quantitatively
determined by flow cytometry.38 The total apoptotic ratio of
ZHNP was 69.31% obtained by the summation of the early
apoptotic ratio of 33.64% and the late apoptotic ratio of
35.67%, which was much higher than 42.59% of ZnPc and
12.74% of Hg2+ (Fig. 8).

In vitro anticancer mechanism

Based on the above results, we conclude that the anti-cancer
activity of ZHNP was superior to that of ZnPc3. We hypothe-
sized that there were two anticancer mechanisms, PDT and
glutathione-redox homeostasis dysfunction, in ZHNP and these
mechanisms have additive and synergistic effects.

2,7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA), a ROS
fluorescent probe, can penetrate the cell membrane freely and
can be oxidized into fluorescent DCF by ROS inside cells. So,
the fluorescence intensity of DCF can indicate the oxidative
stress level inside the cell.39,40 In Fig. 9, cells treated with three
drugs (ZnPc3, Hg2+ and ZHNP) showed different fluorescence
intensities after trapping DCFH-DA. By comparison of the
DCF fluorescence intensity inside the cells, we can conclude
that the ROS generation ability of the drugs followed the order:
ZHNP 4 Hg2+ 4 ZnPc3 (Fig. 10).

Hg2+ entering the cells could increase the generation of
ROSs, which is a similar result to that reported.41 The data
indicated that ZHNP has stronger photodynamic anti-cancer

Fig. 4 (A) Fluorescence changing ratio (I � I0)/I0 of ZHNP at 682 nm after
the addition of various of amino acids and GSH; (B) the metal mass-
normalized cyclic voltammograms for GSH, ZHNP, ZHNP/GSH and ZHNP/
GSH/NEM.
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activity than ZnPc3 because of its high ROS generation ability.
And the disaggregation of ZHNP not only recovers but also
improves its in vitro ROS generation ability. However, such an
increase in ROSs might not only occur because of the light
triggered PDT process, but also from GSH depletion.

GSH is an important antioxidant agent in cells. GSH can
prevent the damage of cellular components by strong oxidizing
ROSs. ROSs can be reduced by GSH, and GSH can be oxidized
to GSSH by ROSs, simultaneously. Glutathione-redox balance,
defined as the total amount of glutathione (GSH + GSSH) and
the ratio of GSH/GSSG, is a critical regulator of the cellular
redox state, and changes in the glutathione-redox balance are
closely associated with cellular processes, such as proliferation
and apoptosis.4 A glutathione assay kit can detect the total
glutathione (GSH + GSSH) and GSH concentration inside the cells.

The original data of GSH, GSH + GSSH, GSSH and GSH/GSSH in
ZnPc3, Hg2+ or ZHNP treated and control cells are listed in Table 2.
As shown in Fig. 11A, the GSH amounts of ZnPc3, Hg2+ or ZHNP
treated cells were sharply decreased compared with the control
cells. Hg2+ could oxidize GSH to GSSH and ZnPc3 and light treated
cells also showed an obvious decrease in the amount of GSH,
which is possibly because GSH could be oxidized byROSs to
GSSH. The GSH decreasing effect of ZHNP could be achieved by
a combined effect of the above two processes.

Reports indicated that an increase in GSH/GSSG is indicative
of augmented antioxidant capacity, whereas a decrease is
suggestive of diminished antioxidant defences.4 As showed in
Table 2, the GSH/GSSH values of ZnPc3, Hg2+ and ZHNP were
all greatly reduced compared with control cells. This result is
suggestive of diminished antioxidant defences, which is very

Fig. 5 Time-dependent bleaching of ADPA caused by 1O2 generated by ZnPc3 (A), ZHNP (B) and ZHNP with biothiols (C) upon irradiation, monitored
as a function of time. (D) The best fit of 1O2 generation to the above experimental points. (E) Fluorescence spectra (lex = 610 nm) of ZnPc3, ZHNP and
ZHNP + biothiols.

Journal of Materials Chemistry B Paper

Pu
bl

is
he

d 
on

 1
5 

Ju
ly

 2
01

7.
 D

ow
nl

oa
de

d 
by

 Q
ue

en
 M

ar
y,

 U
ni

ve
rs

ity
 o

f 
L

on
do

n 
on

 0
1/

08
/2

01
7 

20
:2

1:
37

. 
View Article Online

http://dx.doi.org/10.1039/c7tb01233k


J. Mater. Chem. B This journal is©The Royal Society of Chemistry 2017

helpful for the PDT process because PDT is an oxidation
damage process. The degree to which ZHNP decreased the
GSH/GSSH value was not as high as that of ZnPc3 or Hg2+,
but the total glutathione (GSH + GSSH) of ZHNP was greatly

Fig. 6 (A) Cellular uptake quantity of ZnPc3 and ZHNP within 4 h. (B) Dark
cell toxicity comparison of Hg2+, ZnPc3 and ZHNP. (Data are expressed as
means � SD; *P o 0.05; **P o 0.01 versus control.) (C) Light toxicity
comparison of Hg2+, ZnPc3, ZHNP, ZnPc3 + Hg2+ and Hg2+ + ZnPc3.
(**P o 0.01; ***P o 0.001 versus control; ##P o 0.01, ###P o 0.001 versus
Hg2+; DP o 0.05 versus ZHNP; DP o 0.05, Hg2+ uptake first followed by
ZnPc3 or ZnPc3 uptake first and then Hg2+ uptake versus ZHNP).

Table 1 Synergistic index of combined treatment with glutathione-redox
dysfunction and PDT (P o 0.001 anticancer activity of ZHNP vs. ZnPc3 and
Hg2+)

Additive and synergistic effect

PDT treatment Drug ZnPc3
MGI 45.92%

Glutathione-redox dysfunction Drug Hg2+

MGI 79.71%
Combination treatment Drug ZHNP

Expected 36.60%
Observed 21.32%

P-value P o 0.001
Additive and synergistic effect index 1.72

Fig. 7 Fluorescence micrographs of A549 cells stained with Hoechst
33342 (A) and treated with Hg2+ (B), ZnPc3 (C) and ZHNP (D) and light
irradiation (bar = 100 mm).

Fig. 8 Flow cytometric analysis of cell apoptosis induced by no drug (I: control),
Hg2+(II), ZnPc3(III) and ZHNP(IV) using Annexin V-FITC/PI staining. In each
panel, the lower-left (B3, Annexin V-FITC�, PI�), lower-right (B4, Annexin
V-FITC+, PI�) and upper-right (B2, Annexin V-FITC+, PI+) quadrants represent the
populations of the viable, early apoptotic and late apoptotic cells, respectively.

Fig. 9 Fluorescence signal of A549 stained with DCFH-DA. (A) Control
cells; cells respectively treated with ZnPc3 (B), Hg2+ (C) and ZHNP (D) after
irradiation and re-incubation for 4 h (bar = 100 mm).
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decreased compared with ZnPc3 or Hg2+ treated cells (Fig. 11B).
The possible reason for this phenomenon is that ROSs could
destroy the enzymes necessary for the GSH metabolism pathway
and lead to a decrease in the amount of GSH. These results
indicated that ZHNP could break the glutathione-redox homeostasis
more effectively.

So, based on the above results, we can conclude that the
anticancer mechanism of ZHNP is a combined effect of PDT and
GSH depletion. After the inactive ZHNP was endocytosed by
cancer cells, it was activated by GSH and release monomer ZnPc3
and GSH–Hg2+. ZnPc3 could be triggered by light to generate
ROSs to oxidize damaged cancer cells. And the ROSs generated in
the PDT process could deplete GSH. In addition, the released
Hg2+ could form a stable complex with GSH. This effect could
reduce GSH concentration, break the glutathione-redox balance,
and therefore, diminish the antioxidant defences of cells, and
finally, greatly improve the PDT activity (Scheme 3).

Conclusions

In conclusion, to overcome the antioxidant defence in the cells
during the PDT process, we have developed nanoparticles of
ZnPc3 integrated with Hg2+ based on ‘‘thymine–Hg2+–thymine’’
interaction. The inactive ZHNP could simultaneous release the
active monomer ZnPc and decrease the GSH level for highly
efficient PDT.

Some people may think that mercury could be dangerous to
human health.42 But in this system, the mercury concentration
was low and a single Hg2+ ion had weak toxicity under our
experimental conditions. Similarly, arsenic trioxide (As2O3),
which was proposed as a toxin and a carcinogen, has recently
been recognized as one of the most effective drugs for the
treatment of acute promyelocytic leukemia.43 The drug dose
and tumour selectivity of these drugs are very important for
cancer treatment. Thus, the potential of using mercury as an
antioxidant defence destroyer for improving the PDT activity
has been demonstrated.
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