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In vitro and in vivo evaluation of organometallic gold (I) 

derivatives as anticancer agents. 
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Alkyne gold (I) derivatives with the water soluble phosphanes PTA (1,3,5-triaza-7-phosphaadamantane) and DAPTA (3,7-

diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane) were described and their anticancer potential against colon cancer 

cell lines Caco-2 (PD7 and TC7 clones) were studied. Strong antiproliferative effects are found, for all the new complexes, 

to be even more pronounced than for the reference drug cisplatin, and similar to auranofin. The interaction of these 

derivatives with bovine serum albumin (BSA) was studied by fluorescence spectroscopy. Types of quenching and binding 

constants were determined by fluorescence quenching method. Moderate values of the binding constant are calculated 

for the tested derivatives indicating that these complexes can be stored and carried easily by this protein in the body. The 

study of the thermodynamic parameters in the case of [Au(C≡CCH2Spyridine)(PTA)] points out to the presence of van der 

Waals interactions or hydrogen bonding between the metallic complex and the protein. In addition, the complex 

[Au(C≡CCH2Spyridine)(PTA)] has shown inhibition in colon cancer proliferation of HTC-116-luc2 cell lines via apoptotic 

pathway and S-phase arrest of the cell cycle. Intraperitoneal injection of this derivative in athymic nude mice inoculated 

with HTC-116-luc2 cells prolonged their survival and displayed moderate inhibition of the tumour growth with no 

subsequent organ (kidney and liver) damage after treatment. 

 

Introduction 

Platinum was the first metal used in the treatment of cancer since 

the accidental discovery of the antitumor properties of one of its 

coordination complexes, cis-diammine dichloroplatinum(II), known 

as cisplatin. Nowadays the use of this drug is on the decline as a 

result of an increased prescription of the second- and third-

generation analogs: carboplatin (cis-diammine(1,1-

cyclobutanedicarboxylato)platinum(II)) and oxaliplatin (cis-

[oxalate(trans-l-1,2-diaminocyclohexane)platinum(II)])
1
. Both 

derivatives display much less oto and nephrotoxicity than cisplatin, 

although induction to peripheral neuropathy (toxicity for peripheral 

sensory nerves) is found in the latest drug. Precisely, the use of 

oxaliplatin, which is especially effective in combination with 5-

fluorouracil and leuvocorin
2
 against advanced colorectal cancer, is 

limited by these side effects
3
. These negative effects and the drug 

resistance (problem derived from a repeated exposure to the drug) 

in the cisplatin derivatives therapy have encouraged researchers to 

find alternatives to circumvent these undesirable effects.  

Consequently, during the last years the interest in complexes with 

other metals for cancer chemotherapy has grown rapidly. Among 

the non-platinum compounds, ruthenium (II and III)
4-9

, titanium 

(IV)
4, 10-12

 and gold (I and III)
4, 9, 11, 13-26

 are the most studied metals. 

Regardless of the high number of promising results for non-

platinum metallic complexes in preclinical studies, only few 

compounds have been investigated in clinical phase I and phase II 

studies. In the case of titanium, budotitane (cis-diethoxybis(1-

phenylbutane-1,3-dionato)titanium (IV) and titanocene dichloride 

(bis(cyclopentadienyl)titanium(IV) dichloride) have been 

investigated in clinical trials
27, 28

 with low activities, probably due to 

their poor solubility in aqueous media and the poor stability of 

these compounds under physiological conditions
29

. Better results 

have been obtained for ruthenium derivatives. Thus, imidazolium-

trans-[tetrachloro(DMSO)(imidazole) ruthenate(III)] (NAMI-A) was 

found to reduce metastasis in certain in vivo models of cancer
30

, 

indazolium bisindazoletetrachlororuthenate (KP1019) was found to 

be active against colon cancer
31

 and the ruthenium (II) complex 

[Ru(η
6
-toluene)Cl2(PTA)] (PTA = 1,3,5-triaza-7-phosphaadamantane) 

named RAPTA-T have shown antimetastatic effects in vivo in 

addition to anti-angiogenic properties
32, 33

. 

Moreover, organometallic compounds, considered as intermediates 

between classical inorganic and organic derivatives, have recently 

been studied and reviewed as potential anticancer drugs
14, 34-39

 and 

some of them, mentioned above, have entered in clinical trials. 

Although most of the drugs used today are purely organic 

compounds, organometallic derivatives exhibit some advantages 

over organic drugs, which make them to be considered as possible 

candidates in anticancer treatment. Several properties of these 

compounds offer plenty of opportunities in the design of new 
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medicinal compounds with metal-specific modes of action. They 

have a great structural diversity (a higher number of stereoisomers 

and more diverse stereochemistry than the organic compounds), 

kinetic stability, low oxidation state of the metal centre, relative 

liphophilic character, redox properties of the metal cation, their 

ability to bind biological targets and the possibility of rational ligand 

design in order to control the kinetic properties, such as rate of 

ligand exchange. The most studied examples of organometallic 

species include: titanocene
40

 and ferrocene
41, 42

 derivatives, half-

sandwich compounds of ruthenium, osmium, rhodium and iridium
8, 

38, 39, 41, 43
, metal carbonyl complexes

44
, carbene derivatives of gold, 

platinum, copper, ruthenium and rhodium
15, 38, 39, 45-48

 and 

cyclometalated complexes of gold, ruthenium, rhodium and 

platinum
14, 19, 38, 45, 49

. 

The choice of the ligand in the synthesis of an organometallic 

complex is of great relevance for their stability in solution. Thus, 

gold (III) derivatives, which can be certainly reduced in physiological 

conditions, can improve their stability with chelating ligands of the 

type C,N- or C,N,N- ligands affording cyclometalated compounds
14, 

38
. Organometallics gold (I) derivatives can be easily stabilised by 

coordination of carbenes and alkyne ligands. As stated above, there 

is a huge number of gold(I) carbenes with antitumor activity 

described in the literature, however alkyne gold(I) complexes with 

potential anticancer behaviour are much less represented
50-55

.  

Working in this frame, we have recently described alkyne gold(I) 

derivatives with the ligand S-propargylthiopiridine, which display 

high cytotoxic activity against colon cancer
56

. Considering our 

previous studies in the chemistry of gold(I) derivatives with the 

water soluble phosphanes PTA (1,3,5-triaza-7-phosphaadamantane) 

and DAPTA (3,7-diacetyl-1,3,7-triaza-5-

phosphabicyclo[3.3.1]nonane) as anticancer agents
57-60

, we present 

here an extension of these previous results on additional alkyne 

ligands, which include the in vitro and in vivo studies and the 

interaction of these complexes with proteins, such as bovine serum 

albumin (BSA). 

Results and Discussion 

Synthesis and characterization 

The preparation of the alkyne ligands (RCH2C≡CH) (R = Spyridine, 1; 

Spyrimidine, 2; S(Me)pyrimidine, 3; S(Me)2pyrimidine, 4) was 

performed by the reaction of propargyl bromide with the 

corresponding thiol, in the presence of a base in acetone, as 

previously described in the case of 2-thiolpyridine (1)
61

. Alkynes 1 

and 3 are isolated as highly dense oils, while 2 and 4 are isolated as 

solids, which were purified by recrystallization. These alkynes react 

with [AuCl(L)] (L = PTA or DAPTA) in basic medium (KOH in 

methanol) to afford the air- stable alkyne gold(I) complexes 

[Au(C≡CCH2R)] (R = Spyridine, L = PTA, 5, DAPTA, 6; Spyrimidine, L = 

PTA, 7, DAPTA, 8; S(Me)pyrimidine, L = PTA, 9, DAPTA, 10; 

S(Me)2pyrimidine, L = PTA, 11, DAPTA, 12) (Scheme 1).  

All the complexes show singlet resonances in their 
31

P{
1
H} NMR 

spectra at about -50 ppm for PTA derivatives and around -20 ppm 

for DAPTA complexes, downfield displaced with respect to that for 

the starting chloro gold(I) compounds. The absence of the alkyne 

resonance observed at around 2.7 ppm in the 
1
HNMR spectra in the 

free ligands confirms the metallic coordination trough the C≡C unit. 

Additionally, a slight high field displacement in the signals due to 

the thiolate unit is observed in the 
1
H NMR spectra and a low field 

shift in the resonance of the SCH2 group, also detected in their 
13

C{
1
H} NMR experiments, in comparison to those measured in the 

free ligands. 

 

N

S-

N N

S-

N N

S-

N N

S-

RSH + Br RS RS
AuL

SR =

1111----4444 5555----11112222

i ) ii )

L = PTA, DAPTA

 

Scheme 1. (i) K2CO3, (ii) [AuClL]/KOMe 

 

All the complexes display low water-solubility with values below 5 

mg/mL at room temperature, except compound 5, with a water 

solubility of 82 mg/mL. Nevertheless, they are regularly distributed 

between water and n-octanol, as deduced by the values observed in 

their corresponding partition coefficients (log D7.4) next to 0 (Table 

1). There is a good agreement with these values and the water-

solubility. Thus, the most water soluble derivatives show negative 

coefficients and consequently [Au(C≡CCH2SMepyrimidine)(PTA)] 

(9), with a log D7.4 of +0.72, is the least water-soluble complex. 

There are no differences between both phosphanes PTA and 

DAPTA, in fact a similar behaviour is observed in couples using the 

same propargylthiol unit. C≡CCH2Spyridine and 

C≡CCH2SMe2pyrimidine give the best relationship between 

lipophilic and hydrophilic character, with values essentially 0. 

Biological studies 

The cytotoxic effects of these propargylthiol derivatives have been 

tested against human colon cancer cell lines, clones Caco-2/PD7 

and Caco-2/TC7 (isolated from early and late passage respectively). 

Both clones were selected on basis of differences in the levels of 

expression of the enzyme sucrase-isomaltase (SI) in the brush 

border of the small intestine and rates of glucose consumption
62

. 
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Table 1 resumes the IC50 

values obtained after 72h of 

exposure to the drug in 

comparison to cisplatin and 

auranofin, using the MTT 

assay (see experimental 

section). In general, all the 

complexes are cytotoxic to 

both clones and display 

considerably higher 

cytotoxicity than that 

observed with cisplatin. 

Similar or higher IC50 values 

are obtained in comparison 

with auranofin, and in the 

same order than those 

previously reported for 

related gold derivatives described by us
50, 56

. Notably, the 

derivatives with the phosphane PTA are more effective than their 

partners with DAPTA, with slight differences between them and 

between clones, giving mostly higher IC50 values for the TC7 clone. 

Hardly any influence of the substituent in the thiolate unit can be 

inferred from these experimental data, since similar IC50 values are 

recorded in the PTA complexes (values ranging from 2.6 to 3.6 µM 

in Caco-2/PD7 and from 2.7 to 4.5 µM in Caco-2/TC7 cell line). 

However, slightly higher differences are detected in the DAPTA 

partners and the presence of two methyl groups in the thiolate 

moiety increase moderately the activity (see complex 12) in the 

DAPTA family. There is no relationship between the liphophilic 

and hydrophilic character and anticancer activity. Thus, the 

most active compounds, the ones with the PTA molecule, 

display logD7.4 values next to 0, except in 

[Au(C≡CCH2SMepyrimidine)(PTA)] (9) with higher lipophilic 

character (logD7.4 = +0.72). 

Interaction of the metallic complexes with BSA 

Considering that most of the anticancer drugs are intravenously 

administrated, the study of their possible interaction with 

blood components is of general interest. The interaction with 

serum proteins can determine the overall drug distribution and 

excretion and differences in efficacy, activity and toxicity
63

. In 

general, the metabolism of a drug can be significantly altered 

by its binding to the serum protein
64

. Bovine serum albumin 

(BSA) is one of the most studied proteins due to its similar 

structure to human serum albumin (HSA)
65

. It is the most 

abundant protein in blood plasma and principle extracellular 

source of sulfhydryl groups in the circulatory system; it 

transports different substrates, including metals, amino acids, 

hormones, fatty acids and medicinal drugs.  BSA comprises of a 

chain of 580 amino acids residues with a well-known structure 

consisting of a single peptide chain that contains two tryptophans, 

Trp-134 and Trp-212, which possess intrinsic fluorescence
66

. Trp is 

highly sensitive to its local environment, being possible to observe 

changes in the fluorescence emission spectra in cases of protein 

conformational changes or binding to substrates. The quenching of 

the BSA fluorescence is a powerful method to study substrates 

interactions and/or binding to the protein, thanks to its high 

sensibility and quick response. Thus, several examples of 

fluorescence quenching studies via metallic interaction with the 

protein serum albumin can be found in the literature, including 

examples of gold nanoparticles
67-70   

In order to confirm the interaction between BSA and the metallic 

derivatives and to obtain a quantitative binding constant, we have 

measured the fluorescence of the BSA in the range of 310-450nm 

upon excitation at 295nm and in the presence of varying 

concentrations of complexes 5-12 (see experimental for details). 

Before the analysis, we measured the luminescence of the gold (I) 

derivatives and under our experimental conditions, no fluorescence 

emission in the range of 295-500 nm was observed for them. The 

complexes display a decrease in the intensity of the fluorescence 

signal as a function of increasing concentration, without changes in 

the emission maximum or in their shape (figure 1). This quenching 

of the fluorescence implies that the microenvironment around the 

 

Table 1. IC50 values of metallic complexes against PD7 and TC7 colon cancer cell lines compared with auranofin and 

cisplatin 

  IC50 (µµµµM)
[a]

 

Compound logD7.4 PD7 TC7 

[Au(C≡CCH2Spyridine)(PTA)] (5) −0.07 3.6 ± 0.3 4.5 ± 0.2 

[Au(C≡CCH2Spyridine)(DAPTA)] (6) −0.03 13.1 ± 1.6 14.9 ± 0.7 

[Au(C≡CCH2Spyrimidine)(PTA)] (7) −0.15 2.7 ± 0.4 2.7 ± 0.1 

[Au(C≡CCH2Spyrimidine)(DAPTA)] (8) −0.16 14.4 ± 2.1 9.3 ± 1.9 

[Au(C≡CCH2SMepyrimidine)(PTA)] (9) +0.72 2.8 ± 1.5 2.7 ± 0.26 

[Au(C≡CCH2SMepyrimidine)(DAPTA)] (10) +0.27 9.9 ± 4.1 8.9 ± 2.2 

[Au(C≡CCH2SMe2pyrimidine)(PTA)] (11) +0.01 2.6 ± 1.9 3.7 ± 0.2 

[Au(C≡CCH2SMe2pyrimidine)(DAPTA)] (12) +0.04 4.2 ± 2.8 8.0 ± 2.1 

Cisplatin  37.2 ± 5.1 45.6 ± 8.1 

Auranofin  1.8 ± 0.1 2.1 ± 0.4 
[a]

 Mean ± SE of at least three determinations 
 

  

 

 

Figure 1. Fluorescence quenching spectra of BSA at different concentrations of 5 

at 298 K. 
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chromophore of BSA is changed upon addition of the metallic 

complexes. 

Fluorescence intensity data were analysed according to Stern-

Volmer quenching equation F0/F = 1 + Ksv[Q] = 1 + Kqτ0[Q] , where F0 

and F are the steady state fluorescence intensities of BSA before 

and after complex addition, Ksv is the Stern-Volmer dynamic 

quenching constant, Kq is the quenching rate constant, τ0 is the 

quenching constant (average lifetime without the quencher) and 

[Q] is the concentration of the quencher complex. The plot of (F0/F) 

vs. [Q] (figure 2A) provides Ksv and using the standard value of 10
-8

s 

for τ0 is possible to calculate the corresponding values for the 

quenching rate constant Kq (Table 2).  

When small molecules bind to a set of 

equivalent sites on a macromolecule, 

the equilibrium between free and 

bound molecules can be given by the 

modified form of the Stern-Volmer 

equation (double logarithm regression 

curve: log{(F0-F)/F} = logKb + nlog[Q]). 

This equation can be used to 

determine the binding constant (Kb) or 

the apparent association constant for 

complex-protein interaction and the 

number of binding sites (n). Both 

parameters can be deduced from the 

intercept and slope, respectively, by plotting log{(F0-F)/F} versus 

log[Q] (figure 2B). 

The values obtained in these complexes for the binding constant to 

serum albumin are in the range of 10
1
 to 10

3
 (Table 2). These values 

are next to the observed in cisplatin, with a Kb of 8.52 10
2
 M

-1
 with a 

human serum albumin
71

. Higher values around 10
4
-10

5
 M

-1
 are 

found in gold (III) derivatives
68, 72

 and in the dicyano gold(I) complex 

[Au(CN)2]
- 73

 and about 10
10

 in the case of gold nanoparticles
70

, 

which are in accordance with stronger interaction of the reported 

derivatives with the protein. Values below 1 in n (ranging from 0.6 

to 1) are indicative that there is approximately one class of binding 

site for the gold complexes towards BSA. Binding to serum albumin 

is important for selective drug delivery. However, if the interaction 

is too strong, the drug might not be released to the target. The 

moderate values of binding constants in our complexes could 

indicate that they can be stored and carried by this protein in the 

body and be easily released. 

A B 

 

Figure 2. (A) Stern-Volmer plot for the quenching of BSA with complexes 5-12. Stern-Volmer equation used: F0/F = 1 + Ksv[Q]. The slope of the best fit 

linear trend provides the Stern-Volmer quenching constant Ksv. (B) Stern-Volmer plot for the quenching of BSA with complexes 5-12. Stern-Volmer 

equation used: log{(F0-F)/F} = logKb + nlog[Q]. The intercept of the best fit linear trend provides the Stern-Volmer quenching constant Kb. 
 

 

Table 2. Values of Stern-Volmer quenching constant (Ksv), quenching rate constant (Kq) and apparent 

binding constant (Kb) for the interaction of complexes 5-12 with BSA 

Complex Ksv (L mol
-1

) Kq (L mol
-1

 s
-1

) Kb (M
-1

) 

[Au(C≡CCH2Spyridine)(PTA)] (5) 7.54 10
3
 7.54 10

11
 6.04 10

2
 

[Au(C≡CCH2Spyrimidine)(PTA)] (7) 4.64 10
3 

4.64 10
11 

1.40 10
3
 

[Au(C≡CCH2Spyrimidine)(DAPTA)] (8) 4.32 10
3
 4.32 10

11
 5.00 10

1
 

[Au(C≡CCH2SMepyrimidine)(PTA)] (9) 5.80 10
3
 5.80 10

11
 6.11 10

2
 

[Au(C≡CCH2SMepyrimidine)(DAPTA)] (10) 5.93 10
3
 5.93 10

11
 2.23 10

2
 

[Au(C≡CCH2SMe2pyrimidine)(PTA)] (11) 7.00 10
3
 7.00 10

11
 7.86 10

2
 

[Au(C≡CCH2SMe2pyrimidine)(DAPTA)] (12) 5.78 10
3
 5.78 10

11
 5.78 10

3
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A linear Stern-Volmer plot (figure 2A) is indicative of a single 

quenching mechanism, either dynamic or static
74

. We examined the 

effect of temperature on the interaction of one of the complexes, in 

the particular case of complex 5, to BSA, in order to distinguish both 

mechanisms. Dynamic or collisional quenching depends upon 

diffusion, since higher temperatures give higher diffusion 

coefficients, consequently the quenching constants increase with 

increasing temperatures
75

. A static quenching process involves the 

formation of a non-fluorescent ground state complex between the 

fluorophore and the quencher and the quenching constants 

decrease with increasing temperatures
74

. In our case, we observed 

that Ksv for complex 5 (table 3) was inversely correlated with 

temperature, which is indicative of a static quenching rather than 

dynamic collision. In addition, the values of the binding constants 

Kb decreased with the temperature, which may indicate the 

formation of a less stable compound. The decreasing tendency of 

Kb with increasing temperature is in accordance with Ksv 

dependence on the temperature, shown in Table 3.  

The interaction forces between small molecules and biomolecules 

include hydrogen bonds, van der Waals forces, electrostatic and 

hydrophobic attraction. The sign of the thermodynamic parameters 

∆G
o
, ∆H

o
 and ∆S

o
 of the reaction are important for the study of the 

interaction forces
76

. Thus, values of ∆H
o
 > 0 and ∆S

o
 > 0 are 

indicative of hydrophobic 

interactions, ∆H
o
 < 0 and 

∆S
o
 < 0 by hydrogen 

bonding or van der 

Waals interactions and 

∆H
o
 ~ 0 and ∆S

o
 > 0 by 

electrostatic interactions. 

The corresponding 

thermodynamic parameters for the interaction between complex 5 

and BSA were calculated from the van´t Hoff equation: ln Kb = -

 ∆H
o
/RT + ∆S

o
/R, where Kb is the binding constant calculated at 

different temperatures and R is the gas constant. The enthalpy 

exchange ∆H
o
 is calculated from the slope of the plot of ln  Kb vs. 

1/T (figure S17, supporting information) and the free energy change 

∆G
o
 is estimated from the relationship ∆G

o
 = ∆H

o
 - T ∆S

o
. According 

to the data recorded in Table 3 the negative values for ∆H
o
 and ∆S

o
 

indicate van der Waals interactions or hydrogen bonding, and ∆G
o
 < 

0 supports the presence of a spontaneous process.  

Solution stability study.  

The stability in solution of the different complexes has been 

checked by study of their UV-Vis spectra recorded every two hours, 

under physiological conditions. No visible changes (colour, turbidity, 

decomposition to metallic gold, etc.) could be observed, with 

exception of complex 11 which precipitated as soon as it was 

diluted in the PBS medium, due to its poor solubility. All the 

complexes display some relevant time-dependent spectral changes 

as the decrease of a band at about 250nm and the appearance of a 

new one in the range 320-330 nm, that may be ascribed, quite 

straightforward, to progressive aquation of the alkyne derivative, 

similarly to previously observed in other described gold(III) 

derivatives.
77

The changes observed in these spectra, point out that 

these complexes undergo progressive transformations in the 

physiological medium that imply that they are acting as pro-drugs. 

Cell uptake studies. 

We have measured the cell uptake of three of the complexes here 

described after incubation of 1µM solutions of complexes 5, 7 and 

8 with Caco-2/PD7 cells for 3h at 37ºC followed by ICP-MS analysis, 

as described in experimental section. The results expressed as 

pmol Au/mg protein are recorded in Table 4. Accordingly with the 

IC50 values recorded in Table 1, the most active derivatives 5  and 

7, display the highest uptake values, however a lower value is 

measured for the DAPTA partner [Au(C≡CCH2Spyrimidine)(DAPTA)] 

(8), that fits well with its lower IC50 value, probably due to a worse 

permeability of the DAPTA ligand compared to the PTA. The 

obtained values are in agreement to what some of us previously 

observed for Au(I) thiolate complexes entering ovarian cancer 

cells.
59

 

 

 

Figure 3. (A) Cell cycle distribution of HCT-116-luc2 colon cancer cells 

treated with 20µM of [Au(C≡CCH2Spyridine)(PTA)] (5) for 72 h. (B) 

Quantitative flow cytometry analyses using propidium iodide (PI) uptake 

and annexin V staining in HTC-116 cells treated with DMSO and 20µM in 

gold complex after 72h. 

Table 3. Values of quenching constant (Ksv), apparent binding constant (Kb) and thermodynamic parameters for BSA-5 

system at different temperatures. 

T (K) KSV (L mol
-1

) Kb (L mol
-1

) R
2
 ∆∆∆∆H

o
 (KJ mol

-1
) ∆∆∆∆G

o
 (KJ mol

-1
) ∆∆∆∆S

o
 (J mol

-1
K

-1
) 

292 7.98 10
3
 2.34 10

4
 0.9894 -181.28 -18.94 -555.96 

298 7.54 10
3
 6.04 10

2
 0.9905  -15.61  

304 7.47 10
3 

1.22 10
2 

0.9626  -12.27  

 

Table 4. Cell uptake of gold complexes in Caco-2/PD7 cells after 

treatment with 1µM gold compounds 

Complex pmol/10
6
 cells 

[Au(C≡CCH2Spyridine)(PTA)] (5) 2368.9  

[Au(C≡CCH2Spyrimidine)(PTA)] (7) 3272.1  
 

[Au(C≡CCH2Spyrimidine)(DAPTA)] (8) 163.3 
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In vivo experiments  

The promising in vitro results obtained for colon cancer cell lines 

encouraged us to test their ability to inhibit tumour growth in vivo 

by using xenograft tumours in 

nude mice. We chose 

[Au(C≡CCH2Spyridine)(PTA)] (5) 

due to its low and 

homogeneous IC50 values 

obtained in both cancer cell 

lines, the intermediate value of 

binding constant of the 

derivatives and the highest 

water solubility value measured 

from all the complexes tested in 

vitro. 

 

To evaluate the effect of the 

gold derivative on tumour 

growth, HCT-116 cells 

overexpressing luciferase (HCT-

116-luc2) were injected 

subcutaneously into immune 

deficient mice. Prior to the 

injection, we achieved the in 

vitro test of complex 5 with the 

HCT-116-luc2 cells by using the well-established MTT assay. As 

expected, a higher IC50 value (6.09 ± 0.27 vs. 3.65 ± 0.34 or 4.53 ± 

0.18 in Caco-2 cell lines) was obtained, owing to the greater 

aggressiveness of the HCT-116-luc2 cells. 

As occurred in the Caco-2/PD7 and TC7 cell lines
56

, flow cytometry 

displayed cell death induction by apoptosis after incubation of 

[Au(C≡CCH2Spyridine)(PTA)] (5) with HCT-116-luc2 cancer cells. 

Thus, figure 3A shows that only 8% of living cells remain after 72 

hours of gold-treatment and only apoptotic cells (1.9 % in early-

stage apoptosis and 89.3% in late-stage apoptosis) can be detected. 

One of the aims of cancer chemotherapy is to attack the malignant 

cells during one or more phases of its reproductive cycle. There is 

considerable evidence that the DNA damaging agents such as 

cisplatin and related platinum-based drugs, for instance oxaliplatin, 

(mainly used in the treatment of 

metastatic colorectal carcinoma) alter 

the cell cycle progression. Thus, cancer 

cells treated with these 

chemotherapeutic agents display arrest 

in G2/M phase of the cell cycle inhibiting 

the cell division
78, 79

. In our case the 

analysis of the DNA content of cells 

stained with propidium iodide by flow 

cytometry shows an increase of the 

cellular population in the S-phase with a 

concomitant decrease in the G1-phase 

(46% vs. 68% in DMSO) (figure 3B) 

involving an S-phase arrest, the period 

of the DNA synthesis
80

. 

For a compound not given directly into 

the bloodstream by intravenous 

administration, it is necessary to be transported from the site of 

administration into the systemic circulation. Apart from the factors 

affecting the drug transport across the membranes, its absorption 

depends on a number of physicochemical factors, the two most 

important of which are lipophilicity and water-solubility
81

. For this 

reason, it is of considerably interest the use of derivatives with a 

balanced relationship between lipophilicity and hydrophilicity. As 

stated in table 1, most of the propargyl phosphane complexes 

display values of logD7.4 next to 0, consequently they are good 

candidates for the in vivo text. Since our gold complex tested in vivo 

is administrated via intraperitoneal injection, it is important to 

determine the corresponding Cmax (maximal concentration 

achieved after intraperitoneal injection) and Tmax (the time lapsed 

to achieve such maximal concentration) both in blood and in urine. 

Thus, the concentration of gold in the blood and urine of the 

treated mice was determined by ICP-MS after intraperitoneal 

administration of 5 mg/kg body weight (bw) of 

[Au(C≡CCH2Spyridine)(PTA)] (5) to CD1 mice weighing between 18 

 

 

 
Figure 4. Gold concentration in urine (blue) and in blood (pink) as a function of time after 

intraperitoneal injection of 5 mg/kg of [Au(C≡CCH2Spyridine)(PTA)] (5) in mice. Cmax is the maximal 

concentration achieved; Tmax is the time take to achieve the maximal concentration. 

 

 

            A             B 

Figure 5. (A) Changes of body weight against number of days of mice treated with [Au(C≡CCH2Spyridine)(PTA)] 

(5) in comparison with control mice. Results are shown as mean ± standard deviation (N = 6 mice). (B) Results 

showing the changes of HCT-116-luc2 tumour volume (measured with calliper) against time in mice treated 

with complex 5 in comparison with control mice. *P < 0.05 vs. control. 
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and 20 g were 8.26 ng/µL in blood and 12.91 ng/µL in urine at 90 

min. As it can be seen in figure 4, the maximal concentration in 

blood is practically maintained during the following 5 hours, 

decreasing gradually up to a value of 0.9 ng/µL at 48 hours. At this 

time, the concentration in urine reached a value of 0.58 ng/µL. 

We investigated the in vivo effect of complex 5 on established 

subcutaneous tumours. Thus, athymic nude mice xenografted 

with human HCT-116-luc2 cancer cells were employed to 

evaluate the in vivo antitumor activity. Twelve male mice were 

randomly divided into a control group (treated with vehicle, 

DMSO) and a group treated with 5 mg/kg -bw- of 

[Au(C≡CCH2Spyridine)(PTA)] (5) three times per week on 

alternative days to a tumour volume of 1 cm
3
. No significant 

weight changes were observed in either group during 

treatment. Indeed, Figure 5A shows an overall increase in body 

weight, similar in both groups of mice. 

Figure 5B shows the differences in tumour volume measured with a 

calliper. It was observed during the experiment that the average 

tumour volume for the gold treated mice display a more slowly 

increase in comparison to the control mice and show a statistically 

substantial difference. Moreover, a significant decrease in the 

bioluminescence signal is observed during the last days of the study 

(figure 6), which is in accordance with a decrease in the number of 

malignant cells after gold treatment. In addition, figure 7 shows the 

survival curve for thirty-one days. As can be seen from the figure, a 

higher percentage of survival is observed in gold-treated mice, since 

all mice in this group survived up to day 16 (day 12 for the control 

group) and the last death took place around the day 31 (vs. 21 in 

the control mice). Additionally, an increase in the mean survival 

time (MST) is achieved, with MST of 16.5 days in mice transplanted 

with vehicle (control mice) and 23.5 days in gold-treated mice. 

Besides, the increase in the life span (ILS) of tumour-bearing mice 

upon treatment with the gold complex was found to be 42.7% with 

respect to the control group. 

Reduction in tumour growth was also observed in previous in vivo 

studies
82-84

 in mice inoculated with HCT-116 colon cancer after 

treatment with platinum derivatives, such as cisplatin or oxaliplatin. 

Ii has been also observed that the adminsitration of brostallicilin or 

curcumin as coadjuvants, enhances the corresponding platinum 

drug’s efficacy
82, 83

.  

At the end of the observation period, the dead or sacrificed mice 

were dissected and subjected to a histological assessment of organ 

damage. We observed similar histological findings for the kidney, 

liver and tumour in control and in treated mice (Figures 8-10), 

which implies that this gold derivative does not exert any 

undesirable effects in mice per se. Similar results have been 

achieved recently in the thiolate gold (I) PTA derivative 

[Au(Spyrimidine)(PTA-CH2Ph)]Br
85

. 

Experimental 

General procedures 

NMR Spectroscopy. 
1
H, 

31
P and 

13
C NMR spectra were recorded on 

400 or 300 MHz Bruker Avance spectrometers and are referenced 

to external TMS or 85% H3PO4 (
31

P), Chemical shifts (δ) are given in 

ppm, coupling constants are reported in Hz. MALDI mass spectra 

were measured on a Micromass Autospec spectrometer in positive 

ion mode using DCTB (1,1-diciano-4-
t
butylphenyl-3-

methylbutadiene) or DIT (dithranol) as matrix. HRMS were 

measured on a Bruker MicroTof-Q spectrometer. Infrared spectra 

(4000-250cm
-1

) were recorded on a Perkin Elmer Spectrum 100 FTIR 

(far-IR) spectrometer. Elemental analyses were obtained in-house 

using a LECO CHNS-932 microanalyser. The starting material: the 

phosphanes PTA
86

 and DAPTA
87

, HC≡CCH2Spyridine
61

, 

[Au(C≡CCH2Spyridine)L] (L = PTA, 5 and DAPTA, 6)
56

 and auranofin
88

 

were prepared according to published methods. Cisplatin was 

purchased from Sigma-Aldrich.  

 

 

A                B 

                 
Control mouse                        gold treated mouse 

Figure 6. (A) Bioluminescence images after injection of luciferin to mice infected with HCT-116-luc2. (B) Results showing the changes of HCT-116-luc2 

tumour volume against number of days in mice treated with [Au(C≡CCH2Spyridine)(PTA)] (5) in in comparison with control mice. *P < 0.05 vs. control 
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Synthesis 

Preparation of the propargylthiopyrimidines. K2CO3 in excess and 

propargylbromide (1.6 equivalents) were added to a solution of 

pyrimidine-2-thiol, 4-methylpyrimidine-2-thiol or 4,6-

dimethylpyrimidine-2-thiol. The reaction was heated under reflux 

for 8 hours, and after this time, the excess of base was filtered off 

and the residue was evaporated to dryness.  

2-Propargylthiopyrimidine (2). Yield: 61% red solid. 
1
H NMR (400 

MHz, acetone-d
6
) δ(ppm) = 8.63 (d, 2H, J = 4.9 Hz, H

4
 and H

6
), 7.22 

(t, 1H, J = 4.9 Hz, H
5
), 3.98 (d, 2H, J = 2.7 Hz, SCH2), 2.66 (t, 1H, J = 

2.6 Hz, C≡CH); 
13

C{
1
H}NMR (101 MHz, acetone-d

6
) δ = 171.2 (s, 1C, 

Ph), 158.6 (s, 2C, C
4 

and C
6
), 118.2 (s, 1C, C

5
), 72.1 (s, 1C, C≡CH), 19.4 

(s, 1C, SCH2). HRMS: found [M+H]
+ 

151.0329, C7H7N2S requires 

151.0328. 

2-Propargylthio-4-methylpyrimidine (3). Yield: 80% purple oil. 
1
H 

NMR (400 MHz, acetone-d
6
) δ(ppm) = 8.37 (d, 1H, J = 5.1 Hz, H

6
), 

6.83 (d, 1H, J = 5.1 Hz, H
5
), 3.91 (d, 2H, J = 2.6 Hz, SCH2), 2.40 

(s, 3H, Me), 2.15 (t, 1H, J = 2.6 Hz, C≡CH). 
13

C{
1
H}NMR (101 

MHz, acetone-d
6
) δ = 169.2 (s, 1C, C

4
), 158.4 (s, 1C, C

6
), 117.9 

(s, 1C, C
5
), 72.4 (s, 1C, C≡CH), 24.3 (s, 1C, Me), 19.4 (s, 1C, 

SCH2). 

2-Propargylthio-4,6-dimethylpyrimidine (4). Yield: 84% pink 

solid. 
1
H NMR (400 MHz, acetone-d

6
) δ(ppm) = 6.94 (s, 1H, 

H
5
), 3.97 (d, 2H, J = 2.7 Hz, SCH2), 2.65 (t, 1H, J = 2.7 Hz, C≡CH), 

2.38 (s, 6H, Me), 
13

C{
1
H}NMR (101 MHz, acetone-d

6
) δ = 168.3 

(s, 2C, C
4
 and C

6
), 116.8 (s, 1C, C

5
), 71.9 (s, 1C, C≡CH), 23.7 (s, 

2C, Me), 19.2 (s, 1C, SCH2). HRMS: found [M+H]
+ 

179.0647, 

C8H11N2S requires 179.0637. 

Synthesis of the [Au(C≡CCH2SR)L] complexes. To a solution of 

KOH (0.014 g, 0.25 mmol) in MeOH (ca. 10 mL) containing the 

2-propargylthiopirimidine (0.2 mmol) [AuCl(L)] (L = PTA, 

DAPTA) (0.2 mmol) was added. The corresponding solids 

precipitated in the methanolic solution, and were isolated by 

filtration after 20 h of stirring at room temperature, washed with 

methanol and diethyl ether, and dried in vacuo. Using this method 

the following complexes were prepared: 

[Au(C≡CCH2Spyrimidine)PTA] (7). Yield: 80% yellow solid.
 1

H NMR 

(400 MHz, CDCl3, 25 °C) δ(ppm) = 8.49 (d, 2H, J = 4.8 Hz, H
4
 and H

6
), 

6.92 (t, 1H, J = 4.8 Hz, H
5
), 4.54 and 4.42 (AB system, 6H, JAB= 16.00 

Hz, NCH2N ), 4.22 ( s, 6H, PCH2N), 4.06 (s, 2H, SCH2); 
31

P {
1
H} NMR 

(162 MHz, CDCl3) δ(ppm): −50.8 (s).
 13

C{
1
H} NMR (100MHz, CDCl3): δ 

= 157.4 (s, C
4
, C

6
), 119.4 (s, C

5
), 73.4 (d, J = 7.3 Hz, NCH2N), 52.6 (d, J 

= 20.2 Hz, PCH2N), 21.2 (s, SCH2). IR (KBr): 2128 cm
-1

 ν(C≡C). MALDI 

MS: m/z (%): 504.12 (100) [M+H]
+
, 857.14 (43) [M+AuPTA]

+
. 

Elemental analysis calcd. (%) for C13H17AuN5PS (503.06): C 31.02, H 

3.40, N 13.91, S 6.37; found: C 30.56, H 3.39, N 13.44, S 6.57. 

[Au(C≡CCH2Spyrimidine)DAPTA] (8). 

Yield: 73% light yellow solid. 
1
H NMR 

(400 MHz, dmso-d
6
) δ(ppm) = 8.63 (d, 

2H, J = 4.8 Hz, H
4
 and H

6
), 7.21 (t, 1H, J 

= 4.8 Hz, H
5
), 5.49 (d, 1H, J = 13.8 Hz, 

NCH2N), 5.29 (dd, 1H, J = 15.2, 8.4 Hz, 

NCH2P), 4.88 (d, 1H, J = 13.8 Hz, 

NCH2N), 4.78-4.72 (m, 1H, NCH2P), 4.6 

(d, 1H, J = 13.7 Hz, NCH2N), 4.23-4.08 

(m, 3H, 2NCH2P+NCH2N), 4.05 (2H, s, 

SCH2), 3.64 (d, 2H, J = 15.8 Hz, NCH2P), 

1.95 (6H, s, COCH3). 
31

P{
1
H} NMR (162 

MHz, CDCl3) δ(ppm): −22.4 (s). 
13

C{
1
H} 

NMR (100MHz, dmso-d
6
): δ = 169.4 (s, 

C=O), 157.8 (s, C
4
, C

6
), 117.3 (s, C

5
), 

97.5 (s, C≡C), 66.5 (s, NCH2N), 61.0 (s, 

NCH2N), 47.3 (d, J = 25.4Hz, PCH2N), 

43.8 (d, J = 25.5Hz, PCH2N), 38.3 (d, J = 

26.5Hz, PCH2N), 21.5 (s, CH3), 20.6 (s, 

SCH2). IR (KBr): 1646 ν(C=O), 2161 cm
-1

 

ν(C≡C). MALDI MS: m/z (%): 576.13 (100) [M+H]
+
, 1001.16 (5) 

[M+AuDAPTA]
+
. Elemental analysis calcd. (%) for C16H21AuN5O2PS 

 

 

 

Figure 8. Histological section of a kidney from a control mouse (A) and a mouse treated with 

[Au(C≡CCH2Spyridine)(PTA)] (5) (B). Both kidneys show similar characteristics with slight hypercellularity in 

the glomeruli and normal proximal convoluted tubules H. & E. X 400. 

 

 

 
Figure 7. Survival data plotted as percent of animals surviving in each group 

using a predefined cut-off volume of 1.000 mm
3
 as a surrogate for survival 
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(575.08): C 33.40, H 3.68, N 12.17, S 5.57; found: C 33.13, H 4.02, N 

11.48, S 5.09 

[Au(C≡CCH2SMe-pyrimidine)PTA] (9). Yield 71% light yellow solid. 
1
H NMR (400 MHz, CDCl3) δ(ppm) = 8.34 (d, 1H, J = 5.1 Hz, H

6
), 6.77 

(d, 1H, J = 5.1 Hz, H
5
), 4.51 and 4.42 (AB system, 6H, JAB = 16.00 Hz, 

NCH2N), 4.23 (s, 6H, PCH2N), 4.05 (s, 2H, SCH2), 2.41 (s, 3H, CH3); 
31

P{
1
H} NMR (162 MHz, CDCl3) δ(ppm) = −50.8 (s). 

13
C{

1
H} NMR 

(100MHz, CDCl3): δ = 156.9 (s, C
6
), 116.3 (s, C

5
), 99.5 (s, C≡C), 73.3 

(d, J = 7.3 Hz, NCH2N), 52.5 (d, J = 20.0 Hz, PCH2N), 24.2 (s, CH3), 

21.2 (s, SCH2). IR (KBr): 2161 cm
-1

 ν(C≡C). MALDI MS: m/z (%): 

518.14 (100) [M+H]
+
, 871.17 (43) [M+AuPTA]

+
. Elemental analysis 

calcd. (%) for C13H17AuN5PS (517.08): C 32.50, H 3.70, N 13.54, S 

6.20; found: C 31.95, H 3.46, N 12.99, S 6.11. 

[Au(C≡CCH2SMe-pyrimidine)DAPTA] (10). Yield 93% purple solid. 
1
H NMR (400 MHz, CDCl3) δ(ppm) = 8.28 (d, 1H, J = 5.1 Hz, H

6)
, 6.76 

(d, 1H, J = 5.1 Hz, H
5
), 5.64 (d, 1H, J = 14.1 Hz, NCH2N), 5.5 (dd, 1H, J 

= 15.6, 7.3 Hz, NCH2P), 4.82 (d, 1H, J = 14.1 Hz, NCH2N), 4.7-4.62 (m, 

2H, NCH2P+NCH2N), 4.28 (d, 1H, J = 15.1 Hz, NCH2P), 4.06 (s, 1H, 

SCH2) 4.0 (s, brs, 3H, 2 NCH2P+NCH2N), 3.68 (d, 1H, J = 15.9 Hz, 

NCH2P ), 2.37 (s, 3H, CH3), 2.04 and 2.01 (s, 6H, COCH3). 
31

P{
1
H} 

NMR (162 MHz, CDCl3) δ(ppm) = −25.5 (s). 
13

C{
1
H} NMR (100MHz, 

CDCl3): δ = 170.6 and 170.4 (s, C=O); 156.9 (s, C6); 116.6 (s, C5), 99.5 

(s, C≡C), 67.4 (d, J = 4.6Hz, NCH2N), 62.1 (d, J = 5.0Hz NCH2N), 49.4 

(d, J = 25.8Hz, PCH2N), 45.1 (d, J = 25.2Hz, PCH2N), 39.7 (d, J = 

26.5Hz, PCH2N), 24.2 (s, CH3), 21.8 and 21.5 (s, COCH3), 21.1 (s, 

SCH2). IR (KBr): 1646 ν(C=O), 2161 cm
-1

 ν(C≡C). MALDI MS: m/z (%): 

590.16 (100) [M+H]
+
, 1015.21 (2) [M+AuDAPTA]

+
. Elemental 

analysis calcd. (%) for C16H21AuN5O2PS (586.10): C 34.64, H 3.93, N 

11.88, S 5.44; found: C 34.29, H 3.83, N 11.43, S 5.49. 

[Au(C≡CCH2SMe2-pyrimidine)PTA] (11). Yield 84% light brown solid. 
1
H NMR (400 MHz, CDCl3) δ = 6.65 (s, 1H, Ph

5
), 4.55 y 4.45 (AB 

system, 6H, JAB = 12.00 Hz, NCH2N), 4.2 (s, 6H, PCH2N), 4.04 ( s, 2H, 

SCH2), 2.36 (s, 6H, CH3); 
31

P{
1
H} NMR (162 MHz, CDCl3) δ(ppm): 

−51.7 (s). 
13

C{
1
H} NMR (100MHz, CDCl3): δ = 115.7 (s, C

5
), 73.4 (d, J = 

7.2 Hz, NCH2N); 52.6 (d, J = 20.3 Hz, PCH2N), 23.9 (s, CH3), 21.1 (s, 

SCH2). IR (KBr): 2100 cm
-1

 ν(C≡C). MALDI MS: m/z (%): 532.16 (100) 

[M+H]
+
, 885.18 (25) [M+AuPTA]

+
. Elemental analysis calcd. (%) for 

C15H21AuN5PS (531.09): C 33.91, H 3.98, N 13.18, S 6.03; found: C 

33.64, H 3.6, N 12.85, S 5.78. 

[Au(C≡CCH2SMe2-pyrimidine)DAPTA] (12). Yield 88% White solid. 
1
H NMR (400 MHz, CDCl3) δ = 6.66 (s, 1H, Ph

5
), 5.69 (d, 1H, J = 14.0 

Hz, NCH2N), 5.54 (dd, 1H, J = 16.2, 7.1 Hz, NCH2P), 4.86 (d, 1H, J = 

14.3 Hz, NCH2N ), 4.70-4.64 (m, 2H, NCH2P+ NCH2P), 4.28 (d, 1H, J = 

16.9 Hz, NCH2P), 4,13 (s, 2H, SCH2), 4.07-4.0 (m, 3H, 2 

NCH2P+NCH2N), 3.68 (d, 1H, J = 16.1Hz, NCH2P), 2.39 (s, 6H, CH3 ), 

2.09 and 2.05 (s, 6H, COCH3). 
31

P{
1
H} NMR (162 MHz, CDCl3) δ(ppm): 

−22.5 (s). 
13

C{
1
H} NMR (100MHz, CDCl3): δ = 170.3 and 169.8 (s, 

C=O); 116.0 (s, C
5
), 99.5 (s, C≡C), 67.4 (d, 

J = 1.4Hz, NCH2N), 62.1 (s, NCH2N), 49.5 

(d, J = 27.0Hz, PCH2N), 45.1 (d, J = 

24.9Hz, PCH2N), 39.7 (d, J = 26.2Hz, 

PCH2N), 24.0 (s, CH3), 21.8 and 21.5 (s, 

COCH3), 20.9 (s, SCH2). IR (KBr): 1650 

ν(C=O), 2142 cm
-1

 ν(C≡C). MALDI MS: 

m/z (%): 604.16 (100) [M+H]
+
, 1029.19 

(16) [M+AuDAPTA]
+
. Elemental analysis 

calcd. (%) for C18H25AuN5O2PS (603.11): C 

35.83, H 4.18, N 11.61, S 5.31; found: 

C35.42, H 3.82, N 11.14, S 5.26  

Distribution coefficients (logD7.4). The n-

octanol-water coefficients of the 

complexes were determined as 

previously reported
56

 using a shake-flask 

method. PBS buffered distilled water 

(100 mL, phosphate buffer [PO4
3-

] = 10 

µM, [NaCl] = 0.15 M, pH 7.4) and n-

octanol (100mL) were shaken together 

for 72 h to allow saturation of both phases. 1 mg of the complexes 

was mixed in 1 mL of aqueous and organic phase, respectively for 

10 minutes. The resultant emulsion was centrifuged to separate the 

phases. The concentrations of the compound in each phase were 

determined using UV absorbance spectroscopy. LogD7.4 was defined 

as log[compound(organic)]/[compound(aqueous)]. 

Solution chemistry. The stability of the gold complexes has been 

analysed by absorption UV spectroscopy. UV-Vis absorption spectra 

of the complexes were recorded on a Thermo Scientific 

spectrophotometer. Solutions of 5-12 (5 10
-5

M) in Phosphate buffer 

(pH = 7.4) were prepared from 20 mM DMSO solutions of the 

complexes and thereafter monitored measuring the electronic 

spectra over 24 h at 37ºC.  

Cellular studies 

Antiproliferative assays. Caco-2 cell line PD7 and TC7 clones were 

kindly provided by Dr. Edith Brot-Laroche (Université Pierre et 

Marie Curie-Paris 6, UMR S 872, Les Cordeliers (France), HCT-116-

luc2 cells were provided by Perkin Elmer (Reference 124318). All 

the cells were maintained in a humidified atmosphere of 5% CO2 at 

 

 

 

Figure 9. Section of liver histology from control mouse (A) and treated mouse with 

[Au(C≡CCH2Spyridine)(PTA)] (5) (B). Normal hepatocytes, megalocytes and binucleate hepatocytes. H. & 

E.  X 200 
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37ºC. Caco-2 cells (passages 50-80) were grown in Dulbecco’s 

Modified Eagles medium (DMEM) (Gibco Invitrogen, Paisley, UK) 

supplemented with 20% foetal bovine serum (FBS), 1% non-

essential amino acids, 0.5 % penicillin (1000 U/ml), 0.5 % 

streptomycin (1000 µg/ml) and 1% amphotericin (250 U/ml). HCT-

116 cells were grown in McCoy’s 5A modified medium (ATCC 30-

2007) supplemented with heat-inactivated FBS at a final 

concentration of 10% along with 1% penicillin (1000 U/ml), 1% 

streptomycin (1000 µg/ml) and 1% amphoterycin (250 U/ml). The 

cells were passaged enzymatically with 0.25% trypsin-1 mM EDTA 

and sub-cultured on 25 or 75 cm
2
 plastic flasks at a density of 2x10

4
 

cells cm
-2

. The culture medium was replaced every 2 days. Cell 

confluence (80%) was confirmed by microscopic observance. 

Experiments were performed 24 days post-seeding. Stock solutions 

of the complexes (saline solution or DMSO) were diluted in 

complete medium to the required concentration. DMSO at similar 

concentrations did not show any effects on cytotoxicity.  

For cytotoxicity screening experiments, cells were seeded in 96-well 

plates at a density of 4x10
3
 cells/well. The culture medium was 

replaced with fresh medium (without FBS) containing the 

complexes at concentrations varying from 0 to 20 µM, with an 

exposure time of 72 h. Thereafter, the cell survivals were measured 

using the MTT test as previously described
56

. The assay is 

dependent on the cellular reduction of 3-(4,5-dimethyl-2-thiazoyl)-

2,5-diphenyltetrazolium bromide (MTT, Merck) by the 

mitochondrial dehydrogenase of viable cells to a blue formazan 

product which can be measured spectrophotometrically. Following 

appropriate incubation of cells, with or without the metallic 

complexes, MTT was added to each well in an amount equal to 10% 

of the culture volume and gentle stirring in a gyratory shaker which 

enhances dissolution and incubation was continued at 37ºC for 4 h. 

Thereafter the medium and MTT are removed and DMSO is added 

to each well. At the end, the results are obtained by measuring 

absorbance with a scanning multiwell spectrophotometer (BIOTEX 

SINERGY HT SIAFRTD) at wavelength of 560/670 nm and compared 

to the values of control cells incubated in the absence of 

complexes. Experiments were conducted in quadruplicate wells and 

repeated at least three times. 

Interaction with bovine serum albumin. BSA was commercially 

available from Sigma Aldrich. A 1 mM stock solution of BSA was 

prepared in PBS at pH 7.4. The real concentration is confirmed using 

UV-Vis spectroscopy (ε280 nm = 43824 M
-1

cm
-1

). Gold complexes were 

dissolved in DMSO to achieve 6 mM stock solutions and six aliquots 

of 2.5 µL were added to a 50 µM solution of BSA in PBS placed in a 

quartz cuvette of 1 cm optical path. The final concentrations of gold 

complexes in the cuvette were 5, 10, 15, 20, 25 and 30 µM. The 

fluorescence spectra were recorded on a Jobin-Yvon-Horiba 

fluorolog FL-3-11 spectrometer. The samples were excited at 295 

nm and the emission spectra were recorded in a range from 310 to 

450 nm with emission slits set to 2 nm. The samples were measure 

240 s after every addition of the aliquots of gold complexes. The 

fluorescence intensities of the PBS and the gold complexes were 

irrelevant under the described conditions, as were the effect of 

addition of gold aliquots and the effect of time incubation between 

measurements. 

The data were analysed using the Stern-Volmer equation F0/F = 1 + 

Ksv[gold complex] = 1 + Kqτ0[gold complex] in order to obtain the 

Stern-Volmer quenching constant (Ksv) and the quenching rate 

constant (Kq). The binding constant (Kb) was quantified by using the 

Stern-Volmer equation: log{(F0-F)/F} = logKb + nlog[gold complex]. 

Cell uptake studies and ICP-MS analysis. Cells were seeded in 6-

well plates and grown to approximately 70% confluency and 

incubated with the corresponding metallodrug at 1 µM for 3 h. At 

the end of the incubation period, cells were rinsed with 5 mL of 

PBS, detached by adding 0.75 mL trypsin solution and collected by 

centrifugation and suspended in 2mL of PBS. Cells were lysed by a 

freezing-thawing technique that was recently found to be suitable 

for cell uptake studies.
89

 All samples were analyzed for their cells 

content prior to ICP-MS determination. All samples were digested in 

aqua regia for 3 h at room temperature and filled to a total volume 

of 25 ml with ultrapure water. Determinations of total gold 

contents were measured using a mass spectrometer (Perkin Elmer 

Elan DRC-e) equipped with a plasma ICP ion source (ICP-MS). 

Measurements of apoptosis. Human HCT-116-luc2 cells were 

exposed to 20 µM of the metallic compounds for 72 h, then 

collected and stained with Annexin V-FTIC 

according to the manufacturer’s 

instructions. A negative control was 

prepared containing unreacted cells in 

order to define the basal level of apoptotic 

and necrotic or dead cells. After incubation, 

cells were transferred to flow-cytometry 

tubes and washed twice with temperate 

phosphate-buffered saline (PBS), 

resuspended in 100 µL annexin V binding 

buffer (10 mM Hepes/NaOH, pH 7.4, 140 

mM NaCl, 2.5 mM CaCl2), then 5 µL of 

annexin V-FITC and 5µL of PI was to each 

100 µL of cell suspension. After incubation 

for 15 minutes at room temperature in the 

dark, 400 µL of 1X annexin binding buffer 

was added and analyzed by flow cytometry 

within one hour. The signal intensity was 

 

 

 

Figure 10. Section of tumour from control mouse (A) and treated mouse with complex 5 (B). Both 

tumours show similar characteristics with neoplastic epithelial cells of solid growth and a lot of 

mitosis. H. & E. X 400. 
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measured using a FACSARIA BD and analyzed using FASCDIVA BD. 

Cell cycle analysis. Human HCT-116-luc2 cells were exposed to 20 

µM of the metallic compounds for 72 h. The cells were then fixed in 

70% ice-cold ethanol and stored at 4 ºC for 24 h. After 

centrifugation, the cells were rehydrated in PBS (phosphate 

buffered saline) and stained with propidium iodide (PI, 50 µg/mL) 

solution containing RNase A (100µg/mL). PI-stained cells were 

analyzed for DNA content in a FACSARRAY BD equipped with an 

argon ion laser. The red fluorescence emitted by PI was collected 

using a 620 nm longer pass filter as a measure of the amount of 

DNA-bound PI and displayed on a linear scale. Cell cycle distribution 

was determined on a linear scale. The percentage of cells in cycle 

phases was determined using MODIFIT 3.0 verity software. 

In vivo gold excretion studies. Twenty one CD1 mice (Harlan) 

weighting between 10 and 20 g were administrated a single 

intraperitoneal injection of [Au(C≡CCH2Spyridine)(PTA)] (5) 5mg/kg 

-bw- and placed in a metabolic cage. Urine and blood samples were 

collected over 48 h (at 15, 30, 90 min; 3, 6, 24 and 48 h). The 

animals were then sacrificed under anaesthesia and CO2 

atmosphere and the corresponding gold contents measured using a 

mass spectrometer (Perkin Elmer Elan DRC-e) equipped with a 

plasma ICP ion source (ICP-MS). 

In vivo athymic nude mice experiment with HCT-116-luc 2 cells 

(efficacy study). Eight week old athymic nude mice with no signs of 

infection (Hsd: Athymic Nude-Foxn1nu/un), weighing approximately 

20-22 g, were purchased from Harlan Laboratories, Barcelona 

(Spain). Mice were individually housed in sterile filter top cages 

(1264C Eurostandard Type II. Techniplast) under controlled 

temperature and lighting (12 h light / 12 h dark) with free access to 

water and food, and they were fed a normal chow diet (TD2018; 

Harlan Teklad). Study protocols were approved by the Ethics 

Committee for Animal Research of the University of Zaragoza 

(PI02/10). 

For evaluation of the antitumour efficacy, mice were injected 

subcutaneously with HCT-116-luc2 cells (500000 in 300µL) and 

housed under sterile conditions. The resulting subcutaneous 

tumours were monitored by optical imaging. 

[Au(C≡CCH2Spyridine)(PTA)] (5) at concentration of 5mg/kg -bw- 

was administrated intraperitoneally three times weekly (on 

alternative days). Untreated animals were used as a control 

(treated only with vehicle solution, DMSO). Each group consisted of 

six mice. The body weight of each animal was also recorded and 

their behaviour monitored daily. Animals were treated once the 

tumour size had reached a mean volume of about 200 mm
3
 

(tumour volume was calculated as length x width x height and 

measured daily using a calliper). All animals were euthanized by CO2 

inhalation followed by cervical dislocation at a tumour volume of 1 

cm
3
 and a necropsy, including livers and kidneys, performed to 

detect any possibly significant toxic effects, including the presence 

of any necrotic tissue.  

Median survival time (MST) and percentage increase life span 

(ILS). The effect of [Au(C≡CCH2Spyridine)(PTA)] on tumour growth 

was also determined as MST and % ILS. The MST for each group of 

six nude mice was calculated by recording the mortality (“end 

point”) daily for 40 days, with the “end point” of the experiment 

being taken to be a tumour volume of 1000 mm
3
. The % ILS was 

calculated according to the following equation
90

: %ILS = [{MSTtreated 

group/MSTcontrol group}-1]x100, where MST = (Day of first death + Day 

of last death)/2 

Bioluminescence imaging of tumour growth in vivo. HCT-116 cells 

were transfected with a luciferase-overexpressing plasmid. 

Luciferase-overexpressing cells (HCT-116-luc2) were subsequently 

injected into the nude mice subcutaneously as described above. 

During the study the mice underwent optical imaging using an 

IVIS Lumina Calliper every three days. Ten minutes prior to 

imaging, each mouse was injected intraperitoneally with 300 µL D-

luciferin solution (15 µg/ml in PBS working solution). During 

imaging, mice were anesthetized with isoflurane (2%). 

Statistical Analysis. All results are expressed as means ± SE. Means 

were compared using one-way analysis of variance (ANOVA). 

Significant differences at p<0.05 were compared using a 

Bonferroni’s Multiple Comparison Test. The statistical analysis and 

the graphics were performed using the GraphPad Prism Version 

5.02 program on a PC computer. 

Histology. Kidneys, liver and tumours from all groups of mice were 

weighed and the relative organ weights were calculated. They were 

collected, fixed in 10% formaldehyde solution and preserved. 

Representative sections of the collected tissues were prepared, 

routinely embedded in paraffin, cut into thick sections and stained 

with hematoxilin and eosin for the subsequent histopathological 

examination.  

Conclusions 

A series of organometallic gold (I) derivatives with the water soluble 

phosphanes PTA and DAPTA have been described and tested 

against the human colon cancer cell line Caco-2 (PD7 and TC7 

clones). A difference in the antiproliferative activity was found 

depending on the phosphane, with more effectiveness for the PTA 

compounds. None significant influence of the substituent in the 

thiolate unit of the alkyne ligand was found in these PTA complexes. 

However, the presence of two methyl groups in the DAPTA partners 

shows moderate increase of cytotoxicity in the PD7 clones. All the 

complexes display some relevant time-dependent changes in 

solution under physiological medium that implies that they are 

acting as pro-drugs. Preliminary cell uptake experiments shows 

values around 2369 and 3272 pmol/10
6 

cells for PTA derivatives (5 

and 7 respectively) and lower values for the DAPTA derivative (8) 

that is in accordance with higher cytotoxic activity of the formers. 

Moderate values of binding constant were calculated for the 

interaction of the complexes with bovine serum albumin (BSA), 

which may imply their transport by this protein in the body and an 

easy released to the target. The thermodynamic parameters 

determined for complex [Au(C≡CCH2Spyridine)(PTA)] suggested to 

the presence of van der Waals interactions or hydrogen bonding 

between the metallic complex and the protein. Further studies on 
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complex [Au(C≡CCH2Spyridine)(PTA)] have confirmed its anticancer 

activity against colon cancer cell lines by apoptotic pathway, by 

induction S-phase arrest in cell cycle, an increase in mean survival 

time (MST) and life expectancy in athymic nude mice xenografted 

with human HCT-116-luc2 cancer cells and moderate inhibition 

tumour growth without acute toxicity.  
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Supporting information 

Figure S1. Stern-Volmer plot for the quenching of BSA with complex 5. Stern-Volmer 
equation used: F0/F = 1 + Ksv [5].  
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Figure S2. Stern-Volmer plot for the quenching of BSA with complex 7.  
 
 

 
Figure S3. Stern-Volmer plot for the quenching of BSA with complex 8. 
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Figure S4. Stern-Volmer plot for the quenching of BSA with complex 9. 
 

 

Figure S5. Stern-Volmer plot for the quenching of BSA with complex 10. 
 

y = 5805,2x + 1,0073 
R² = 0,9928 

0,95

1

1,05

1,1

1,15

1,2

1,25

0,00E+00 5,00E-06 1,00E-05 1,50E-05 2,00E-05 2,50E-05 3,00E-05

F0
/F

 

[9] (molL-1) 

y = 5933,1x + 1,0104 
R² = 0,9783 

0,95

1

1,05

1,1

1,15

1,2

1,25

0,00E+00 5,00E-06 1,00E-05 1,50E-05 2,00E-05 2,50E-05 3,00E-05

F0
/F

 

[10] (molL-1) 

Page 17 of 35 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 3
0 

Se
pt

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
T

A
G

O
 o

n 
01

/1
0/

20
15

 2
0:

54
:2

5.
 

View Article Online
DOI: 10.1039/C5DT01802A

http://dx.doi.org/10.1039/c5dt01802a


 

Figure S6. Stern-Volmer plot for the quenching of BSA with complex 11. 
 

 

Figure S7. Stern-Volmer plot for the quenching of BSA with complex 12. 
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Figure S8. Stern-Volmer equation used: log{(F0-F)/F} = logKb + nlog[5]. The intercept 
of the best fit linear trend provides the Stern-Volmer quenching constant Kb. 

 

 

Figure S9. Stern-Volmer plot for the quenching of BSA with complex 7. Stern-Volmer 
equation used: log{(F0-F)/F} = logKb + nlog[7]. 
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Figure S10. Stern-Volmer plot for the quenching of BSA with complex 8. Stern-
Volmer equation used: log{(F0-F)/F} = logKb + nlog[8]. 

 

 

Figure S11. Stern-Volmer plot for the quenching of BSA with complex 9. Stern-
Volmer equation used: log{(F0-F)/F} = logKb + nlog[9]. 
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Figure S12. Stern-Volmer plot for the quenching of BSA with complex 10. Stern-
Volmer equation used: log{(F0-F)/F} = logKb + nlog [10]. 

 

 

Figure S13. Stern-Volmer plot for the quenching of BSA with complex 11. Stern-
Volmer equation used: log{(F0-F)/F} = logKb + nlog [11]. 
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Figure S14. Stern-Volmer plot for the quenching of BSA with complex 12. Stern-
Volmer equation used: log{(F0-F)/F} = logKb + nlog [12]. 

 

 

Figure S15. Stern-Volmer plot for the quenching of BSA with complex 5 at different 
temperatures. Stern-Volmer equation used: F0/F = 1 + Ksv [5].  
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Figure S16. Plot of log{(F0-F)/F} versus log [5] at different temperatures. 

 

 

Figure S17. Plot of LnKb of complex 5 versus 1/T 
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Figure S18. 1H NMR of compound 7 

 

Figure S19. 13C{1H} NMR of compound 7 
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Figure S20. C,H-HSQC NMR of compound 7 

 

 

Figure S21. 31P{1H} NMR of compound 7 
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Figure S22. 1H NMR of compound 8 

 

Figure S23. 13C{1H} NMR of compound 8 
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Figure S24. C,H-HSQC NMR of compound 8 

 

Figure S25. 31P{1H} NMR of compound 8 
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Figure S26.1H NMR of compound 9 

 

Figure S27. 13C{1H} NMR of compound 9 
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Figure S28. C,H-HSQC NMR of compound 9 

 

 

Figure S29. 31P{1H} NMR of compound 9 
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Figure S30. 1H NMR of compound 10 

 

Figure S31. 13C{1H} NMR of compound 10 
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Figure S32. C,H-HSQC NMR of compound 10 

 

Figure S33. 31P{1H} NMR of compound 10 
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Figure S34. 1H NMR of compound 11 

 

Figure S35. C,H-HSQC NMR of compound 11 
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Figure S36. 13C{1H} NMR of compound 11 

 

Figure S37. 31P{1H} NMR of compound 11 
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Figure S38. 1H NMR of compound 12 

 

Figure S39. 13C{1H} NMR of compound 12 
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Figure S40. C,H-HSQC NMR of compound 12 

 

Figure S41. 31P{1H} NMR of compound 12 
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