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Two diaminobis(phenolato) Ti(IV) complexes were combined 

with azatoxin, camptothecin  or cisplatin and underwent in 

vitro cytotoxicity analysis toward HT-29 and NCI-H1229 

cancer cell lines. The methylated salan derivative exhibited 10 

synergistic effects with cisplatin at varying ratios toward both 

lines, when the compounds were administered fresh and 

simultaneously, implying great medicinal potential.  

The search for metal based anticancer drugs has evolved 

significantly during the past decades.1 Cisplatin, although highly 15 

effective towards particular tumour types, suffers from severe 

side effects and narrow activity range and resistance 

development;2 thus, additional metal based drugs that may 

operate by different mechanisms are sought for. Titanium is a 

promising drug candidate; its complexes showed reduced toxicity 20 

and wide activity range. 1a, 3 In particular, the 

diaminobis(phenolato) "salan" Ti(IV) complexes developed in 

our group are highly effective anti-tumor agents, showing 

enhanced stability in water solutions, accompanied by high 

cytotoxicity towards various human and murine, drug-sensitive 25 

and drug-resistant cell lines, and negligible effect on primary 

murine cells.3b, 4 L1Ti(OiPr)2 and L2Ti(OiPr)2 (Scheme 1) were 

identified as leading compounds among the salan family of 

Ti(IV) complexes in respect to their high hydrolytic stability and 

cytotoxicity,4a, b and are the subject of current intensive research. 30 
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Scheme 1  Salan Ti(IV) complexes 

Combination therapy of two or more drugs operating by different 40 

mechanisms is a common methodology to achieve efficient 

tumor-growth inhibition while reducing side effects.5 An additive 

effect of the administered drugs enables reducing the dose of each 

drug to achieve the desired effect, and consequently the toxicity 

of both drugs is reduced. In particular, a synergistic effect of the 45 

combined drugs, in which the drugs operate more effectively 

together than the sum of each individual drug, offers a substantial 

improvement in the drug efficiency.  

 Numerous combinations of drugs have been employed in 

cancer treatment.6 For instance, attempts to overcome the cell 50 

resistance phenomenon and the high toxicity of cisplatin involved 

combining it with various anti-cancer agents,7 including 

paclitaxel, 7b, 8 topoisomerase inhibitors,9 and others.2, 7a, 10 The 

behaviour of the combinations ranged from synergistic to 

antagonistic (or “sub-additive”5b), depending on the ratio of the 55 

drugs, the doses, the period of exposure to the cells, and the order 

of the administration.8-10 Platinum based compounds are often 

used in actual treatment as a combination with other drugs, such 

as paclitaxel for ovarian cancer.11  

 The derivatives of camptothecin (CPT; Scheme 2) are widely 60 

used as chemotherapeutic drugs to treat several cancer types, 

including ovarian cancer, small cell lung cancer, colorectal cancer 

and more.12 Unlike cisplatin, operating on the target bio-molecule 

DNA, the only known cellular target of camptothecin is 

topoisomerase I. Azatoxin (Scheme 2) is also a topoisomerase 65 

inhibitor, but unlike CPT, the target of azatoxin is topoisomerase 

II, and it also inhibits tubulin polymerization.13 Thus, analysis of 

combination therapy with such potent anticancer agents operating 

by varying mechanisms is beneficial for medicinal applications. 

Herein we present in vitro analysis of the cytotoxicity of 70 

combinations  of salan Ti(IV) complexes with the known anti-

cancer drug cisplatin, CPT and azatoxin, while evaluating the 

interactions between them using the isobolographic method.14 

Different behaviours were detected, including highly synergistic 

ones of great potential in medicinal utility. 75 

 

Scheme 2  Camptothecin, azatoxin, and cisplatin 
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Fig. 1 Dose-dependent curves of (a) azatoxin (IC50 = 0.18±0.04) and camptothecin (CPT) (IC50 = 0.06±0.02) against human colon HT-29 cancer cell line, 

(b) cisplatin and L1,2Ti(OiPr)2 against human colon HT-29 (IC50 =17±3 , 10±1  and 1.2±0.2 respectively), and (c) cisplatin and L1,2Ti(OiPr)2 against non-

small-cell lung NCI-H1229  cancer cell line (IC50 = 17±5, 16±2, and 2.2±0.2 respectively) (3 day incubation period; based on 3 times 3 repetitions) 10 

 

L1Ti(OiPr)2 and L2Ti(OiPr)2 (Scheme 1) were prepared as 

previously described from the ligand precursor and Ti(OiPr)4, and 

characterized by NMR.4b, 4f The anti-proliferative activity of the 

complexes was measured in vitro in combination with cisplatin, 15 

CPT, or azatoxin, in comparison to that of the compounds when 

administered alone (Figure 1); the cells were treated with the 

investigated complex, known agent, or a combination of the two 

at different concentrations, and after a three days incubation 

period, analysis was carried out by the methylthiazolyldiphenyl-20 

tetrazolium bromide (MTT) assay.15 The interaction between the 

combined agents was analysed by the isobolographic method 

(Figures 2-5).14  

 Isobolographic analysis is a method to identify the nature of 

the interactions of two potential drugs. The isobologram is a 2-D 25 

graph, presenting the concentrations employed of the two 

potential drugs combined that together induce a single effect 

level, usually reducing the response by 50% of the maximal cell 

growth inhibition (IC50). Each axis represents a single drug 

concentrations (   and   ), and thus the IC50 values of the drugs, 30 

when administrated alone, are plotted as axial points. The line 

connecting these points is the additive isobole, which represents 

the equation where the combination index (CI) is 1: 

   
  
      

 
  
      

   

Where A and B are the two drugs, and        and        are the 

IC50 values of the drugs when administrated alone. This additive 35 

line is accompanied by two dashed lines, defining the error range, 

derived from the error values of each IC50 axial point. 

 The two drugs are combined at fixed ratio and the IC50 of the 

mixture, namely, the concentration point for which 50% cell 

growth inhibition was achieved, is determined. The concentration 40 

of each drug at that IC50 concentration point is derived and 

plotted on the graph. Points located under the additive line (CI<1) 

correspond to a synergistic behavior, those above the line (CI>1) 

correspond to an antagonistic behavior, and those on the line 

(CI=1) or within the error range represent an additive behaviour. 45 

 The ratio between the administrated agents, R, is defined as the 

concentration of the agent presented on the X axis (salan Ti(IV) 

complex) divided by that of the agent presented on the Y axis 

(cisplatin, azatoxin or CPT).  

 50 

Combination of salan Ti(IV) complexes with different drugs  

Cytotoxicity measurements of the combination of L1Ti(OiPr)2 

and L2Ti(OiPr)2 with azatoxin, CPT, and cisplatin were 

performed on the relatively resistant, representative colon HT-29 

cell line. The ratio between the administrated drugs, R, was 55 

constant for each combination. This value was chosen according 

to the ratio of their IC50 values when the two agents are 

administrated alone, to achieve similarly effective responses. The 

results are presented in Figure 2.  

 The combinations of both L1,2Ti(OiPr)2 with CPT showed an 60 

additive behaviour. This implies that there is no interaction 

between CPT and the Ti(IV) complexes, and every anti-cancer 

agent reacts as if the other is not present. However, the 

behaviours of the combinations with azatoxin and cisplatin 

 65 

Fig. 2 Isobolographic analysis of the anti-proliferative activity of the 

combinations of salan complexes with CPT, azatoxin and cisplatin against 

human colon HT-29 cancer cells. The IC50 values the drugs alone are the 

axial point, connected to provide the additive line with its accompanying 

error range. 70 
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depended on the salan complex. Whereas the combination of 

azatoxin or cisplatin with L2Ti(OiPr)2 demonstrated an 

antagonistic behaviour, that with L1Ti(OiPr)2 showed a 

synergistic effect. Such effects may point either to two different 

mechanisms of the combined drugs that relate to one another, or 5 

to an interaction of the two compounds that might be either 

beneficial or detrimental. Under the assumption that the 

mechanisms of action of the two complexes are similar, this 

marked difference in the behaviour was unexpected. One 

explanation might relate to the differences in steric bulk, as 10 

L2Ti(OiPr)2 is more sterically bulky than L1Ti(OiPr)2. Steric 

effects were previously reported to negatively influence the 

performance of salan Ti(IV) complexes due to reduced biological 

accessibility.4a, 16 It is thus possible that the bulkier compound 

produces a larger product of interaction with the second drug with 15 

limited accessibility, or penetrates the cell more slowly itself thus 

affecting the schedule of its arrival at the target (see below).  

Combination of salan Ti(IV) complexes with cisplatin at 
varying ratios 

Elaborated analysis was performed on the combination of the 20 

salan Ti(IV) complexes with cisplatin, being the leading 

inorganic anti-cancer drug with defined mechanism of action2 and 

well-established potential utility of its combination with other 

drugs.7b, 8-10 The anti-proliferative activity of the combinations 

was analysed against human colon HT-29 and non-small cell lung 25 

NCI-H1229 cancer cells. Different ratios of concentration of the 

administered drugs were employed; as the IC50 values of 

L1,2Ti(OiPr)2 and cisplatin are generally in the same order of 

magnitudes, R = 0.33, 0.5, 1, 2, and 3 were analysed. The results 

are presented in Figure 3. 30 

 The concentration ratio of the administered drugs did not have 

significant influence on the behaviours of the combination. The 

combination of L1Ti(OiPr)2 with cisplatin at all ratios showed 

synergistic behaviour against both cell lines analysed, whereas 

that of L2Ti(OiPr)2 showed a repeating antagonistic behaviour. 35 

Nevertheless, it is noticeable that for the L2Ti(OiPr)2-cisplatin 

combination administered to HT-29 cells, as the R ratio 

increased, i.e. the L2Ti(OiPr)2 concentration is higher than that of 

cisplatin, the behaviour became less antagonistic. Another 

interesting observation relates to the behaviour of the same 40 

combination when administered to NCI-H1229 cells line: at ratios 

for which one of the reagents is more dominant than the other, i.e. 

R=0.33 and R=3, there is less interference between the reagents 

and the behaviour becomes additive. These results may support 

the hypothesis that the behaviour of the combinations result from 45 

interaction between the two drugs, which is more effective in a 

1:1 ratio. 

Combination of salan Ti(IV) complexes with cisplatin at 
varying administration schedules 

As previous studies have indicated that the order of 50 

administration of combined drugs may affect the behaviour of the 

combination,8 the effect of administration scheduled was 

investigated. The compounds were added to the cells 

consequently with varying time intervals in between, while 

maintaining short enough intervals to prevent cell cycle processes 55 

from influencing the results. L1Ti(OiPr)2 was combined with 

cisplatin at ratio R=1, which showed synergism when 
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Fig. 3 Isobolographic analysis of the anti-proliferative activity of the 

combinations of salan complexex with cisplatin against human colon HT-70 

29 and lung NCI-H1229 cancer cells at different ratios (R). -R=1, -

R=0.5, ▲-R=0.33, -R=2, -R=3. The IC50 values the drugs alone are 

the axial point, connected to provide the additive line with its 

accompanying error range. 
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Fig. 4 Isobolographic analysis of the anti-proliferative activity of the 

combination of L1Ti(OiPr)2 and cisplatin against human colon HT-29 and 90 

non-small cell lung NCI-H1229  cells; top:  where the cells were treated 

first with L1Ti(OiPr)2 and then with cisplatin; bottom: where the cells 

were treated first with cisplatin and then with L1Ti(OiPr)2; with varying 

time intervals in between: -0h, -1h, ▲-2h, -5h, -24h. The IC50 

values the drugs alone are the axial point, connected to provide the 95 

additive line with its accompanying error range. 

administered simultaneously, and the anti-proliferative activity 

was analysed against human colon HT-29 and non-small cell lung 

NCI-H1229 cancer cells. The results are summarized in Figure 4.  

 Regardless of the order of administration, both when the cells 100 

were treated first with L1Ti(OiPr)2 and then with cisplatin, and 

vice versa, a clear pattern was observed toward both cell lines: as 

the time interval between administration of the compounds 

increased, the behaviour became more antagonistic (Figure 4).8 It 

is also noteworthy that similar results were obtained when the  105 
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Fig. 5 Anti-proliferative activity of the combination of L1Ti(OiPr)2 and 

cisplatin against human colon HT-29 and non-small cell non-small cell 

lung NCI-H1229 cells following varying periods of mixing of the 

combined drugs in an organic solution (The IC50 values the drugs alone 

are the axial point, connected to provide the additive line with its 20 

accompanying error range); Top: isobolographic analysis of data points: 

-0h, -1h, ▲-2h; Bottom: dose dependent curves of data points -5h, 

-24h (cell growth inhibition does not reach 50%, disabling 

isobolographic analysis) 

medium of the cells was replaced before the insertion of the 25 

second anticancer agent (see supplementary information). It is 

thus clear that the synergistic behaviour is only possible when the 

cells are exposed to the two anticancer agents simultaneously. 

This may support the notion that the behaviour of the 

combination is a result of interaction of the two drugs prior to 30 

arrival at the cells, which is only possible when the drugs are 

administrated as a combined solution. 

 Suspecting that the source for the synergistic behaviour is a 

reaction between the salan complex L1Ti(OiPr)2 and cisplatin, in 

an additional experiment, the two drugs were allowed to pre-35 

incubate together as an organic mixture of their administration 

solvents at 37 C prior to addition to the cells, and the anti-

proliferative activity of the combination was analysed against 

colon HT-29 and non-small cell lung NCI-H1229 cells (Figure 5). 

Interestingly, the results indicated that the beneficial interaction 40 

between the drugs was lost, and the behaviour turned either 

additive or antagonistic after long pre-incubation periods. It is 

thus presumed that dissociation of the active species occurs 

during long sitting under non-inert conditions. This dissociation 

apparently results both from susceptibility of the salan Ti(IV) 45 

complex to hydrolysis and from the decreased activity of cisplatin 

after sitting in DMSO solution (see supplementary information).17 

Alternatively, any potential chemical product of the interaction 

between the drugs may also undergo dissociation to species of 

reduced activity.  50 

Conclusions 

In in vitro testing of two representative cell lines, a salan Ti(IV) 

complex exhibits synergism with the effective anti-cancer agent 

cisplatin, at various ratios of the administered drugs. This 

observation implies a significant therapeutic value of this and 55 

related titanium compounds, particularly due to their reduced 

toxicity relative to the platinum counterparts.3c, 18 Nevertheless, 

the behaviour of the combination depends not only on the 

combined drug, but also on the particular derivative of the salan 

complex employed and order of administration. Whereas the 60 

combination with CPT showed an additive behaviour for both 

salan TiIV complexes, that with azatoxin and cisplatin pointed to 

some interaction either between the drugs themselves or between 

their mechanisms of operations, which was constructive for one 

derivative but destructive for the other. Although the two salan 65 

TiIV complexes operating by different mechanisms cannot be 

ruled out as an explanation to their different behaviours, an 

alternative explanation relates to their different chemical 

structure, affecting a potential chemical interaction with a 

combined drug or their biological accessibility. As the 70 

brominated derivative is bulkier and more stable, it is possible 

that it more slowly yields a bulkier product with reduced 

biological accessibility. Additionally, the combination of the 

methylated salan TiIV derivative with cisplatin showed synergism 

only when both compounds were administered "fresh" and 75 

simultaneously, suggesting decomposition of the compounds or 

their product when not in the presence of cells. Nevertheless, 

such an administration is also favoured for future in vivo and 

clinical studies.   

 To summarize, we found that most combinations analysed with 80 

L1Ti(OiPr)2 are synergistic or additive, both are medicinally 

valuable. Since anti-cancer chemotherapy widely relies on 

combinations of drugs to reduce the side effect of each drug, and 

due to the reduced toxicity Ti(IV) in general, further exploration 

of the salan family of Ti(IV) complexes is clearly of great 85 

medicinal value. Additionally, although the mechanism of the 

salan Ti(IV) complexes cannot be unequivocally determined at 

this point, their operation on DNA or as topoisomerases inhibitors 

cannot be ruled out.3g, 19  Further mechanistic analysis of the 

operation of these compounds is thus also of the essence for 90 

further development of efficient compounds and combination 

therapy regimes, and is currently ongoing in our laboratory.4e, 20 
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