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a  b  s  t  r  a  c  t

Synthesis  of  five  alkylphosphocholines  with  branched  alkyl  chains  (Isophol-PCs)  with  different  length
of  alkyl  chains  was  described.  Isophol8-PC  and  Isophol12-PC  represent  new  compounds.  The physico-
chemical  properties  of  Isophol-PCs  were  determined,  critical  micelle  concentration  and  types  of formed
aggregates  in  aqueous  solutions  were  investigated.  The  biological  activities  of Isophol-PCs  have  been
studied  for  the  first  time  in  the  present  study.  Antimicrobial  activities  of  alkylphosphocholines  were
studied  against  bacteria  (Staphylococcus  aureus,  Escherichia  coli),  yeast  (Candida  albicans)  and  pathogenic
free-living  amoebae  (Acanthamoeba  lugdunensis  and  Acanthamoeba  quina).  A. lugdunensis  and  A. quina
are  relatively  insusceptible  to  action  of  miltefosine  (standard  compound  of alkylphosphocholines)  and
therefore  they  are  good  models  for  studies  of amoebicidal  action  of the  investigated  compounds.  Rela-
tionship  between  structure,  physico-chemical  and  biological  activities  of  Isophol-PCs  was  discussed.  S.
iltefosine
rophozoite

aureus  and  C.  albicans  were  sensitive  to action  of  Isophol16-PC, Isophol20-PC.  E. coli  was  not  sensitive  to
action  of  all  studied  alkylphosphocholines  in  the concentrations  equal  to,  or less  than  10  mM.  Among  all
the synthesized  compounds,  Isophol16-PC  had the  highest  level  of  activity  against  both  strains  of  Acan-
thamoeba.  The  minimum  trophocidal  concentrations  of  Isophol16-PC  against  A.  lugdunensis  and  A. quina
are  about  four times  lower  than  the  minimum  trophocidal  concentrations  of  miltefosine  against  booth
strains.
. Introduction

Free-living amoebae of the genus Acanthamoeba are known
s the causative agents of a painful, progressive, and vision-
hreatening eye disease Acanthamoeba keratitis (AK) in immuno-
ompetent individuals, and granulomatous amoebic encephalitis
GAE) and disseminating infections in immunodeficient patients.
he treatment of GAE and disseminated infections is to
ate only rarely successful, and it is much dependent on
arly diagnosis. AK was treated with a series of drugs with
nconsistent effects. Propamidine isethionate (Brolene®), poly-

examethylene biguanide, and chlorhexidine are used in the
reatment, however, their application is difficult to handle
s it must be frequent and long-lasting. Simple and easily
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manageable treatment is not available, and cases of fail-
ure of therapy and a resistance to those drugs were also
reported (Khan, 2009; Schuster and Visvesvara, 2004a,b).

Yeasts of the genus Candida cause candidosis, an emerging
mycosis with high frequency, and many health complica-
tions. The superficial candidosis, including cutaneous, mucosal,
mucocutaneous, onychial, and granulomatous candidosis, are typ-
ical with chronic course and recurrence (Farah et al., 2000;
López-Martínez, 2010). They are treated by topical application
of various antimycotics, e.g., imidazoles, allylamines, nystatin.
The systemic candidosis is usually treated with flucytosine
and azoles (Pinto et al., 2008). In cases of poor clinical
response or resistance observed mostly with fluconazole and
itraconazole, amphotericin B is administered intravenously.
Due to its nephrotoxicity, the dosage must be adjusted
case-by-case (López-Martínez, 2010).
The rise of the resistance of pathogenic bacteria to antibiotics
worldwide has sustained the development of new antibacte-
rial drugs (Llull et al., 2007). Although Escherichia coli is a
pre-dominant species among the facultative anaerobic normal

dx.doi.org/10.1016/j.ijpharm.2011.11.047
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:lukac@fpharm.uniba.sk
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ora of the intestine, some strains are capable of causing dis-
ases which can disseminate throughout the body implicating
n urinary tract infections, gastro-intestinal infections, and sep-
is/meningitis (Chen and Frankel, 2005). Staphylococcus aureus
s an important human pathogen known for causing a wide
ariety of infections ranging from skin and soft tissue infec-
ions (Ortega-Loayza et al., 2010) to life threatening disseminated
iseases (Franç ois et al., 2010). Most of the isolates are sus-
eptible to clindamycin, trimethoprim/sulphamethoxazole, doxy-
ycline, gentamycin, vancomycin, chloramphenicol, rifampicin,
inezolid (Maltezou and Giamarellou, 2006). However, the capac-
ty of S. aureus to develop antimicrobial resistance (Hiramatsu
t al., 2001) prompts the permanent development of new
rugs.

Alkylphosphocholines (APCs) are groups of compounds with a
ide spectrum of biological properties. Hexadecylphosphocholine

HPC) is the main representative of this type of compounds. It
as for the first time synthesized in 1958 (Hirt and Brechtold,

958). However, its biological activities were discovered later. It
ossesses antineoplastic (Houlihan et al., 1995), antibacterial (Llull
t al., 2007), antimycotic (Widmer et al., 2006), antiprotozoal (Croft
t al., 2003) and antivirotic (Cugh et al., 2008) activities. Currently,
ntileishmanial activity of HPC and other APCs has been stud-
ed the most (Aguiar et al., 2010; Calogeropoulou et al., 2008;
riewank et al., 2010; Hornillos et al., 2008; Papanastasiou et al.,
010). HPC is conventionally used for the treatment of leishmani-
sis (Van Griensven et al., 2010). HPC was registered as the first
ral drug for treatment of visceral leishmaniasis (Impavido®) in
ndia and Germany and for treatment of cutaneous leishmania-
is in Colombia (Seifert et al., 2007). The HPC is active against
ore parasites than merely Leishmania, it exhibits also antiproto-

oal activity against Acanthamoeba,  Balamuthia, Naegleria (Schuster
t al., 2006), Trichomonas (Blaha et al., 2006), Entamoeba (Seifert
t al., 2001) or Trypanosoma (Saraiva et al., 2009). Trophocidal
ctivities of HPC and other APCs against Acanthamoeba spp. were
or the first time described by Walochnik et al. (2002).  Subse-
uently, several investigations of amoebicidal activities of APCs
ere published (Lukáč et al., 2009a,b, 2010c; McBride et al.,

005, 2007; Mrva et al., 2011). HPC was used in successful treat-
ent of disseminated Acanthamoeba sp. infection (Aichelburg

t al., 2008). Its anti-Acanthamoeba efficacy was also tested in an
rganotypic skin equivalent (Walochnik et al., 2009), and for a top-
cal treatment of experimental Acanthamoeba keratitis in Syrian
amsters (Polat et al., 2011).

HPC and other APCs are zwitterionic surfactants. HPC con-
ains hydrophobic and hydrophilic moieties. The hydrophobic
art is represented by an alkyl chain and the hydrophilic part

s the phosphocholine group. The phosphocholine group con-
ains two charges, one positive (trimethylammonium cation) and
ne negative (phosphate anion), which are connected with the
lkyl chain. Positive and negative charges are compensated in
he molecule and therefore some physicochemical properties of
PC and APCs are more similar to nonionic surfactants than to

onic surfactants, e.g., the critical micelle concentration (cmc) of
PC is 12.5 �M (Lukáč et al., 2010b)  it is similar to the value of
mc  for Brij 56 (cmc = 51 �M)  (Kabir-ud-Din et al., 2009) but is
uch lower than the cmc  of cetyltrimethylammonium bromide

cmc = 850 �M)  (Lukáč et al., 2010b). The knowledge of physico-
hemical properties of amphiphilic compounds is important for
xplaining their biological activities or medical and pharmaceutical
roperties (Christiansen et al., 2010; Colomer et al., 2011; Lukáč
t al., 2011; Weng et al., 2011; Zidan et al., 2011).
The aim of this study was the synthesis of APCs with branched
lkyl chains (Isophol-PCs), the study of their physicochemical
roperties, and the evaluation of their potential efficacies against
acteria, yeasts and amoebae.
harmaceutics 423 (2012) 247– 256

2. Materials and methods

2.1. Materials

All chemicals used for the synthesis were purchased from com-
mercial suppliers. 1H, 13C, and 31P NMR  spectra were recorded on
a Varian Gemini 2000 spectrometer operating at 300, 75.5, and
121.5 MHz, respectively, with 13C and 31P spectra being recorded
with proton-decoupling. The spectra were measured in CDCl3 rel-
ative to the internal standard TMS  for 1H and 13C NMR  spectra and
to the external standard 85% H3PO4 for 31P NMR  spectra. Infrared
spectra were recorded on a FT-IR Impact 400 D spectrophotometer
as potassium bromide discs. Blood agar base No. 2, Sabourauds agar,
Nutrient broth No. 2, Sabouraud medium, glucose, peptone, yeast
extract was purchased from Imuna Pharm a.s., Slovakia. Bacto-
Casitone was obtained from E. coli, Slovakia.

2.2. Synthesis of APCs

The different APCs with branched alkyl chains (Isophol-PCs)
were prepared from the respective Guerbet alcohols (Isophols)
according to synthetic routes described in Lukáč et al. (2009a).
Solution of the alcohol (9 mmol) in chloroform (20 ml) was added
dropwise at 0 ◦C to a stirred solution of phosphorus oxychloride
(10 mmol) and triethylamine (20 mmol) in chloroform (10 ml). The
resulting mixture was  stirred at room temperature (r.t.) for 2 h.
This intermediate was  used immediately without any purification.
Pyridine (15 ml)  was added dropwise at t = 0 ◦C to the resulting solu-
tion, followed by the addition of choline tosylate (12.5 mmol). The
reaction mixture was stirred at r.t. overnight. After cooling, the mix-
ture was  hydrolyzed by addition of H2O (1.5 ml)  and stirred for 1 h
at r.t. The solvents were evaporated in vacuum and the resulting
crude solid was dissolved in a mixture of tetrahydrofuran–water
(5:1 V/V). To the stirred solution, exchange resin Amberlite MB-
3 was added sequentially until the color of the resin ceased to
change. Then, the resin was filtered off and the solvents were
evaporated in vacuum. The resulting crude solid was  purified by
crystallization from a mixture of chloroform and acetone or chlo-
roform and diethyl ether (Isophol8-PC, Isophol12-PC) or by flash
chromatography using CHCl3/MeOH/H2O (60/25/4, V/V/V) as a liq-
uid phase (Isophol16-PC, Isophol20-PC, Isophol24-PC). APCs were
dried in vacuo over P4O10.

2-ethylhexyl 2-(trimethylammonio)ethyl phosphate × H2O
(Isophol8-PC): Yield 19.2%; 1H NMR  (CDCl3) ı: 0.86 (t, 6H, J = 6.5 Hz),
1.18–1.41 (m,  8H), 1.41–1.53 (m,  1H), 3.40 (s, 9H), 3.61–3.75 (m,
2H), 3.78–3.85 (m,  2H), 3.96 (s, 2H), 4.21–4.31 (m, 2H); 13C NMR
(CDCl3) ı: 10.9, 14.1, 23.1, 23.3, 29.0, 30.0, 40.3, 40.4, 54.3, 59.1,
59.2, 66.3, 67.7, 67.8; 31P NMR  (CDCl3) ı: −0.26; IR (max/cm−1

3413, 2930, 2872, 1664, 1489, 1463, 1245, 1085, 1064, 971.
2-butyloctyl 2-(trimethylammonio)ethyl phosphate × H2O

(Isophol12-PC): Yield 26.9%; 1H NMR  (CDCl3) ı: 0.88 (t, 6H,
J = 6.5 Hz), 1.15–1.40 (m,  16H), 1.46–1.59 (m,  1H), 3.40 (s, 9H),
3.61–3.72 (m, 2H), 3.75–3.83 (m,  2H), 4.01 (s, 2H), 4.22–4.30 (m,
2H); 13C NMR  (CDCl3) ı: 14.1, 14.2, 22.7, 23.1, 26.7, 28.9, 29.8, 30.6,
30.9, 31.9, 38.9, 39.0, 54.3, 59.1, 66.2, 68.2, 68.3; 31P NMR  (CDCl3)
ı: −1.59; IR �max/cm−1 3419, 2928, 2858, 1659, 1489, 1465, 1244,
1085, 971.

2-hexyldecyl 2-(trimethylammonio)ethyl phosphate × H2O
(Isophol16-PC): Yield 12.5%; 1H NMR  (CDCl3) ı: 0.88 (t, 6H,
J = 6.6 Hz), 1.17–1.48 (m,  24H), 1.48–1.60 (m,  1H), 3.40 (s, 9H),
3.61–3.72 (m,  2H), 3.75–4.00 (m,  4H), 4.25–4.35 (m,  2H); 13C NMR
(CDCl3) ı: 14.1, 22.7, 26.7, 26.8, 29.4, 29.7, 29.8, 30.1, 30.9, 31.9,

38.9, 39.1, 54.3, 59.1, 66.3, 68.3, 68.4; 31P NMR  (CDCl3) ı: −0.31; IR
�max/cm−1 3420, 2926, 2855, 1638, 1488, 1465, 1243, 1086, 970.

2-octyldodecyl 2-(trimethylammonio)ethyl phosphate × 0,5 H2O
(Isophol20-PC): Yield 5.9%; 1H NMR  (CDCl3) ı: 0.88 (t, 6H, J = 6.6 Hz),
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M. Lukáč et al. / International Journ

.16–1.45 (m,  32H), 1.50–1.62 (m,  1H), 3.36–3.68 (m,  10H),

.72–3.89 (m,  2H), 3.92–4.02 (m,  2H), 4.28–4.50 (m,  2H); 13C NMR
CDCl3) ı: 14.1, 22.7, 26.7, 29.4, 29.6, 29.7, 29.8, 30.1, 30.7, 31.9, 38.8,
8.9, 54.4, 59.7, 66.1, 69.1; 31P NMR  (CDCl3) ı: −0.91; IR �max/cm−1

425, 2924, 2854, 1633, 1466, 1241, 1088, 1043, 971.
2-decyltetradecyl 2-(trimethylammonio)ethyl × 0,5 H2O

Isophol24-PC): Yield 15.6%; 1H NMR  (CDCl3) ı: 0.88 (t, 6H,
 = 6.7 Hz), 1.15–1.45 (m,  40H), 1.50–1.62 (m,  1H), 3.44 (s, 9H),
.71–3.78 (m,  2H), 3.88–4.03 (m,  2H), 4.29–4.47 (m,  2H), 5.44–6.08
m,  1H); 13C NMR  (CDCl3) ı: 14.1, 22.7, 26.7, 29.4, 29.6, 29.7, 30.2,
0.7, 31.9, 38.8, 38.9, 54.4, 59.6, 66.2, 69.0; 31P NMR (CDCl3) ı:
0.57; IR �max/cm−1 3399, 2923, 2853, 1643, 1466, 1238, 1087,
050, 969.

.3. Equilibrium surface tension

The critical micelle concentration values of the surfactants were
etermined from the surface tension isotherm according to the
escribed procedure (Lukáč et al., 2010b).  The solvent surface ten-
ion values were measured by the Wilhelmy plate technique using

 Kruss 100 MK2  tensiometer. Deionized water was used in the
reparation of all samples. The temperature of the measurements
as kept at 25 ± 0.1 ◦C. Measurements of equilibrium surface ten-

ion were taken repeatedly (every 6 min) until the change in surface
ension was less than 0.05 mN m−1. The critical micelle concentra-
ion (cmc) and surface tension at the cmc  (�cmc) were determined
rom the break point of the surface tension vs. log c curve. From
he surface tension data, the adsorbed amount of surfactant � is
alculated utilizing the Gibbs adsorption isotherm.

cmc = −[d�/d log c]T

(2.303iRT)
(1)

here � is the surface tension (mN  m−1), c is the surfactant con-
entration, i is the prefactor (i = 1), T is the absolute temperature
nd R the gas constant. Surface excess could be determined from
he slope below the cmc  in the surface tension vs. log c plots. Sur-
ace area at the surface saturation per head group (Acmc) is obtained
rom the equation

cmc = 1016

NA�cmc
(2)

here NA is the Avogadro constant.

.4. Determination of critical micelle concentration by 13C NMR
nd 31P NMR  spectroscopy

The measurements of cmcs by 13C NMR  and 31P NMR  spec-
roscopy were performed according to a modified procedure (Babu
t al., 2005; Desando and Reeves, 1986; Mirgorod et al., 2010;
lückthun and Dennis, 1981). Stock solutions used for the deter-
ination of cmc  were prepared by mixing a calculated amount of

 surfactant with 50 �l of D2O and 200 �l of H2O. Dilutions of the
tock solutions were performed with deionized water. The spec-
ra were measured at 25 ± 0.1 ◦C. TMS  or 85% H3PO4 were used
s the external standards. The chemical shifts of the carbon atom
ignal of a methyl group of the longer alkyl chain or the signal of
he phosphate group were recorded. The changes of the chemical
hifts depending on the concentration of the surfactant were mon-
tored. The cmc  values were determined from the break point of
he chemical shift vs. reciprocal concentration curve.

.5. Measurement of aggregates of APCs in water by 31P NMR
Measurement of aggregation of APCs in water by 31P NMR  spec-
roscopy was performed according to described procedure (Lukáč
t al., 2010c).  The samples were prepared in an NMR tube. 100 �l of
harmaceutics 423 (2012) 247– 256 249

deionized water were added to 50 mg  of APCs. The mixtures were
homogenized by several cycles of heating to about 50 ◦C and cool-
ing to −18 ◦C. 31P NMR  spectra were measured on the prepared
samples at 25 ◦C, 37 ◦C and 75 ◦C.

2.6. In vitro antibacterial and anticandidal activity assay

The antimicrobial activity was tested against Gram-negative
bacteria Escherichia coli ATCC 11229, Gram-positive bacteria
Staphylococcus aureus ATCC 6538, and yeasts Candida albicans ATCC
8186 and Candida albicans ATCC 4553. The minimum inhibitory
concentrations (MIC) of Isophol-PCs were determined by the pre-
viously described method (Lukáč et al., 2010a).

2.7. In vitro amoebicidal activity assay

The cytotoxic activity of five Isophol-PCs was  tested on two clin-
ical isolates of free-living amoebae, i.e., Acanthamoeba lugdunensis
AcaVNAK02, and Acanthamoeba quina AcaVNAK03, isolated from
the corneas of two patients with AK (Ondriska et al., 2006). Both iso-
lates are representatives of group II according to the classification
of Pussard and Pons (Visvesvara and Schuster, 2008). The species
identification was  performed according to the identification key of
Page (Page, 1991) based mainly on cyst morphology and tempera-
ture tolerance (Ondriska et al., 2006). The molecular classification
into the genotype T4 for both strains was revealed (Nagyova et al.,
2010).

The experiment was  carried out using the modifications of
previously described methods (Mrva et al., 2011; Walochnik
et al., 2002). Briefly, from the 2-day monoxenic cultures on agar
plates, the trophozoites were axenized by inoculation into the
Bacto-Casitone/Serum medium (BCS) with penicillin and ampi-
cillin. After 72 h, the active trophozoites were transferred into
peptone–yeast extract-glucose medium (PYG) with penicillin and
ampicillin. After 5 passages, the trophozoites were transferred into
a PYG medium without antibiotics and consecutively cultivated in
this medium. Cytotoxicity measurements were performed in ster-
ile 96-well microtiter plates. Each well was seeded with 100 �l
(2 × 105 cells ml−1) of a trophozoite suspension. Then, 100 �l of a
freshly prepared medium containing APC at 6 concentrations was
added to all wells except untreated control wells that received
100 �l of a pure medium. Each APC was  tested at final concen-
trations of 500, 250, 125, 62.5, 31.25, and 15.6 �M.  The reduction
of trophozoites was  recorded after 1, 24, and 48 h by counting
the surviving cells in a Bürker-Türk hemocytometer. Viability of
trophozoites was determined by trypan blue exclusion; 100% erad-
ication was confirmed by transferring 50 �l of the suspension to a
PYG medium, then recording the amoeba growth for 14 days. The
lowest concentration of APCs supporting 100% eradication of the
trophozoites was  defined as the minimal trophocidal concentration
(MTC). The EC50 is defined in this study as the effective concen-
tration of APC that reduces the survival of amoebae by 50%. EC50
values after 24 h of incubation were calculated by linear regres-
sion analysis. Statistical evaluation was done with the STATISTICA
Ver. 7 program package (StatSoft CR Ltd., Prague, Czech Republic).
The experiments were repeated 8 times for each concentration. The
cultivations and the cytotoxicity measurements were carried out at
37 ◦C.

3. Results

3.1. Synthesis of APCs
Prepared APCs were synthesized according to Scheme 1, con-
nection of alkyldichloridophosphate with choline tosylate. Five
compounds were prepared. They were obtained as an amorphous
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Table  1
Isophol-PCs properties obtained by measurement of surface tension and NMR  spectroscopy.

Compound Surface tension NMR  spectroscopy

cmc (mol dm−3) �cmc (mN  m1) Acmc (Å) 13C NMR (mol(dm−3) 31P NMR  (mol dm−3)

Isophol8-PC – – – (2.3 ± 0.3) × 10−1 (2.4 ± 0.2) × 10−1

Isophol12-PC (3.3 ± 0.1) × 10−3 29.6 ± 0.1 54 ± 2 – (7.4 ± 0.2) × 10−3

Isophol16-PC (1.2 ± 0.1) × 10−4 26.1 ± 0.1 64 ± 1 – –
Isophol20-PC (3.3 ± 0.3) × 10−6 26.2 ± 0.2 85 ± 6 – –
Isophol -PC <1 × 10−6 – – – –

57 ± 3 – –
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Table 2
The values of antimicrobial activities of Isophol-PCs against bacteria and yeasts.

Compound MIC  (mM)

S. aureus E. coli C. albicans ATCC 8186 C. albicans ATCC 4553

Isophol8-PC >10 >10 >10 >10
Isophol12-PC >10 >10 >10 >10
Isophol16-PC 0.15 >10 0.15 0.08
Isophol20-PC 0.31 >10 0.04 0.15
24

HPCa (1.25 ± 0.05) × 10−5 38.3 ± 0.1 

a Lukáč et al. (2010b).

owder (Isophol16-PC, Isophol20-PC, Isophol24-PC) or crystalline
ompounds (Isophol8-PC, Isophol12-PC). The purities of the com-
ounds were confirmed by 31P NMR  spectroscopy, one signal of
hosphate group in the spectra was observed. Amount of crystalline
ater was determined by 1H NMR  spectroscopy. Isophol-PCs were

btained as hemihydrates or monohydrates.

.2. Physicochemical properties of APCs

The cmc  of Isophol12-PC, Isophol16-PC and Isophol20-PC were
etermined from the plots of surface tension vs. log concentration
f APCs in water solutions (Fig. 1a). Data obtained from the plots
re shown in Table 1. The cmc  of Isophol24-PC was very low and
t was impossible to determine it by measurement of surface ten-
ion. We  assumed that the value was lower than 1 �M.  The value
f �cmc of Isophol12-PC is higher than the values of Isophol16-PC
nd Isophol20-PC. The surface areas at the surface saturation per
ead group of APCs (Acmc) (Table 1) were determined from the pre-
icellar linear region of the surface tension vs. log concentration

urve. The values increase from 54 to 85 with increasing length of
lkyl chains. The cmc  of Isophol8-PC were determined by 13C NMR
pectroscopy (Fig. 1b); the cmc  was 0.23 M,  and confirmed by 31P
MR spectroscopy (Fig. 1c), the cmc  was estimated at 0.24 M.  The

1P NMR  spectroscopy was also used in the determination of the
mc  of Isophol12-PC (Fig. 1d). The cmc  value was 7.4 �M.

Types of aggregates formed in water solutions were determined
y 31P NMR  spectroscopy. The spectra are depicted in Fig. 2. Three
ypes of spectra were measured. In the spectrum of Isophol24-
C, an anisotropic signal was observed (Fig. 2), Isophol20-PC was
haracterized by a superposition of two signals, one signal was
nisotropic and the other one was isotropic (Fig. 2). The spectra of
he other three compounds contained only isotropic signals (Fig. 2).
he shapes of signals of all investigated compounds were similar
n the range of temperatures from 25 ◦C to 75 ◦C.

.3. Biological activities of APCs

APCs were more active against Candida than the bacteria. The
ompounds had no effect against E. coli up to the concentra-

ion of 10 mM.  The S. aureus strain was sensitive to Isophol16-PC
nd Isophol20-PC, with MICs 0.15 mM and 0.31 mM,  respectively
Table 2). The best activity against Candida was  exhibited by
he reference compound, miltefosine. The strain ATCC 8186 was

Scheme 1. Synthesis of Isophol-PCs.
Isophol24-PC >10 >10 >10 >10
HPC >10 >10 0.005 0.02

about four times more sensitive against HPC (MIC = 5 �M) than the
strain ATCC 4553 (MIC = 20 �M).  The inhibitory activities were also
observed in the cases of compounds Isophol16-PC and Isophol20-PC
but the MICs were higher than the MICs of HPC. They were in the
range 40–150 �M.  Other APCs were less effective with MICs more
than 10 mM  (Table 2).

All studied APCs inhibited the growth of A. lugdunensis and
A. quina. Isophol16-PC had the highest level of activities against
both tested strains. Its MTCs after 24 h of exposure were 125 �M
for A. lugdunensis and 62.5 �M for A. quina,  respectively. After
48 h, twofold decrease of the MTC  value of Isophol16-PC against
A. lugdunensis was  recorded, although in the second strain MTC
remained unchanged. For other APCs the MTC  values were more
than 500 �M for both strains of amoebae. Therefore, their activi-
ties were expressed as EC50. The values of EC50 are lower than or
equal to 1 mM in the case of all compounds, only A. lugdunensis was
very resistant against Isophol24-PC and we estimated that the value
was more than 100 times higher than 1 mM.  The MTC values of the
reference compound were 500 �M and 250 �M for A. lugdunensis
and A. quina, respectively (Table 3).

The time dependence of activities of Isophol-PCs against
strains of Acanthamoeba showed that all compounds possessed
inhibition activities against trophozoite growth. Isophol8-PC
and Isophol12-PC reached maximum activities after 1 h or 24 h,
and subsequently the amount of trophozoites increased after
48 h (Fig. 3). Only the concentrations 500 �M for Isophol8-PC
and Isophol12PC, and 250 �M for Isophol12-PC possessed the

trophostatic activities against Acanthamoeba quina in all time
ranges investigated. A. lugdunensis was less susceptible to the
action of Isophol8-PC and Isophol12-PC, and no investigated

Table 3
The values of MTC and EC50 of Isophol-PCs against amoebae.

Compound Acanthamoeba lugdunensis Acanthamoeba quina

MTC  (�M) EC50 (�M) MTC (�M) EC50 (�M)

Isophol8-PC >500 999 >500 921
Isophol12-PC >500 556 >500 246
Isophol16-PC 125 46 62.5 29
Isophol20-PC >500 907 >500 202
Isophol24-PC >500 1.6 × 105 >500 530
HPC 500 48 250 26



M. Lukáč et al. / International Journal of Pharmaceutics 423 (2012) 247– 256 251

F  plots 

P yl ch
p rocal 

c
I
o
i
I
o
t
t
A
c
t
w
I
I

4

4

a
I

ig. 1. Plots used in determination of physicochemical properties of Isophol-PCs; (a)
C;  (b) plots of the chemical shift of the methyl group carbon atom in the longer alk
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oncentration acted trophostatically after 48 h incubation.
sophol16-PC had inhibition activities on growth of both strains
f Acanthamoeba up to the concentration of 31.5 �M after 48 h of
ncubation. Interesting amoebicidal activities were possessed by
sophol20-PC. Although it was not trophocidal, its inhibition effect
n the growth of Acanthamoeba strains was more intensive than
he inhibition effect of Isophol16-PC at the lowest concentrations
ested (Fig. 3). It was more apparent in the case of its action against
. quina, where all investigated concentrations of Isophol20-PC
aused inhibition of amoeba growth after 48 h of incubation and
rophozoites were not observed in the cultures. All living cells
ere in the stage of pseudocysts. The time-dependent action of

sophol24-PC against Acanthamoeba was very similar to that of
sophol8-PC.

. Discussion

.1. Synthesis of APCs
APCs were prepared by the known method which coupled
lkyldichloridophosphates with choline tosylates. The yields of
sophol-PCs were from 5.9% to 26.9%. The lower yields could be
of surface tension vs. log concentration of Isophol12-PC, Isophol16-PC and Isophol20-
ain (13C NMR  spectroscopy) vs. reciprocal concentration of Isophol8-PC; (c) and (d)
concentration of Isophol8-PC and Isophol12-PC, respectively.

caused by the using of Isophols without purifications and dry-
ing, (only 2-ethylhexanol was distilled before application) or not
entirely dry choline tosylate for synthesis. However, the yields
are comparable with some other results published for synthesis of
APCs, alkylphospholipids or dialkylphosphocholines (Koufaki et al.,
1996; Peresypkin et al., 2007; Ukawa et al., 1989). The compounds
Isophol16-PC, Isophol20-PC and Isophol24-PC were first prepared by
Kang et al. (2005) who used a different method for synthesis. Their
synthesis of APCs from 2-chloro-2-oxo-1,3,2-dioxaphospholane
led to higher yields (e.g. 41.8% for Isophol24-PC).

4.2. Physicochemical properties of APCs

The cmc  of Isophol-PCs are in Table 1. We  obtained similar cmcs
for Isophol16-PC and Isophol20-PC as published Kang et al. (2005).
The cmcs of Isophol8-PC and Isophol12-PC were confirmed by two
methods. The cmc  of Isophol24-PC was  not obtained but we  esti-
mated that it is lower than 1 �M.  The postmicellar curve until

concentration 1 �M for this compound was  obtained by measure-
ment of the surface tension.

The values of cmcs are decreasing with lengthening of the
alkyl chain. The plots of log cmc  vs. length of alkyl chain (Fig. 4)
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Fig. 2. 31P NMR s

how that the decrease of log cmcs depending on the alkyl chain
ength (N) is linear and it can be described by the equation log
mc  = −0.40 N + 2.5 (R2 = 0.9974). A similar dependence for APCs
ith straight alkyl chains was observed by Yaseen et al. (2005).  The

nfluence of the alkyl chain length on cmcs was described by the
quation log cmc  = −0.47 N + 2.6. It means that the decrease of cmcs
s more intensive in the case of APCs with straight alkyl chains; the
mcs of these compounds fall slightly faster depending on the num-
er of carbon atoms in the hydrophobic parts of the molecules than
sophol-PCs. The equations also show that the cmcs of APCs with
traight alkyl chains are lower than the cmcs of Isophol-PCs with
he same number of carbon atoms in the alkyl chains. For example,
mc  of HPC is 13 �M and cmc  of Isophol16-PC is 120 �M (Table 1).

The equation which expresses the dependence of log cmc  vs.
ength of alkyl chain enables estimating the cmc of Isophol24-PC

hich could not be measured by surface tension. The extrapolated
mc  is 7.9 × 10−8 M.  It supports our assumption that the cmc  is
ower than 1 �M.

The architecture of amphiphilic compounds is important for
he formation of aggregates in solutions. 31P NMR  spectrum of
sophol24-PC shows that this compound forms double-layer aggre-
ates. Isophol24-PC can form unilamelar or multilamelar vesicles
n aqueous solution. The same assumption was made by Kang
t al. (2005).  The superposition of two signals and their shape in
he 31P NMR  spectrum of Isophol20-PC indicate that the sample

ay  contain micelles and lamellar phases. The lipophilicity of the
ther three compounds is lower than Isophol20-PC or Isophol24-PC
nd therefore one can expect the presence of micelles in aqueous
olutions. The presence of one isotropic signal in 31P NMR spec-
ra of Isophol8-PC, Isophol12-PC and Isophol16-PC indicates the

ccurrence of such type of aggregates. The relationship between
tructure of Isophol-PCs (length of alkyl chains) and types of aggre-
ates formed shows that the aggregates change from micelles to
esicles with increasing lipophilicity of the molecules.
a of Isophol-PCs.

4.3. Biological activities of Isophol-PCs

Gram positive bacteria, S. aureus,  and yeast species C. albicans
were sensitive to the action of Isophol16-PC, Isophol20-PC. C. albi-
cans was also susceptible to HPC. Gram negative bacteria, E. coli
were not sensitive to any of the studied APCs at concentrations
equal to or less than 10 mM.  Similar results were obtained by
Obando et al. (2007).  The APCs and some etherphospholipids they
studied did not possess antibacterial activity against E. coli up
to concentrations of 350 �M.  Different was  the situation with S.
aureus.  In our case, Isophol16-PC and Isophol20-PC were efficient
against gram positive bacteria but HPC was not. It is surprising
because the cmc  of HPC lies between the values for Isophol16-
PC and Isophol20-PC and the activity of HPC against S. aureus
(MIC = 44 �M)  has been as described by Obando et al. (2007).  Other
compounds with lower or higher lipophilicity were inactive up to
the concentration 10 mM.

C. albicans, other yeasts and various fungi are very sensitive to
antifungal action of HPC (Widmer et al., 2006). Our observations
are in accordance with the previously published data (Obando
et al., 2007; Widmer et al., 2006), as the MIC  for the C. albicans
ATCC 8186 was 5 �M,  and for the second strain C. albicans ATCC
4553 it reached 20 �M.  The Isophol-PCs with cmcs about one
order of magnitude higher or lower than HPC (Isophol16-PC
and Isophol20-PC) possessed anticandidal activities but they
did not reach the level of action of HPC. On the other hand,
Obando et al. (2007) reported that for octadecylphosphocholine
(OPC) a better activity was measured against C. albicans than
for HPC. The cmc  of Isophol20-PC (cmc = 3.3 �M)  is between
the cmcs of HPC (cmc = 13 �M (Lukáč et al., 2010b)) and OPC

(cmc = 0.35 �M,  (Yaseen et al., 2005)), however, its antimicrobial
activity is lower than the activity of HPC against both tested
strains of C. albicans. Several authors (Lu et al., 1999; Lukáč
et al., 2009a,b; Obando et al., 2007) have studied the activity
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f APCs against C. albicans. Therefore, we can suppose that the

ctivity of APCs against this yeast could be sensitive to modification
f the structure of the standard APC, HPC. The most antimicrobial
ctive compounds were HPC and their analogues with small mod-
fications, diethylamino analogues of HPC (Lukáč et al., 2009a),
gdunensis and Acanthamoeba quina. Concentration of 15.6 �M (�), 31.25 �M (�),
des to the eye.

16-chlorohexadecylphosphocholine (Lu et al., 1999), OPC,

elaidylphosphocholine or octadecyl 2-(trimethylphosphonio)ethyl
phosphate (Obando et al., 2007). Other modifications that were
made in the structure of HPC (dodecylphosphocholine or HPC
analogues with heterocyclic rings in choline moiety) led to
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The values of the APCs were adopted from Yaseen et al. (2005).

ecrease of activities (Lu et al., 1999; Lukáč et al., 2009a,b; Obando
t al., 2007).

The sensitivity of different strains of Acanthamoeba to APCs,
n particular HPC, is variable. HPC had higher levels of activities
gainst some strains of A. polyphaga,  A. castellanii,  and A. lenticulata
McBride et al., 2005, 2007; Walochnik et al., 2002), however, other
trains, A. lugdunensis and Acanthamoeba sp., were significantly less
ensitive to HPC (Mrva et al., 2011).

Isophol16-PC had the highest level of activity against both strains
f Acanthamoeba.  It is not surprising that this compound possessed
he highest activity. Its cmc  is about one order of magnitude higher
han cmc  of HPC. Therefore its solubilization properties of the
lasma membrane of Acanthamoeba are the best among the stud-

ed Isophol-PCs. Isophol12-PC has a very high cmc  and Isophol20-PC
as higher lipophilicity and forms vesicles apart from micelles.
alochnik et al. (2002) also observed lower activities for the com-

ounds with higher lipophilicity than HPC (APCs with alkyl chains
onger than 16 carbon atoms). McBride et al. (2007) reported simi-
ar observations. However, OPC possessed better activity against A.
astellanii than HPC, nevertheless, other APCs showed lower levels
f activities on both investigated strains, A. polyphaga and A. castel-

anii (McBride et al., 2007). A modification in the hydrophilic part
f the HPC molecule or changing the structure to dialkylphospho-
holines with a cmc  similar to HPC could lead to an improvement in
ctivity (Lukáč et al., 2009a,b, 2010c).  This means that the activity
f APCs against Acanthamoeba is not as restricted to the structure
f HPC as it is in the case of its activity against Candida.

The activities of Isophol-PCs are better seen in the EC50 expres-
ion. The activity is increased with the extension of the alkyl chains
n the hydrophobic parts of the molecules until it reaches the max-
mum (Isophol16-PC) and then it falls (Fig. 5). This relationship of
ytotoxic activity to the length of the alkyl chain has a bilinear
orm and is named the cut-off effect (Balgavý and Devínsky, 1996).
he cut-off effect observed in the case of Isophol-PCs supports our
ypothesis that the APCs can act mainly as solubilizers of cyto-
lasmic membranes. This non-specific mode of action is typical for
mphiphilic compounds (Balgavý and Devínsky, 1996). Devínsky
t al. (1985, 1990, 1992) observed a correlation between the cmc
f surfactants and MIC  as a function of the alkyl chain length.
t showed that only amphiphilic compounds with cmcs within a

ertain range have the best antimicrobial activities. The cmc  val-
es interval was 4 × 10−3 to 1 × 10−4 mol  dm−3 for amine oxides
ested against Staphylococcus aureus,  Escherichai coli and Candida
lbicans. The amine oxides (AOs) can be considered as zwitterionic
Fig. 5. Plot of log reciprocal EC50 vs. number of carbon atoms, Nc , increase in the
alkyl chain of Isophol-PCs. �, A. lugdunensis; �, A. quina. The lines are guides to the
eye.

surfactants (Rosen, 2004) and are in the same group of surfactants
as alkylphosphocholines. The similarity between AOs  and APCs is
not only in the structure but it can be observed also in their bio-
logical activities. The most effective APCs against Acanthamoeba,
Isophol16-PC has a cmc  1.2 × 10−4 mol  dm−3 and the value is in the
range of cmcs described for amine oxides (Devínsky et al., 1985).

Encystment is a very common reaction of the Acanthamoeba spp.
trophozoites to the long-lasting presence of unfavorable conditions
(Kilvington et al., 2008; Klieščiková et al., 2011a,b; Lonnen et al.,
2010; Schuster and Visvesvara, 2004a; Visvesvara and Schuster,
2008). Recently it was found that in the case of rapid onset of acute
stress caused by low concentrations of organic solvents, tropho-
zoites form a pseudocyst stage which probably increases their
resistance to these compounds (Klieščiková et al., 2011a,b). In this
sense, the effect of Isophol20-PC against A. quina was interesting. In
the whole range of concentrations of Isophol20-PC after 48 h of incu-
bation, all living amoebae were observed in the stage of rounded
cells without any projections or acanthopodia, very similar to pseu-
docysts. For A. lugdunensis, a similar effect was observed only in the
case of the highest concentrations (500 �M,  250 �M)  of the same
compound and the same time of incubation. Other Isophol-PCs did
not induce the formation of rounded cells in the present strains
of Acanthamoeba spp. The morphology of the observed rounded
stage is very similar to pseudocysts reported by Klieščiková et al.
(2011a,b). Also their formation was induced in a similar manner,
by low concentrations of toxic organic compounds. Therefore, we
assume the formation of pseudocysts after action of Isophol20-PC
on trophozoites.

5. Conclusions

Zwitterionic amphiphilic compounds show a potent antimi-
crobial effect. The knowledge of physicochemical properties of
alkylphosphocholines can be helpful for understanding of their bio-
logical activities. We  synthesized five Isophol-PCs with different
length of branched alkyl chains. We  investigated their biological
activities against bacteria, yeast and amoebae and we determined
some of their physicochemical properties like critical micelle con-
centration or types of aggregates, which Isophol-PCs formed in

water solutions. The relationship between biological activities and
physicochemical properties show that the most potent compound
was Isophol16-PC with cmc  = 1.2 × 10−4 mol  dm−3 characteristic
with formation of micelles in water solutions. The compounds with
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igher cmcs than that of Isophol16-PC or the compounds, which
ormed lamellar phases in water dispersions, were less active.

The most active compound, Isophol16-PC, may  be a promis-
ng candidate for the treatment of Acanthamoeba infections. Its
rophocidal activities against studied Acanthamoeba spp. are better
n comparison with HPC and chemical structures and physico-
hemical properties of both compounds are very similar. We  also
hink that its toxicity may  be comparable with toxicity of HPC.
herefore, Isophol16-PC may  be suitable for topical administration
ecause the HPC shows lower toxicity against human keratinocytes
han chlorhexidine, which is a standard drug used for treatment of
canthamoeba keratitis (Walochnik et al., 2009).
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