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1. INTRODUCTION 

 The oligodynamic action or the antimicrobial activity of 
small amounts of metal has been known for a long time and 
is the basis for the development of many metal coordination 
therapeutic agents [1-7]. For example, the water-insoluble 
Ag(I) compound silver sulphadiazine (AgSD) has been used 
extensively for the treatment of burn patients [8]. This com-
pound has also been reported to exhibit antiherpes, antitre-
ponemal and antifungal actions [9, 10]. Recently, silver 
nanoparticles have been employed in the disinfection of 
medical devices [11].  

 Besides the use of heavy metals as antibiotic agents, they 
are also employed in the design of cytotoxic compounds. 
The current treatments for cell proliferative diseases such as 
cancer employ metal coordination complexes where such 
complexes inhibit DNA replication and cell division. The 
most prominent and promising family of cytotoxic agents 
that proved to have clinical benefits that is used in combina-
tion with other antitumor drugs is these that employs plati-
num as the heavy metal [12, 13]. One of the most active and 
broad-spectrum cytotostatic drugs belonging to this family is 
cisplatin, cis-diaminedichloroplatinum (II), which is used to 
treat epithelial malignancies such as bladder, head and neck 
tumors, testicular and ovarian carcinomas [12-14]. A grow-
ing interest in other metal coordination complexes has also 
been explored [15-17].

 Ionic silver substances are resurging again in popularity 
due to the fact that silver at low concentrations has no toxic-
ity, mutagenicity or carcinogenic activities compared to 
other heavy metals [18-22]. Additionally, ubiquitous meta-
lothioneins have the property of binding silver and other 
metals in metal thiolate cluster structures to transport, store, 
and detoxify essential and nonessential trace metals that may 
enter the body [23]. Surprisingly, despite the intense interest  
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in the use of heavy metals in the treatment of cancer, silver 
(I) remains unexplored as an anticancerous agent [24-27]. 

 The interest in the potential clinical implementation of 
silver as an antimicrobial and anticancer agent is very prom-
ising. Hence, this review summarizes and discusses the an-
timicrobial, in vitro and in vivo cytotoxic activities, mecha-
nism of action, structural and thermal properties of a phar-
maceutically novel silver (I) complex, synthesized by the 
author, and is given the title name Aliargentumycine (AAgM).  

2. ANTIMICROBIAL ACTIVITIES OF AAgM 

 In an effort to ascertain whether silver complexes or sil-
ver ions are more effective as therapeutic agents and to ex-
amine silver’s mode of action, efficacy studies were con-
ducted with AAgM at different concentrations, and com-
pared with free silver ions on Pseudomonas aeruginosa, 
ATCC # 15442 [28]. Results have revealed that AAgM gives 
significantly better efficacies than that of silver alone and as 
silver ion concentration increases lesser efficacy was ob-
served [28]. Accordingly, the effect of silver atom on un-
winding of cellular DNA, thereby inhibiting its replication 
might constitute the mode of action of silver. This emanates 
from the fact that silver is transported intracellularly as a 
package-a protected complex-and not as a free ion, preclud-
ing silver from binding with a host of substances present on 
the cell membrane or the intracellular space of microorgan-
isms such as thiol groups, enzymes or any other negatively 
charged moiety.  

3. IN VITRO ANTINEOPLASTIC ACTIVITIES OF 
AAgM

 In vitro antineoplastic or cytotoxic activities of AAgM 
were determined on both solid and hematopoietic human 
tumor cell lines [29-34]. For instance, the results of cytotox-
icity in terms of % inhibition as a function of AAgM concen-
tration in M obtained on T-47D (a human ductal breast car-
cinoma) and on Jurkat (a human T-cell lymphoblast leuke-
mia) are depicted in Figs. (1a) and (1b), respectively. On the 
average, AAgM induced one order of magnitude reduction of 
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the original cell count on both T-47D and Jurkat when com-
pared with free silver ions, and at lower concentrations, free 
silver ions did not exhibit any cytotoxic effects when com-
pared to AAgM [29-34]. Similar results were obtained on the 
antimicrobial activities of this chelate [28].  

 Careful examination of the data on AAgM depicted in 
Figs. (1a) and (1b) reveals that the salient features of inhibi-
tion for T-47D and Jurkat are similar in that both profiles are 
triphasic. In general, Phase I is characterized by cytotoxicity 
in the nanoconcentration range, Phase II is characterized by 
the absence of cytotoxicity in the intermediate range, and 
finally Phase III is characterized by cytotoxicity in the mi-
croconcentration range. This behavior is more pronounced 
for T-47D in comparison with that for Jurkat. These phases 
occur abruptly as the concentration of AAgM increases. For 
the range of concentrations studied, the initiation of these 
phases is different for each tumor cell line examined (com-
pare Figs. (1a) and (1b)). Such a triphasic behavior is also 
encountered in hormone co-activators [33].  

 The ratio of the area-under-the-concentration-curve for 
the time period over 24 h (AUCt>24) to the 50% inhibitory 

concentration (IC50) was calculated for the data presented in 
Figs. (1a) and (1b). Only the AUCt>24/IC50 values for Phase I 
were calculated since interest in drug development lies 
mainly within the nanoconcentration range. Results have 
revealed that the same conclusion can be deduced regarding 
the activities of AAgM on these tumor cell lines; namely, the 
cytotoxicity of AAgM on Jurkat is more superior to that of 
T-47D in Phase I. It can be concluded therefore that AAgM 
has profound activities on disseminated Jurkat tumor cells in 
comparison with solid T-47D cell line.  

4. IN VIVO ANTINEOPLASTIC ACTIVITIES OF 

AAgM

 The in vivo cytotoxic activities at different concentrations 
of AAgM were studied on human solid hepatocellular HepG-
2 carcinoma and disseminated HL-60 acute myeloid leuke-
mia (AML) tumors grown subcutaneously (s.c.) in female 
athymic nude mouse xenograft models [35]. Hepatocellular 
HepG-2 carcinoma or malignant hepatoma was chosen be-
cause it has a very poor prognosis and the survival rate of 
patients is very low because often the tumor is discovered at 
later stages of the disease. On the other hand, HL-60 cell line 

a

b

Fig. (1). % Inhibition of AAgM on (a) T- 47D and (b) Jurkat tumor cell lines. The results shown are the means ±S.E. of three independent 

experiments. 
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was chosen because it is a very fast growing disseminated 
leukemia tumor cell line.  

 Statistical analyses on the results on HepG-2 and HL-60 
have shown that AAgM resulted in significant antitumor 
activities against both tumor cell lines. Particularly, it in-
duced a 76% tumor inhibition on HepG-2 in the first 14 days 
of treatment and by the end of the course of the experiment 
or after 38 days of treatment, tumor inhibition reached al-
most 85% while for HL-60 the tumor inhibition at the end of 
the experiment (16 days of treatment) reached almost 70% 
[35]. Additionally, regression analyses on the data showed 
that AAgM in vivo treatment on HepG-2 and HL-60 resulted 
in 30 and 20% of the mice being tumor-free, respectively, 
and tumors did not re-grow even after treatment was 
stopped. Calculations have revealed that AAgM exhibited 
significant tumor growth delay of about 81 days for HepG-2 
and 58 days for HL-60 [35]. Equally important is the fact 
that throughout the duration of the in vivo study on HepG-2 
and HL-60, all animals treated did not show any signs of 
toxicity such as body weight loss or other commonly ob-
served signs of toxicity.  

5. MECHANISM OF ACTION OF AAgM 

 Living Cells can die by either necrosis “cell murder” [36, 
37] or apoptosis “cell suicide” [38]. It is well established that 

cytotoxic drugs induce cytotoxic activities through a number 
of mechanisms, including necrosis (cytotoxic agents over-
dose), apoptosis, genotoxin (DNA damage), cell membrane 
damage, or free radical formation.  

 To examine the mode of AAgM inherent cytotoxic ac-
tivities, in-situ apoptosis was detected by the DeadEnd Col-
orimetric TUNEL (terminal deoxynucleotidyltransferase 
nick end labeling) assay for Phases I, II and III identified in 
Figs. (1a) and (1b) [29-34]. Three concentrations, one for 
each phase, were chosen for the apoptotic studies and com-
pared with the control, 0.0707, 36.2, and 144.9 M for 
Phases I, II and III, respectively.  

 The TUNEL assay results after 18 hours of incubation for 
T-47D and 6 hours for Jurkat are shown in Figs. (2a) and 
(2b), respectively. The 18 and 6-hour incubation periods 
were chosen because it was determined in previous experi-
ments of this work that induction of apoptosis of AAgM was 
within these times for these two cell lines.  

 For both cell lines studied, it can be concluded from Figs. 
(2a) and (2b) that apoptotic staining, depicted by arrows, is 
evident for AAgM at these concentrations. As can be seen, 
there are apparent alterations in cell morphology and de-
tachment from the culture surface and cells became sparse 

a

b

Fig. (2). Photomicrographs showing in-situ apoptotic staining depicted by arrows on (a) T-47D and (b) Jurkat. T-47D and Jurkat cells were 

treated with AAgM to induce apoptosis at three different concentrations, 0.0707, 36.2, and 144.9 M. Positive and negative controls were 

used by using methotrexate (MTX) and by keeping the cells in the media without treatment (NEG). Detection of apoptosis was done by the 

DeadEnd Colorimetric TUNEL (terminal deoxynucleotidyltransferase nick end labeling) assay for the detection of apoptosis in cultured 

cells. 
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and rounded, which are classical characteristics of apoptosis. 
However, in Phase II for both T-47D and Jurkat treated with 
AAgM apoptosis is absent, and the cells are adherent to the 
surface of the slides, resembling that of the negatives (NEG), 
corroborating the previous results, viz., the lack of cytotoxic-
ity of AAgM in Phase II, Figs. (1a) and (1b). It is also of 
significance to note here that the frequency of apoptosis is 
also reflected in the % inhibition results. For example, in the 
case of Jurkat treated with AAgM, the concentration at 0.0707 

M of AAgM corresponds to higher inhibition than that at 
144.9 M of AAgM, compare 50.5% with 38.9% of Fig. 
(1b), which is fingerprinted in the apoptotic results. For both 
cell lines examined, Phase II might be considered a region 
where AAgM is nontoxic at these concentrations. This find-
ing could be interpreted in terms of AAgM lack of cytotoxic-
ity, signaling cell dedifferentiation where cells might have 
reverted back to becoming nonmalignant, similar to experi-
ments done on salamander cancers [39, 40]. 

 Silencing of the proliferation-associated p15 gene is com-
monly associated with myelodysplastic syndrome (MDS) 
[41]. Hence, drugs that inhibit DNA methylation are becom-
ing very important in the fight of cancer. One such drug that 
has promising clinical results is decitabine or 5-Aza-2’-
deoxycytidine. In vitro and in vivo studies have shown that 
decitabine was found to revert hypermethylation of p15
gene, and has the ability of correcting leukemic cells and 
revert them back to normal [42-44]. The underlying mecha-
nism responsible for the antineoplastic activity against MDS 
at low-dose of decitabine involves demethylation and the 
reversal of silencing of the p15 gene promoter hypomethyla-
tion [41]. Hypermethylation was also found to be responsible 
for colorectal carcinomas [41, 45]. A recent in vitro study has 
shown that in colon cancer cells, promoter of hypermethyla-
tion is reversed as well [45]. The observed noncytotoxicity 
of AAgM at moderate concentrations in Phase II might be 
indicative that reversal of hypermethylation through p15
gene is present. It is also possible that the observed lack of 
cytotoxicity in Phase II is related to the loss of ability of cells 
to divide, leading to growth arrest [33].  

6. STRUCTURAL PROPERTIES OF AAgM 

 X-ray Crystallography (XRC) was employed to deter-
mine the structural properties of the title compound [29-32, 
34]. A view of AAgM including the scheme of atomic num-
bering is presented in Fig. (3), while comprehensive crystal 
data and values of geometrical bond lengths and angles are 
given elsewhere [29-32, 34]. The coordination sphere of the 
crystalline state of AAgM revealed a polymeric chain hy-
drate structure, and is constructed from silver complex mole-
cules and water solvent molecules, with no imposed symme-
try on it [29-32, 34]. The stereochemical structure of AAgM 
is basically a two-bidentate and two-unidentate chelate resi-
due of tartrate rings and water, [Ag(bidentate)2(unidentate)2]

±
.

Thus, AAgM is composed of lipophilic and hydrophilic 
moieties, making it miscible in both lipids via the tartrate 
rings and ionic solutions via the water molecules, Fig. (3). 
The water molecule is present stoichiometrically with respect 
to the complex, which is coordinated to the silver atom, Fig. 
(3). The tartaric acid residue coordinates to the Ag(1) center, 
forming 5-member coordination ring.  

Fig. (3). Molecular structure of the title compound AAgM as de-

termined by XRC.

7. THERMAL PROPERTIES OF AAgM 

 Simultaneous thermo-analytical technique that combines 
both differential scanning calorimetery (DSC) and thermo-
gravimetric (TG) analyses were conducted on AAgM [29-32, 
34]. Results of the DSC from 25° to 350°C at a temperature 
program rate of 10°C/min on crystals of AAgM depicted two 
endothermic bands at ~ 90-125°C with a peak at around 
110°C and at ~ 170-190°C with a peak at around 180°C and 
one exothermic band at ~ 210-230°C with a dip at around 
220°C [29-32, 34].  

 To further ascertain the above observations, hot-stage 
microscopy on AAgM is performed and the results are pre-
sented in Fig. (4). As can be seen in Fig. (4a), there were no 
obvious changes observed on AAgM between ~ 26-75°C. In 
the range of 86-157°C, particles appear more crystalline, Fig. 
(4b). Between 183-188°C, there appears to be changes in the 
crystalline structure of AAgM as depicted in Fig. (4c). At 
200°C, the sample becomes blackish in color, indicating de-
composition, Fig. (4d). As the sample is further heated to 
253°C, the sample becomes more darkened and additional 
decomposition is observed as shown in Fig. (4e). It is of sig-
nificance to point out here that no recrystallization was ob-
served by lowering the temperature back to ~ 30°C.  

 The nature of the first low-temperature endothermic peak 
at around 110°C might be attributed to changes in the crys-
talline structure of AAgM, corroborating the results of the 
hot-stage microscopy Fig. (4b). The second endothermic 
peak at around 180°C might be due to dehydration of mo-
lecular water bonded to the silver atom. 

 A useful indication of the two endothermic peaks ema-
nates from a comparison of the DSC and TG results or the % 
weight loss of the original sample as a function of tempera-
ture. Results have revealed that the % weight of the original 
sample does not change within the range of the first endo-
thermic band, indicating that no phenomena characterized by 
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mass variation are taking place. However, at the second en-
dothermic band, weight loss was observed. The loss of mass 
commenced at approximately 150°C and continued to about 
200°C, and was accompanied by a weight loss of about ~ 
6%. This dehydration step is also depicted in Fig. (4c) of the 
hot-stage microscopy results. The value of the weight loss of 
~ 6% is equal the stoichiometric value of water present in 
Aliargentumycine (compare the molecular weight of AAgM 
of 275 with that of water, 18/275 ~ 6%). Undoubtedly, this 
observation is a signature of the dehydration step.  

 The final exothermic dip at 220°C corresponds to thermal 
decomposition. As the sample approaches the decomposition 
temperature, it suddenly decomposes, expands and makes 
contact inside the DSC instrument. This behavior can be 
substantiated by Figs. (4d) and (4e) of the hot-stage micros-
copy analyses. The present data suggest that AAgM is stable 
up to ~ 80°C, and at higher temperatures changes in the crys-
talline structure, dehydration and decomposition are con-
secutively observed.  

8. CONCLUSIONS AND RECOMMENDATIONS 

The antimirobial and the in vitro and in vivo antineoplas-
tic activities, mechanism of action, structural and thermal 
properties of a pharmaceutically silver (I) tartaric acid 

chelate given the tile name Aliargentumycine (AAgM), 
which was synthesized by the author were summarized and 
reviewed here. The antimicrobial and anticancer activities of 
AAgM were studied in vitro and in vivo and AAgM was 
found to be very effective. In vitro results have shown that 
the title compound AAgM exhibits a triphasic cytotoxicity 
profile and its antineoplastic activities extend to the nano-
concentration range. The mechanism of action of AAgM was 
by apoptosis. X-ray crystallography revealed that AAgM is a 
polymeric monohydrate distorted skew trapezoidal bipyra-
midal. Thermal studies have revealed that AAgM is stable to 
about 80°C, and at higher temperatures its crystalline struc-
ture changes, dehydrates and finally decomposes.  

 There are difficulties associated with metal-based can-
cerous compounds in that effective treatment is hampered by 
lack of specificity and difficulty in delivering these agents to 
their targets. The lack of specificity of cytotoxic drugs for 
tumors cells and the resulting toxicity to normal tissue ham-
per an additional exploitation of their cytotoxic effects. This 
is especially true with using cytotoxic agents on solid neo-
plasms since within the intercellular region of neoplasmic 
cells, the network of blood capillaries is far too small for 
such agents to be delivered [46-51]. These regions com-
monly exist in most major classes of solid tumors such as 
those associated with breast, head and neck, pancreatic, 
stomach, ovarian, cervical, lung, and prostate tumors. Since 
the present chelate has a relatively low molecular weight of 
275, it can easily access solid tumors to reach its cellular 
target where blood capillaries are too small for large molecu-
lar drugs to be delivered.  

 There is a plethora of adverse side effects, some of which 
are irreversible, associated with cytotoxic compounds such 
as thrombocytopenia, nausea, peripheral and autonomic neu-
ropathies, urticaria, cytopenia, cachexia, alopecia, angioe-
dema, and many others related to pulmonary, reproductive 
and endocrine, and even cardiac arrest, especially at high 
doses [52, 53]. These complications are the major dose-
limiting toxicity and can lead to hospitalization of the patient 
and analgesics for the alleviation of pain. On the other hand, 
silver has low toxicity compared with other heavy metals. 
Once absorbed, silver undergoes a first-pass effect through 
the liver, and is secreted into the bile, reducing the systemic 
distribution to tissues [54]. The only known condition, which 
results from chronic exposure to high levels of silver for a 
prolonged period of time in humans is argyria, a benign con-
dition which results in permanent bluish-gray discoloration 
of the skin. The only clinical effect observed with argyria is 
an aesthetic effect and there are no pathological changes or 
inflammatory reactions resulting from silver deposition [55].
Based on patients receiving i.v. injections of silver arsphena-
mine, the LOAEL (lowest-observed-adverse-effect level) for 
argyria was determined to be 0.014 mg/kg/day [55]. 

 Accordingly, since silver has a much safer tolerance re-
cord than most heavy metals, especially platinum and arse-
nic, and in vivo studies conducted with AAgM have shown 
its lack of toxicity [35], this makes silver in general and 
AAgM in particular very attractive for clinical implementa-
tion. The sundry of adverse side effects associated with the 
current systemic therapeutic methods used for the treatment 
of cancer such as metal-based drugs, radiation, immunother-

Fig. (4). Hot-stage microscopy results obtained on AAgM for tem-

peratures (a) 26-75°C, (b) 86-157°C, (c) 183-188°C, (d) 200°C and 

(e) 253°C. 



298    Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 3 Kareem I. Batarseh 

apy, chemotherapy, and antiangiogenic drugs might there-
fore be alleviated, making AAgM an excellent candidate for 
alternative therapy.   

 Based on the merits of this work, the present findings can 
be used for the development and the design of newly and 
safer silver-based antineoplastic drugs for the systemic 
treatment of cancer, especially those associated with solid 
neoplasms of epithelial and mesenchymal origins, which are 
not typically prone to apoptotic responses with cdk inhibitor 
drugs [56]. These promising findings will open new perspec-
tives in the systemic treatment of cancer and in the formula-
tion of novel cytotoxic silver-based drugs. The exceptionally 
low toxicity of AAgM and its effective antineoplastic activi-
ties make it attractive for further in vivo studies and future 
clinical trials.  

ABBREVIATIONS 

AAgM = Title name of Aliargentumycine  

AgSD = Silver sulphadiazine 

ATCC = American Type Culture Collection 

AUCt>24 = Area-under-the-concentration-curve for the 
time period over 24 h 

DSC = Differential scanning calorimetery 

HL-60  = Human acute myeloid leukemia cell line 

HepG-2 = Human hepatocellular carcinoma cell line 

IC50 = 50% inhibitory concentration  

i.v. = Intravenously  

Jurkat = Human T-cell lymphoblast leukemia cell line 

LOAEL = Lowest-observed-adverse-effect level 

MDS = Myelodysplastic syndrome  

MTX = Methotrexate  

NEG = Negative without treatment 

S.E. = Standard error 

s.c. = Subcutaneously 

T-47D = A human ductal breast carcinoma cell line 

TG = Thermogravimetric  

TUNEL = Terminal deoxynucleotidyltransferase nick 
end labeling 

XRC = X-ray crystallography  
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