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Abstract

Metal-containing polymers have shown good activ-
ity against MCF-7 and MDA-MB-231 human breast cancer 
cells. These cell lines represent about one half of the known 
human breast cancers. MDA-MB-231 (strain number 7233) 
cells are estrogen-independent; estrogen receptor negative 
while the MCF-7 (strain line 7259) cells are estrogen receptor 
(ER+) positive and the combination are used as a matched 
pair. Polyethers that contained the O-phenylene structural 
unit showed good inhibition to the non-estrogen sensitive 
cell line, MDA-MB-231, but were less effective towards the 
MCF-7 cells, a well-characterized estrogen receptor positive 
control cell line. Using camphoric acid as the model Lewis 
base, the most active polymers were derived from zircono-
cene and hafnocene-containing polymers and the Group 15 
polymers were the least active. Organotin polymers showed 
intermediate ability to inhibit breast cancer cell growth. 
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Overall Objective

We have produced over 75 new families of metal-containing 
polymers for various purposes. These include the following met-
als: sodium and potassium as salts; organometallics containing 
titanium, zirconium, hafnium, vanadium, chromium, iron, co-
balt, nickel, rubidium, platinum, palladium, silicon, germanium, 
tin, lead, phosphorus, antimony, bismuth, arsenic, uranium, etc. 
Some of these efforts have been reviewed [1-6]. The focus in 
the current paper is on Group 4 metallocene, Group 15 and or-
ganotin polymers and their ability to control breast cancer.

In this paper we introduce cell line data related to the use 
of metal-containing polymers with reference to controlling the 
growth of two human breast cancer cell lines. Based on the cell 
line results the ability to control breast cancer growth is evalu-
ated relative to the nature of the metal.

Overall, the synthesis of the metal-containing polymers is 
based on the Lewis acid/base concept where an electron de-
ficient Lewis acid is the metal-containing unit and the electron 
donating Lewis base is the non-metal containing unit.
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Polymer Advantages 

The use of polymeric drugs is wide spread including their use 
to inhibit cancer growth [7-19]. Some advantages in compari-
son to small, monomeric drugs are briefly described as follows.

First, because of their large size, they can be designed with 
particular components incorporated to impart desired charac-
teristics including drug release or retention and if released, how 
fast it is to be released; polymer solubility, preferred location 
for activity, etc. This fine-tuning includes chain length, polar-
ity, monomer characteristics, crosslinking, and preferred dura-
tion of activity. Second, the polymer chain can be designed to 
deliver the “drug” as part of the entire chain that enters the 
cell by pinocytosis [20,21] being active in the polymer form or 
sufficiently unstable as to release the drug in some sustained 
release mode [22-24]. Our polymers act against the cancer cells 
in tact rather than through some decomposition product. Third, 
when characteristics of solid cancers are listed, one that is often 
omitted, but that is important, is the difference in characteristic 
between healthy and cancer cell walls. Cell walls of cancer cells, 
compared to normal cells, are more ragged allowing polymer 
chains to become “hooked” resulting in a longer contact time 
and enhanced activity against these cancer cells in comparison 
to smoother healthy cells. Fourth, polymers are filtered out by 
the kidneys more slowly than small compounds [25] decreas-
ing kidney damage and allowing for prolonged retention. Fifth, 
because of its large size the polymer can be designed to provide 
more bonding sites to cellular targets increasing their effective-
ness. Sixth, polymers can be designed to contain several differ-
ent anti-cancer agents. Thus, cisplatin and one of the polymers 
focused on in this paper can be incorporated in the same poly-
mer chain offering different mechanisms for cancer inhibition. 
Seventh, polymers may be active against cancer cells that have 
developed resistance. This resistance is believed to be partial-
ly due to the cell being alerted through the prior presence of 
small molecule chemoagents. Special “housekeeping” proteins 
are alerted to the invasion of the original anticancer agents and 
are then prepared to do “warfare” when other invaders arrive 
[26]. Some of our polymers have been effective at inhibition of 
cell lines that have become resistant [6,27] possibility because 
of their polymeric nature compared to the smaller size of the 
typical anticancer agents. 

Finally, as noted before, cancer cells are both irregular and 
leaky compared to normal cells with the potential of polymers 
occupying the interstitial space due to the leaky vasculature and 
limited lymphatic drainage typical of cancer cells [28]. This ef-
fect is called the enhanced permeability and retention, EPR, ef-
fect [17-19,28]. This listing is not exhaustive but highlights the 
advantages of polymers in the fight against cancer.

Synthesis

The polymers described here are synthesized employing 
commercially available reactants and a system that is employed 
in the industrial synthesis of polymers including aramid fibers 
and polycarbonates [29,30]. This allows for a somewhat straight 
forward scale-up from the milligram to ton amounts. As in al-
most all cases, while the process for scale-up is straight forward, 
the particulars are typically not.

The polymerization technique employed in the synthesis of 
the polymers is the interfacial polymerization discovered by Paul 
Morgan and coworkers at DuPont to synthesize the aromatic 
fibers referred to as aramid fibers [31]. This system has been 

modified by Carraher to include a variety of approaches [32-
34]. Here, the typical aqueous interfacial system is employed. A 
typical reaction system is described in the experimental section. 
Briefly, the Lewis base is dissolved in water. The Lewis acid is 
likewise dissolved in an organic solvent such as heptane that is 
immiscible with water. The two phases are added to a blender 
stirring at a rate of about 18,000 rpm. For comparison, this is 
over double the rotation rate of most model airplane motors. 
After less than one minute, generally almost immediately, poly-
mer is formed. The reason for the rapidly of the reaction is the 
use of what is referred to as highly reactive reactants where the 
activation energy is in the general realm of 20 Kcal/mole or 80 
Kjoule/mole. 

Each of the polymers synthesized by us has undergone exten-
sive chemical structural analysis including chain length, nuclear 
magnetic resonance spectroscopy, infrared spectral analysis 
and high resolution electron impact positive ion matrix assisted 
laser desorption time of flight mass spectroscopy (MALDI MS). 

Experimental Synthesis 

Reactions were carried out using the interfacial polyconden-
sation technique. Following is a brief description for the reac-
tion between typical reactants here camphoric acid as the Lewis 
base, and an organotin dichloride as the Lewis acid. An aqueous 
solution (30ml) containing the camphoric acid (0.00300mol) 
and sodium hydroxide ( 0.0060mol) is transferred to a one quart 
Kimax emulsifying jar fitted on top of a Waring Blender (model 
1120; no load speed of about 18,000 rpm; reactions were car-
ried out at room temperature about 25oC). Because the diacid 
form of camphoric acid is not a strong nucleophile, base is add-
ed converting camphoric acid to its salt which is a reasonably 
strong nucleophile. Stirring was begun and a heptane solution 
(30ml) containing the organotin dihalide (0.00300mol) was rap-
idly added (about 3-4 seconds) through a hole in the jar lid us-
ing a powder funnel. The resulting solution was blended for 15 
seconds. The precipitate was recovered using vacuum filtration 
and washed several times with deionized water and heptane 
to remove unreacted materials and unwanted by-products. The 
solid was washed onto a glass petri dish and allowed to dry at 
room temperature. 

Figure 1 contains the description for the reaction described 
in the experimental section.

Tumors Tested

The cell lines MDA-MB-231 and MCF-7 both originated from 
human breast cancer pleural effusions. Both are adenocarcino-
mas. The MCF-7 cell line is very sensitive to estradiol. The MCF-7 
line retains several characteristics of differentiated mammary 
epithelium including ability to process estradiol via cytoplasmic 
estrogen receptors. The cell lines MCF-7 and MDA-MB-231, plus 
a third T-47D, account for more than two-thirds of all reported 
studies utilizing breast cancer cell lines [35]. The MDA-MB-231 
cells form poorly differentiated adenocarcinomas (grade III) in 
ALS treated BALB/c mice and nude mice. Estradiol responsive 
tumors are produced in athymic mice using MCF-7 cells. The 
MCF-7 cells also express the WNT7B oncogene. The MDA-MB-
231 cells are a highly rearranged human cell line of female ori-
gin containing 59 to 66 chromosomes per metaphase spread. 
Structural abnormalities include rearrangements to over 60% of 
the 22 different autosomal chromosomes and to the X chromo-
some (ATCC®HTB-26™). 

The MCF-7 cells are a highly rearranged human cell line of 
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female origin containing 74 to 89 chromosomes per metaphase 
spread. Structural abnormalities include rearrangements to 
chromosomes X, 1, 2, 3, 5, 6, 7, 8, 9, 12, 13, 15, 18, 19, 20, and 
22 (ATCC®HTB-22™).

Tumor Testing Experimental

The toxicity of each test compound was evaluated as fol-
lows. Following a 24 h incubation period, the test compounds 
were added at concentrations ranging to 60 microgram/mL and 
allowed to incubate at 37°C with 5% CO2 for 72 h. Following 
incubation, Cell Titer-Blue reagent (Promega Corporation) was 
added (20 uL/well) and incubated for 2 h. Fluorescence was de-
termined at 530/590 nm and converted to % cell viability versus 
control cells. 

All cytotoxicity values are calculated against a base-line value 
for each line that was generated from “mock-treatment” of the 
normal and tumor cell lines with media supplemented with all 
diluents used to prepare the chemotherapeutic compounds. For 
example, if the compounds were dissolved in Dimethyl Sulfox-
ide (DMSO) and serial dilutions prepared in MEM (minimum es-
sential medium) to treat the cells, then the mock-treated cells 
were “treated” with the same serial dilutions of DMSO without 
added chemotherapeutic compound. This was done to ensure 
that any cytotoxicity observed was due to the activity of the 
compound and not the diluents. The mock-treatment never re-
sulted in a loss of cell viability of more than one percent, dem-
onstrating that the activity observed was not due to cytotoxicity 
of any of the diluents used, but was due to activity of the tested 
compounds. 

Once inhibition begun, the slope of the concentration versus 
inhibition is steep and continues to total inhibition.

Diagnostic Tools 

The two most widely accepted approaches for evaluating 
tumor cancer inhibition data are employed by us. The first in-
volves the concentration required to inhibit cell growth some 
amount, generally 50%. This is referred to by a variety of names 
such effective concentration, EC, and for 50% inhibition this is 
described as EC50. This is a direct measure of the concentration 
of compound that inhibits cell growth. The second measure is 
again referred to by a variety of names such as chemothera-
peutic index, CI. For measurements for 50% inhibition, this is 
the ratio for the concentration of drug needed to inhibit the 
growth of a standard 50%, here the WI-38 human healthy nor-
mal lung embryonic fibroblast cell, divided by the concentra-
tion of compound that inhibits the growth of that particular 
cell 50%. The values for the CI50 are taken directly from the EC50 
measurements. The use of WI-38 cells is the most widely em-
ployed standard. These values are given in Tables 1 through 4 
for selected studies. 

Low EC50 values are preferred for the tested compounds 
compared to the standard WI-38 standard values. Further, high 
CI50 values are preferred since they show a great difference be-
tween the concentrations of tested compound to inhibit cancer 
growth compared to the concentration needed to inhibit the 
human healthy standard.

Structural Considerations

We have observed that Lewis bases that contain certain 
structural units have markedly different abilities to inhibit the 
two breast cancer cell lines. This difference is generally found 
when the Lewis base has structural units similar to drugs often 

employed to treat breast cancer, namely antiandrogens. Fol-
lowing demonstrates this for some of the polymer structures 
studied by us.

Initially our focus is on diethylstilbestrol, DES. DES is a syn-
thetic estrogen that mimics estrogen. It is one of a group of 
synthetic estrogens used in the treatment of certain breast can-
cers. It is sold under of different names including cyren A, dis-
tilbene, Apstil and stilbetin. It was initially employed to prevent 
miscarriages or premature deliveries beginning in 1938. It was a 
horrible choice since it was later linked to a rare vaginal cancer 
found in female offspring. It is in fact a teratogen whose use 
may result in malformation of an embryo or fetus. 

DES has been employed in the treatment of breast and pros-
tate cancer but its use has been fortunately limited due to its 
poor solubility and a wide variety of toxicities. Its use in hor-
monal therapy of metastatic prostrate has been described (Fig-
ure 2). 

The second hormone used for comparison is dienestrol, one 
of the most widely employed sex hormones. In literature it is 
often confused with DES because of its similar structure but it is 
a different chemical with its own unique chemistry and biologi-
cal activities. It is sold under a variety of trade names including 
Lipamone, Retalon-Oral, and Farmacyrol. It is employed in hor-
mone therapy mainly estrogen replacement therapy. 

Table 1 contains results for polymers made from each of 
these hormones [36,37]. In all cases, the ability to inhibit the 
MDA cell line is markedly greater for the two polymers com-
pared to the MCF cell line. For the polymers the ratio of MCF/
MDA ranges from 1.5 to 12 for DES and for dienestrol from 2.3 
to 82. This difference is also shown for the monomers DES and 
dienestrol. 

We have studied numerous polymers containing the C-O 
linkage that did not show this difference in ability to inhibit the 
two cell lines. The structural difference is that these two poly-
mers contain the O-phenylene grouping whereas most of the 
other polyethers do not. This difference is also found for organ-
otin polyethers derived from a wide variety of products derived 
from reaction with hydroquinone and hydroquinone derivatives 
(Figure 3). These polymers also contain the O-phenylene link-
age. 

These results are consistent with a preferential inhibition of 
the MDA non-estrogen cancer cell line by these certain poly-
mers. DES and dienestrol are more effective against Estrogen 
Receptor positive (ER+) tumors such as the MCF-7 cell line. It is 
possible that some of the polymer from the hormone drugs and 
hydroquinone derivatives is bound to the estrogen receptors in 
the MCF-7 cell line rendering it unavailable for action within the 
cell. Physicians treating breast cancer should be aware of this 
possibility in selecting treatments. 

Relative Effect of Metal

One of the major reasons for our current research is to ascer-
tain if there is a structural relationship relative to the ability to 
inhibit breast cancer growth. This section presents studies of re-
lated compounds differing only in the nature of the metal pres-
ent. Here we are using a variety of metal-containing polymers 
based on reaction with camphoric acid. (We have observed that 
the chain length, polymer molecular weight, has little effect on 
the ability to inhibit cancer growth.) This combination repre-
sents typical data and will be employed to describe trends. 
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Table 2: contains EC50 and CI50 values for the reactants and 
polymers for the formation of the organotin polyesters formed 
from reaction with camphoric acid. The overall reaction is given 
in Figure 1. 

Organotin polymers typically give EC50 values lower than the 
organotin monomers with some in the nanogram/mL range. 
While the CI50 values for the polymers are generally greater 
than those for the organotin monomers, they are not high. As 
is common for other studies, the dibutyltin polymer gives de-
cent results. This is advantageous because dibutyltin dichloride 
is the least expensive of the organotin halides and of any of the 
organometallic-reactants employed in this report. It is available 
in gram to ton amounts. Because of its widespread commercial 
use, more is known about it than any of the other organotin 
monomers [38]. It is the least toxic to humans of the organotin 
monomers [39]. Finally, in nature it degrades to simple tin oxide 
offering a low toxic form of degradation product [39].

It is important to note there is not general agreement be-
tween researchers whether EC or CI values are the most impor-
tant indicators for future clinical testing. 

Table 3 presents EC50 and CI50 values for the monomers and 
products of camphoric acid and Group 4 metallocenes (Figure 
4). 

EC50 values for the metallocene dichlorides are generally 
a decade higher than for cisplatin for the breast cancer cell 
lines and for the standard W38 the difference is much greater. 
In comparison the EC50 values for the polymers are generally 
much less ranging from about a hundred fold less to greater 
than a thousand fold less compared to cisplatin, well within the 
nanogram/mL concentration range. Thus, the polymers show a 
greater toxicity towards the breast cancer cell lines compared 
to cisplatin. Further, the polymers exhibit a much enhanced 
inhibition towards the cancer cells compared to the Group 4 
metallocene dichlorides. Since the Lewis base itself shows no 
inhibition towards any of the cells tested (to the concentration 
limits employed) it is the combination that is responsible for 
the activity. 

There does not appear to be a difference for the metal-
locenes themselves and the polymers in the ability to inhibit 
growth for the two breast-associate cell lines. 

The CI50 values for cisplatin are higher than for the metal-
locene dichlorides and CI50 values for the polymers are larger 
compared with the metallocene dichlorides. Further, the CI50 
values for the polymers are also larger than CI50 values for cis-
platin. In comparison to the metallocene dichlorides, the CI50 
values for the polymers are generally a decade greater and in 
some cases over one thousand times larger. 

In a number of studies involving Group 4 metallocenes we 
found that there is a trend with EC50 and CI50 values and the 
nature of the metals for the polymers. In general, the EC50 val-
ues follow the order of Ti>Zr=Hf and consequently the CI50 val-
ues follow the order Hf=Zr>Ti. The Zr and Hf values are similar 
while the values for the Ti are considerably different. As will be 
described shortly, while the titanocene dichloride was chosen 
for clinical studies, from our studies it would be the Zr and Hf 
polymers that should have been chosen. Chemically, it is known 
that this family of metals is the closest in chemical behavior of 
all of the families of elements to such an extent that it is difficult 
to separate the three metals. 

Another concern involves the toxicity of the metal-contain-
ing moieties. The toxicity of the metal-containing units varies 
with the precise compounds as well as mode of measurement 
and test animal. For cisplatin the LD50 are as follows-Rat oral 
25.8mg/kg; Rat Intravenous 8.0mg/kg; mouse oral 32.7mg/kg; 
and mouse intravenous 11 mg/kg (Pfizer Material Safety Data 
Sheet). For titanocene dichloride the LD50 values are rat intra-
peritoneal 25 mg/kg and mouse intravenous 180mg/kg (TCI 
America Material Safety Data Sheet). For zirconocene dichlo-
ride the rat LD50 intraperitoneal is 30mg/kg (TCI America Ma-
terial Safety Data Sheet). For hafnocene dichloride the LD50 is 
given as intravenous mouse at 100mg/kg (TCI America MSD). 
While exact matches are not available, it appears that cisplatin 
has lower LD50 values, and is more toxic, than any of the metal-
locene dichlorides by about three fold. 

Two metal-containing compounds have undergone clinical 
studies. The first is platinum and various derivatives similar to 
cisplatin [2]. This is now one of the most widely used antican-
cer drugs for treatment of solid tumors including breast cancer. 
The second one is titanocene dichloride [1]. Preclinical studies 
showed that titanocene dichloride inhibited the ovarian cancer 
cell line A2780 CP3. This cell line was twenty fold resistant to 
cisplatin but when exposed to titanocene dichloride it was only 
about two and a half resistant to titanocene dichloride. This is 
consistent with an absence of cross-resistance between the two 
metal containing drugs [41]. It is also in agreement with in vivo 
studies where titanocene dichloride showed much greater abil-
ity to inhibit cisplatin resistant human ovarian cancer xenografts 
compared to cisplatin. Titanocene dichloride largely overcame 
cisplatin resistance for the A2780CP and CH1cisR ovarian cancer 
cell lines in bcl-2 and p53 transfectants of A2780 cells [42]. 

Studies are consistent with DNA-metallocene interactions, 
including titanocene dichloride, zirconocene dichloride, and 
hafnocene dichloride, being a major determinant in the anti-
cancer activity of these materials [43]. 

There is a difference between structural dependencies of our 
compounds and many metallocenes. It was concluded by some 
studies that the metallocene dichlorides themselves required 
liability of the chlorides for activity, but our compounds exhibit 
their activity as polymers rather than control delivery of small 
units [44-48]. Other studies have demonstrated anticancer ac-
tivity when the halides are replaced so these conclusions are 
premature [45]. 

Titanocene dichloride underwent Phase I clinical trials. The 
trials indicated a dose-limiting side effect associated with neph-
rotoxicity and a number of unwanted physical side effects in-
cluding nausea, reversible metallic taste, pain during infusion, 
hypoglycemia, with these features undesirable. Counter, the ab-
sence of an effect on proliferative activity of the bone marrow, 
generally a dose-limiting side effect, was positive. Some phase 
II clinical trials were undertaken with patients with breast meta-
static carcinoma [47] and advanced renal cell carcinoma [48]. 
Unfortunately low activity discouraged further clinical study.

Table 4 contains EC50 and CI50 values for the monomers and 
polymers synthesized from reaction of camphoric acid and 
Group 15 triphenylmetal dihalides (Figure 5). 

Focusing only on the polymer results, the EC50 values are gen-
erally lower compared to the monomers and in the same range 
as the WI-38 values. The CI50 values are also not high. Of the 
three sets, the Group 15 polymers exhibit the least favorable 
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EC50 and CI50 values and this is the reason that we are limiting 
our synthetic efforts with them. 

In comparison with other metal/camphoric acid polymers, 
the metallocene polymers exhibit low EC50 values, to the nano-
gram/mL range, and CI50 values greater than one thousand for 
the hafnocene and zirconocene products. If this trend contin-
ues, for metal-containing polymers, the emphasis should be on 
the Group 4 metallocenes with respect to efforts to create an-
ticancer drugs. 

Summary

A variety of metal-containing polymers have been synthe-
sized and their ability to inhibit two important breast cancer cell 

lines studied. In cases where the repeat unit for the polymer 
contains a O-phenylene unit, there is a difference in the abil-
ity of the polymer to inhibit the two cell lines. Polyethers that 
contain the O-phenylene structural unit showed good inhibition 
to the non-estrogen sensitive cell line, MDA-MB-231, but were 
less effective towards the MCF-7 cells, a well-characterized es-
trogen receptor positive control cell line. Consistent with many 
other polymers synthesized by us, the polymers showing the 
best activity towards the breast cancer cell lines were those 
derived from hafnocene and zirconocene dichloride, followed 
by organotin halides, and the least active overall were those 
containing the Group 15 metals, namely arsenic, antimony and 
bismuth.

Figures

 Graphical Art: Space filling repeat unit for camphoric acid and dibutyltin polymer.

 Figure 1: Reaction sequence for the reaction between dimethyltin dichloride and camphoric acid. 

 Figure 2: Structures for the repeat unit for organotin polyethers formed from DES, left, and dienestrol, right. 
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 Figure 3: Repeat unit for the product of hydroquinone and 
organotin dichloride where R represents simple chain extension 
and R1 various alkyl and aryl groups. 

 Figure 4: Overall reaction between camphoric acid and zirconocene dichloride. R1 represents simple chain extension. 

 Figure 5: Repeat unit for the product of triphenylantimony 
dichloride and camphoric acid. R is simply chain extension. 

Tables

 Table 1: GI50 concentrations (micrograms/mL) for organotin polyethers derived from diethylstilbestrol (DES) 
and dienestrol for MDA and MCF-7 cell lines [36,37].

Sample
Cell Line

WI-38 MDA MCF-7 MCF-7/MDA

DES 0.25(0.2) 0.05(0.01) 0.64(0.05) 13

Me2Sn/DES 1.60(0.5) 0.47(0.04) 0.66(0.05) 1.5

Et2Sn/DES 0.05(0.01) 0.16(0.01) 0.55(0.05) 3.5

Pr2Sn/DES 2.30(0.5) 0.09(0.01) 0.66(0.05) 7.1

Bu2Sn/DES 2.50(0.5) 0.05(0.01) 0.62(0.05) 12.

Cy2Sn/DES 0.22(0.02) 0.21((0.02) 0.50(0.05) 2.4

Ph2Sn/DES 2.30(0.5) 0.11(0.02) 0.65(0.05) 5.9

Dienestrol 0.25(0.2) 0.11(.02) 0.44(0.05) 4.0

Me2Sn/Dienestrol 1.5(.5) 0.13(.06) 0.76(0.06) 5.9

Et2Sn/Dienestrol 1.4(.5) 0.04(.01) 0.81(0.06) 82

Pr2Sn/Dienestrol 0.31(.2) 0.21(.02) 0.69(0.05) 3.3

Bu2Sn/Dienestrol 0.06(.01) 0.03(.01) 0.76(0.05) 26

Cy2Sn/Dienestrol 0.26(.2) 0.24(.02) 0.70(0.05) 2.9

Ph2Sn/Dienestrol 0.19(.2) 0.31(.04) 0.70(0.05) 2.3

Values given in ( ) are standard deviations for each set of measurements.
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 Table 2: EC50 Concentrations (micrograms/mL) and CI50 values for the tested compounds [38]. Values given in ( ) are standard 
deviations for each set of measurements. The EC50 values are the concentrations, in micrograms of sample per milliliter of solu-
tion, where 50% of the particular cell line cited at the top of each column, are inhibited

Sample WI-38 MDA-MB-231 MCF-7
EC50 WI-38/

EC50MDA
EC50 WI-38/
EC50MCF-7

Me2SnCl2 0.22(.1) 0.44(.1) 0.66(.1) 0.50 0.39

Me2Sn/CA 0.054(.006) 0.067(.008) 0.068(.007) 0.81 0.79

Et2SnCl2 0.20(.1) 0.64(.1) 0.77(.1) 0.91 0.71

Et2Sn/CA 0.054(.005) 0.043(.004) 0.052(.005) 1.3 1.0

Bu2SnCl2 0.20(.05) 1.4(1.3) 0.7(.06) 0.14 0.29

Bu2Sn/CA 0.055(.005) 0.051(.005) 0.048(.005) 1.1 1.1

Oc2SnCl2 0.30(.1) 0.65(.1) 0.70(.1) 0.46 0.43

Oc2Sn/CA 0.043(.004) 0.047(.004) 0.062(.007) 0.91 0.69

Ph2SnCl2 0.25(.1) 0.76(.1) 0.68(.1) 0.33 0.37

Ph2Sn/CA 0.054(.005) 0.064(.006) 0.053(.006) 0.84 1.0

Camphoric acid, CA 1.1(.1) 1.2(.1) 1.2(0.1)

Cisplatin 0.019(.01) 0.0029(.002) 0.0057(.003)  6.6  3.3

 Table 3: EC50 Concentrations (micrograms/mL) and CI50 values for the monomers and polymers formed from reaction of cam-
phoric acid and Group 4 metallocene dichlorides. Values given in ( ) are standard deviations for each set of measurements [40]. 

Sample WI-38 MDA-MB-231 MCF-7
EC50 WI-38/

EC50MDA
EC50 WI-38/
EC50MCF-7

Cp2TiCl2 2.2(.1) 0.35(.05) 0.47(.05) 6.3 4.7

Cp2Ti/CA 2.5(.3) 0.087(.01) 0.077(.008) 29 32

Cp2ZrCl2 0.94(.1) 0.27(.03) 0.33(.05) 3.5 2.8

Cp2Zr/CA 2.5(.3) 0.0022(.0003) 0.0023(.005) 1100 1100

Cp2HfCl2 1.2(.2) 0.27(.03) 0.33(.05) 4.4 3.6

Cp2Hf/CA 2.2(.2) 0.0011(.0002) 0.0018(.004) 2000 1200

 Table 4: EC50 Concentrations (micrograms/mL) for the tested compounds derived from reaction of Group 15 triphenylmetal 
dihalides and camphoric acid. Values given in ( ) are standard deviations for each set of measurements [49].

Sample WI-38 MDA-MB-231 MCF-7
EC50 WI-38/

EC50MDA-MB
EC50 WI-38/
EC50MCF-7

Ph3AsBr2 >32000 21.4(1.0) 24.6(2.1) >1495 >82

Ph3As/CA 0.39(.1) 0.36(.1) 0.31(.1) 1.1 1.3

Ph3SbCl2 3500(34) 12.4(1.1) 135(11) 282 <0.11

Ph3Sb/CA 0.46(.07) 0.46 (0.08) 0.53(.1) 1.0 0.87

Ph3BiCl2 790(90) 1.4(.2) 1.6(.21) 564 494

Ph3Bi/CA 0.44(.1) 0.35(.1) 0.44(.1) 1.3 1.2
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