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Introduction

Although cisplatin and its derivatives remain one of the
major classes of chemotherapeutic agents for cancer treat-
ment,[1] their clinical success is compromised by the emer-
gence of drug resistance and toxic side effects.[2] At the
same time cisplatin and its derivatives have stimulated con-
siderable interest in metal-based drugs.[3] In the context of
developing non-platinum-metal drugs for anticancer treat-
ment, Sadler and co-workers in the early 1980s reported
that dimethylgold ACHTUNGTRENNUNG(III) complexes displayed anticancer activ-
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ylpyridinium-4-yl)porphyrin) interact
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DNA. Complex 4 a, a gold ACHTUNGTRENNUNG(III) deriva-

tive of the known G-quadruplex-inter-
active porphyrin [H2TMPyP]4+ , can
similarly inhibit the amplification of a
DNA substrate containing G-quadru-
plex structures in a polymerase chain
reaction stop assay. In contrast to these
reported complexes, complex 2 a and
the parental gold ACHTUNGTRENNUNG(III)–porphyrin 1 a do
not display a significant inhibitory
effect (<10 %) on telomerase. Based
on the results of protein expression
analysis and computational docking ex-
periments, the anti-apoptotic bcl-2 pro-
tein is a potential target for those gold-ACHTUNGTRENNUNG(III)–porphyrin complexes with apop-
tosis-inducing properties. Complex 2 a
also displays prominent anti-angiogenic
properties in vitro. Taken together, the
enhanced stabilization of the goldACHTUNGTRENNUNG(III)
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ity.[4] In recent years, a number of gold ACHTUNGTRENNUNG(III) complexes were
reported to be more effective at inhibiting cancer cells than
clinically used cisplatin, with IC50 values at the micromolar
level.[5] However, most of these cytotoxic goldACHTUNGTRENNUNG(III) com-
plexes are susceptible to spontaneous reduction to gold(I)
and colloidal gold under physiological conditions.[5,6] In the
literature, there are only a few cytotoxic gold ACHTUNGTRENNUNG(III) com-
plexes, including [AuIII ACHTUNGTRENNUNG(bipyc-H)(OH)] ACHTUNGTRENNUNG[PF6] (bipyc-H=de-
protonated 6-(1,1-dimethylbenzyl)-2,2’-bipyridine),[6u] [AuIII-ACHTUNGTRENNUNG(dmamp)Cl2] (dmamp=2-(dimethylaminomethyl)phenyl),[7]

[AuIII
mACHTUNGTRENNUNG(C^N^C)mL]n+ (m =1–3; n= 0–3; HC^N^CH =2,6-

diphenylpyridine),[8] and the [Au ACHTUNGTRENNUNG(Por)]+ complexes (Por=

porphyrinato ligand)[9] that are known to exhibit significant
anticancer activity, as well as excellent solution stability.

An understanding of the cytotoxic action of goldACHTUNGTRENNUNG(III)
complexes is still in its rudimentary stages.[5,6] Historically,
gold ACHTUNGTRENNUNG(III) complexes were proposed to act similarly to cispla-
tin by executing their anticancer activities through covalent
binding to DNA molecules.[5,10] Recently, proteasome[5a] and
thioredoxin reductase[5d] have been proposed to be molecu-
lar targets of gold ACHTUNGTRENNUNG(III) complexes. In previous work, we em-
ployed a simple porphyrin ligand meso-tetraphenylporphyr-
in (H2TPP) to stabilize the gold ACHTUNGTRENNUNG(III) ion, and reported that
[AuIII ACHTUNGTRENNUNG(TPP)]Cl (1 a) exhibits significant in vitro and in vivo
anticancer activity through modes of action that are differ-
ent to those of cisplatin.[5c,9] We also reported that [AuIII ACHTUNGTRENNUNG(p-
Y-TPP)]Cl (Y= Me, OMe, Br, or Cl) undergo reversible
electrochemical reduction at potentials ��0.96 V versus
Cp2Fe+ /0 (Cp= cyclopentadienyl), revealing that the porphy-
rin ligand stabilizes the gold ACHTUNGTRENNUNG(III) ion against demetalation
upon reduction in solution.

Gold ACHTUNGTRENNUNG(III)–porphyrins are planar lipophilic cations. The
strategy of using lipophilic cations to target mitochondria in
cancer treatment has previously been proposed.[11] Planar ar-
omatic organic cations, such as terephthalanilide, were re-
ported to be cytotoxic,[12] and rhodamine 123 (Rh123) and
dequalinium chloride (DECA) are two examples of lipophil-
ic cations that have advanced to extensive in vivo stud-
ies.[11, 12] Notably, the water-soluble rhodacyanine MKT-077
has been advanced to clinical trials.[13] However, the synthe-
sis as well as structural modification of planar p-conjugated
organic cations is a formidable challenge. Berners-Price,
McKeage, and co-workers showed that the lipophilic metal
cations [AuI ACHTUNGTRENNUNG(dppe)2]

+ (dppe= 1,2-bis(diphenylphosphino)-
ethane) and their derivatives display potent in vitro and in
vivo anticancer activities by inducing mitochondrial-mediat-
ed apoptotic cell death.[14] Importantly, the biological effica-
cies of [AuIACHTUNGTRENNUNG(p\p)2]

+ (p\p=diphosphine ligand) were found
to correlate to their lipophilicity.[14,15] Through coordination
of the dianionic porphyrin ligand to gold ACHTUNGTRENNUNG(III) ion, we have
developed a series of [Au ACHTUNGTRENNUNG(Por)]+ complexes with “tunable”
lipophilicity, which allows one to examine the structure–bio-
activity relationship.

Results

The structures of the goldACHTUNGTRENNUNG(III)–porphyrin complexes are de-
picted in Scheme 1. These gold ACHTUNGTRENNUNG(III) complexes, including 16
new derivatives 1 f–1 i, 2 a–2 d, 3, and 5 a–5 g, are grouped
into five categories: I, 1 a–1 i ; II, 2 a–2 d ; III, 3 ; IV, 4 a and
4 b ; and V, 5 a–5 g. All of these gold ACHTUNGTRENNUNG(III)–porphyrin com-
plexes except complex 3, contain tetraarylporphyrin ligands.
The porphyrin ligands employed in this work were prepared
according to the method of Adler et al.[16a] The synthesis of
glycosylated porphyrins involves the condensation of the
pyrrole and para-glycosylated benzaldehyde.[16b] With the ex-
ception of 4 a and 4 b, metalation of porphyrin ligands with a
gold ACHTUNGTRENNUNG(III) salt was achieved by following a protocol described
by Fleischer and Laszlo.[17a] For the synthesis of complexes
4 a and 4 b, a procedure reported by Harriman and co-work-
ers was employed, and both of the complexes were obtained
in about 35 % yield by using 10 % aqueous pyridine as the
solvent.[18]

The gold ACHTUNGTRENNUNG(III)–porphyrin complexes were characterized by
UV/Vis and NMR spectroscopies, as well as mass spectrom-
etry. The spectral data are compiled in the Experimental
Section. The absorption spectra of the gold ACHTUNGTRENNUNG(III)–porphyrin
complexes are characterized by a reduced number of Q
bands and a blue (hypsochromic) shift of the intense Soret
band (B band). These spectral features were previously ex-
plained by AuIII�N bonding interactions, consequently lead-
ing to stabilization of the HOMO levels, and an increase in
the HOMO–LUMO gap with respect to that of the metal-
free porphyrin.[17b] Except for the anionic gold ACHTUNGTRENNUNG(III) complex
4 b, the positive-ion mass spectra of all the gold ACHTUNGTRENNUNG(III)–por-
phyrins display cluster peaks, which are attributed to the pa-
rental [M+] ions. The 1H NMR spectra of the gold ACHTUNGTRENNUNG(III)–por-
phyrins (Types I to V) reveal a downfield shift of the pyrrol-
ic protons to approximately dH =9 ppm; attributable to the
inductive effect of the gold ACHTUNGTRENNUNG(III) ion. This inductive effect on
the Hm and Ho protons is less significant, since comparable
dH values were found for both the free and metalated por-
phyrins.[16c,d]

The 1H NMR spectra and spectral assignments of Type II
(2 a–2 d) and Type V (5 a–5 g) complexes are given in the
Supporting Information (Figures S1–S11) and the Experi-
mental Section. The OH protons of 2 a and 2 c, and the
COOH protons of 5 b and 5 c, are difficult to locate due to
their fast exchange reactions in deuterochloroform or deu-
teromethanol. The pyrrolic and phenyl proton signals of
Type II glycosylated gold ACHTUNGTRENNUNG(III)–porphyrins are similar to
those of [AuACHTUNGTRENNUNG(TPP)]+ . Assignments of the 1H NMR signals
were made based on integration and by comparing the
chemical shifts with those of the reported metal-free por-
phyrin ligands.[16c,d] By using 2 a as an example for discus-
sion, there are three sets of signals centered at d= 9.39, 8.18,
and 7.63 ppm corresponding to Hb, Ho, and Hm, respectively.
These signals are shifted downfield compared with that of
the metal-free 5,10,15,20-tetrakis(4-b-d-glucosylphenyl)por-
phyrin (d=9.13, 8.09, and 7.52 ppm for Hb, Ho, and Hm, re-
spectively). In contrast, the shifts of the protons of the gly-
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cosylated moieties in 2 a are similar to those of the reported
ortho-glycosylated porphyrins (between d=3.4 and
4.2 ppm).[16d]

X-ray crystal structures : The structures of [AuIII ACHTUNGTRENNUNG(TPP)]-ACHTUNGTRENNUNG(ClO4) (Figure S12 in the Supporting Information),[9i] [AuIII-ACHTUNGTRENNUNG(p-F-TPP)] ACHTUNGTRENNUNG(AuICl2) (Figure S13 in the Supporting Informa-
tion), and 1 g (Figure S14 in the Supporting Information)
were determined by X-ray crystallography. The crystallo-
graphic data-collection parameters and selected bond angles
and distances for [AuIII ACHTUNGTRENNUNG(p-F-TPP)] ACHTUNGTRENNUNG(AuICl2) and 1 g are given
in the Supporting Information (Tables S1 and S2, respective-

ly). All of the structures reveal a square-planar geometry,
with almost four identical N-Au-N angles (N-Au-N, [AuIII-ACHTUNGTRENNUNG(TPP)] ACHTUNGTRENNUNG(ClO4): 89.8–90.18 ; [AuIII ACHTUNGTRENNUNG(p-F-TPP)] ACHTUNGTRENNUNG(AuICl2): 88.1–
91.98 ; and 1 g : 89.8–90.28) and Au�N ACHTUNGTRENNUNG(pyrrolic) distances
(Au�N, [AuIII ACHTUNGTRENNUNG(TPP)] ACHTUNGTRENNUNG(ClO4): 2.032–2.033 �; [AuIII ACHTUNGTRENNUNG(p-F-TPP)]-ACHTUNGTRENNUNG(AuICl2): 2.010–2.015 �; and 1 g : 2.001–2.015 �). There is no
close contact between the counteranion and [AuACHTUNGTRENNUNG(Por)]+

cation in the crystal structures.

Solubility and stability : All of the gold ACHTUNGTRENNUNG(III) complexes are
soluble in DMSO, with a solubility of >10 mgmL�1 (except
1 g, its solubility is �0.1 mgmL�1 in DMSO). Complexes

Scheme 1. The goldACHTUNGTRENNUNG(III)–porphyrin complexes.
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with hydroxy (2 a and 2 c) or carboxy (5 b and 5 c) substitu-
ents at the periphery of the porphyrin ligand have an aque-
ous solubility of �0.5 mg mL�1; complexes 4 a and 4 b, with
charged substituents at the periphery have an aqueous solu-
bility of at least 10 mgmL�1. All of the goldACHTUNGTRENNUNG(III)–porphyrins
except 1 g are soluble in phosphate-buffered saline (PBS,
50 mm phosphate, 4 mm NaCl, pH 7.4 at 25 8C) containing
5 % DMSO at 0.1 mm level. No significant UV/Vis spectral
changes for any of the complexes were observed over 72 h
at room temperature, and no demetalation was observed in
any case.

In vitro cytotoxicity : By means of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assays,[19] the in
vitro cytotoxicity of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes was
evaluated by using human nasopharyngeal carcinoma (NPC)
cell lines (SUNE1, HK1, and HONE1), a human melanoma
cell line (UACC-903), and a normal human lung fibroblast-
derived cell line (CCD-19Lu). Figure 1a depicts the percent-
age cell survival of the SUNE1 cells versus the concentra-

tions of 1 a, 2 a, 3, 4 a, and 5 a for an incubation period of
72 h, with cisplatin for comparison. From the cytotoxicity
profiles, the IC50 values of 1 a, 2 a, 3, 4 a, 5 a, and cisplatin
were determined to be 0.056, 1.8, 0.84, 82, 0.091, and 8.5 mm,
respectively. The IC50 values of the other gold ACHTUNGTRENNUNG(III)–porphy-
rin complexes were similarly evaluated. As depicted in
Table 1, the complexes of Types I (1 a–1 f and 1 h), III (3),
and V (5 a and 5 c–5 g) exhibit potent cytotoxicity toward
the cancer cell lines, with IC50 values ranging from 0.033 to
6.8 mm. Notably, complex 1 a (IC50: 0.033 to 0.14 mm) is
highly active against all the cancer cell lines, and is 61
(HONE1) to 152 (SUNE1) times more potent than cisplatin
under the same conditions.

Type II complexes contain saccharide-conjugated porphyr-
inato ligands. Although complexes 2 a–2 d are less potent
than the parental complex 1 a, complex 2 a was found to ex-
hibit cytostatic inhibition of proliferation instead of cytotox-
ic (cell-killing) activity. According to the cell proliferation
profiles (formazan absorbance A550 nm versus incubation
time, Figure S15 in the Supporting Information), SUNE1
cells treated with 0.1 to 10 times the IC50 concentration of
2 a (0.18, 1.8, and 18 mm) had a constant viable cell number
during the period of drug treatment (72 h). No significant
cell death (<10 %) was detected by the trypan blue exclu-
sion assay. Thus, only the cellular proliferation was inhibited
by treatment with 2 a. The metal-free, saccharide-conjugated
porphyrin of H2(4-glucosyl-TPP) (meso-tetrakis(4-b-d-gluco-
sylphenyl)porphyrin) also showed cytostatic activity toward
SUNE1 cells with an IC50 value of 7.7 mm, albeit being ap-
proximately 4.3-fold lower in inhibitory activity than that of
2 a.ACHTUNGTRENNUNG[AuIII ACHTUNGTRENNUNG(OEP)]Cl (3, Type III) is also highly cytotoxic (IC50:
0.078–0.84 mm) to all the cancer cell lines examined in this
work. Complexes 4 a and 4 b (Type IV), both having multiple
charges at the periphery of the porphyrin ligand, are rela-
tively less toxic, with IC50 values >50 mm toward all of the
cancer cell lines examined. The methoxy substituents at the
peripheral phenyl ring of complexes 5 a, 5 f, and 5 g do not
have a significant effect on the cytotoxicity in any of the
cancer cell lines examined. Complexes 5 b–5 e, which have
peripheral �OCH2COOH, �O ACHTUNGTRENNUNG(CH2)4COOH, �OACHTUNGTRENNUNG(CH2)3CH3,
and �O ACHTUNGTRENNUNG(CH2)9CH3 substituents on one of the meso-phenyl
rings, respectively, are at least 10-fold less cytotoxic than 1 a.

Most of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes examined in
this work exhibited higher selective cytotoxicity to nasophar-
yngeal cancer cells than to normal lung fibroblast-derived
cells (CCD-19Lu cell line). For example, both 1 a (Type I)
and 5 a (Type V) are cytotoxic and exhibited 5.8- and 3.2-
fold higher cytotoxicity, respectively, toward the cancer cell
lines than to noncancerous cells (HONE1 vs. CCD-19Lu).
Although Type II complexes (2 a–2 d) are not cytotoxic, they
display cytostatic activities preferentially toward cancer cell
lines. For example, complex 2 a is cytostatic to NPC cells
(SUNE1, HK1, and HONE1) with IC50 values ranging from
1.2 to 3.6 mm, whereas it is relatively nontoxic to CCD-19Lu
fibroblast cells with the IC50 value determined to be more
than 100 mm (Figure 1b), revealing at least 28-fold selectivity

Figure 1. a) Drug-sensitivity profiles of SUNE1 cells treated with 1a, 2 a,
3, 4a, 5a, and cisplatin for 72 h. b) Drug-sensitivity profiles of 2 a toward
normal lung fibroblast CCD-19Lu (*) and nasopharyngeal SUNE1 cells
(*). Graph shows the percentage cell death versus vehicle control upon
incubation of increasing concentrations of 2 a.
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toward various NPC cell lines over noncancerous fibroblast
cells.

Relationship between in vitro anticancer activities and lipo-
philicity : Previous reports revealed that the biological activi-
ties of porphyrins and metalloporphyrins were affected by
their overall lipophilicity.[20] In this work, the relationship
between the lipophilicity of the gold ACHTUNGTRENNUNG(III)–porphyrin com-
plexes and their in vitro anticancer activities was examined.
Their lipophilicity was measured by means of n-octanol/
water partitioning by using a flask-shaking method.[21] The
lipophilicity parameter (log P) is defined as the logarithmic
ratio of the drug concentration in the organic phase (n-octa-
nol) to that in the aqueous phase (Table 2). The goldACHTUNGTRENNUNG(III)–
porphyrin complexes have logP values ranging from �1.85
to 1.95. The correlation between lipophilicity and cytotoxici-
ty toward SUNE1 cells for the gold ACHTUNGTRENNUNG(III)–porphyrin com-
plexes is depicted in Figure 2. The complexes with positive
logP values are more cytotoxic. The two glycosylated gold-ACHTUNGTRENNUNG(III) complexes (Type II, 2 a and 2 c) with the least positive
logP values were cytostatic. Type IV gold ACHTUNGTRENNUNG(III)–porphyrin
complexes, which have charged substituents at the porphyrin
ligand periphery have the most negative logP values and
weak cytotoxicity.

Relationship between in vitro anticancer activities and cellu-
lar uptake : Lipophilicity determines the efficiency of cellu-
lar uptake, and hence, the overall biological activity of a
compound or metal complex.[21,22] To examine the relation-
ship between cellular uptake and the cytotoxicity of the

gold ACHTUNGTRENNUNG(III)–porphyrin complexes,
the gold content of the cells
treated with the complexes for
4 h was measured by means of
inductively coupled plasma
mass spectrometry (Table 2).
As depicted in Figure 3, the cel-
lular uptake of the goldACHTUNGTRENNUNG(III)
complexes displays a logarith-
mic dependence on the lipophi-
licity.

Hemolysis : Charged lipophilic
compounds have been reported
to strongly bind to the cell
membrane, with the result that
membrane toxicity is also of
great concern.[21] In this work,
we assayed the membrane tox-
icity of the gold ACHTUNGTRENNUNG(III)–porphyrin
complexes by using an erythro-
cyte (red blood cell) hemolysis
model. Sodium dodecyl sulfate
(SDS, 10 mm), an anionic surfac-
tant used as a positive control,
induced over 86.3 % hemolysis.
As shown in Table 2, all of the

gold ACHTUNGTRENNUNG(III)–porphyrin complexes applied at 0.5 mm induced
less than 10 % hemolysis. Several cytotoxic gold ACHTUNGTRENNUNG(III)–por-
phyrin complexes including 1 a and 5 a, displayed a signifi-
cant membrane toxicity (>50 % hemolysis) at a concentra-

Table 1. In vitro cytotoxicity of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes toward selected cancer and normal cell
lines.

IC50 [mm]
Complex SUNE1[a] HK1[a] HONE1[a] UACC-903[a] CCD-19Lu[a]

1a 0.056�0.007 0.081�0.015 0.033�0.004 0.14�0.03 0.19�0.02
1b 0.31�0.02 6.8�0.4 0.10�0.02 1.5�0.2 0.45�0.03
1c 0.30�0.05 0.24�0.07 0.085�0.013 0.67�0.12 0.18�0.05
1d 1.5�0.2 0.3�0.04 0.43�0.02 1.5�0.2 0.89�0.13
1e 0.66�0.12 3.5�0.7 0.55�0.11 1.9�0.2 0.56�0.12
1 f 0.21�0.03 0.23�0.11 0.14�0.01 0.31�0.08 0.22�0.08
1g 12�2 14�3 23�2 34�5 >100
1h 0.21�0.05 0.17�0.02 0.099�0.012 0.17�0.04 1.1�0.5
2a 1.8�0.4 3.6�1.1 1.2�0.2 9.0�1.2 >100
2b 9.1�1.4 2.5�0.4 11�1 9.8�2.6 >100
2c 2.6�0.5 3.0�0.9 6.5�1.4 11�3 >100
2d 10�3 2.3�0.2 12�2 14�1 >100
3 0.84�0.11 0.11�0.07 0.078�0.006 0.38�0.07 0.97�0.13
4a 82�7 >100 63�2 52�4 >100
4b 50�4 >100 80�3 >100 >100
5a 0.091�0.021 0.13�0.04 0.053�0.007 0.29�0.09 0.17�0.03
5b 3.6�0.3 13�2 2.7�0.4 3.5�0.3 5.9�1.2
5c 0.88�0.09 0.64�0.09 0.45�0.06 0.84�0.14 1.0�0.1
5d 2.7�0.3 0.97�0.14 0.98�0.17 n.d.[b] 3.2�0.5
5e 0.62�0.13 0.52�0.07 0.38�0.04 n.d.[b] 0.98�0.17
5 f 0.21�0.06 0.14�0.03 0.062�0.012 0.16�0.03 0.17�0.05
5g 0.19�0.04 0.36�0.02 0.049�0.014 0.15�0.04 0.099�0.017
cisplatin 8.5�1.1 5.9�0.7 2.0�0.7 21�3.8 >100

[a] SUNE1, HK1, and HONE1 =human nasopharyngeal carcinoma cell lines; UACC-903= human melanoma
cell line; CCD-19Lu =human normal lung fibroblast cells. [b] n.d.=not determined.

Table 2. Selected physical parameters of the goldACHTUNGTRENNUNG(III)–porphyrin com-
plexes.

Lipophilicity Cellular uptake Hemolysis at 24 h [%]
Complex ACHTUNGTRENNUNG(log P) ACHTUNGTRENNUNG[pg/cell] 0.5 mm 5 mm

1a 1.88 0.056 7.4 97
1b 1.94 0.026 7.4 54
1c 1.70 0.082 3.7 12
1d 1.05 0.0055 4.8 24
1e 1.24 0.0068 4.4 23
1 f 1.05 0.054 3.3 30
1g 1.95 0.0014 0.2 2.6
1h 0.92 0.015 8.9 57
2a 0.47 0.0033 2.4 4.3
2b 1.15 0.0169 0.3 2.6
2c 0.55 0.0039 2.2 2.8
2d 1.14 0.0121 0.4 4.9
3 1.81 0.0566 2.6 18.3
4a �1.85 0.0014 4.1 3.9
4b �1.43 0.0012 3.1 7.9
5a 1.32 0.0478 1.7 60
5b 0.76 0.0076 4.6 39
5c 0.95 0.035 5.5 32
5d 0.76 0.0079 5.7 68
5e 0.84 n.d.[a] 2.7 7.6
5 f 1.76 0.080 8.4 81
5g 1.88 0.063 8.1 86

[a] n.d.=not determined.
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tion of 5 mm. In contrast, the Type II complexes displayed
less than 5 % hemolysis in every case.

Flow-cytometric analysis : In this study, cell-cycle analysis
was performed to examine whether the gold ACHTUNGTRENNUNG(III)–porphyrin
complexes would affect DNA synthesis,[23] and/or induce
apoptosis in cancer cells. We employed fluorescence-activat-
ed cell-sorting (FACS) analysis to assess the DNA content
of cells stained with propidium iodide (PI). FACS analysis
enables quantification of the total cellular population in dif-
ferent phases of the cell cycle (G1, S, and G2-M), as well as
the sub-G1 apoptotic population (A). The flow-cytometric
diagrams and data for SUNE1 cells treated with 1 a, 2 a, 3,
4 a, and 5 a at their corresponding IC50 concentrations are
depicted in Figure 4 and Table 3, respectively. Treatment of
cells with the IC50 value of 1 a for 24 h increased the per-
centage of cells in the S phase from 28.2 to 45.2 %, in associ-
ation with decreased percentages of cells in the G1 and G2-
M phases. Prolonged incubation of 1 a for 48 h further en-
hanced the S-phase cell-cycle arrest, decreased the portions
of cells at the G1 and G2-M phases, and increased the per-
centage of apoptotic cells (A, 26.4 %), which were detected
as the sub-G1 population. In addition to 1 a, the cytotoxic
complexes 3 and 5 a, and cytostatic complex 2 a also en-

Figure 2. The relationship between cytotoxicity toward SUNE1 cells and
lipophilicity of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes.

Figure 3. The relationship between gold uptake by SUNE1 cells and lipo-
philicity of gold ACHTUNGTRENNUNG(III)–porphyrin complexes.

Figure 4. Induction of apoptosis and the cell-cycle arrest in the SUNE1 cancer cells after treatment with gold ACHTUNGTRENNUNG(III)–porphyrin complexes. SUNE1 cells
treated with DMSO (0.5 %, v/v), cisplatin (8.5 mm), 1 a (0.056 mm), 2 a (1.8 mm), 3 (0.072 mm), 4 a (82 mm), or 5a (0.091 mm) were collected after 24 or 48 h
of incubation and subjected to flow-cytometric analysis. G1 =G1-phase cells; G2 =G2-M-phase cells; S =S-phase cells; A =apoptotic cells with subG1

DNA content.

Table 3. Fluorescence-activated cell-sorting analysis showing the percent-
age of G1, S, and G2-M phases of the cell cycle among the live cells, and
the percentage of apoptotic cells (A) among the total cells.

Complex Treatment
time [h]

G1

[%]
S
[%]

G2-M
[%]

A
[%]

DMSO 24 68.4 28.2 3.4 5.1
48 55.8 27.1 17.1 13

cisplatin (8.5 mm) 24 65.6 29.9 4.5 4.9
48 35.9 43.4 20.7 18.2

1a (0.056 mm) 24 47.7 45.2 7.1 15.8
48 47.5 46.0 6.5 26.4

2a (1.8 mm) 24 53.9 38.3 7.8 3.3
48 55.4 34.5 10.1 10.2

3 (0.84 mm) 24 66.0 29.4 4.6 4.5
48 54.9 34.1 11.0 39.7

4a (82 mm) 24 67.1 31.0 4.9 2.5
48 59.1 28.0 9.9 6.6

5a (0.091 mm) 24 62.4 31.7 5.9 10.6
48 57.7 36.7 5.6 40.8
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hanced accumulation of cells in the S phase. Significant per-
centages of apoptotic cells, that is, 39.7 and 40.8 %, were de-
tected upon a 48 h treatment of cells with 3 and 5 a, respec-
tively. In contrast, no apparent increase in apoptotic cell
death was detected for cells treated with the cytostatic 2 a or
the relatively nontoxic 4 a.

Apoptosis : Apoptosis is a regulated physiological process
leading to cell death. Unlike necrosis, apoptosis does not
trigger any inflammatory reaction in the tissues. Thus, it is
advantageous for chemotherapeutic agents to induce apop-
tosis in cancer cells. As indicated in the previous section,
flow cytometric analysis showed that the cytotoxic com-
plexes 1 a (0.056 mm), 3 (0.84 mm), and 5 a (0.091 mm) induced
apoptosis in SUNE1 cancer cells. A family of cysteine–as-
partic acid proteases known as caspases are among the cen-
tral effectors of apoptosis.[24] By using an established
enzyme-linked immunosorbent assay (ELISA), we have ex-
amined the induced apoptosis, along with the caspase-3 acti-
vation, after the gold ACHTUNGTRENNUNG(III)–porphyrin treatment. We found
that complexes 1 a, 3, and 5 a enhanced caspase-3 activation
after a 15 h treatment (Figure S16, in the Supporting Infor-
mation). Neither the cytostatic complex 2 a (1.8 mm) nor the
relatively nontoxic complex 4 a (82 mm) induced cancer cell
death or caspase-3 activation.

Interactions with DNA : As mentioned in the previous sec-
tion, the gold ACHTUNGTRENNUNG(III)–porphyrin complexes triggered S-phase
cell-cycle arrest in cancer cells. This is indicative of a halt in
DNA synthesis. We thus examined the DNA binding activity
of 1 a (Figure S17 in the Supporting Information), 2 a
(Figure 5), 3 (Figure S18 in the Supporting Information), 4 a
(Figure S19 in the Supporting Information), and 5 a (Fig-
ure S20 in the Supporting Information) by means of UV/Vis
absorption titration experiments.[25] By using 2 a as an exam-
ple, isosbestic spectral changes at 310, 421, and 527 nm, and
hyperchromicity (47.2 %, Table 4) of the Soret band

(405 nm), were observed upon addition of calf thymus DNA
(ctDNA, 0–5 mm) to a solution of 2 a in Tris-buffered saline
containing 5 % DMSO.

The binding constant (Kb) for 2 a toward ctDNA was ob-
tained from the plot of [ctDNA]/Deap against [ctDNA] ac-
cording to the Scatchard equation [Eq. (1)]:

½ctDNA�=Deap ¼ ½ctDNA�=Deþ1=ðDe�KbÞ ð1Þ

in which Deap = jeA�eB j , eA =Aobs/ ACHTUNGTRENNUNG[complex], and De=

jeB�eF j . The symbols eB and eF correspond to the extinction
coefficient of DNA-bound and unbound 2 a, respectively. By
using the absorbance data of 2 a, the plot of [ctDNA]/Deap

versus [ctDNA] gives a straight line (R= 0.98) with a slope
of 2.7 � 10�4, which corresponds to the reciprocal of the De

value (inset of Figure 5). From the intercept of the plot, the
binding constant for 2 a to ctDNA was determined to be
(5.8�0.3) � 105 dm3 mol�1 at 298 K. Similar absorption titra-
tion experiments with 1 a, 3, 4 a, and 5 a were performed
(Figures S17–S20 in the Supporting Information), and the
corresponding binding constants to ctDNA are summarized
in Table 4. The binding constants of all of the five gold ACHTUNGTRENNUNG(III)–
porphyrin complexes toward ctDNA are similar, being in
the range from 4.9 �105 to 4.1 � 106 dm3 mol�1.

DNA intercalators, such as ethidium bromide (EB), are
known to cause DNA elongation.[26] Thus, EB-intercalated
DNA would have a lower electrophoretic mobility and a
higher viscosity than that of free DNA. In this work, a gel
mobility shift assay and viscosity measurements were per-
formed to examine whether the gold ACHTUNGTRENNUNG(III)–porphyrin com-
plexes would function as a DNA intercalator. DNA ladders
(100 base pairs) alone and those treated with the gold ACHTUNGTRENNUNG(III)–
porphyrin complexes or EB (1 mm) were mixed and resolved
by agarose gel electrophoresis. As depicted in Figure 6, the
DNA samples treated with 1 a, 3, and 5 a displayed similar
mobility as that of the untreated DNA ladder. In contrast,
the DNA samples treated with 2 a, 4 a, or EB showed retard-
ed mobility (tailing effect), which may be attributed to inter-
calation into the DNA base pairs. By viscosity measure-
ments, we confirmed that only 2 a, 4 a, and EB increased the
viscosity of the DNA solution (Figure S21 in the Supporting
Information). These results further suggest that 2 a and 4 a
(but not 1 a, 3, or 5 a) bind to DNA through intercalation.

Hurley and co-workers reported that free porphyrins, and
certain metallo-derivatives of which, inhibit the activity of
DNA enzymes, such as telomerase, and cause downregula-
tion of c-myc transcription through G-quadruplex stabiliza-

Figure 5. UV/Vis spectral changes of 2a in TBS/DMSO (9:1) with in-
creasing concentration of ctDNA at 292.8 K. Inset: plots of Ao/A versus
[ctDNA]/2a and [ctDNA]/Deap versus [ctDNA]. Absorbance was moni-
tored at 410 nm.

Table 4. DNA binding parameters for selected classes of gold ACHTUNGTRENNUNG(III)–por-
phyrin complexes at 298 K.

Complex Binding constant (Kb)
[dm3 mol�1]

Hypochromicity
[%]

1a ACHTUNGTRENNUNG(2.8�0.2) � 106 53.4
2a ACHTUNGTRENNUNG(5.8�0.3) � 105 47.2
3 ACHTUNGTRENNUNG(4.1�0.2) � 106 30.1
4a ACHTUNGTRENNUNG(4.9�0.4) � 105 47.8
5a ACHTUNGTRENNUNG(1.9�0.2) � 106 28.9
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tion.[27] In this study, we examined the effects of gold ACHTUNGTRENNUNG(III)–
porphyrin complexes on the stabilization of G-quadruplex
DNA by means of a polymerase chain reaction (PCR)
stop assay.[28] This assay includes the use of a G-quadruplex
forming oligomer Pu27 (5’-TGGGGAGGGTGGG-
GAGGGTGGGGAAGG-3’) and its partially overlapping
complementary sequence. In the absence of the G-quadru-
plex forming agent, the Taq polymerase present in the reac-
tion mixture amplifies Pu27, leading to the formation of a
double-stranded PCR product, which can be resolved by
polyacrylamide gel electrophoresis (PAGE). In contrast, the
G-quadruplex stabilizing agent facilitates the formation of
the G-quadruplex of the Pu27 oligomer and subsequently
halts the DNA amplification. As shown in Figure 7, the cy-
totoxic complexes 1 a, 3, and 5 a, and the cytostatic complex
2 a, did not impede the PCR with Pu27, revealing that these
complexes do not favor the formation of the G-quadruplex.
In contrast, complex 4 a, a gold ACHTUNGTRENNUNG(III) derivative of
[H2TMPyP]4+ [H2TMPyP]4+ =meso-tetrakis(N-methylpyri-

dinium-4-yl)porphyrin), inhibited the PCR amplification,
presumably by stabilizing the G-quadruplex structure.

In addition to the effect of the gold ACHTUNGTRENNUNG(III)–porphyrin com-
plexes on G-quadruplex formation, we also examined the
effect on telomerase activity by using the commercially
available TeloTAGGG Telomerase PCR ELISA approach.
Upon incubation with the telomerase at 37 8C for 10 min,
complexes 1 a (7.4% inhibition), 2 a (3.2 % inhibition), 3
(5.3 % inhibition), and 5 a (6.9 % inhibition) all displayed
weak inhibition of telomerase addition of telomeric repeats
(TTAGGG) to the 3’ end of the biotin-labeled synthetic
primer versus vehicle control. In contrast, the reported telo-
merase inhibitors 4 a and [H2TMPyP]4+ significantly inhibit-
ed telomerase, with 57 and 85 % inhibition, respectively.

We further examined whether the anticancer mechanism
of the cytotoxic gold ACHTUNGTRENNUNG(III)–porphyrin complexes may involve
inhibition of DNA topoisomerase, which catalyzes topologi-
cal changes in DNA by the formation of transient DNA
strand breaks, and are molecular targets of several DNA-
binding anticancer drugs.[29] As shown in Figure 8, DNA top-

oisomerase I (Topo I) induced the formation of the nicked
or relaxed supercoiled form of the tertiary DNA structure,
which could be inhibited by camptothecin (CPT), a Topo I
inhibitor. In the presence of complex 2 a or 4 a, the Topo I
catalyzed DNA relaxation was also inhibited. In contrast,
complexes 1 a, 3, and 5 a did not inhibit the Topo I reaction.
The ability of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes to affect
the topoisomerase reaction may be related to their modes of
DNA binding as intercalators.

Interaction with protein targets : Previously, we demonstrat-
ed that the bcl-2 family of proteins are modulated by the
anticancer gold ACHTUNGTRENNUNG(III) complexes.[9] In this work, Western blot-
ting experiments revealed that the expression level of bcl-2,
an anti-apoptotic protein residing in the outer membrane of
mitochondria, was suppressed after a 15 h treatment of
SUNE1 cells with 1 a (Figure 9a), whereas the expression
level of another anti-apoptotic protein of the bcl-2 family,
mcl-1, was unaltered (Figure S22, in the Supporting Infor-
mation). The bcl-2 expression of SUNE1 cells treated with
2 a (1.8 mm), 3 (0.84 mm), 4 a (82 mm), and 5 a (0.091 mm) at

Figure 6. Gel electrophoresis of 100 bp DNA ladder (15.2 mm in base
pairs) in 2% (w/v) agarose gel showing the mobility of the DNA in the
absence (first and last lanes) or the presence of ethidium bromide (EB),
Hoechst33342 (H), 1 a, 2a, 3, 4 a, or 5 a in a 1:1 ratio of DNA base pairs
to the complex.

Figure 7. PCR stop assay by using G-quadruplex-forming Pu27 oligomers
in the presence of goldACHTUNGTRENNUNG(III)–porphyrin complexes with doses correspond-
ing to their cyototoxic IC50 values to SUNE1 cells; 1 a (0.056 mm), 2a
(1.8 mm), 3 (0.84 mm), 4a (82 mm), and 5 a (0.091 mm). The arrow indicates
the 43 bp PCR product. VC=vehicle control.

Figure 8. DNA Topo I-induced plasmid DNA relaxation and the effects
of 1 a (0.056 mm), 2 a (1.8 mm), 3 (0.072 mm), 4 a (82 mm), 5a (0.091 mm), or
CPT (50 mm). N or R =nicked or relaxed DNA; SC= supercoiled DNA.
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doses corresponding to their IC50 values for 0 and 15 h are
depicted in Figure 9a. Similar to 1 a, cytotoxic complexes 3
and 5 a also downregulated the bcl-2 expression.

In addition, we examined whether the direct binding of
1 a to bcl-2 is a crucial event for the 1 a-induced apoptosis.
By computational molecular docking (Internal Coordinate
Mechanics (ICM) approach), the energy of binding between
1 a and bcl-2 (protein data bank ID=2O21) was computed.
As depicted in Figure 9b, complex 1 a exhibits a high binding
affinity toward bcl-2, and is positioned in a cleft adjacent to
amino acid residues Y105, R107, D108, M112, Q115, V130,
E133, and A146 with a calculated binding energy of
�20.0 kcal mol�1. For comparison, the reported bcl-2 inhibi-
tor, an acylsulfonamide-based ligand,[30] has a similar calcu-
lated binding energy of �23.0 kcal mol�1 toward the bcl-2
protein. In contrast, complex 1 a shows a low binding affinity
toward mcl-1 with a calculated binding energy of �4.78 kcal
mol�1 (Figure S23 in the Supporting Information). Com-
plexes 3 (Figure S24, in the Supporting Information) and 5 a
(Figure S26, in the Supporting Information) also have a fa-
vorable binding affinity toward bcl-2, with binding energies
of �15.9 and �21.6 kcal mol�1, respectively (Table 5). In
contrast, the cytostatic complex 2 a (Figure 9c) and the rela-
tively nontoxic complex 4 a (Figure S25, in the Supporting
Information) both have low binding affinities (2 a :
+14.5 kcal mol�1, 4 a : �10.7 kcal mol�1) toward this protein.

Thioredoxin (Trx) and thioredoxin reductase (TrxR) sys-
tems maintain the cellular redox status by regulating thiol–
disulfide exchange. Inhibition of TrxR has recently been

shown to be a crucial event for several cytotoxic non-por-
phyrin-type gold ACHTUNGTRENNUNG(III) complexes and other transition-metal
complexes.[5d, 31] In this study, we assessed the ability of the
gold ACHTUNGTRENNUNG(III)–porphyrin complexes to inhibit TrxR by using di-
thionitrobenzoic acid (DTNB) as the substrate. At concen-
trations corresponding to the respective growth inhibition,
complexes 1 a, 2 a, and 3 were found to exhibit over 60 % in-
hibition of TrxR compared with the vehicle control (Fig-
ure S27 in the Supporting Information), whereas 4 a and 5 a
displayed relatively lower inhibitory activities (30 and 18 %,
respectively).

In vitro anti angiogenesis : Recently, a benzothiazole-substi-
tuted quinol compound has been found to be a potent Trx/
TrxR inhibitor and at the same time to display favorable
anti-angiogenic activity in vitro.[32] Our previous microarray
experiments revealed that 1 a downregulated the genes that
play major roles in angiogenesis.[9e] In this study, we exam-
ined the cytostatic complex 2 a, cytotoxic complex 3, and the
relatively nontoxic complex 4 a for their anti-angiogenic
properties. Since endothelial cell proliferation is one of the
initial steps in the angiogenesis, we employed a tube forma-
tion assay to measure the formation of capillary-like net-
works of the endothelial cells. This assay was performed by
seeding endothelial MS1 cells on a Matrigel layer. As de-
picted in Figure 10, treatment of MS1 cells with 2 a and 3
for 8 h drastically reduced endothelial cord formation on the
Matrigel compared with the vehicle control. In contrast, no
significant inhibition of endothelial cord formation was
found for the cells treated with 4 a. A parallel MTT assay
was performed for all of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes
at the tested concentrations, and over 90 % of the cells re-
mained viable after an 8 h incubation with these gold com-
plexes. The metal-free porphyrins, including H2(4-glucosyl-
TPP) and [H2TMPyP]4+ , have an adequate solubility in
aqueous medium for biological experiments and their in
vitro anti-angiogenic activity has also been evaluated. We
found that H2(4-glucosyl-TPP) has a significant anti-angio-
genic activity when applied at 1.8 mm to MS1 cells, revealing

Figure 9. a) The expressions of the bcl-2 protein in gold porphyrin treated SUNE1 cells as revealed by a Western blotting experiment. Molecular docking
studies of the bcl-2 protein (PDB code: 2O21) with b) 1 a, and c) 2a.

Table 5. Energies of binding between bcl-2 protein and gold ACHTUNGTRENNUNG(III)–porphy-
rin complexes as determined by computational molecular docking.

Complex Binding energy [kcal mol�1]

1a �20.0
2a +14.5
3 �15.9
4a �10.7
5a �21.6
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that the saccharide conjugation may play a role in the anti-
angiogenic activity. On the other hand, [H2TMPyP]4+ is nei-
ther cytotoxic nor anti-angiogenic.

Synergistic effects of the co-treatment of gold porphyrin
complexes with an organic dye: Apart from the aforemen-
tioned cytotoxic, cytostatic, and anti-angiogenic activities,
the goldACHTUNGTRENNUNG(III)–porphyrin complexes also demonstrated a syn-
ergistic effect upon incubation with the fluorescent dye 4’,6-
diamidino-2-phenylindole (DAPI). DAPI has a strong bind-
ing affinity to DNA and fluoresces upon binding, but it is
not readily cell permeable. In this work, we found that com-
plexes 1 a, 2 a, 3, 4 a, and 5 a all significantly facilitated the
uptake of DAPI. As shown in Figure 11, in the absence of
the gold ACHTUNGTRENNUNG(III)–porphyrin complexes, treatment of SUNE1
cells with DAPI for 2 h gave only a weak blue nuclear fluo-
rescent signal. Co-incubation of DAPI with 1 a (0.056 mm), 3
(0.84 mm), and 5 a (0.091 mm) resulted in a marked enhance-
ment of the blue fluorescent nuclear signal, which was clear-
ly visualized.

Co-incubation of the cytotoxic complexes 1 a, 3, and 5 a
with DAPI at two different concentrations of 10 and 50 nm

also significantly increased the cytotoxicity of these gold-ACHTUNGTRENNUNG(III)–porphyrin complexes toward SUNE1 cancer cells
(Table 6). The IC50 values of 1 a, 3, and 5 a were found to be
0.023, 0.41, and 0.038 mm, respectively, with the co-incuba-
tion of DAPI at the 50 nm level. In contrast, there was no
apparent synergistic, cytotoxic effect on SUNE1 cells ob-
served upon the co-incubation of DAPI at the 50 nm level
with 2 a (1.8 vs. 1.7 mm) or 4 a (82 vs. 73 mm).

Discussion

Lipophilic cations have previously been reported in the field
of anticancer drug design.[33] Examples include the organic
planar aromatic cations, such as terephthalanilide, which
have a high binding affinity to the mitochondrial membrane.

In this work, the ligation of dia-
nionic porphyrinato ligands to
gold ACHTUNGTRENNUNG(III) led to [AuACHTUNGTRENNUNG(Por)]+

complexes that are monocation-
ic, lipophilic, and have a planar
geometry.

The crystal structures of
[AuIII ACHTUNGTRENNUNG(TPP)]+ (1 a), [AuIII ACHTUNGTRENNUNG(p-F-
TPP)]+ (1 f), and [AuIII ACHTUNGTRENNUNG(p-ph-
TPP)]+ (1 g) reveal that the
cavity of the porphyrinato
ligand is adequate to accommo-
date the gold ACHTUNGTRENNUNG(III) ion in a
planar geometry. The N-Au-N
angles found in 1 a, 1 f, and 1 g
are close to 908 ; whereas the re-
lated N-Au-N angles found in
the gold ACHTUNGTRENNUNG(III) complexes of
1,4,8,11-tetraazacyclotetrade-

cane (84.1–96.18)[34] and 2,2’:6’,2’’-terpyridine (81.2–81.58)[35]

significantly deviate from 908. Thus, the porphyrin ligand
scaffold is able to stabilize the gold ACHTUNGTRENNUNG(III) ion, which was also
demonstrated by the stability tests.

In the literature, there are reports of hydrophobic/-philic
substituents at the peripheral phenyl rings having a pro-
nounced effect on the overall biological properties, such as
anti-HIV activity.[36] In this work, we prepared gold ACHTUNGTRENNUNG(III)–por-
phyrin complexes with a wide range of lipophilic character-
istics (log P=�1.85 to +1.95). Cytotoxicity evaluation
(MTT assay) revealed that Types I (1 a–1 f, h), III (3), and V
(5 a and 5 c–g) are highly cytotoxic with most of their IC50

values in the submicromolar range. The gold ACHTUNGTRENNUNG(III)–porphyrin
complexes 1 i, 5 a, 5 f, and 5 g all have similar lipophilicity
and their cytotoxicities are similar. Complex 1 a was prefer-
entially cytotoxic to NPC cell lines (i.e., SUNE1, HK1, and
HONE1). Complex 3 [AuIII ACHTUNGTRENNUNG(OEP)]+ (H2OEP =octaethyl-
porphyrin) also exhibited potent cytotoxicity against all of
the cancer cell lines examined.

The hydrophilic substituents render complexes 2 a–2 d, 4 a,
4 b, 5 b, and 5 c able to exhibit a better aqueous solubility.
Some of these substituents also significantly alter the overall
cytotoxic activity. Microscopic examination, as well as flow
cytometric analysis revealed that there was no apparent in-
crease in the death of the SUNE1 cells after treatment with
complexes 2 a–2 d when compared with the vehicle control.
Thus, complexes 2 a–2 d are cytostatic instead of cytotoxic to
cancer cells. The saccharide substituents result in the gold-ACHTUNGTRENNUNG(III)–porphyrin complexes 2 a–2 d having higher IC50 values
than 1 a. More importantly, these complexes displayed selec-
tivity toward cancer cells. As an example, the IC50 value of
2 a toward HONE1 cells is at least 83-fold lower than that
toward normal lung fibroblast cells. In the literature, com-
pounds with glycosylated ligands are known to inhibit spe-
cific cellular enzymes, such as glycosidase or cyclooxyge-
nase-2.[37] In this work, the free porphyrin H2(4-glucosyl-
TPP) has also been found to display cytostatic properties
toward SUNE1 cells. Unlike glycosylated porphyrinato li-

Figure 10. Images of angiogenesis examined by a tube formation assay. MS1 cells were treated with cisplatin
(8.5 mm), 2a (1.8 mm), 3 (0.84 mm), 4a (82 mm), or 5a (0.091 mm) and incubated for 8 h.
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gands, both the charged N-methylpyridinyl (for 4 a) and sul-
fonyl (for 4 b) groups change the overall monocationic
status of the [AuACHTUNGTRENNUNG(Por)]+ core, resulting in a significant re-
duction in cytotoxicity.

The goldACHTUNGTRENNUNG(III) tetraarylporphyrin complexes are among
the most cytotoxic gold ACHTUNGTRENNUNG(III) complexes reported. Although
[AuIII ACHTUNGTRENNUNG(terpy)Cl]2+ (terpy= 2,2’:6’,2’’-terpyridine) and its de-
rivatives have been reported to display similar cytotoxicity
to that of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes described in
this work, a parallel cytotoxicity study revealed that free
terpy ligands are highly cytotoxic with IC50 values of about
0.5 mm.[6v] Shaw suggested that oxidative cytotoxicity, which
is due to the AuIII to AuI reduction is crucial for the anti-
cancer action of most cytotoxic gold ACHTUNGTRENNUNG(III) complexes report-
ed in the literature.[5i] Notwithstanding this, the gold ACHTUNGTRENNUNG(III) ion
in [AuACHTUNGTRENNUNG(Por)]+ is tightly bound by the porphyrinato ligand,
and the goldACHTUNGTRENNUNG(III)–porphyrin complexes are stable against
demetalation reactions and biological reduction (e.g., gluta-
thione to glutathione disulfide).[9i] Thus, the cytotoxic mech-
anism of action of the goldACHTUNGTRENNUNG(III)–porphyrin complexes does
not necessarily involve the reduction of gold ACHTUNGTRENNUNG(III) to gold(I).

Lipophilicity is a crucial parameter in correlating the anti-
cancer efficacy of different lipophilic cations. An increase in
lipophilicity enhances the cellular uptake of the cations into
cancer cells, and hence, improves their overall anticancer ef-
ficacies. As depicted in Figures 2 and 3, both the cytotoxicity
and cellular uptake correlate with the lipophilicity of the
gold ACHTUNGTRENNUNG(III)–porphyrin complexes. These results lend credibility
to the hypothesis that gold ACHTUNGTRENNUNG(III)–porphyrin complexes exert
their anticancer activities as organic lipophilic planar cat-
ions. However, the IC50 values of 1 g, 2 a, and 2 c deviate
from the aforementioned correlations. The poor aqueous
solubility of the highly lipophilic 1 g can account for its un-
expected low cytotoxicity. The saccharide substituents in 2 a
and 2 c may also lead to alternative modes of cytotoxic
action.

To gain more insight into the modes of action of the gold-ACHTUNGTRENNUNG(III)–porphyrin complexes, flow cytometric experiments
using propidium iodide (PI) as the DNA staining reagent
were conducted. Complexes 1 a, 2 a, 3, and 5 a induced par-
tial S-phase cell-cycle arrest, signifying an activation of cell-
cycle checkpoints in response to DNA damage, which may
contribute to the cytotoxicity of these complexes. For this
reason, we examined the direct interactions between ctDNA
and the gold ACHTUNGTRENNUNG(III)–porphyrin complexes (1 a, 2 a, 3, 4, and
5 a) by means of UV/Vis absorption titration and gel mobili-
ty shift experiments. All of these complexes were found to
have high binding constants similar to those of [RuII-ACHTUNGTRENNUNG(phen)2dppz]2+ (phen = 1,10-phenanthroline and dppz=di-
pyridyl[3,2-a :2’3’-c]phenazine),[38] [PtII ACHTUNGTRENNUNG(terpy)Cl]+ ,[39] and

Figure 11. Bright-field and fluorescent images of a) vehicle control, b) 1a-,
c) 2a-, d) 3-, e) 4a-, and f) 5a-treated SUNE1 cells co-incubated with
DAPI.

Table 6. In vitro cytotoxicity of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes
toward SUNE1 cells in the absence and presence of DAPI.

IC50 [mm]
Complex without DAPI with DAPI (10 nm) with DAPI (50 nm)

1a 0.056�0.007 0.037�0.007 0.023�0.007
2a 1.8�0.4 2.0�0.5 1.7�0.2
3 0.84�0.11 0.62�0.13 0.41�0.05
4a 82�7 84�7 73�5
5a 0.091�0.021 0.053�0.009 0.038�0.011
cisplatin 8.5�1.1 6.9�1.2 4.3�0.3
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[PtII ACHTUNGTRENNUNG(terpy)(glycosylated arylacetylide)]+ .[39] The gel mobility
shift assay suggested that the cytotoxic complexes 1 a, 3, and
5 a bind to DNA through a nonintercalating binding mode.
It seems likely that these three gold ACHTUNGTRENNUNG(III) complexes neither
stabilize the G-quadruplex nor inhibit the DNA topoisomer-
ase reaction (Figures 7 and 8). In contrast, the cytostatic
complex 2 a and the relatively nontoxic 4 a interacted with
DNA in a manner similar to the DNA intercalator in the
gel mobility shift assay, and impeded the DNA-binding pro-
tein, Topo I, from relaxing the supercoiled plasmid DNA.
Notably, unlike the free porphyrins (e.g., [H2TMPyP]4+) and
some of their metallo derivatives (e.g., complex 4 a),[27] we
showed that the anticancer properties of the cytotoxic com-
plexes 1 a, 3, and 5, and that of the cytostatic complex 2 a,
did not involve the inhibition of telomerase or G-quadru-
plex stabilization.

We have also examined the interaction of the gold ACHTUNGTRENNUNG(III)–
porphyrin complexes with potential protein targets. TrxR is
known to be a potential cellular target for a variety of metal
complexes, including gold ACHTUNGTRENNUNG(III) complexes.[5d] As revealed by
in vitro assays, complexes 1 a, 2 a, and 3 inhibited TrxR. In
mammalian TrxR, the redox center of the binding pocket
consists of a selenocysteine redox pair that approaches the
N-terminal active site of the other subunit for electron-
transfer reactions.[40] Notably, the selenolate group at the
active site, after reduction, shows a large propensity to inter-
act with metal ions, rendering TrxR a likely pharmacological
target for metal complexes. In the present study, the direct
interaction of TrxR with 1 a was scrutinized by means of a
computational molecular docking experiment. As described
in the Results section, complex 1 a was found to favorably
bind to the redox pocket of TrxR.

It has been documented that the mitochondrial binding
event, the interaction with cellular DNA, and TrxR inhibi-
tion all participate in the induction of apoptosis in cancer
cells by anticancer agents.[41] Apoptosis is typically accompa-
nied by the activation of a class of death proteases (cas-
pases).[24] In this work, the cytotoxic complexes 1 a, 3, and
5 a markedly affected caspase-3 activation, whereas the gly-
cosylated gold ACHTUNGTRENNUNG(III)–porphyrin 2 a and [AuIII ACHTUNGTRENNUNG(TMPyP)]Cl5 (4)
did not. As goldACHTUNGTRENNUNG(III)–porphyrin complexes act as lipophilic
cations, which tend to target mitochondria,[14, 15] we focused
on examining the expression level of a key mitochondrial-
related protein, the anti-apoptotic bcl-2. This anti-apoptotic
protein promotes cell survival by modulating mitochondrial
factors involved in the activation of the downstream caspas-
es that effect apoptosis in the cells. In this work, complex 1 a
was found to induce apoptosis of SUNE1 cells, most likely
by downregulating the anti-apoptotic proteins bcl-2. Howev-
er, complex 1 a did not alter the expression level of another
anti-apoptotic protein, that is, mcl-1. We also examined the
likelihood of the binding of 1 a to bcl-2 as well as mcl-1 by
using molecular docking (ICM) and the results reveal that
1 a favorably interacts with bcl-2, but interacts poorly with
the structurally similar mcl-1.[42] In addition to 1 a, results of
molecular-docking experiments revealed that the cytotoxic
complexes 3 and 5 a also bind bcl-2. In contrast, complexes

2 a and 4 a, having, respectively, glycosylated and charged
moieties at the periphery of the porphyrin ligand, had poor
binding scores in the molecular-docking experiments, in line
with their weaker cytotoxicity.

Angiogenesis, the formation of new blood vessels, is one
of the integral parts of tumor growth and metastasis. Certain
metal complexes, such as imidazolium trans-
tetrachloro(dimethylsulfoxide)imidazoleruthenateACHTUNGTRENNUNG(III)
(NAMI-A), exhibit promising inhibitory effects toward solid
tumors through an inhibition of angiogenesis.[43] Neverthe-
less, the anti-angiogenic activities of gold ACHTUNGTRENNUNG(III) complexes
have not been explored. By means of an in vitro tube forma-
tion assay, we demonstrated that complexes 2 a and 3 signifi-
cantly reduced endothelial cord formation in MS1 cells on
Matrigel at subtoxic concentrations. This anti-angiogenic ac-
tivity is not due to their cytotoxicity, since approximately
90 % of the endothelial cells remained viable after 8 h incu-
bation. Recently, Martin and co-workers showed that inhibi-
tion of Trx/TrxR is associated with the anti-angiogenic activ-
ity of a novel benzothiazole-substituted quinol compound
(NSC 706704).[32] Thus, it is possible that 2 a and 3 inhibit an-
giogenesis through a similar mechanism.

A combination of chemotherapeutic agents for cancer
treatment (e.g., cisplatin and 5-fluorouracil for nasopharyng-
eal carcinoma) is commonly employed in clinical settings.
Thus, there is considerable interest in examining whether a
potential drug lead can facilitate the uptake or exert a syner-
gistic effect upon co-treatment with other cytotoxic agents.
By fluorescence microscopic examination and making use of
the fluorescent property of the DNA binding dye DAPI,
complexes 1 a, 3, and 5 a were shown to facilitate the cellular
uptake of the fluorescent dye. The cytotoxic properties of
these three gold ACHTUNGTRENNUNG(III)–porphyrin complexes were also en-
hanced in the presence of DAPI at subcytotoxic concentra-
tions. Presumably, the lipophilic cationic gold ACHTUNGTRENNUNG(III)–porphyrin
complexes may induce a subtle membrane permeabilization,
thereby assisting delivery of nonpermeable compounds into
the cells. This property may facilitate combination with
other therapeutic agents in the development of anticancer
gold ACHTUNGTRENNUNG(III)–porphyrin complexes.

Conclusion

We have developed a series of goldACHTUNGTRENNUNG(III)–porphyrin com-
plexes, which have promising anticancer activities. The bio-
logical properties of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes 1 a,
2 a, 3, 4 a, and 5 a are summarized in Table 7. DNA, bcl-2,
and thioredoxin reductase (but not G-quadruplex or telo-
merase) are potential cellular targets of cytotoxic goldACHTUNGTRENNUNG(III)–
porphyrin complexes 1 a, 3, and 5 a. Gold ACHTUNGTRENNUNG(III)–porphyrin
complexes with saccharide conjugations (2 a–2 d) are not cy-
totoxic, but exhibit potent cytostatic activity and high selec-
tivity toward cancer cells. Complexes 2 a and 3 are anti-an-
giogenic at their noncytotoxic concentrations. The cytotoxic
complexes 1 a, 3, and 5 a significantly enhance the cellular
uptake of organic fluorescent dyes and a synergistic anti-
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cancer effect was observed upon co-treatment with the
DNA-binding dye, DAPI. It is apparent that ligation of por-
phyrinato ligands to the gold ACHTUNGTRENNUNG(III) ion gives a family of lipo-
philic planar cations [Au ACHTUNGTRENNUNG(Por)]+ , which have tunable proper-
ties. All of these biological properties and the ease of struc-
tural modification of the gold ACHTUNGTRENNUNG(III)–porphyrins warrants that
[AuACHTUNGTRENNUNG(Por)]+ is a feasible choice for the development of
future therapeutic applications.

Experimental Section

Materials : All chemicals, unless otherwise noted, were purchased from
Sigma–Aldrich. All solvents were purified according to conventional
methods. ctDNA was purified by phenol/chloroform extraction. The Cell
Proliferation Kit I (MTT) and the In Vitro Angiogenesis Kit were pur-
chased from Roche.

Instrumentation : 1H NMR spectra were recorded on a DPX 300 or 400
Bruker FT-NMR spectrometer with chemical shifts reported (in ppm)
relative to tetramethylsilane (TMS). Mass spectra (FAB or EI) were re-
corded on a Finnigan MAT95 mass spectrometer by using 3-nitrobenzyl
alcohol (NBA) as the matrix. ESI mass spectra were recorded on a Finni-
gan LCQ mass spectrometer. Gold analysis was undertaken by using an
Agilent 7500 inductively coupled plasma mass spectrometer. All absorp-
tion spectra were recorded on a Perkin–Elmer Lambda 900 UV/Vis spec-
trophotometer. Elemental analyses were performed by the Institute of
Chemistry at the Chinese Academy of Sciences, Beijing. Flow cytometric
analysis was performed with a Coulter EPICS flow cytometer (Coulter,
Miami, FL) equipped with 480 long, 525 band, and 625 long pass mirrors.

The synthesis and characterization of 1a–1 e,[9 h] 4a, and 4b[9 g] have been
reported previously.

[AuACHTUNGTRENNUNG(TPP-F4)]Cl (1 f): Yield: 54%; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=9.24 (s, 8 H), 8.31 (s, 8H), 7.72–7.43 ppm (m, 8H); UV/Vis
(DMSO): lmax (log e)=410 (5.36), 527 nm (4.30 mol�1 dm3 cm�1); MS
(FAB): m/z : 881 [M+]; elemental analysis calcd (%) for C44H24N4ClF4Au:
C 57.62, H 2.64, N 6.11; found: C 57.87, H 2.70, N, 6.01.

[AuACHTUNGTRENNUNG(TPP-Ph4)]Cl (1g): Yield: 46%; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d =9.40 (s, 8H), 8.35 (d, J= 8.1 Hz, 8H), 8.11 (d, J =8.1 Hz, 8H),
7.93 (d, J =7.2 Hz, 8H), 7.63 (t, J= 7.4 Hz, 8H), 7.52 ppm (t, J =7.4 Hz,
4H); UV/Vis (DMSO): lmax (log e) =421 (5.50), 529 nm
(4.43 mol�1 dm3 cm�1); MS (FAB): m/z : 1114 [M+]; elemental analysis
calcd (%) for C68H44N4ClAu: C 71.05, H 3.86, N 4.87; found: C 69.32, H
4.09, N, 4.57.

[AuACHTUNGTRENNUNG(TPP- ACHTUNGTRENNUNG(OAc)4)]Cl (1h): Yield: 57 %; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d =9.21 (s, 8H), 8.51 (d, J =8.2 Hz, 8H), 8.39 (d, J =8.2 Hz,
8H), 4.12 ppm (s, 12H); UV/Vis (DMSO): lmax (log e) 413 (5.53), 525 nm
(4.32 mol�1 dm3 cm�1); MS (FAB): m/z : 1042 [M+]; elemental analyses

calcd (%) for C50H33N4O6ClAu: C 58.98, H 3.27, N 5.50; found: C 58.74,
H 3.14, N, 5.04.

[AuACHTUNGTRENNUNG(TPP- ACHTUNGTRENNUNG(OMe)4)]Cl (1i): Yield: 63 %; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=9.36 (s, 8H), 7.57 (s, 8 H), 4.19 (s, 12H), 3.98 ppm (s,
24H); UV/Vis (CH2Cl2): lmax (log e) 423 (5.18), 526 nm
(4.17 mol�1 dm3 cm�1); MS (FAB): m/z : 1169 [M+]; elemental analysis
calcd (%) for C56H52N4O12ClAu: C 55.80, H 4.35, N 4.65; found: C 55.56,
H 4.28, N, 4.57.

[Au(TPP-R,R-saccarideOH)]Cl (2a): Yield: 54 %; 1H NMR (400 MHz,
CD3OD, 25 8C, TMS): d=9.39 (s, 8 H), 8.18 (d, J =8.5 Hz, 8H), 7.63 (d,
J =8.6 Hz, 8 H), 5.30 (d, J=7.2 Hz, 4 H), 4.01 (d, J=10.1 Hz, 4H), 3.81
(dd, J=5.8, 6.2 Hz, 4H), 3.71–3.47 ppm (m, 16 H); UV/Vis (H2O): lmax

(log e) 408 (4.78), 531 nm (3.51 mol�1 dm3 cm�1); MS (ESI): m/z : 1521.3
[M+]; elemental analysis calcd (%) for C68H68N4O24ClAu: C 52.43, H
4.40, N 3.60; found: C 49.76, H 4.72, N 3.49.

[Au(TPP-R,R-saccarideOAc)]Cl (2b): Yield: 72 %; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=9.26 (s, 8H), 8.23 (d, J =8.5 Hz, 8H), 7.46 (d, J=

8.6 Hz, 8H), 5.50–5.43 (m, 12 H), 5.30 (m, 4 H), 4.43 (dd, J=5.5, 7.0 Hz,
4H), 4.30 (dd, J =2.0, 10.2 Hz, 4 H), 4.10–4.06 (m, 4H), 2.22 (s, 12 H),
2.11 ppm (d, J =6.2 Hz, 36H); UV/Vis (DMSO): lmax (log e) 419 (5.22),
529 nm (4.05 mol�1 dm3 cm�1). MS (FAB): m/z : 2194 [M+]; elemental
analysis calcd (%) for C100H100N4O40ClAu: C 53.85, H 4.52, N 2.51;
found: C 52.58, H 4.63, N 2.61.

[Au(TPP-R,l-saccarideOH)]Cl (2c): Yield: 61 %; 1H NMR (400 MHz,
CD3OD, 25 8C, TMS): d=9.31 (s, 8 H), 8.10 (d, J =8.4 Hz, 8H), 7.64 (d,
J =8.7 Hz, 8H), 5.27 (d, J =7.7 Hz, 4 H), 4.02 (dd, J =7.5, 2.6 Hz, 8H),
3.90 (m, 12 H), 3.75 ppm (dd, J=3.4, 6.3 Hz, 4H); UV/Vis (H2O): lmax

(log e) 408 (4.78), 531 nm (3.51 mol�1 dm3 cm�1); MS (ESI): m/z : 1521.3
[M+]; elemental analysis calcd (%) for C68H68N4O24ClAu: C 52.43, H
4.40, N 3.60; found: C 50.89, H 4.65, N, 3.48.

[Au(TPP-R,l-saccarideOAc)]Cl (2d): Yield: 78%; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=9.28 (s, 8H), 8.22 (d, J =8.4 Hz, 8H), 7.48 (d, J=

8.5 Hz, 8H), 5.71 (dd, J =7.9, 2.6 Hz, 4H), 5.58 (d, J= 3.4 Hz, 4 H), 5.46
(d, J =7.9 Hz, 4 H), 5.28 (dd, J =3.4, 7.1 Hz, 4H), 4.39 (m, 4H), 4.28 (m,
8H), 2.27 (s, 12H), 2.24 (s, 12H), 2.09 ppm (d, J =4.4 Hz, 24H); UV/Vis
(DMSO): lmax (log e) 419 (5.22), 529 nm (4.05 mol�1 dm3 cm�1); MS
(FAB): m/z : 2194 [M+]; elemental analysis calcd (%) for
C100H100N4O40ClAu: C 53.85, H 4.52, N 2.51; found: C 50.13, H 4.51, N
2.38.

[AuACHTUNGTRENNUNG(OEP)]Cl (3): Yield: 62%; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=10.51 (s, 8 H), 7.89 (s, 4H), 2.10 (t, J =6.8 Hz, 24H), 1.59 ppm (q, J =

5.8 Hz, 16H); UV/Vis (CH2Cl2): lmax (log e) 389 (5.35), 510 (3.98), 545 nm
(4.23 mol�1 dm3 cm�1); MS (FAB): m/z : 731 [M+]; elemental analysis
calcd (%) for C36H44N4ClAu: C 56.51, H 5.80, N 7.32; found: C 56.14, H
5.67, N 7.58.

[AuACHTUNGTRENNUNG(TPP-OMe)]Cl (5a): Yield: 61 %; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=9.34 (d, J=5.2 Hz, 2H), 9.29 (d, J=5.1 Hz, 6H), 8.23 (d, J=

7.9 Hz, 6 H), 8.16 (d, J= 8.6 Hz, 2H), 7.92–7.85 (m, 9 H), 7.39 ppm (d, J=

8.6 Hz, 2 H); UV/Vis (DMSO): lmax (log e) 415 (5.28), 525 nm

Table 7. Summary of the biological properties of complexes 1 a, 2a, 3, 4 a, and 5 a.

Complex 1a 2 a 3 a 4a 5a

average IC50 value to NPC [mm] 0.057 2.2 0.34 >81 0.091
highest cancer cell selectivity (IC50 ratio: CCD-19Lu/cancer cells) 5.7 >83 12 >1.9 3.2
mode of inhibition to cancer cells cytotoxic cytostatic cytotoxic relatively nontoxic cytotoxic
binding constant to ctDNA [dm3 mol�1] 2.8� 106 5.8 � 105 4.1 � 106 4.9� 105 1.9� 106

inhibition of PCR stop assay with G-quadruplex substrate no no no yes no
inhibition of telomerase no no no yes no
inhibition of Topo I-induced DNA relaxation no no no yes no
downregulation of bcl-2 expression yes no yes no yes
bcl-2 binding energy [kcal mol�1] �20 +14 �16 �11 �21
inhibition of thioredoxin reductase yes yes yes no no
anti-angiogenic n.d.[a] yes yes no n.d.[a]

synergism in cytotoxicity upon co-incubation with DAPI yes no yes no yes

[a] n.d.=not determined.
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(4.18 mol�1 dm3 cm�1); MS (FAB): m/z : 840 [M+]; elemental analysis
calcd (%) for C45H30N4OClAu: C 61.76, H 3.46, N 6.40; found: C 61.80,
H 3.58, N 6.26.

[Au(TPP-OCH2COOH)]Cl (5b): Yield: 71%; 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=9.29–9.11 (m, 8H), 8.31–8.27 (m, 8H), 7.88–7.74
(m, 9H), 7.50 (d, J= 8.6 Hz, 2 H), 5.29 ppm (s, 2 H); UV/Vis (DMSO):
lmax (log e) 414 (5.15), 528 nm (4.13 mol�1 dm3 cm�1); MS (FAB): m/z : 884
[M+]; elemental analysis calcd (%) for C46H30N4O3ClAu: C 60.11, H
3.29, N 6.10; found: C 59.14, H 3.68, N 6.35.

[AuACHTUNGTRENNUNG(TPP-O ACHTUNGTRENNUNG(CH2)4COOH)]Cl (5c): Yield: 62 %; 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=9.24 (dd, J =5.0, 13.5 Hz, 8H), 8.20 (dd, J =7.0,
19.6 Hz, 8H), 7.89–7.79 (m, 9 H), 7.3 (d, J =8.5 Hz, 2 H), 4.30 (s, 2H),
2.63–2.60 (m, 2H), 2.05 ppm (s, 4H); UV/Vis (DMSO): lmax (log e) 415
(5.31), 528 nm (4.25 mol�1 dm3 cm�1); MS (FAB): m/z : 925 [M+]; elemen-
tal analysis calcd (%) for C49H36N4O3ClAu: C, 61.22; H, 3.77; N, 5.83;
found: C 59.93, H 3.57, N 5.49.

[AuACHTUNGTRENNUNG(TPP-OBu)]Cl (5d): Yield: 48%; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=9.36 (d, J=5.2 Hz, 2H), 9.28 (d, J=4.1 Hz, 6H), 8.23 (d, J=

7.7 Hz, 6 H), 8.13 (d, J=8.6 Hz, 2H), 7.94–7.84 (m, 9 H), 7.38 (d, J=

8.6 Hz, 2H), 4.28 (t, J =6.4 Hz, 2H), 2.01–1.96 (m, 2 H), 1.17–1.09 ppm
(m, 5H); UV/Vis (DMSO): lmax (log e) 414 (5.33), 527 nm
(4.21 mol�1 dm3 cm�1); MS (FAB): m/z : 882 [M+]; elemental analysis
calcd (%) for C48H36N4OClAu: C 62.85, H 3.96, N 6.11; found: C 62.98,
H 3.99, N 6.20.

[AuACHTUNGTRENNUNG(TPP-OOct)]Cl (5e): Yield: 36 %; 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=9.34 (d, J=5.2 Hz, 2H), 9.27 (d, J=4.0 Hz, 6H), 8.24 (d, J=

7.8 Hz, 6 H), 8.15 (d, J=8.6 Hz, 2H), 7.91–7.83 (m, 9 H), 7.37 (d, J=

8.6 Hz, 2H), 4.27 (t, J =6.5 Hz, 2H), 2.02–1.97 (m, 2 H), 1.38–1.31 ppm
(m, 13H); UV/Vis (DMSO): lmax (log e) 413 (5.29), 528 nm
(4.23 mol�1 dm3 cm�1); MS (FAB): m/z : 938 [M+]; elemental analysis
calcd (%) for C52H44N4OClAu: C 64.17, H 4.56, N 5.76; found: C 64.24,
H 4.43, N 5.84.

[Au(3,5-OMeTPP)]Cl (5 f): Yield: 60%; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): 9.37 (d, J =5.2 Hz, 2H), 9.25 (d, J=3.6 Hz, 6H), 8.24 (d, J=

7.9 Hz, 6 H), 7.91–7.84 (m, 9H), 7.44–7.43 (m, 2H), 6.97 (s, 1H),
3.98 ppm (s, 6H); UV/Vis (DMSO): lmax (log e) 414 (5.43), 526 nm
(4.33 mol�1 dm3 cm�1); MS (FAB): m/z : 870 [M+]; elemental analysis
calcd (%) for C46H32N4O2ClAu: C 61.04, H 3.56, N 6.19; found: C 62.49,
H 3.64, N 6.24.

[Au(TPP-3,4-OMe)]Cl (5g): Yield: 71 %; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d =9.35 (d, J=5.2 Hz, 2H), 9.27 (d, J= 6.1 Hz, 6H), 8.24–
8.22 (m, 6H), 7.91–7.79 (m, 11H), 7.34 (d, J=8.1 Hz, 1H), 4.20 (s, 3H),
4.00 ppm (s, 3H); UV/Vis (DMSO): lmax (log e) 412 (5.26), 528 nm
(4.24 mol�1 dm3 cm�1); MS (FAB): m/z : 870 [M+]; elemental analysis
calcd (%) for C46H32N4O2ClAu: C 61.04, H 3.56, N 6.19; found: C 60.58,
H 3.71, N 6.14.

X-ray crystal structure : X-ray crystal structures of [AuIII ACHTUNGTRENNUNG(TPP)] ACHTUNGTRENNUNG(ClO4)
(CCDC-201191)[9i] , [AuIII ACHTUNGTRENNUNG(p-F-TPP)] ACHTUNGTRENNUNG(AuICl2) (CCDC-738028) and 1g
(CCDC-738027) are shown in the Supporting Information, Figures S13–
S15, respectively. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_-
request/cif. Crystals of [AuIII ACHTUNGTRENNUNG(TPP)]ClO4 were obtained by slow evapora-
tion of a solution in DMSO, crystals of [AuIII ACHTUNGTRENNUNG(p-F-TPP)] ACHTUNGTRENNUNG(AuICl2) were ob-
tained by slow diffusion of Et2O into a solution of [AuIII ACHTUNGTRENNUNG(p-F-TPP)]-ACHTUNGTRENNUNG(AuICl2) in DMF, and crystals of 1g were obtained by slow diffusion of
Et2O into a solution of 1g in CH3CN.

Diffraction experiments were performed on a MAR diffractometer by
using graphite monochromatized MoKa radiation (l =0.71073 �). The
images were interpreted and intensities integrated by using the program
DENZO. The structure was solved by direct methods by employing the
SHELXS-97[44] program on a PC. Au was located according to the direct
method. The positions of the other non-hydrogen atoms were found after
successful refinement by the full-matrix least-squares method by using
the program SHELXL-97 on a PC. For [AuIII ACHTUNGTRENNUNG(TPP)] ACHTUNGTRENNUNG(ClO4), one crystallo-
graphic asymmetric unit consists of half of a formula unit. In the final
stage of least-squares refinement, all non-hydrogen atoms were refined
anisotropically. For [AuIII ACHTUNGTRENNUNG(p-F-TPP)] ACHTUNGTRENNUNG(AuICl2), one crystallographic asym-

metric unit consists of one formula unit, including a gold(I) dichloride
anion. In the final stage of least-squares refinement, disordered oxygen
atoms were refined isotropically and other non-hydrogen atoms aniso-
tropically. For 1 g, one crystallographic asymmetric unit consists of one
formula unit, including one chloride anion and one DMF molecule. In
the final stage of least-squares refinement, all non-hydrogen atoms were
refined anisotropically.

Measurement of lipophilicity : Lipophilicity was determined by measuring
log P by using a shake-flask method.[21] Saturated n-octanol with sodium
chloride (organic phase) was prepared by mixing it with an equal volume
of an aqueous solution of sodium chloride (0.9 % w/v) at 45 rpm for one
week. The organic phase was collected and each type of gold ACHTUNGTRENNUNG(III)–por-
phyrin complex was dissolved at a final concentration of 25 mm in the or-
ganic phase. An equal volume of an aqueous solution of sodium chloride
(0.9 % w/v) was added and the solutions were mixed for 30 min at
45 rpm. Samples were centrifuged (1 500 g, 10 min) and the content of
gold ACHTUNGTRENNUNG(III)–porphyrin complexes in the organic and aqueous phases was
determined by measuring the absorbance at the lmax for each complex.
Log P was defined as the logarithmic ratio of drug concentrations in the
organic and aqueous phases.

Cell lines and cell culture : Human normal lung fibroblast (CCD-19Lu)
and MS1 (CRL-2279) cell lines were commercially obtained from Ameri-
can Type Culture Collection (ATCC, Rockville, MD, USA). Human na-
sopharyngeal carcinoma cells (HONE1, SUNE1, and its cisplatin-resist-
ant variant, CNE1) were generously provided by Prof. S. W. Tsao (De-
partment of Anatomy, The University of Hong Kong). Cell-culture flasks
and 96-well microtitre plates were purchased from Nalge Nunc. Culture
medium, other medium constituents, and PBS were purchased from
Gibco BRL.

The HeLa and CCD-19Lu cells were maintained in a minimum essential
medium (MEM) with Earle�s balanced salts. The HepG2 and MS1 cells
were maintained in a minimum essential medium (DMEM) with a d-glu-
cose content of 4500 mg L�1. The SUNE1, CNE1, and HONE1 cells were
maintained in RPMI 1640 medium. All the media were supplemented
with l-glutamine (2 mm) and fetal bovine serum (10 %). Penicillin
(100 Uml

�1) and streptomycin (100 mg ml
�1) were added to all media.

Cultures were incubated at 37 8C in a humidified atmosphere of 5%
CO2/95% air, and were subcultured three times a week.

Cytotoxicity evaluation : Assays of cytotoxicity were conducted in 96-
well, flat-bottomed microtitre plates. The supplemented culture medium
(90 mL) with cells (1 � 105 cellsmL�1) was added to the wells. Gold ACHTUNGTRENNUNG(III)–
porphyrin complexes were dissolved in the culture medium with 1 %
DMSO to concentrations of 0.5–1 mm, and aliquots of the solutions were
subsequently added to a set of wells. Cells for control experiments were
treated with supplemented media with 1% DMSO (100 mL). The microti-
tre plates were incubated at 37 8C in a humidified atmosphere of 5%
CO2/95% air for a further 3 d. All the assays were run in parallel with a
negative control (i.e., vehicle control) and a positive control, in which cis-
platin was used as a cytotoxic agent.

Assessment of cytotoxicity was carried out by using a modified method
of the Mosmann-based MTT assay.[19] At the end of each incubation
period, MTT solution (10 mL, Cell Proliferation Kit I, Roche) was added
to each well and the cultures were incubated for a further 4 h at 37 8C in
a humidified atmosphere of 5% CO2/95 % air. A solubilizing solution
(100 mL) was added into the wells to lyse the cells and to solublize the
formazan complex formed. The microtitre plates were maintained in a
dark, humidified chamber overnight. The formation of formazan was
measured by using a microtitre plate reader at 550 nm and the percentag-
es of cell survival were determined. The cytotoxicity was evaluated based
on the percentage cell survival in a dose-dependent manner relative to
the negative control.

Cellular-uptake experiments : Cellular-uptake experiments were conduct-
ed according to the literature method. In general, SUNE1 cells (5 �
104 cells) were seeded in 60 mm tissue-culture dishes with culture
medium (2 mL well�1) and incubated at 37 8C in a humidified atmosphere
of 5 % CO2/95% air for 24 h. The culture medium was removed and re-
placed with a medium containing the gold ACHTUNGTRENNUNG(III) complexes. After exposure
to the gold ACHTUNGTRENNUNG(III) complexes for 2 h, the medium was removed and the cell
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monolayer was washed four times with ice-cold PBS. Milli-Q water
(500 mL) was added and the cell monolayer was scraped off from the cul-
ture dish. Samples (300 mL) were digested in 70 % HNO3 (500 mL) at
70 8C for 2 h then diluted 1:100 in water for inductively coupled plasma
mass spectrometry (ICP MS) analysis.

Cell-cycle analysis : The SUNE1 cells were seeded at a density of 1�
106 cells dish�1 in 6 cm culture dishes and incubated at 37 8C in a humidi-
fied atmosphere of 5 % CO2/95 % air for 24 h. The cells were left untreat-
ed or treated with gold ACHTUNGTRENNUNG(III)–porphyrin complexes (1a or 2a) or cisplatin
(5 mm, positive control), for 24 and 48 h. At the end of the incubation
period, the cells were trypsinized, washed twice with ice-cold PBS, and
fixed in 70% ice-cold ethanol. Cells were rehydrated in PBS and stained
in a propidium iodide solution (50 mg mL�1) containing RNase A
(5 UmL�1) for 30 min. 30000 events from each sample were counted in a
flow cytometry. The data was analyzed by using Modfit 3.0 software.

Hemolysis : Human blood was collected in heparinized tubes and centri-
fuged at 1500 rpm for 10 min to isolate red blood cells. The cells were
washed three times with PBS and resuspended in PBS. The cells were
stored at 4 8C and used within 3 h after collection. In a 48-well plate,
gold ACHTUNGTRENNUNG(III)–porphyrin complexes (200 mL) were added to the warmed er-
ythrocyte suspension and incubated for 30 min at 37 8C. Final concentra-
tions of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes were 0.5 and 5 mm in tripli-
cate. After incubation, the mixtures were spun at 1500 rpm for 2 min.
The supernatants were transferred to clean curvettes and the absorbance
was recorded at 540 nm. The percentage of hemolysis was calculated by
using Equation (2):

% Hemolysis ¼ ðAbssample�Abs�veÞ=ðAbsmax�Abs�veÞ � 100 % ð2Þ

in which Abssample is the average absorbance of supernatant from the sam-
ples, Abs�ve is the level of spontaneous hemolysis (Abs of supernatant
taken from untreated samples). Absmax is the maximum Abs (Abs of un-
centrifuged mixture of the untreated samples).

Thioredoxin reductase assay : Inhibition of thioredoxin reductase activity
by gold ACHTUNGTRENNUNG(III)–porphyrin complexes was quantified by the change in ab-
sorbance (vs. vehicle control) at 412 nm of 5,5’-dithiobis-2-nitrobenzoic
acid (DTNB) to thionitrobenzoic acid.[45] In general, a solution of gold-ACHTUNGTRENNUNG(III)–porphyrin complex (dissolved in DMSO as a 100 � stock solution)
was incubated with thioredoxin reducatase (1 mg) in potassium phosphate
buffer (pH 7.0) containing ethylenediaminetetraacetic acid (EDTA,
1 mm), bovine serum albumin (0.2 mg mL�1) and nicotinamide adenine
dinucleotide phosphate (NADPH, 0.2 mm). After 1 h, DTNB dissolved in
DMSO as a 100 � stock solution (300 mm) was added. The reduction of
DTNB in the presence or absence of the gold ACHTUNGTRENNUNG(III)–porphyrin complexes
was measured over 2 min, and the extinction coefficient of thionitroben-
zoic acid at 412 nm was taken as 13600 m

�1 cm�1.[46]

Absorption titration experiments : A solution of gold ACHTUNGTRENNUNG(III) complex (1a,
2a, 3, 4 a, or 5 a) in TBS/DMSO (9:1) solution (1 mL) was placed in a
thermostatic cuvette and its absorption spectrum was recorded. Aliquots
of a millimolar stock solution of ctDNA were added to the sample solu-
tion. The absorption spectra were recorded after equilibration for 1 min
per aliquot until the saturation point was reached. The binding constant
was determined by applying the Scatchard equation: [DNA]/Deap =

[DNA]/De+1[1/ ACHTUNGTRENNUNG(De�Kb)], in which Deap = jeA�eB j , eA =Aobs/ ACHTUNGTRENNUNG[complex],
De= jeB�eF j , and eB and eF correspond to the extinction coefficients of
the DNA-bound and -unbound complex, respectively.

Gel mobility shift assay : A 100 base pair DNA ladder (corresponding to
15 mm in base pairs) was incubated with ethidium bromide, 1a, 2a, 3, 4 a,
or 5a in a 1:1 ratio of DNA base pair to the complex for 30 min. The
mixtures were analyzed by gel electrophoresis by using a 2% (w/v) agar-
ose gel and tris-acetate-EDTA (TAE) buffer. The gel was immersed in
an ethidium bromide solution after electrophoresis, and visualized by
using UV transillumination.

Viscosity measurement : The method used by Suh and Chaires was em-
ployed in this study.[47] Viscosity experiments were performed by using a
Cannon–Manning Semi-Micro Viscometer, immersed in a thermostated
water bath maintained at 27 8C. Titrations of 1 a, 2 a, 3, 4a, 5 a, ethidium
bromide (EB), and Hoechst 33342 (H33342) were carried out by the ad-

dition of small volumes of concentrated stock solutions to the DNA
sample in BPE buffer (Na2HPO4, 6 mm ; NaH2PO4, 2 mm ; Na2EDTA,
1 mm) at pH 7.0 in the viscometer. Solutions in the viscometer were
mixed by bubbling nitrogen through the solution. DNA concentrations of
approximately 1 mm (in base pairs) were used.

Topoisomerase I inhibition assay : Plasmid DNA (2.9 kb) was purchased
from Promega (Madison, WI, USA) at a concentration of 1 mgmL�1. It
was diluted to the working concentration in the reaction buffer (50 mm

Tris/HCl (pH 7.5), 20 mm KCl, 1 mm EDTA, 0.3 mg mL�1 bovine serum
albumin (BSA) and 1 mm dithiothreitol). Recombinant Topo I was kindly
provided by Prof. Y. C. Cheng (Pharmacology, Yale University). Super-
coiled (SC) plasmid DNA was diluted in reaction buffer to a concentra-
tion of 25 ng mL�1. An aliquot of 1a, 2a, 3, 4 a, or 5a (1 mL) dissolved in
PBS/EtOH (19:1, v/v), CPT, or vehicle control was added to a 75 ng of
SC DNA dilution. The mixtures were incubated for 20 min at RT and
Topo I solution (2 mL) was added. This solution was incubated at 37 8C
for 2 h. The reaction was terminated by addition of a 20 % SDS solution
(1.25 mL) and proteinase K (2.5 mL, 1 mg mL�1). After incubation at 45 8C
for 1 h, the samples were analyzed by gel electrophoresis by using 1 %
(w/v) agarose gels containing 0.1% (w/v) SDS. The gel was stained by
immersion into a bath of EB after electrophoresis and was visualized
under UV illumination.

PCR stop assay : This experiment was performed according to the litera-
ture procedure.[28] A quadruplex-forming DNA sequence Pu27 (5’-
TGGGGAGGGTGGGGAGGGTGGGGAAGG-3’) and its complemen-
tary sequence were employed in this study. The reactions were performed
in a PCR buffer containing 10 mm of each pair of oligomers, dNTP
(0.16 mm), Taq polymerase (2.5 U), and with gold ACHTUNGTRENNUNG(III)–porphyrin com-
plexes (1a (0.056 mm), 2 a (1.8 mm), 3 (0.84 mm), 4a (82 mm), and 5 a
(0.091 mm). The PCR cycling conditions were 94 8C for 3 min, followed by
30 cycles of 94 8C for 30 s, 58 8C for 30 s, and 72 8C for 30 s. Amplified
products were resolved on 15 % nondenaturing polyacrylamide gels in
Tri/borate/EDTA (TBE) buffer and stained with SYBR Green I.

Telomerase-inhibition assay : A photometric enzyme immunoassay, Telo-
TAGGG Telomerase PCR ELISAPLUS (Roche) for quantitative determi-
nation of teleomerase activity was employed and the assays were con-
ducted by following the manufacturer�s instruction. In essence, gold ACHTUNGTRENNUNG(III)–
porphyrin complexes with doses corresponding to their cytotoxic IC50

values for SUNE1 cells (1a (0.056 mm), 2a (1.8 mm), 3 (0.84 mm), 4a
(82 mm), and 5 a (0.091 mm) and a positive control [H2TMPyP]4+ (100 mm)
were separately incubated with telomerase for 10 min at 37 8C. The treat-
ed enzymes added telomeric repeats (TTAGGG) to the 3’ end of the
biotin-labeled synthetic primer and the resultant conjugated PCR prod-
ucts were quantified by an ELISA plate reader with a 450 nm filter.

Western-blot analysis : SUNE1 cells were first treated with 1a for 8 h.
After washing with PBS, 2 � 106 cells were lysed in radio-immunoprecipi-
tation assay (RIPA) buffer (100 mL, 1 % Trition X-100, 10% deoxycho-
late, 50 mm Tris-HCl pH 7.5, 150 mm NaCl, 0.1% SDS, 0.1 mm PMSF,
10 mgmL�1 leupeptin, 10 mgmL�1 aprotinin) at 0 8C. After centrifugation,
the supernatants were collected. The cellular protein content was quanti-
fied by the DC Protein Assay (Bio-Rad). For detection, samples
(15 mg lane�1) were fractionated on a 12.5 % SDS–PAGE in a Tris-Gly-
cine running buffer and blotted on polyvinylidene fluoride (PVDF) mem-
branes. The membrane was stained with red Ponceau and the gel was
stained with Coomassie blue to check the loading homogeneity and
transfer efficiency. The PVDF membranes were blocked overnight at
room temperature in PBS containing 5 % non-fat milk powder. After-
wards, the blots were incubated at RT for an hour with the primary anti-
body diluted in PBS containing 0.5% non-fat milk powder. Mouse poly-
clonal anti-bcl-2 and anti-bcl-xL were used as primary antibodies at 1:500
dilutions. After washing with PBS twice, the membranes were then incu-
bated with the respective peroxidase-conjugated secondary antibody for
an hour. Detection was performed by using the chemiluminescence pro-
cedure (ECL, Amersham).

Molecular dockings : A molecular model study on the interaction be-
tween the gold ACHTUNGTRENNUNG(III) complex and a specific protein target was performed.
This was achieved by using Gaussian 03.[48] The gold complex was opti-
mized by using DFT with a LanL2MB basis set.[49] The optimized struc-
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ture of the platinum complex was used to do the docking. Molecular
docking was performed by using the ICM-Pro 3.6–1 program (Mol-
soft).[50] According to the ICM method, the molecular system was de-
scribed by using internal coordinates as variables. The biased probability
Monte Carlo (BPMC) minimization procedure was used for global
energy optimization. The BPMC global energy optimization method con-
sists of the following steps: 1) a random conformation change of the free
variables according to a predefined continuous probability distribution;
2) local energy minimization of analytical differentiable terms; 3) calcula-
tion of the complete energy including nondifferentiable terms, such as en-
tropy and solvation energy; 4) acceptance or rejection of the total energy
based on the Metropolis criterion and return to step 1. A series of five
grid potential representations of the receptor were automatically generat-
ed and superimposed, which accounted for the hydrophobicity, carbon-
and hydrogen-based van der Waals boundaries, hydrogen-bonding profile,
and the electrostatic potential. The bindings between gold ACHTUNGTRENNUNG(III)–porphyrin
complexes with bcl-2, mcl-1, and thioredoxin reductase were evaluated
by a binding energy that reflects the quality of the complex. In the dock-
ing analysis the binding site was assigned across the entire protein mole-
cule. Hydrogen and missing heavy atoms were added to the receptor
structure followed by local minimization by using the conjugate gradient
algorithm and analytical derivatives in the internal coordinates. The ICM
docking was performed to find the most favorable orientation. The re-
sulting goldACHTUNGTRENNUNG(III)–porphyrin–protein complex trajectories were energy
minimized, and the energies were computed.

Tube-formation assay : By using the In Vitro Angiogenesis Kit (Cayman
Chemical), 10� Diluent Buffer and ECMatrix solution were mixed in a
ratio of 1:9. The mixture (50 mL) was transferred to each well of a 96-
well plate and incubated at 37 8C to allow for polymerization. After 1 h,
MS1 cells (50 000) premixed with 2a (1.8 mm), 3 (0.84 mm), 4a (82 mm), or
5a (0.091 mm) in 100 mL of DMEM medium at different concentrations
were added to the top of the polymerized matrix. After incubation at
37 8C for 8 h, tube formation in each case was examined under an invert-
ed light microscope at 100 � and 400 � magnifications, and was quantified
by using the Sigma Scan Pro software. The percentage of inhibition was
calculated based on the distance measured relative to the untreated con-
trol.

Fluorescence microscopic examination : SUNE1 cells grown in a one-
chamber slide (Nalgene; Nunc) were incubated with DAPI (20 nm) in the
presence of 1a (0.056 mm) 2 a (1.8 mm), 3 (0.84 mm), 4a (82 mm), 5 a
(0.091 mm), or DMSO for 2 h. The bright-field (fixed exposure time:
8 ms) and fluorescent (fixed exposure time: 5 ms) images were examined
in Axiovert 200 (Carl Zeiss) and in an Axio Vision Rel. 4.5 imaging
system (Carl Zeiss).
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