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Abstract Metal-based drugs have shown early

promise as anticancer agents suggesting the potential

application of silver(I) complexes as apoptosis-induc-

ing agents. The ability of a silver(I) cyanide containing

phosphine complex to induce cell death was evaluated

in both a malignant (SNO esophageal cancer) and non-

malignant (HDF-a skin and HEK293 kidney) cell

lines. A dose-dependent decrease in cell viability was

observed in the SNO cells. Light microscopy revealed

morphological features indicative of apoptotic cell

death. The mode of cell death was confirmed as

apoptosis by phosphatidylserine externalization, DNA

fragmentation and nuclear condensation. Furthermore,

both the non-malignant cell lines showed morpholog-

ical features indicative of apoptosis when exposed to

complex 1.We propose the use of this silver(I) cyanide

phosphine complex as an highly effective positive

apoptosis control for use in anticancer studies of

phosphine complexes.
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Introduction

Hanahan and Weinberg (2011) suggested that the

diverse range of cancers is owing to six different

alterations that occur in their physiological processes.

This includes the ability to produce their own growth

signals, they are insensitive to antigrowth signals, can

evade apoptosis, undergo continuous replication,

sustain angiogenesis and can invade tissues contribut-

ing to malignant cell growth. The different treatment

strategies include; surgery, radiation, chemotherapy,

hormonal therapy, immune therapy and drug specific

therapy (American Cancer Society 2016). Since

cancer is very often drug-resistant, the range of

available and effective drugs is limited in spite of

efforts to improve therapy and recent advances made

in the field of drug discovery. There is consequently a

substantial need for the development of new drugs and

treatment alternatives.

Chemotherapeutic agents are broadly classified as

alkylating agents, anti-metabolites and natural prod-

ucts and derivatives thereof. Metal-based drugs, of

which the platinum containing complexes i.e. cis-

platin, are classified as alkylating agents (Page and

Takimoto 2004). Extensive study of metals in
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medicine is largely due to the approval, more than

three decades ago, of the platinum-based antitumor

drug cisplatin as a cancer drug (Rosenberg 1971; Guo

and Sadler 1999). The discovery of cisplatin, and the

development of its analogues, has allowed for the

successful treatment of germ-line cancers including

activity against L1210 leukemia in mice and against

advanced Sarcoma180 tumors (Rosenberg et al. 1969).

Cisplatin and/or analogues are often used in combi-

nation with other agents as primary treatment for

testicular, cervical, ovarian and head and neck cancers

(O’Dwyer et al. 1999). It is also used in secondary

treatment of small-cell lung carcinomas (De Pas et al.

2001) and some bladder cancers (Vaughn and

Malkowicz 2001). Unfortunately, there are many

side-affects associated with the use of platinum-based

cancer drugs including gastro-intestinal toxicity, renal

toxicity and peripheral neuropathy (Reed et al. 1996),

as well as the development of resistance to these

platinum-based drugs (Hrubisko et al. 1993; Kartalou

and Essigmann 2001; Tagliabue et al. 1993).

The interest in non-platinum metal complexes for

cancer chemotherapy has been growing and is moti-

vated by the possibility to develop new agents with a

mode of action and clinical profile different from the

established platinum metallo-drugs (Meggers 2007;

Ott and Gust 2007; Bruijnincx and Sadler 2008). The

focus in the development of novel metal-based cancer

chemotherapeutic drugs has consequently changed to

the use of non-platinum central atoms and to the

incorporation of different organic ligands into metal

complexes (Meggers 2007; Ott and Gust 2007;

Bruijnincx and Sadler 2008; Hartinger and Dyson

2009). These metal based drugs might possibly

produce improved anticancer activity in vitro and

in vivo. The geometrical flexibility, structural diver-

sity and the ability of silver(I) complexes to adopt a

variety of nuclearities makes the study of sil-

ver(I) chemistry very attractive (Meijboom et al.

2009). Various Ag(I) complexes have shown promis-

ing anticancer activity. These include tetrameric 1:1

and monomeric 1:3 complexes of silver(I) halides with

tri(p-tolyl)-phosphine (Zartilas et al. 2009) and

Ag(I) complexes comprising aromatic tertiary phos-

phines and diphosphines (Berners-Price and Sadler

1988; Papathanasiou et al. 1997; McKeage et al. 1998;

Liu et al. 2008).

However, literature on the mechanism of the

silver(I) complexes as potential anticancer drugs was

limited until recently. The apoptotic inducing ability

of a number of Ag(I) complexes in malignant cell lines

have been reported recently (Ferreira et al. 2015;

Human et al. 2015; Potgieter et al. 2015).

Here, we investigated the ability of a sil-

ver(I) cyanide containing phosphine complex (re-

ferred to herein as complex 1) to induce cell death in

an esophageal cancer cell line, and compared its effect

to non-tumorigenic cell lines.

Materials and methods

Chemical synthesis and characterization of 1:2

AgCN(PPh3)2 (complex 1)

All the chemicals needed for the synthesis of the

silver(I) complex were purchased from Sigma-

Aldrich (St. Louis, MO, USA) and used as received.

Complex 1 was prepared according to literature

(Muetterties and Alegranti 1972; Romualdo et al.

2002) and is summarized below. The pure complex

was first characterized with various analytical methods

before being used for biological studies. The Infrared

spectra were recorded on a Bruker Tensor 27 FTIR

spectrophotometer (Bremen, Germany), using a PIKE

miracle Gate ATR accessory. 1H NMR (400 MHz),
13C{H} NMR (101 MHz) and 31P{H} NMR

(162 MHz) spectra were recorded on a Bruker

Ultrashield Avance III 400 MHz spectrometer. The

peakswere referenced to TMSusing the residual protio

impurities in CDCl3 (
1H), or the solvent signal (13C).

Melting points were recorded on a Stuart Scientific

Melting Point apparatus SMP10 (Stone, Staffordshire,

UK), and are uncorrected. Microanalysis was per-

formed on a Thermo Flash 2000 series CHNS/

O (Waltham, MA, USA), organic elemental analyzer.

AgCN salt (0.15 g, 1.12 mmol) was added to a

solution of triphenylphosphine (L1) (0.6 g, 2.24 mmol)

in acetonitrile (50 cm3). The reaction mixture was

heated under reflux overnight. The hot solution was

filtered and evaporated to ±10 cm3. Thereafter, the

solution was left to crystalize at room temperature for

24 h to form small needle like crystals. Yield: 75%.

Melting point: 193 �C. IR (m/cm-1): 3056 (w), 2323

(w), 2119 (m), 1891 (w), 1823 (w), 1670 (w), 1585 (w),

1478 (s), 1433 (s), 1309 (m), 1182 (w), 1182 (w), 1156

(w), 1092 (s), 1069 (m), 1026 (w), 997 (w), 917 (m),

849 (w), 740 (s), 691 (s). 1H NMR (400 MHz, CDCl3):
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d (ppm) 7.19 (t, J = 7.0 Hz), 7.18 (m, J = 7.0 Hz),
13C{H} NMR (100 MHz, CDCl3): d (ppm) 133.8 (d,

J(C-P) = 12.5 Hz), 133.4(d, J = 12.0 Hz), 130.58,

129.3 (d, J = 14.9 Hz). 31P{H} NMR (161 MHz,

CDCl3): d (ppm): 25.53. Elemental Analysis: Calcu-

lated for C37H30AgNP2: C, 67.49%; H, 4.59%; N,

2.13%. Found: C, 67.07; H, 4.99; N, 2.11.

Preparation of complex 1 for biological studies

A stock solution of complex 1 was prepared in cell

culture graded dimethyl sulfoxide (DMSO) (Merck,

Darmstadt,Germany). Thiswas followedbyheating for

1 h at 70 �C until the crystals solubilized. The stock

solutionwas kept in the dark at 4 �Candheated at 70 �C
for 30 min before treatment. Complex 1 is lipophilic in

nature and therefore it solubility is limited in aqueous

solutions (data not shown). The only safe solvent that

could be used for biological studies was DMSO.

Cell culturing of a malignant esophageal (SNO)

cell line

A SNO esophageal squamous carcinoma (ATCC, cat

no. CCL-185) was used for this study. This cell line

was established in 1976 when a tumour specimen was

obtained from a 62-year-old zulu male (Bey et al.

1976). The SNO cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) (Life Technolo-

gies, Grand Island, NY, USA), supplemented with

10% fetal bovine serum (FBS) (Biowest, Riverside,

MO, USA), 1.6% penicillin/streptomycin/fungizone

(Lonza, Walkersville, MD, USA) and 0.4% gentam-

icin sulfate (Lonza). The cells were sub-cultured every

48 h in 75 cm3 culture flasks and incubated at 37 �C in

a 5% CO2 humidified atmosphere. After 48 h the cells

were removed from flasks by means of 0.5% trypsin

(Lonza). A total of 6 9 105 cells were plated in a

3.5 cm culture dish and left to adhere for 24 h.

Treatment of SNO cells

Used DMEMmediumwas removed and a final volume

of 1 cm3 medium containing the treatment was added

to the 3.5 cm culture dishes. The cells were either left

untreated (UC), treated with 1% DMSO (vehicle

control) or with 10 lM of complex 1. In addition, the

cells were treated with 10 lM of the uncoordinated

ligandL1. Cells treated with 100 lMcisplatin (CDDP)

(Molekula, Dorset, UK) served as the positive apop-

totic control. Cisplatin was prepared in 0.9% sodium

chloride (NaCl) followed by heating (20 �C) for 48 h.

For dose response studies a concentration range of

2–10 lM and 10–100 lMwas used for complex 1 and

cisplatin, respectively. Where applicable, a positive

necrotic control of 25% hydrogen peroxide (H2O2)

(Minema, Gauteng, RSA) was included and was

prepared in DMEM before treatment. The concentra-

tion of DMSO did not exceed 1% throughout the study

for both malignant and non-malignant cells.

Cell culturing of non-malignant HDF-a

and HEK293 cell lines

A human dermal fibroblast adult (HDF-a)

(ScienCellTM, Carlsbad, CA) and human embryonic

kidney (HEK293) (ATCC, cat no. CRL-1573) cell line

were used as non-malignant controls. The HDF-a cells

were cultured in fibroblast medium (FM) (Scien-

CellTM , Carlsbad, CA, USA), with additional fibrob

last growth stimulants (FGS) (ScienCell), 2% FBS

along with 5% penicillin/streptomycin/fungizone and

1% gentamicin sulfate. The HEK293 cells were

cultured in the same DMEM as for the SNO cells

described in Sect. 2.4. The HDF-a and HEK293 cells

were sub-cultured every 72 h and incubated in 75 cm3

CellBIND� culture flasks (Corning Incorporated, New

York, NY, USA) at 37 �C in a 5% CO2 humidified

atmosphere. After 72 h the cells were removed from

the flasks by means of 0.25% trypsin. A total of

2 9 104 cells (in 100 mm3) were seeded in a

CellBIND� 96 well plate (Corning Incorporated).

This was performed in triplicate and they were left to

adhere for 24 (HDF-a) or 48 h (HEK293).

Treatment of HDF-a and HEK293 cells

Used medium was removed and 100 mm3 of medium

containing the treatment was added in the triplicate

wells. The cells were either left untreated (UC) or

treated with 1% DMSO (vehicle control), 10 lM of

the uncoordinated ligand L1, 10 lM of complex 1 or

100 lM cisplatin or 25% H2O2.

Cell proliferation assay and morphological studies

The viability of the cells was determined using an

alamarBlue� proliferation assay (Serotec, Oxford,
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UK). Briefly, 10 mm3 of the dye was either added to

100 mm3 of trypsinized SNO cells or directly to the

HDF-a and HEK293 cells in the 96 well plate. Wells

containing medium only served as a blank. The plate

was then covered and incubated for±2 h at 37 �C in a

5% CO2 humidified atmosphere. After incubation the

fluorescence was measured on the Synergy HT Multi-

Detection Microplate reader (BioTek, Winooski, VT,

USA) at a wavelength (k) 450 nm (excitation) and

590 nm (emission). It should be noted that the IC50

concentrations for the SNO cells were also determined

with the alamarBlue� assay. Morphological changes

where observed in all three cell lines using a Zeiss

Axiovert 25 inverted microscope (Carl Zeiss, Göttin-

gen, Germany) with Zeiss Axio version 3.1 software

(Carl Zeiss) at a magnification of 2009.

Confirming the mode of cell death

The mode of cell death (either apoptosis or necrosis)

was studied by using an Annexin-V FITC assay kit

(Serotec). The cells were double-labelled with

Annexin-V FITC and propidium iodide (PI) fluo-

rochromes according to manufacturer’s instructions

with minor adjustments. Briefly, the cells (±3 9 105

Fig. 1 Dose-response

curves of SNO cells treated

with varying concentrations

of complex 1 (a) and
cisplatin (b) for 24 h. Cells

that were untreated (UC) or

treated with 1% DMSO

served as the negative and

vehicle control respectively.

In addition, cells were

treated with the

uncoordinated ligand L1.
An alamarBlue� assay was

used and the percentage

viability is expressed with

respect to 1% DMSO

(100%). Error bars were

constructed based on the

Standard Error of the mean

(±SEM) (n = 9). The

P value was calculated using

the two-tailed Students

t test. The treatments with a

P value of *** P\ 0.001

were deemed significant

with respect to DMSO

Table 1 Calculated IC50 concentrations for complex 1 and

cisplatin in malignant SNO cells. The Standard Error of the

Mean (±SEM) is indicated (n = 9)

Treatment IC50 concentration (±SEM)

Complex 1 4.02 lM (±0.94 lM)

Cisplatin 47.39 lM (±7.05 lM)
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cells) were washed twice with cold (4 �C) phosphate
buffered saline (PBS), followed by the addition of

100 mm3 19 Binding BufferTM. Two and a half cubic

millimetres of Annexin-V along with 5 mm3 PI were

added in the dark and incubated for 15 min at room

temperature. After incubation, 400 mm3 1 9 Binding

BufferTM was added followed by analysis using the

FACSAriaTM flow cytometer (BD Biosciences, San

Jose, CA, USA) with FACSDivaTM software (BD

Biosciences). A total of 10 000 cells were recorded at a

wavelength (k) 492 nm (excitation) and k 520 nm

(emission) for Annexin–V or k 488 nm (excitation)

and k 575 nm (emission) for PI.

Imaging nuclear changes

The integrity of DNA was determined using a cell

permeable Hoechst-33258 dye (Invitrogen, Eugene,

OR, USA). The cells were plated onto cover slips in

the 3.5 cm culture plates. After treatment, the medium

was removed and the attached cells were washed with

pre-warmed (37 �C) PBS. The cells were fixed by

adding 4% formaldehyde (Sigma) and incubated for

15 min at 37 �C before washing. Thereafter the cells

were permeabilized using 0.1% Triton-X (Sigma) for

20 min at 4 �C followed by washing. Hoechst-33258

(1 lg/ml in PBS) was added to the cells and incubated

for 20 min at room temperature followed by washing.

The coverslip with the fixed cells was mounted on a

glass slide containing a drop of buffered glycerol

(Rochelle Chemicals, Johannesburg, RSA) and sealed

with clear nail varnish. The slides were viewed under

an Zeiss Axioplan 2 inverted fluorescent microscope

(Carl Zeiss) and images taken using Axio Cam camera

(Carl Zeiss) and Axio Vision imaging software (Carl

Zeiss) at a excitation of k 343 and an emission of 483.

Images were taken at a magnification of 10009.

Statistical analyses

The data was analysed using Microsoft Excel and the

Students t-Test. All data were analysed for the

Standard Error of the Mean (±SEM) that is repre-

sented as error bars. The P value of *P\ 0.05 and

***P \ 0.001 were deemed statistically significant

with respect to the vehicle control where n represents

the number of biological repeats.

Results and discussion

Biological studies

The cytotoxicity of complex 1 was determined in a

malignant SNO cell line by using an alamarBlue�

assay. Dose-responsive studies were done using

increasing concentrations of complex 1 and cisplatin

(Fig. 1a, b). When compared to DMSO, the viability

of the SNO cells significantly decreased as the

concentration increased for both complex 1 and

cisplatin. The IC50 inhibitory concentration (concen-

tration of a drug that inhibits 50% of the cellular

growth) was calculated using the dose–response

curves and is represented in Table 1. Complex 1 had

a low IC50 value of 4.02 lM when compared to the

IC50 of cisplatin (47.39 lM). This marked degree of

toxicity between this class of silver(I) complexes and

cisplatin was previously reported (Ferreira et al. 2015;

Human et al. 2015; Potgieter et al. 2015). Furthermore,

silver(I) saccharinate complexes with monophosphi-

nes (Yilmaz et al. 2014) including silver(I) salicylic

acid with triphenylphosphine (Poyraz et al. 2011)

showed improved cytotoxicity in malignant cells

when compared to cisplatin. In addition, silver(I) ac-

etate o-methoxyphenyl diphosphine and dicyclo-

hexylphosphine complexes were significantly

Fig. 2 The percentage viability of non-malignant HDF-a and

HEK293 cells determined with the alamarBlue� assay. Both cell

lines were either untreated (UC) or treated for a 24-h period with

1%DMSO (vehicle), 10 lML1, 10 lMcomplex 1 and 100 lM
cisplatin (positive control). The percentages were expressed

with respect to 1% DMSO (100%). Error bars were constructed

based on the Standard Error of the Mean (±SEM) (n = 9). The

P value was calculated using the two-tailed Students t test. The

treatments with a P value of *P\ 0.05 and ***P\ 0.001 were

deemed significant with respect to DMSO

Cytotechnology (2017) 69:591–600 595
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cytotoxic to malignant cells when compared to the

standard drugs Tamoxifen and 5-Fluorouracil/5-FU

(Sulaiman et al. 2015).

The selectivity of the complex was further deter-

mined by using the two non-malignant HDF-a and

HEK293 cell lines. This enables one to identify the

treatment that will specifically target malignant cells

only without harming the non-malignant cells. How-

ever, it is evident that complex 1 had a low selectivity

by significantly inducing cell death of more than 85%

and 60% of HDF-a and HEK293 cells, respectively

(Fig. 2). In contrast, other silver(I) phosphine com-

plexes were less, or had comparable, cytotoxic activ-

ities for normal cells than for the malignant cells

(Poyraz et al. 2011; Yilmaz et al. 2014). In one study, a

silver thiocyanate (AgSCN) complex selectivity was

determined in the same non-malignant cell lines

studied herein (Ferreira et al. 2015). This complex is

structurally similar to complex 1 with the only

difference being a SCN linked to the silver rather

than CN. The thiocyanate complex was less cytotoxic

to both non-malignant cell lines when compared to

complex 1. Only ±22% of HDF-a cells and 42% of

HEK293 cells were non-viable after 24 h of treatment

in the above mentioned study.

The effect of the uncoordinated ligand, L1, was

evaluated in all three cell lines to determine its

cytotoxicity on its own (Figs. 1, 2). Overall the

ligand L1 was minimally toxic to all three cell lines

with viabilities higher than 88%. The triphenylphos-

phine (TPP) and o–hydroxy-benzoic acid (o-HbzaH)

ligands used by Poyraz and co-workers (2011) were

shown to be less toxic than the intact silver(I) phos-

phine complex. Furthermore, free tertiary phosphines

have shown to be toxic to P815 mastocytoma tumour

cells, although to a lesser extent than their gold(I),

silver(I) and copper(I) phosphine counterparts

(McKeage et al. 1998). When comparing the cyto-

toxicity of the functional silver(I) complex with that

of the ligand it appears that the association of these

two entities are required to produce the observed

anticancer activity. Unfortunately, the AgCN salt

was insoluble in DMSO and could not be tested for

its cytotoxic activity.

Fig. 3 Light microscope images of malignant SNO, non-

malignant HDF-a and HEK293 cells taken 24 h after treatment.

All three cell lines were either untreated (UC) or treated with 1%

DMSO, 10 lM complex 1, 100 lM cisplatin (apoptotic control)

and 25% H2O2 (necrotic control). Images were taken at a

magnification of 9200 on a Zeiss Axiovert 25 inverted

microscope. Untreated and DMSO treated cells appear to be

intact with no signs of cellular stress. Cells treated with complex

1 however show signs of cellular rounding and blebbing which

resembles that of cisplatin. Necrotic cell death appears to be

absent
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Most studies focus on the role of silver(I) phosphine

complexes as anticancer agents and not the cell

targeting mechanism thereof. Therefore, morpholog-

ical changes were monitored in all three cell lines

using light microscopy (Fig. 3). Images were taken

after 24 h of treatment and structural differences were

observed between the three cell lines. The SNO and

the HEK293 cells appear to be more circular in shape

when compared to the HDF-a cells that appear more

spindly. The untreated and DMSO-treated cells appear

intact with no indications of cellular stress. When the

cells were treated with complex 1, cellular detachment

was observed in all three cell lines. The cells that were

still attached appeared to be rounded with cellular

blebs that are characteristic of apoptotic cell death

(Kerr et al. 1972). These features were also observed

in the cisplatin (apoptotic control)-treated SNO and

HDF-a cells, but was minimal in the HEK293 cells.

Necrotic cell death appears to be absent in all the cells

when compared to H2O2-treated cells (necrotic con-

trol). During cancer chemotherapy, it is important to

induce apoptotic cell death due to the lack of an

inflammatory response, rather than necrosis, where

this response would be evident (Festjens et al. 2006;

Kroemer et al. 2009).

Morphological studies indicate that complex 1

could trigger apoptotic cell death due to the charac-

teristic features observed (Fig. 3). Flow cytometry

was used to confirm apoptotic cell death in the SNO

cells. The method distinguishes apoptotic cell death

from necrosis through phosphatidylserine (PS) exter-

nalization. The data are presented as a dot blot that

divides the cells in four different quadrants that either

represent viable cells (Q3), early (Q4) or late (Q2)

apoptotic and finally necrotic cells (Q1) (Fig. 4). Both

the untreated (UC) and DMSO-treated cells showed

Fig. 4 Dot blots representing the mode of cellular death

induced in differentially treated malignant SNO cells. Analyses

were performed using Annexin-V FITC and PI fluorochromes.

Cells were either untreated (UC) (a) or treated with 1% DMSO

(b), 10 lM of complexes 1 (c) along with 100 lM cisplatin

(d) and 25%H2O2 (e) which served as the apoptotic and necrotic
controls, respectively. The average percentage was calculated

for all quadrants as represented in each quadrant, followed by

the Standard Error of the Mean (±SEM) (n = 3). The four

quadrants represent Q3 that is negative for FITC and PI, Q4 that

is positive for FITC but negative for PI, Q1 that is positive for PI

but negative for FITC and Q2 that is positive for both FITC and

PI. Cells undergoing early apoptosis are more likely to be found

in Q4 while those of late apoptosis will be found in Q2. Necrotic

cells are found in Q1 while Q3 indicates intact viable cells

Cytotechnology (2017) 69:591–600 597
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minimal cell death with an average viability of 90.83%

for the UC and 86.27% for DMSO in Q3 (Fig. 4a and

b). More than 60% of the cells were located in the

apoptotic quadrants Q4 and Q2 (early and late stages)

after being treated with complex 1 and cisplatin

(Fig. 4c, d). The remaining cells were either located in

Q3 or minimally in Q1. Cells treated with H2O2 were

Fig. 5 Changes in the nuclear morphology of malignant SNO

cells taken after 24 h of treatment. The cells were either

untreated (a) or treated with 1% DMSO (b), 10 lM complex 1
(c) and 100 lM cisplatin (d). The cells were stained with

Hoechst-33258 dye and visualised with a Zeiss Axioplan 2

inverted fluorescence microscope containing an Axio Cam

camera (magnification of 91000). White arrows indicate

healthy (uniformly stained) or damaged (irregular stained)

nuclei along with the enlargements in the left bottom corner

Table 2 Apoptotic markers observed in SNO cells after being treated with complex 1 and other related 1:2 silver(I) phosphine

complexes

Silver salt Phosphine ligand Apoptotic markers observed

AgCN PPh3 Cellular rounding, membrane blebbing, PS externalization,

DNA fragmentation and nuclear condensation

AgSCN PPh3
a Apoptotic bodies, membrane blebbing, PS externalization

{P(4-MeC6H4)3}2]2
a

{P(4-FC6H4)3}2]2
a

{P(4-ClC6H4)3}2]2
a

{PPh2(CH2C6H5)}2
b Apoptotic bodies and membrane blebbing

a Human et al. (2015); b Potgieter et al. (2015)
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more than 60% necrotic and are located in Q1

(Fig. 4e).

Furthermore, the nuclear integrity was also moni-

tored using a cell permeable Hoechst-33258 dye

which also serves as a marker for apoptosis. The

nucleus of the cells undergoing apoptosis appears as

bright fluorescent structures whereas those with intact

nuclei have a weaker blue fluorescence (Fig. 5). The

nuclei of the SNO cells that were untreated or treated

with DMSO were uniformly stained (Fig. 5a, b). In

contrast, SNO cells treated with complex 1 and

cisplatin were irregularly stained with small bright

circular structures indicating fragmented DNA and

nuclear condensation (Fig. 5c, d).

When comparing the data from Figs. 3, 4 and 5, it is

evident that the phosphine complex being studied here

results in apoptotic cell death. Similar signs of

apoptosis have been reported in SNO cells after being

treated with various silver(I) thiocyanate complexes

and is summarized in Table 2. Studies reported by

Kyros et al. (2010) and Poyraz et al. (2011) showed

that specific silver(I) phosphine complexes induce

apoptosis in leiomyosarcoma cancer cells (LMS) in a

dose-dependent manner due to the observed phos-

phatidylserine externalisation. Even though sil-

ver(I) phosphine complexes were shown to interact

with DNA (Kyros et al. 2014; Yilmaz et al. 2014), this

study, to our knowledge is the first to report that

nuclear condensation and DNA fragmentation occurs

after exposure to silver(I) cyanide (Fig. 5).

Overall, it is suggested that the silver(I) complexes

containing a cyanide entity (complex 1) can be used as

a highly effective and appropriate positive control

when studying howmetal-based phosphine complexes

induce cell death in cancer cells.

Conclusion

Complex 1 was evaluated for its anticancer activity in

malignant SNO esophageal cells. A dose-dependent

decrease in viability was observed in the SNO cells

and the mode of cell death was confirmed to be

apoptosis. However, the complex showed to be

cytotoxic to non-malignant HDF-a and HEK293 cells

which arguably limits its use as an anticancer agent per

se, but its non-selective apoptotic inducing ability

makes it a highly effective and appropriate positive

control for evaluating Ag-phosphines as potential anti-

cancer drugs.
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