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www.rsc.org/ Amphiphilic tetracarboxylate derivatives of p-tert-butylthiacalix[4]arene were obtained by click reactions of the

corresponding azido derivatives with acetylene dicarboxylic acid. Embedding of the amphiphilic tetraacids in DPPC vesicles
was studied by DLS, AFM, turbidity technique and by probing with merocyanine 540. The obtained DPPC-calixarene
vesicles are effective antenna for Tb(lll) ion luminescence. It allows the use of DPPC-calixarene-Tb(lll) vesicles for the
selective detection of analytes with a higher affinity for Tb(Ill) due to cation removing from the calixarenes in the DPPC
bilayer. It was found that pyridoxine hydrochloride can be selectively detected at the 7uM concentration in the presence
of 100 fold excess of different biologically important molecules, like amino acids, adenosine phosphates, sugars, amines
and ammonium salts.

Introduction components and leads to a change of emission intensity. In
this paper, we report vesicle-supported luminescent sensors
using the selective removal of interface-bound terbium ions by

received the analyte as a new detection principle (Scheme 1).

Multifunctional phospholipid vesicles have

considerable interest due to their use in molecular recognition,
drug delivery, cell catalysis and many other
applicationsl’z. Molecular recognition of membrane-embedded

mimics,

receptors plays a key role in different biological processes
associated with the cell signalling or transmitting of signals
across cell membranes®>. A better understanding of these
processes can provide improved insights into related processes
in biology and can be exploited for the development of
supramolecular receptors analytical applications.
Fluorescent signalling is preferred in analyte detection due to

the achievable high sensitivitys.

for

Recently, Konig et al. reported a novel strategy for the
modular construction of luminescent sensors on the base of
unilamellar vesicular membranes, which serve as self-
assembled supporting matrix for amphiphilic metal complex
receptors and fluorescent reporter dyes7’9. Amphiphilic
fluorophores and binding sites are expected to cluster on the
surface resulting in fluorescence quenching of the amphiphilic
dyes. Binding of analyte molecules to the surface-accessible
receptors induces a reorganization of the membrane

Scheme 1. Schematic representation of “stripping” principle of analyte
detection based on calixarene-Tb(lIl) decorated vesicles.

Thiacalix[4]arene derivatives have a great potential as
artificial amphiphilic ligands due to their unique properties:
variety of stereoisomeric configurations, easy functionalization
and preorganization effect’> ™. It has been shown that some
amphiphilic calixarene derivatives are able to form vesicles
themselves **%,
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Recently19 we synthesized an universal “clickable” platform
based on thiacalix[4]arene (Scheme 2). To achieve a wide
variety of binding sites as well as amphiphilic properties, a
thiacalix[4]arene’s scaffold adopting 1,3-alternate
conformation was selected. Selective functionalization of the
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macrocycle lower rim by Mitsunobu reaction creates two
molecular domains with quite different properties located on
opposite sides of the macrocycles plane. One of them has
lipophilic properties due to the introduction of long chain alkyl
substituents. The other side of the macrocycle contains the
binding sites that are easily introduced by click reactions.
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Scheme 2. Schematic representation of “clickable” calixarene platform
with the spatial separation of lipophilic and binding fragments.

We present here the embedding of amphiphilic tetra-
carboxyl thiacalix[4]arene ligands with different lipophilicity
into the DPPC bilayer, the study of their colloidal stability and
photophysical properties upon binding of Tb-ion and the use of
the modified vesicles as luminescent receptors for the
recognition of some biologically important molecules.

Experimental

Materials and sample preparation

All reagents were purchased from either Acros or Sigma-
Aldrich and used without further purification. DPPC was
supplied by Avanti Polar Lipids (Alabaster, AL). Solvents were
purified by standard methods®. Parent p-tert-
butylthiacalix[4]arene was synthesized according to literature
methods®".

TLC was done using “Silufol UV 254” with UV lamp VL-6.LC
(6W —254 nm tube). Elemental analysis was performed with
automated CHNS/O analyzer «Perkin Elmer PE 2400 series 2».
Microwave-assisted reactions were carried out in microwave
reactor CEM MARS 5 with Glass Chem vials. NMR experiments
were recorded at Bruker Avance 400 Nanobay with CDCl; (6:H
7.26 ppm) as internal standard. MALDI mass-spectra were
recorded at UltraFlex Ill TOF/TOF with PNA matrix, laser
Nd:YAG, A=355 nm.

Synthetic procedures

Compounds 2, 3°2and 4"° were synthesized according to
literature procedures.
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General procedure for synthesis of compounds 5-7

Compounds 2-4 (2.02 mmol), diethyl azodicarboxylate (1.6
ml, 0.010 mol), triphenylphosphine (2.12 g, 8.09 mmol), and 3-
bromo-1-propanol (1.12 g, 8.09 mmol) were dissolved in 30 ml
of dry toluene under inert atmosphere. The reaction mixture
was stirred at 70 C2 for 24 h, and then solvent was evaporated
in vacuo. The crude products were washed twice with ethanol
to give 5-7 as white powder.

5,11,17,23-Tetra-tert-butyl-25,27-dibutyloxy-26,28-di-3-
bromopropyloxy-2,8,14,20-tetrathiacalix[4]arene 5

"H NMR (400 MHz, CDCl;, 25°C) &: 0.79 (t, 6H, Me, J 9.4 Hz),
0.88-0.92 (m, 4H, CH,), 1.06-1.15 (m, 4H, CH,), 1.28 (s, 18H,
CMe;), 1.31 (s, 18H, CMe;), 1.56-1.61(m, 4H, CH,), 3.06 (t, 4H,
CH,Br, J 6.32 Hz), 3.70-3.84 (m, 8H, CH,), 4.00 (t, 4H, OCH,, J
5.16 Hz), 7.32 (s, 4H, Hp,), 7.33 (s, 4H, Hy,).

Found (%): C, 60.28; H, 6.91; S, 11.88. Cs,H;4Br,0,S,.
Calculated (%): C, 60.32; H, 6.94; S, 11.93.

MALDI-TOF: m/z: 1074,28 [M]", 1297,27 [M+Na]". Yield 76%
5,11,17,23-Tetra-tert-butyl-25,27-dioctyloxy-26,28-di-3-
bromopropyloxy-2,8,14,20-tetrathiacalix[4]arene 6

"H NMR (400 MHz, CDCls, 25°C) &: 0.87 (t, 6H, Me, J 6.79 Hz),
1.16-1.29 (m, 26H, CH,, CMes), 1.30 (s, 18H, CMes),1.56-1.66
(m, 4H, CH,), 3.05 (t, 4H, CH,Br, J 7.00 Hz), 3.72-3.86 (m, 8H,
CH,), 4.01 (t, 4H, OCH,, J 6.60 Hz), 7.31 (s, 4H, H,,), 7.33 (s, 4H,
Har)-

Found (%): C, 62.70; H, 7.60; S, 10.78. Cs,HgoBr,0,S,.
Calculated (%): C, 62.71; H, 7.64; S, 10.80.

MALDI-TOF: m/z: 1186,41 [M]*, 1209,40 [M+Na]". Yield 87 %

5,11,17,23-Tetra-tert-butyl-25,27-ditetradecyloxy-26,28-di-3-
bromopropyloxy-2,8,14,20-tetrathiacalix[4]arene 7.

Yield 85%, 'H NMR spectra is in agreement with literature®®

General procedure for synthesis of compounds 8-10

Compounds 5-7 (0.39 mmol), sodium azide (0.26 g, 3.88
mmol) and 30 ml of dry DMF were placed in a glass vial (Glass
Chem vial). The reaction mixture was heated to 140 °C in a
microwave oven CEM Mars 5 (400 W) for 1.5 hours. Then it
was treated with 10 ml of CHCI;, washed three times with
distilled water, dried over MgSO,_After concentration in vacuo
and precipitation by ethanol the target compounds 8-10 were
collected by filtration as white solids.
5,11,17,23-Tetra-tert-butyl-25,27-dibutyloxy-26,28-di-3-
azidopropyloxy-2,8,14,20-tetrathiacalix[4]arene 8
"H NMR (400 MHz, CDCl3, 25°C) &: 0.79 (t, 6H, Me, J 7.32 Hz),
0.89-0.97 (m, 4H, CH,,), 1.06-1.14 (m, 4H, CH,) 1.28 (s, 18H,
CMe;s), 1.30 (s, 18H, CMej3), 1.32-1.38 (m, 4H, CH,) 2.95 (t, 4H,
CH;,N3, J 7.20 Hz), 3.75-3.86 (m, 8H, CH,;), 3.96 (t, 4H, OCH,, J
6.90 Hz), 7.31 (s, 4H, Hp,), 7.32 (s, 4H, Hya,).

This journal is © The Royal Society of Chemistry 20xx
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IR (KBr, 20 °C): v (N3)= 2096 sm™.

Found (%): C, 64.87; H, 7.45; S, 12.78. Cs4H;4Ng0,S,.
Calculated (%): C, 64.89; H, 7.46; S, 12.83.

MALDI-TOF: m/z: 998,47 [M]*, 1021,46 [M+Na]". Yield 70 %

5,11,17,23-Tetra-tert-butyl-25,27-dioctyloxy-26,28-di-3-
azidopropyloxy-2,8,14,20-tetrathiacalix[4]arene 9.

'H NMR (400 MHz, CDCls, 25°C) &: 0.79 (t, 6H, Me, J 7.32 Hz),
1.05-1.18 (m, 24H, CH,), 1.28 (s, 18H, CMes), 1.30 (s, 18H,
CMe;), 2.96 (t, 4H, CH,N3, J 7.11 Hz), 3.76-3.87 (m, 8H, CH,),
3.96 (t, 4H, OCH,, J 6.91 Hz), 7.31 (s, 4H, Ha,), 7.33 (s, 4H, Ha,).

IR (KBr, 20 °C): v (N3)= 2096 sm™.

Found (%): C, 66.97; H, 8.14; S, 11.47. Cg,HeoNg0,S,.
Calculated (%): C, 66.99; H, 8.16; S, 11.54.

MALDI-TOF: m/z: 1110,59 [M]*, 1133,58 [M+Na]". Yield 70 %

5,11,17,23-Tetra-tert-butyl-25,27-ditetradecyloxy-26,28-di-3-
azidopropyloxy-2,8,14,20-tetrathiacalix[4]arene 10.

Yield 62%, 'H NMR spectra is in agreement with literature™

General procedure for synthesis of compounds 11-13

Compounds 8-10 (1 g, 0.08 mmol), acetylene dicarboxylic
acid (0.88 g, 0.78 mmol) were dissolved in 20 ml of dry acetone
under inert atmosphere. This reaction mixture was stirred at
60 C2 for 8 h, and then solvent was evaporated in vacuo. The
crude product was washed several times with ethanol. The
compounds 11-13 were obtained after drying in vacuo as
white powder.

5,11,17,23-Tetra-tert-butyl-25,27-dibutyloxy-26,28-bis[3-(4,5-
dicarboxy-1,2,3-triazol-1-yl)propyloxy]-2,8,14,20-
tetrathiacalix[4]arene 11.

'H NMR (400 MHz, CDCl;, 25°C) &: 0.84 (t, 6H, Me, J 7.16 Hz),
0.87-1.21 (m, 24H, CH,, CMe3), 1.24-1.41 (m, 20H, CH,, CMes)
,1.82-2.02 (m, 4H,CH,), 3.79 (t, 8H, OCH,, J 8.08 Hz), 4.14-4.31
(m, 4H OCH,), 4.62-4.75 (m, 4H, TrzCH,), 7.32 (s, 4H, Hy,), 7.42
(s, 4H, Ha,).

Found (%): C, 60.53; H, 6.51; N, 6.57; S, 10.21. Cs,H7sNgO15S,.
Calculated (%): C, 60.56; H, 6.56; N, 6.83; S, 10.43.

MALDI-TOF: m/z: 1226,47 [M]", 1249,47 [M+Na]". Yield 74 %.
5,11,17,23-Tetra-tert-butyl-25,27-dioctyloxy-26,28- bis[3-(4,5-
dicarboxy-1,2,3-triazol-1-yl) propoxy]-]-2,8,14,20-
tetrathiacalix[4]arene 12

'H NMR (400 MHz, CDCls, 25°C) &: 0.88 (t, 6H, Me, J 7.16 Hz),
0.93-1.31 (m, 60H, CH,, CMe;), 1.61-1.97 (m, 4H,CH,), 3,76 (t,
8H, OCH,, J 8.08 Hz), 3,96-4,28 (m, 4H, OCH,), 4.48-4.63 (m,
4H, TrzCH,), 7.28 (s, 4H, Ha,), 7.36 (s, 4H, Ha,).

Found (%): C, 62.53; H, 8.07; N, 5.02; S, 8.68. C7oHosNgO15S,.
Calculated (%): C, 62.66; H, 7.21; N, 6.26; O 14.31, S, 9.56.

MALDI-TOF: m/z: 1338,60 [M]*, 1361,60 [M+Na]". Yield 70 %.

This journal is © The Royal Society of Chemistry 20xx

5,11,17,23-Tetra-tert-butyl-25,27-ditetradecyloxy-26,28- bis
[3-(4,5-dicarboxy-1,2,3-triazol-1-yl) propyloxy]-2,8,14,20-
tetrathiacalix[4]arene 13.

Yield 61 %, '"HNMR spectra is in agreement with literature®®.

Vesicles preparation

DPPC lipid films were formed from chloroform solutions,
dried at 85°C, and left under reduced pressure for a minimum
of 2 h to remove all traces of organic solvent. Turbid MLV-
suspensions were prepared by adding 20mM TRIS buffer,
150mM NacCl, pH 7.4 to the films and heating for 60 min at
60°C (above the phase transition temperature). SUV-
dispersions were obtained by extrusion through 100 nm-pore
size polycarbonate membranes with a Mini-Extruder from
Avanti. Buffer was prepared using Milli-Q water. Concentration
of DPPC stock dispersion was typically 0.7 mM. For binary
system 10 mol % (or less in some experiments) of calixarene
were added to the chloroform solutions during preparation
the lipid films.

Spectrophotometric measurements

UV-VIS absorption spectra were recorded wusing a
spectrophotometer LAMBDA 35 (Perkin Elmer production, USA)
using 10 mm quarts cuvettes.

Turbidity measurements.

The dependence of optical density at wavelengths of 400 nm on
temperature was recorded using LAMBDA 35 spectrophotometer
equipped with Huber thermostat. The temperature was varied in
the range from 25 to 55°C, heating rate was 0.1°C /min. The
obtained plots were mathematically treated using Van’t-Hoff’s two-
state model®®. In accordance with this model the main temperature
of phase transition of the lipid bilayer corresponds to the inflection
point of the respective turbidity plot.

Dynamic light scattering (DLS) measurements.

Dynamic light scattering measurements were performed by
Malvern Zetasizer equipment at 25 °C using 1 cm disposable
polystyrene fluorescence cuvettes (VWR). 4 MW He—Ne laser with
633 nm wavelength acted as radiation source. The analysis of the
obtained signal was performed on the basis of frequency and phase
analysis of scattered light using software supplied with the device.

Fluorescence spectroscopy.

J. Name., 2013, 00, 1-3 | 3
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Emission spectra of Merocyanine 540 (0.007 mM) in the
absence and presence of vesicles were recorded with a Fluorolog
FL-221 spectrofluorimeter (HORIBA Jobin Yvon) in the range of 540
to 660 nm and excitation wavelength 530 nm with 3 nm slit. In the
case of Tb (Ill) in the range of 450 to 650 nm and excitation
wavelength 330 nm with 2 nm slit. All measurements were carried
out using 10 mm quarts cuvettes.

Atomic-force microscopy

AFM was made on Multimode V (Veeco, USA) in tapping mode
using cantilever RTESP (Veeco), (phosphorus doped Si, k= 20-
80N/m, f=247-306 kHz.). Mica was coated by 20 ul of vesicles
solution (diluted up to 0.7 uM) and then dried at 80 °C for 3 hours.

Results and Discussion

There are only few studies devoted to the incorporation of
calixarene derivatives into phospholipid bilayers. Schrader et al.
constructed a chromatic vesicle by the incorporation of amphiphilic
phosphonates and ammonium calixarenes into phospholipids in the
presence of polydiacetylene, which could be used to specifically
recognize proteins through electrostatic interactions®. Ungaro et
al. reported that the DNA condensation properties of amphiphilic
guanidinium calixarene and the corresponding transfection
efficiency significantly upon co-assemble  with
phospholipidzs. Wang et al. designed and fabricated multifunctional
liposomes consisting of phospholipids and two kinds of amphiphilic
p-sulfonatocalix[4]arenes as operational targeted drug delivery
carriers®®. The application of calixarenes derivatives in membrane
transport of a(:etylcholine27 and chloride ions®* across a
phospholipid bilayer has been described. Miscibility of calixarene®”
31 and calix[4]resorcinarene® derivatives with natural phospholipid
monolayers was also studied.

increases

It should be noted that in all presented results classical
calix[4]arene derivatives in the cone configuration were used.
However, the 1,3-alternate configuration has several advantages:
flexibility in the comparison with cone, that allows to adjust to the
molecular geometry of substrates as well as a good synthetic
availability by the selective lower rim functionalization. Thus, for
the first time we explore the embedding of 1,3-alternate
thiacalix[4]arene derivatives into phospholipid vesicles.

One of the objectives of the study is to investigate the influence
of hydrophobicity of the thiacalixarene derivatives on the
embedding onto DPPC phospholipid vesicles; therefore, compounds
11-13 with different alkyl chain length were synthesized.

Synthesis of thiacalix[4]arene tetraacids.

Disubstituted thiacalix[4]arene derivatives 2-4 (Scheme 3) were
synthesized from parent macrocycle 1 using Mitsunobu conditions
reaction in good yields.

4| J. Name., 2012, 00, 1-3
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Scheme 3. General synthetic procedure for the synthesis of calixarene
tetra-acids 11-13

The corresponding di-substituted thiacalix[4]arene derivatives
2-4 were treated with 3-bromo-1-propanol in Mitsunobu conditions
to give tetra-substituted derivatives 5-7. Two singlets of
thiacalixarene aromatic protons in 'H NMR and cross-peaks
between aromatic and methylene protons of alkyl and bromoalkyl
fragments in NOESY spectra clearly indicate that compounds 5-7
adopt an 1,3-alternate configuration. Tetra-substituted derivatives
5-7 were reacted with sodium azide to give azides 8-10 by
nucleophilic substitution in a microwave reactor. The structure of
compounds 8-10 was determined by NMR, IR and MALDI-TOF
spectrometry. The band of the azido groups at 2096 em™in the IR
spectrum and the corresponding molecular ion peak indicate on the
formation of a bis-azido derivative. The 1,3-alternate conformation
of 8-10 was confirmed by 1D and 2D NMR experiments as it was
done for precursors 5-7. Thiacalixarene tetraacids 11-12 were
synthesized from azides 8-9 by azide-alkyne cycloaddition with
acetylene dicarboxylic acid. Compound 13 was synthesized by us
previously19 in similar manner.

Functionalization of DPPC vesicles with calixarene tetraacids

Calixarenes 11-13 are water insoluble and didn’t form any
stable micelles or vesicles according to DLS data. Therefore, their
embedding in phospholipid vesicles is the path of its solubilization
in aqueous solutions. The vesicles CA-4_DPPC, CA-8_DPPC and CA-
14 _DPPC modified by synthesized amphiphilic calixarenes 11-13,
respectively, were obtained by the well-established film-hydration
method® from a mixture of commercially available synthetic
phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and calixarene chloroform solutions (from 0.1 to 10 mol% with
respect to DPPC).

The resulting multilamellar vesicles (MLVs) were homogenized
by extrusion at temperature higher that T, (41.5°C) of DPPC to yield
small unilamellar vesicles (SUVs). According to dynamic light
scattering data (Table 1) all calixarene-modified vesicles have sizes
within 100-150 nm and there is no dependence of the vesicle size

This journal is © The Royal Society of Chemistry 20xx
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on the calixarene amounts embedded. Thus, we can assume that

the addition of even larger concentrations of up to 10% of
calixarene does not destroy the phospholipid vesicles.

Table 1. DLS-data for the vesicles containing amphiphilic ligands 11-13

Calixarene D, nm PDI D, nm PDI D,nm PDI
mol% CA4_DPPC CA8_DPPC CA14_DPPC
0% 11243 (PDI 0.21)

0.1% 101+2  0.236 111+1 0.313 113#4 0.215
0.5% 130+1 0.144 140+2 0.253 115#4 0.243
0.7% 109+2 0.168 107+4 0.234 1355 0.266
1% 109+2 0.218 101+2 0.291 124+6 0.425
3% 119+1 0.130 112+#1 0.304 1164 0.386
5% 131+3  0.120 105+2 0.289 115+2 0.282
7% 110+1 0.124 112+#1 0.260 133t2 0.211
10% 122+2 0.161 121+1 0.326 111+2 0.237

"C(DPPC) = 0,7 mM; C(TRIS) = 20mM; C(NaCl) = 150 mM; pH = 7,4

Embedding of amphiphilic ligands into lipid membranes can be
monitored through changes in the temperature of the main phase
transition from the liquid crystalline phase to the gel phase or
melting point (T,,) of membranes. The transition is accompanied by
changes in the lipid chain orientation (ordered or disordered) and
lattice order (solid or liquid). To determine T, turbidity
measurements are often used”’. Calculated T values using a two
state transition thermodynamic approach are presented in Table 2.

Table 2. Temperature of the main phase transition T, of CA-4_DPPC, CA-
8_DPPC and CA-14_DPPC vesicles determined by turbidity measurements”

Calixarene T, °C

mol% CA4_DPPC CA8_DPPC CA14_DPPC
0% 41.50%0.01

1% 40.60+0.01 40.90+0.02 40.73+0.03

"C(DPPC) = 0.7 mM; C(TRIS) = 20 mM; C(NaCl) = 150 mM; pH = 7.4

According to the data obtained (Table 2) 1% of embedded
calixarene with tetra, octa and tetradecyl alkyl substituents’ results
in a small decrease of the main phase transition temperature of
DPPC. However, the increase of the calixarene concentration to 10
mol % leads to a significant temperature decrease especially in the
case of octa- and tetradecyl alkyl derivatives. It is known?**** that
the T,, decrease of DPPC even for tenths of a degree suggests that
the neighboring phospholipids are packed less tightly due to the
incorporation of amphiphilic molecules into bilayer and is often
used for the creation of temperature-dependent drug release
liposome containers®.

The main driving force to transfer the surfactants from bulk
solution to lipid membrane is hydrophobic interactions®’.
Respectively, our results can be well explained in respect that long
alkyl chain derivatives have stronger hydrophobic interactions with
lipophilic part of the lipid membrane. Such behavior is characteristic
for other anionic, cationic and non-ionic surfactants: alkyl

sulphatesy, alkyltrimethylammonium bromides®’ , long alkyl-chain

This journal is © The Royal Society of Chemistry 20xx
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alcohols® that also depress the DPPC main phase transition
temperature with increase of the alkyl chain length.

The formation of the CA14_DPPC vesicles was confirmed by
AFM observations, as shown in Fig. 1. The samples were prepared
by dropping a small amount of aqueous solution onto a mica
surface and evaporating the solvent. It can be seen that
nanoparticles with 75 nm diameter and 26 nm height were formed,
which survive the sample drying process. The lack of full flattening
of vesicles into bilayer is in good agreement with literature data for
DPPC vesicles*®** and vesicles of DPPC with embedded cholesterol**

42
and B-carotene ”.

L o v s

it i
0 20 40 60 SO 100 120 140
X[nm]
Fig. 1 AFM topview with 5 pm scan range (a), 0.5um scan range (b);
three-dimensional view (c) and size profile (d) of CA14_DPPC vesicles with

10% mol calixarene load.

Thus, calixarene tetraacids 11-13 incorporate onto DPPC
vesicles and change the T, of DPPC. The T,, decreases in the series
of CA4_, CA8_, CA14_DPPC, indicating that last amphiphile has the
strongest interactions with the DPPC bilayer.

MC-540 probing of calixarene - functionalized vesicles

Further evidence of calixarene incorporation into the DPPC
vesicle was obtained by probing with a negative charged
merocyanine dye MC 540 (5-[(sulfonyl-2(3H)-benzoxazoylidine)-2-
butenyldene]-l,2-dibutyl-2-thiobarbarbituric acid)“. Its optical
properties depend strongly on the environment. The dye is
particularly sensitive to changes of polarity: its absorbance and
fluorescence emission in water solution is lower than in
hydrocarbon solvents™. Those properties, combined with the ability
to interact with lipid bilayers and synthesized calixarenes 11-13
(COOH...0" hydrogen bonding) make this dye very promising for the
investigation of calixarene embedded vesicles.

J. Name., 2013, 00,1-3 | 5
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Dye MC 540 in DPPC liposomes shows a double-band
absorption spectrum peaking at 568 nm (a monomer peak) and at
532 nm (a dimer peak) (Fig. 2 a)46. The addition of calixarene tetra
acids 11-13 leads to an increase of the monomeric form of MC-540.
The ratio of absorption at 568/532 nm in the case of MC-540 in
non-functionalized DPPC vesicles is 1.2 and changes to 1.5-1.6 in
vesicles with embedded calixarene tetra acids. We assume that the
calixarene associates with MC-540 in the DPPC bilayer thereby
preventing the formation of dimeric or other aggregated forms of
MC-540. According to the absorption data the amount of the
monomeric form remains constant in the series of vesicles
containing C4-C8-C14 amphiphiles (Fig. 2 a).
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Fig. 2 UV-VIS (a) and emission (b) spectra for vesicles: MC540-DPPC (1),
MC540-CA4-DPPC (Il), MC540-CA8-DPPC (lll), MC540-CA14-DPPC (IV).
Experimental conditions: C(CALIX) = 0,07 mM; C(DPPC) = 0,7 mM; C(MC-540)
=0,007 mM; C(TRIS) = 20mM; C(NaCl) = 150 mM; pH = 7.4, t=25°C.

The incorporation of calixarenes onto MC540-DPPC vesicles
leads to a large increase in their fluorescence intensity at 589 nm
that corresponds to the MC-540 monomeric form emission (Fig. 2
b)45'47. There are many factors, such as lipid packing in bilayers,
temperature, sample concentration, polarity of the environment,
etc., that effect the emission characteristics of MC 540. In the case
of lipid vesicles in the gel state (T<T,), the difference in the
fluorescence intensities is only due to the difference in the partition
characteristics of the dye into the lipid bilayer. The dye is located in
the interfacial region of membranes®™®®. In the presence of the

6 | J. Name., 2012, 00, 1-3

amphiphilic receptor, the dye interacts with them, forming
aggregates that are located inside of the membranes hydrophobic
region. As a result, the fluorescence intensity of dye increases.

’ = 25|
34 i
a
32 )
S
© 30
E 28 <
(=] -
D /
0 26+ e e —
© —
T R
224 p
-
204
T T T
8 14
number of carbon atoms in alkyl chain
b)

Heating above the Tm

iRy
AU

CA4 C)

vy v Ay
- -~ =

e Ay e 2
vV

Fig. 3 (a) Emission intensity (a.u.) at 590 nm of MC-540 embedded in
CA14-DPPC vesicles at 25 and 50°C vs number of carbon atoms in calixarene
alkyl chains; (b) schematic representation of calixarene-MC540 associates
distribution in the bilayer below and above the normal transition

temperature of pure DPPC Tp,.

This phenomenon is in agreement with data on calixarene
lipophilicity effects. The emission intensity of MC-540 with
calixarene 11 embedded into DPPC vesicles increases twofold in
comparison with non-functionalized DPPC vesicles and MC540, in
the case of 12 the increase is fivefold and for 13 a ninefold increase
is observed (Fig. 2b). Moreover, almost a linear dependence of the
MC-540 fluorescence intensity on the number of carbon atoms in
the calixarene alkyl chains was observed (Fig. 3a). More lipophilic
calixarenes may allow for a deeper penetration into the bilayer.The
fluorescence of MC 540 also depends on the lipid packing (gel- or
fluid-phases) in the membrane. A major change occurs around the
main phase transition of phosphatidylcholine membranes T,
(41.5°C for DPPC). At the temperature above the T,, the membrane
expands laterally, fatty acid side-chain motion increases, while the
long-range ordering close packing of
headgroups disappears (Fig. 3b)5°. Vesicles containing calixarene 13

and semi-crystalline

demonstrate a similar behavior. The fluorescence intensity of

This journal is © The Royal Society of Chemistry 20xx
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MC540-CA14-DPPC vesicles is enhanced more than three times in
the disordered or fluid state (at 50°C) due to the elevated
partitioning of the probe into the lipid phase (deeper penetration
into the membrane). For this reason, there is practically no effect of
the hydrophobic properties of amphiphilic calixarene on the
fluorescence at 50 °C (Fig. 3a).

The investigation of the absorption and emission spectra of
MC540 in calixarene-embedded vesicles provides further evidence
of the calixarene incorporation into the DPPC vesicles. An increase
of the alkyl chain length leads presumably to deeper embedding of
the calixarene-MC540 associates into the DPPC lipid layer and
therefore increasing emission intensity in the gel- phaseso, while in
the fluid-phase all calixarene-MC540 aggregates are embedded
similar (Fig. 3b).

Th(lll)-calixarene modified vesicles

For further post-modification of the calixarene-embedded
vesicles by Tb(lll) ions the tetradecyl calixarene derivative 13 was
chosen, because it has the strongest interaction with DPPC vesicles.
CA14-DPPC vesicles form luminescent complexes with Th(lll) with a
30-fold emission increase in comparison with the luminescence
intensity of non-functionalized DPPC vesicles with Tb(lll) (Fig. 4).
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Fig. 4 Emission intensity of DPPC-CA14-Th(lll) vesicles at 544 nm after
addition of organic analyte molecules. C [CA14] = 0,07 mM; C[DPPC] = 0,7
mM; C[Tb] = 0,07 mM; C[TRIS] = 20mM; C[NaCl] = 150 mM; pH = 7,4, Clorg.

guest] =0.35 mM.

Thus, the triazole ring with attached carboxyl groups is a quite
effective sensitizing antenna for Th(Ill). The competitive binding of
Tb(lll)by organic guest molecules forming non-fluorescent
complexes can be used for analyte sensing. The investigation of the
luminescent response among a series of different biologically
important molecules, like amino acids, adenosine phosphates,
sugars, amines and ammonium salts, showed that CA14-DPPC-
Tb(lll) modified vesicles preferentially change their emission
properties in the presence of pyridoxine. For the analysis of
biological samples it is of importance that other molecules have
little or no influence (within 10%) on the Tb(lIl) luminescence.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Emission intensity of DPPC-CA14-Thb(lll) vesicles at 544 nm vs
pyridoxine HCl concentration. C[CA14] = 0,07 mM; C[DPPC] = 0,7 mM; C[Tb]
= 0,7 mM; C[TRIS] = 20mM; C[NaCl] = 150 mM; pH = 7,4, C[pyridoxine] =
0,007-7 mM. (b) Emission intensity of DPPC-CA14-Tb(lll) vesicles at 544 nm
before/after addition of different guest mixtures, C[CA14] = 0,07 mM;
C[DPPC] = 0,7 mM; C[Tb] = 0,7 mM; C[TRIS] = 20mM; C[NaCl] = 150 mM; pH
=7,4.

It’s known that pyridoxine form complexes with lanthanides by
coordination of the phenolic oxygen atom>**3, Pyridoxine exhibits
four interchangeable ionic forms at different pH, i.e. at pH < 5 it
occurs as cationic form, at pH 6.8 as neutral form and dipolar ion,
and at pH > 8 as anionic form>*. At the experimental conditions (pH
7.4) there is a sufficient percentage of the anionic form present that
can effectively bind the Tb(lll) ion (Fig 4a). The ability of pyridoxine
to sensitize Tb(lll) ion emission is very low in comparison with CA-
14.

Titration of CA14-DPPC-Tb(IlIl) with pyridoxine (Fig. 5, a)
quenches the luminescence of Tb(lll) in a concentration depended
manner. The response is significant even at low pyridoxine
concentration of 7uM, which is useful for analytical applications. It
is important to note that the presence of 100 fold excess of another
analytes (sugar, amino acid or nucleoside triphosphate) does not
affect to the response of the analytical determination of pyridoxine
(Fig. 5, b).
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During the last decades, there has been an increasing interest
for the vitamins determination, in particularly, vitamin Bg 337 1t is
an essential precursor of active 3-hydroxy-2-methylpyridine
derivatives such as pyridoxal and pyridoxamine phosphate
coenzymes of a wide variety of enzymes of intermediary
metabolism®®. Vitamin B deficiency leads to a number of various
clinical signs and symptoms like eczema and seborrhea dermatitis,
cheilosis, glossitis, angular stomatitis, anemia, central nervous
system changessg. For these reasons, the detection of low vitamin
B6 concentrations in plasma (typically nanomoles per liter) is of
interest®.

Widely used methods for vitamins Bg analysis in biological fluids
are based on either time-consuming microbiological, enzyme,
radioimmunoassays and chemical assays or HPLC methods including
cation exchange and reversed phase separations with pre- or post-
column derivatization and fluorimetric detection® . Recently, a
simple, sensitive but not selective method for the determination of
vitamin B6 was developed based on the fluorescence quenching of
I-cysteine capped CdS/ZnS quantum dots®. Synthesized vesicles
decorated by Tb(lll) ions discover a simple analytical way based on
fluorimetric measurements for selective vitamin Bg detection in
biological samples. The application of the well-developed extraction
and microextraction technics (liquid-liquid extraction, micro-solid
phase extraction, dispersive liquid-liquid micro extraction) for
vitamin preconcentration may allow to achieve a nanomolar
detection limit®.

Conclusions

Embedding of tetracarboxylic thiacalixarene derivatives with
different alkyl chains in DPPC vesicles leads to a considerable
decrease of the main phase transition temperature indicating the
embedding of the amphiphilic calixarenes into bilayer. The
photophysical properties of the solvatochromic dye MC-540 change
dramatically upon binding to DPPC-calixarene vesicles due to the
formation of MC-calixarene aggregates on the vesicle surface. The
DPPC-calixarene vesicles act as luminescent indicators using the
“stripping” of the Tb(lll), ions from the calixarenes in the DPPC
bilayer by analyte coordination. It was found that pyridoxine
hydrochloride selectively removes the Tb(lll) ions from the
calixarene forming a weakly luminescent complex. Vitamin Bg can
be selectively detected at the 7uM concentration in the presence of
100 fold excess of biologically important molecules, such as amino
acids, adenosine phosphates, sugars, amines and ammonium salts.
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Luminescent DPPC vesicles,decorated by new amphiphilic tetracarboxylate derivatives of p-tert-butylthiacalix[4]arene with Tb(ll) were used for
the selective detection of pyridoxine hydrochloride.



