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Abstract: Aminophosphonates, bis-aminophosphonates and poly(aminophosphonate)s in relation 
to their in vitro cytotoxicity, and in vivo antiproliferative activity and genotoxicity were evaluated 
in order to establish their value as potential drug candidates. The structure-activity relationship 
analysis showed that the anthracen-based aminophosphonates demonstrate high cytotoxic activity 
against tumor cell lines. Compounds APhA-t and APhA-f can be successful oral drugs according 
the rule of Lipinski.  Bis-aminophosphonates tested exerted lower cytotoxicity towards human 
tumor cell lines than the aminophosphonates. The investigated polymeric aminophosphonates do 
not have significant cytotoxic activity. The obtained biological data give reason to optimize the 
structure of aminophosphonates for more effective drug design at the lowest screening level in 
relation to their molecular structure. 
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Introduction 
Substituted α-aminophosphonate derivatives are 

important intermediates in the synthesis of numerous 
biologically active compounds, which have found 
wide range applications in medicinal chemistry and 
drug therapy. They are considered to be structural 
analogs of the natural α-aminocarboxylic acids, the 
“building blocks” of peptides and proteins. These 
“phosphorus analogues” of amino acids, in which 
the carboxylic group is replaced by a phosphonic 
acid moiety, have attracted particular attention in the 
design of excellent transition state analogue-type in-
hibitors, mainly for proteolytic enzymes [1-3]. It is 
known that diaryl esters of alpha-aminophosphonates 
as “bio-isosteric phosphorus analogues” of amino ac-
ids have a great affinity to serine proteases and ex-
ert enzyme inhibitory activity, without influence on 
cysteine or threonine proteases [4,5]. Their diverse 
applications include inhibition of synthase, HIV pro-
tease, renin, and PTPases. These types of organophos-
phorus compounds are widely used for the develop-
ment of new inhibitors of enzymes, involved in the 
progression of pathologic processes such as cancer 

growth and metastasis (urokinase-type plasminogen 
activator, uPA), diabetes (dipeptidyl peptidase IV, as 
a drug target), osteoarthritis and lung injury (elastase, 
metalloproteinase). Some of these compounds dem-
onstrate antibacterial, antiviral and antifungal ac-
tivity [5-11]. A moderate to good cytotoxic activity 
have been found after in vitro testing on some tumor 
cell lines for new pseudopeptide thioureas, contain-
ing α-aminophosphonate moiety [12] and also for 
thiazole [5,4-b] pyridine-based [13] and carbazole-
based [8] α-aminophosphonates. The data presented 
propose that α-aminophosphonate moiety is the main 
pharmacophoric fragment due to the broad spectrum 
of biological activity exhibited by compounds bear-
ing such a structural unit. However, systemic struc-
ture-activity relationship data are not available. 

In this work we evaluate the molecular properties 
of anthracene-derived aminophosphonates, bis-ami-
nophosphonates and poly(aminophosphonate)s in re-
lation to their in vitro cytotoxicity, antiproliferative 
activity and genotoxicity in vivo in order to establish 
their value as potential drug candidates.
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Experimental Part
Compounds and Their Molecular Characteristics 

The molecular properties of the antharacene-
based α-aminophosphonate and bis-aminophospho-
nate acid derivatives, important for drug pharmacoki-
netics in the human body, were evaluated with the 
Lipinski’s rule of five (RO5) [14, 15] which states, 
that most “drug-like” molecules have logP ≤ 5, mo-
lecular weight ≤ 500, number of hydrogen bond ac-
ceptors ≤ 10 and number of hydrogen bond donors 
≤ 5. Improved extensions of the RO5 related to the 
calculations of the Partition coefficient (logP range 
from −0.4 to +5.6) [16] were also applied.

The value of logP and the remaining parameters 
of drug similarity were calculated by site Molinspi-
ration Cheminformatics (www.molinspiration.com). 
Method for logP prediction developed at Molinspira-
tion (miLogP2.2 - November 2005) is based on group 
contributions. These have been obtained by fitting 
calculated logP with experimental logP for a training 
set more than twelve thousand, mostly drug-like mol-
ecules. The results were compared with the properties 
of Doxorubicin - a drug used in cancer chemotherapy 
and two approved bisphosphonate drugs - Alendronic 
acid and Pamidronic acid, used to treat osteoporosis 
and several other bone disorders [17, 18]. 

Cell Lines, Culture Conditions and Treatment 
Cell lines from ductal carcinoma of the breast 

(MCF-7 and MDA-MB-231 – with low and high 
metastatic potential, respectively), and hepatocellu-
lar carcinoma (HepG2) were used in all experiments. 
The cell lines were routinely grown as monolayers 
in 75-cm2 tissue culture flasks (Corning Inc., Corn-
ing, NY, USA) in high-glucose (4.5‰) Dulbecco’s 
modified minimal essential medium (DMEM), sup-
plemented with 10% fetal calf serum (Sigma-Al-
drich, Inc., St. Louis, MO, USA) and the antibiotics 
penicillin (100 UI/ml) and streptomycin (100 μg/ml). 
Cultures were maintained at 37.5 °C in a humidified 
atmosphere containing 5 % CO2. Briefly, trypsinized 
tumor cells were adjusted to a density of 1.105 cells/
ml culture medium and plated (100 μl/well) in 96-
well flat-bottomed microplates (Orange Scientific, 
Braine-l’Alleud, Belgium). The cells were allowed 
to adhere for 24 h before treatment with the test com-
pounds dissolved in dimethylsulfoxide (DMSO), 
further diluted in phosphate-buffered saline (PBS) to 
reach the desired test concentrations. A concentration 
range from 1 to 0.0681 mg/ml (six wells per concen-
tration) was applied for 24 h. The DMSO content 
never exceeded 1% (v/v).

Cytotoxicity Determination (MTT-Dye Reduction 
Assay) 

The cytotoxicity screening was carried out in or-
der to determine IC50 values (concentrations required 
for 50% inhibition of cell growth). The 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) (Sigma) dye reduction assay was car-
ried out as described by Mosmann [19]. Briefly, 100 
μl aliquots of cell suspension (1.105 cells/ml) were 
seeded in 96-well microplates. Following 24 h incu-
bation at 37.5 °C the cells were exposed to the tested 
compounds for 24 h. After the exposure period 10 
μL MTT solution (10 mg/mL in PBS) was added to 
each well and the plates were further incubated for 
3h at 37.5 °C. The MTT-formazan crystals formed 
were dissolved by adding 100 μl/well 5 % formic 
acid in 2-propanol (Merck) and the absorption of 
the samples was registered using a microplate reader 
(TECAN, Sunrise TM, Groedig/Salzburg, Austria) 
at 580 nm. All experiments were performed in trip-
licate. The statistical analysis included application of 
One-way ANOVA followed by Bonferroni’s post hoc 
test and p<0.05 was accepted as the lowest level of 
statistical significance.

Clastogenic and Antiproliferative Assay
The antiproliferative effect of the compounds 

was established on the basis of mitotic activity of 
bone marrow cells obtained 24 h after treatment. 
ICR mice (4 male and 4 female for each group), 
weighing (20 ± 1.5) g were kept at 20 °C and a 
12 h light/dark cycle. Food and water were avail-
able ad libitum. All compounds were administered 
intraperitoneally (i.p.) at doses of 10 mg/kg body 
weight (BW) and 100 mg/kg BW. Mitomycin C 
(Kyowa Hakko Kogyo Co., Ltd., Tokyo, Japan) at 
3.5 mg/kg BW was used as a positive control sub-
stance. A group of animals injected with 0.9 % NaCl 
were used as a negative control. In order to obtain 
blocked metaphase plates the experimental and the 
control groups of animals were injected i.p. with 0.4 
mg/kg BW colchicine (Fluka AG, Buchs, Switzer-
land) 1 h prior to the isolation of bone marrow cells. 
The samples were obtained on 24th and 48th hour 
after the administration of the tested compounds. 

The cytogenetical investigation was conducted 
according to the procedure of Preston et al. [20]. The 
slides for microscopic evaluation were prepared ac-
cording to the previously described procedure [21]. 
Mitotic indices were calculated by counting the num-
ber of dividing cells among 1500 cells per animal. 
The frequencies of chromosome abnormalities were 
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determined for each animal, and then the mean ± 
standard error of mean (SEM) were calculated for 
each group. For statistical analysis Student’s t-test 
was applied (p<0.05 was accepted as the lowest level 
of statistical significance).

Results and Discussion 
Evaluation of Drug Likeness

Lipinski’s rule or simply the Rule of five (RO5) 
is a Rule of thumb for evaluation of drug likeness 
to similar compounds or for determination of prob-

ability for oral activity of a chemical compound with 
certain pharmacological or biological activity. 

The rule was formulated by Christopher A. Li-
pinski in 1997, based on the observation that most 
medication drugs are relatively small and lipophilic 
molecules. 

The results from molecular evaluations of anthra-
cene-based α-aminophosphonate and bis-aminophos-
phonate derivatives for drug similarity on the basis of 
Lipinski’s rule of five are presented in Table 1.

Compound* Log P Molecular 
weight
Mw

Hydrogen bond
acceptors
(O,N)

Hydrogen bond 
donors
(OH,NH)

 
[N-methyl(dimethoxyphosphonyl)-1-(9-anthryl)]-

p-toluidine, APhA-t

5.402 405.43 4 1

 
[N-methyl(diethoxyphosphonyl)-

1-(9-anthryl)]-p-toluidine, APhEA-t

6.154 433.49 4 1

 
[N-methyl(diethoxyphosphonyl)-1-(9-anthryl)]

furfurylamine, APhA-f

4.66 423.45 5 1

 
4.4’-bis[N-methyl(diethoxyphosphonyl)-1-(9-anthryl)]

diaminodiphenylmethane, C51H52N2O6P2,  BAPh1

9.49 850.93 8 2

Table 1. Chemical structure and parameters of evaluation of anthracene-based aminophosphonate and bis-aminophos
phonate derivatives according to Lipinski’s rule of five (RO5)
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Compound* Log P Molecular 
weight
Mw

Hydrogen bond
acceptors
(O,N)

Hydrogen bond 
donors
(OH,NH)

 
bis[N-methyl(diethoxyphosphonyl)-1-(9-anthryl)]

benzidine, BAPh2

9.45 836.91 8 2

 

1,3-bis[N-methyl(diethoxyphosphonyl)-1-(9-an-
thryl)]diaminobenzene, C44H46N2O6P2, BAPh3

8.896 760.77 8 2

 
Alendronic acid  

4-amino-1-hydroxy-(hydroxy-oxido-phosphoryl)-
butyl phosphonic acid

-3.457 249.096 8 6

 
Pamidronic acid

(3-amino-1-hydroxypropane-1,1-diyl)
bis(phosphonic acid)

-3.728 235.069 8 7

 
Doxorubicin

(7S,9S)-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methy-
loxan-2-yl]oxy-6,9,11-trihydroxy-9-(2-hydroxyacetyl)-

4-methoxy-8,10-dihydro-7H-tetracene-5,12-dione

0.567 543.525 12 7

* Compounds were synthesized, characterized and described by Kraicheva et al. [22, 23] and signed with cur-
rent codes.
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The calculations show that aminophosphonates 
observed the boundary conditions of the Lipinski’s 
rule of five. Incorporation of various substituents in 
the molecules affects the value of logP, i.e. modify the 
lipophilicity of the compounds. Compounds APhA-t 
and APhA-f did not violate any of the listed criteria. 
After substitution of methoxy groups in APhA-t with 
ethoxy groups in APhEA-t one violation of the rule 
appears (logP=6.154) which indicates a slightly de-
creased lipophilicity of the tested compound (Table 1).

Much more noticeable is the influence of the sub-
stituents in bis-aminophosphonates. In order to im-
prove the affinity of the new derivatives lipophilicity, 
the molecular weight of the compounds is increased. 
The novel molecules have more than one violation 
of the Lipinski’s rule. The compounds are unlikely 
to be further pursued as potential oral drugs, because 
they would likely lack properties important for their 
absorption, distribution, metabolism, and excretion.

Although this rule provides a powerful and sim-
ple tool to find potential drugs, sometimes it could 
exclude the compound that would have proven the 
successful drug. For example, two bisphosphonate 
drugs - Alendronic acid and Pamidronic acid and 
Doxorubicin in general do not follow the rule too. 
However, the rule does not predict if a compound is 
pharmacologically active and we use it only as a pre-
liminary screening. 

Cytotoxicity
The data presented in Table 2 show that [N-

methyl(diethoxyphosphonyl)-1-(9-anthryl)]furfu-
rylamine (APhA-f) reaches 50 % decrease of the 
tumor cells at lower concentration in comparison 
with other two anthracene-contained esters APhA-
t and APhEA-t. The IC50 values of the compounds 
on three cell lines are similar (between 0.07 and 0.11 
mg/ml). The compound APhEA-t can be accepted as 
ineffective because does not give a 50 % inhibition 
at applied concentrations to 2 mg/ml. The new syn-
thesized anthracene-derived bis-aminophosphonates 
BAPh1 and BAPh2 which contain two anthracene 
rings and two phosphonic moieties are effective only 
against mammary carcinoma cell line MCF-7. Ac-
cording to earlier data of Kraicheva et al [24] these 
compounds prove to be more potent against colon 
carcinoma cell line HT-29 (with IC50 = 0.436 mg/ml). 
Compared to the inhibition activity of doxorubicin, 
all tested anthracene-bearing bis-aminophosphonates 
are less effective, with about more than 10 times 
higher values of IC50. 

Compound MCF-7 MDA-
MB-231

HepG2

APhA-t 0.45 ± 0.024 0.88 ± 0.023 0.83 ± 0.025
APhEA-t >2 >2 >2 
APhA-f 0.10 ± 0.003 0.07 ± 0.001 0.11 ± 0.002
BAPh1 0.697 ± 0.0377 >1 >1
BAPh2 0.644 ± 0.0113 >1 >1
D o x o r u -
bicin

<0.068 <0.068 <0.068

Table 2. In vitro cytotoxicity of antharacene-based 
α-aminophosphonates and bis-aminophospho
nates in human tumor cell lines, assessed by
the MTT-dye reduction assay after 24 h 
treatment*

* Evaluation was made on the basis of IC50 values in 
mg/ml (mean±S.E.M.)

Furthermore, in an attempt to evaluate antiprolif-
erative activity of the tested compounds against the 
normal bone marrow cells of mice, we provide in vivo 
test for determination of mitotic activity of the isolat-
ed bone marrow cells. In general, all compounds in-
duce a moderate decrease of the proliferative activity 
of the normal bone marrow cells in comparison with 
untreated control (20.06‰ mitoses). Mitotic index 
ranged from 8.2‰, observed in animals treated with 
anthracene-based bis-aminophosphonates (BAPh1 
and BAPh2) to 16.08‰ in the experimental group 
injected with high dose of 100 mg/kg APhEA-t. The 
results show that the compounds inhibit cell prolif-
eration lower than the positive control mitomycin C 
(table 3). It is possible to propose that the antiprolif-
erative activity is due either to general structure of 
α-aminophosphonic acid derivatives or it is associ-
ated with anthracene ring.

Statistics: Student t-test; *p<0.05; **p<0.01; 
***p<0.001; a - compared to Mitomycin C; b - com-
pared to control;

The data for cytotoxicity and antimitotic activity 
of polymeric aminophosphonate derivatives are pre-
sented in Table 4. The synthesis, characteristics, in 
vitro anti-cancer cytotoxicity against the human cell 
lines MCF-7, MDA-MB-231 and HepG2, as well as 
the in vitro and in vivo safety testing of these polymers 
are previously described [25], [26], [27]. The chemi-
cal structures of the polymers (Poly_1 – Poly_4) are 
presented in Fig. 1. The low-molecular analogues of 
these poly(aminophosphonate)s, the aminophospho-
nates APh-Furyl and APh-Phenyl (Fig. 2), have been 
also studied for cytotoxicity against the same tumor 
cell lines and their safety has been evaluated both in 
vitro and in vivo [28], [29].
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Compound/Dose (mg/kg) Number of metaphases scored Mitotic index (‰) Mean  ±  SD
APhA-t 10

100

400

400

12.60 ± 0.77   a  ***  b ***
11,97 ± 1.08   a  ***  b ***

APhEA-t 10

100

400

400

13.41 ± 1.14   a  ***  b ***
16.08 ± 1.16   a  ***  b ***

BAPh1 10

100

400

400

8.39 ± 0.35      a **     b ***
10.08 ± 0.73    a ***   b ***

BAPh2 10

100

400

400

12.07 ± 0.99    a ***   b ***
8.20 ± 0.72      a ***   b ***

Mitomycin C 3.5 200 5.49 ± 0.19
Control 0.9% NaCl 700 20.06 ± 1.38

Table 3. Antiproliferative effect of anthracene-based aminophosphonates and bis-aminophosphonates evaluated in
bone marrow cell population 24 h after treatment of ICR mice
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As shown in Table 4, the poly(aminophoshonate)
s reach 50 % cytotoxic effect in concentrations be-
tween 0.572 mg/ml to more than 1 mg/ml in some 
cases. The comparison of the efficiency of p-[N-
methyl(diethoxyphosphonyl)-(4-dimethylamino-
phenyl)]toluidine (APh-Phenyl) and the corre-
sponding Poly_3 and Poly_4 shows  lower efficacy 
of polymeric forms against cell lines HepG2 and 
MCF-7. These data give reason to propose that the 
PEG-based polymers probably have a poor penetra-
tion through the cell membranes. At the same time 
the data for antimitotic activity of the polymeric ami-
nophosphonates show that they significantly inhibit 
cell division of bone marrow cells in the treated mice. 
The polymers Poly_2 and Poly_3 applied at a dose 
of 100 mg/kg BW diminished the mitotic activity of 
bone marrow cells to 3.79‰ in comparison to the 
saline-treated controls (20.06‰, p<0.001). The ap-
plication of Poly_4 induced a diminution of mitosis 
rate to a smaller degree (12‰). These data show that 
the polymeric moiety increases significantly (p<0.05) 
the cytotoxicity of the substances to normal cells.

It is evident that there are no significant differenc-
es between effects of the tested compounds in respect 
to their influence on the structure of chromosomes. 
All of them induced fragments, breaks and centro-
meric/centromeric fusions. In general, the percentage 
of chromosome aberrations was relatively low (only 
2.5 % to 6 % of the bone marrow cells are affected). 
The number of aberrant metaphases was higher 48 
h after treatment. The higher number of bone mar-
row cells with aberrations (6 %) has been observed 
after treatment with N-methyl(diethoxyphosphonyl)-
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1-(9-anthryl)]-p-toluidine (APhEA-t) and bis[N-
methyl(diethoxyphosphonyl)-1-(9-anthryl)]benzi-
dine (BAPh2). The reference drug Mitomycin C 
induced 30.5% aberrations and the types of changes 
were similar to these of the investigated compounds. 
The results imply that lower doses (10 mg/kg) of the 
investigated aminophosphonic acid derivatives are 
not genotoxic.

In our study we employed three approaches to 
evaluate the antiproliferative properties of ami-
nophosphonic acid derivatives: in vitro cytotoxicity 
on the basis of MTT-test, in vivo antimitotic activity 
and clastogenic effect on bone marrow cells. In addi-
tion, we studied the molecular properties of the test 

Table 4. In vitro cytotoxicity of polymeric amino-
phosphonates*

Compound MCF-7
IC50 mg/ml

MDA-
MB-231
IC50 mg/ml

HepG2
IC50 mg/ml

Poly_1 0.601 ± 0.0716 >1  0.916 ± 0.0419
Poly_2 >1 0.728 ± 0.0991 0.572 ± 0.0244
Poly_3 0.610 ± 0.1050 >1 0.635 ± 0.0040
Poly_4 >1 0.670 ± 0.0379 0.665 ± 0.0520

* MTT-day reduction assay after 24h treatment.

compounds for evaluation of their potential for oral 
application. It will be necessary in the future to define 
the oncological profile of thеse compounds on the ba-
sis of in vitro multiparameter biochemical assay ac-
cording the recommendations of Kim et al [30].

Conclusion
In conclusion, the structure-activity relationship 

analysis shows that the anthracen-based aminophos-
phonates demonstrate high cytotoxic activity against 
tumor cell lines. The substitution of methoxy groups 
in APhA-t with ethoxy groups in APhEA-t slightly 
decrease the lipophilicity. Thus, APhEA-t has one 
violation of the rule of Lipinski and has low poten-
tial as an oral drug. Bis-aminophosphonates tested do 
not exert higher cytotoxicity towards human tumor 
cell lines than the aminophosphonates and they lack 
molecular properties important for their absorption, 
distribution, metabolism and excretion. The inves-
tigated polymeric aminophosphonates with higher 
molecular weight do not have significant antitumor 
activity probably because their penetration in the tu-
mor cells is quite difficult. The demonstration of a 
significant antiproliferative activity on normal bone 
marrow cells further implies that these compounds 
are not good drug candidates. The importance of the 

Compound Percentage of cells with aberra-
tions

Type of chromosome aberrations

APhA-t 24h
48h

4.00 ± 0.38
4.75 ±  0.37

Breaks, fragments, c/c fusions

APhEA-t 24h
48h

4.75 ±  0.65
6.00 ±  0.75

Breaks, fragments, c/c fusions

BAPh1 24h
48h

4.00 ± 0.38
4.75 ± 0.37

Breaks, fragments,, c/c  fusion

BAPh2 24h
48h

4.75 ± 0.65
6.00 ± 0.75

Breaks, fragments, c/c fusion

Poly_2 24h
48h

2.89 ± 0.73
3.81 ± 0.45

c/c fusion, breaks, fragments

Poly_3 24h
48h

2.25 ± 0.25
3.00 ± 0.53

c/c fusion, breaks, fragments

Mitomycin C 24h
3.5 mg/kg 48h

30.50 ± 2.36
15.80 ± 0.81

fragments, breaks, c/c fusions

Control 24h
0.9% NaCl 48h

1.14 ± 0.34
0.60 ± 0.30

Breaks

Table 5. Chromosome aberrations of the bone marrow cells of ICR mice treated with 10 mg/kg aminophos-
phonic acid derivatives

* All compounds are applied to mice in dose 10 mg/kg and results are obtained on 24 and 48 hours after treatment; c/c, 
centromeric/centromeric fusion; t/t, telomere/telomeric fusion; c/t, centromere/telomeric fusion.
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value of logP and the remaining parameters of drug 
similarity is known and the application of the Lipin-
ski’s rule gives a good possibility for more rational 
design of oral drugs for long-term application. The 
obtained biological data give reason to optimize the 
structure of aminophosphonates for more effective 
drug design at the lowest screening level in relation 
to their molecular structure.
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