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Silver complexes of a cation binding supramolecular host, resorcinarene bis-crown (CNBCS5) with propyl,
nonyl, decyl and undecyl alkyl chains were investigated by NMR titration, picrate extraction and single
crystal X-ray diffraction. Binding studies showed that both 1: 1 and 1:2 (host-Ag") complexes are
present in solution with only a slight effect of the lower rim alkyl chain length on the binding constants
(log K 4.04.2 for 1 : 2 complexes). Solid state complexes of the resorcinarene bis-crowns bearing either
C; or Cy; chains were obtained. Single crystal X-ray analyses showed that both derivatives bind silver
ions by metal-arene and Ag---O coordination from the crown ether bridges and from the solvent, and
pack in layered or bilayered fashion. Furthermore, the amphiphilic nature of C11BCS was demonstrated
using the Langmuir balance technique. Langmuir—Blodgett films of the amphiphilic C11BC5-Ag
complex were transferred onto a substrate and shown to possess antibacterial activity against E. coli.

Introduction

Calixarenes and their close relatives, resorcinarenes, are a struc-
turally versatile group of macrocyclic supramolecular hosts with
a concave binding cavity and high affinity towards various
guests, such as cations (alkali and alkaline earth metals, tran-
sition metals, ammonium ions), anions and small organic
molecules.' The calixarene framework (Fig. 1) can be easily
modified to enhance the binding selectivity and affinity towards
cations, for example, by adding polyethylene glycol bridges to
the hydroxyl groups at the calixarene lower rim or at the resorci-
narene upper rim, binding pockets with tunable size and number
of oxygen donors are created.® These compounds are called
calixcrown ethers,’ or calixarene bis-crowns® when two such
bridges are attached to a single host, and they have proven to be
very effective and selective hosts e.g. for caesium in nuclear
waste treatment.” Resorcinarene bis-crown ethers®™® differ from
the calixarene bis-crowns by confining both of the crown bridges
on top of the binding cavity and having pendant alkyl groups
below the binding site, forming an amphiphilic structure,
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whereas the calixarene bis-crowns usually exhibit 1,3-alternate
conformations in the calixarene skeleton, which directs the two
binding pockets to opposite sides of the molecule.

The recent rise of bacterial resistance to synthetic antibiotics
and hospital-acquired bacterial infections has promoted the

Upper rim

1,3-Alternate Boat

Fig. 1 Comparison of a calix[4]arene (left) with a resorcinarene (right)
in the cone conformation, and a p-fert-butylcalix[4]arene bis-crown-5°
with an amphiphilic resorcinarene bis-crown-5 in 1,3-alternate and boat
conformations, respectively.
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Fig. 2 General molecular formula of CNBC5, where N = 3, 9, 10, 11
according to the number of carbons in the alkyl group R, (R =
CyHaon1)- Both clockwise, ew, and counterclockwise, ccw, enantiomers
are shown.

research of alternative methods to control bacterial infections.
Silver, a long known antimicrobial agent, has therefore found
new applications in antibacterial materials for medical'®'* and
consumer products.'>'® Many of these products utilize silver
nanoparticles (AgNP), which provide an efficient Ag" release
from the surface and form direct interactions with the bacterial
cell wall.">'*17 However, silver nanoparticles also have toxic
effects on mammalian cells and an extensive release of the
AgNPs from the materials could lead to environmental
hazards.'®"?

Even though the exact mechanism of the antibacterial effect of
silver, especially silver nanoparticles, is not fully understood,
there is strong evidence that silver cations bind to the thiol
groups of the proteins in the bacterial cell membrane, penetrate
inside the cell and prevent normal cellular functions.'*'”-'%-°
The mechanism is non-specific and therefore effective against a
wide range of microorganisms. Since the toxicology and antibac-
terial effect of silver and AgNPs seem to depend on the particle
size and the ligand,?'* as well as matrix and substrate
properties,>>>® there is a continuous need for new potential anti-
bacterial materials and coatings. Several approaches have been
reported; some recent examples include Ag" complexes,? ?
silver clusters,®> AgNPs with B-cyclodextrin capping,** electro-
chemically produced silver ions® and genetically engineered
Ag" binding phage fibers.*

In supramolecular chemistry, silver complexes with macrocy-
clic hosts, such as crown ethers,”’ calixarenes and
resorcinarenes,m‘m and calixcrowns*>™*° are known. As a soft
acid, silver prefers coordination to soft (N, S) donors,>”#04344
but coordination to hard donors (O) and m-basic binding sites
has also been observed.>®3%414245 However, the antibacterial
activity of this kind of complex has been scarcely studied.*® In
the present manuscript, the ability of a series of resorcinarene

Table 1 Binding constants for CNBC5:Ag" complexes in acetone-D6“

C3BCS C9BCS C10BCS C11BCS
log K11” 2.16 2.22 2.22 2.07
log K1,K 15" 4.13 4.12 422 4.00

“NMR titration at 30 °C, R-values <4%, errors <8%. ” Binding constant
for the 1: 1 complex. ¢ Total binding constant for the 1 : 2 complex.

bis-crowns to complex silver(1) in solution, in the solid-state and
at the air—water interface is demonstrated. In addition, a new
approach for the preparation of antibacterial coatings based on
the use of self-assembled Langmuir-Blodgett (LB) films of an
amphiphilic bis-crown silver complex is reported. The antibacter-
ial properties of the LB films are assessed by applying the so-
produced surface on a bacterial culture of E. coli.

Results and discussion
Complexation studies in solution

Tetramethoxy resorcinarene bis-crown ethers, CNBCS’s, where
N denotes the number of carbons at the lower rim alkyl group
(Fig. 2), have two polyether bridges with five oxygen donors at
the resorcinarene upper rim and can thus incorporate either one
or two guests into the binding site. The amphiphilic properties of
the bis-crowns can be affected by selecting the length of the
lower rim alkyl chains. The resorcinarene bis-crowns are known
to complex alkali metal cations and silver inside their binding
cavity by cation—m or metal-arene interactions and M'---O
coordination.®>*7°° We have studied the silver binding proper-
ties of the bis-crowns (N =3, 9, 10 and 11) in solution by means
of NMR titration and picrate extraction. All of the resorcinarene
bis-crowns were observed to bind silver with the affinity of log
Ky 2.1-2.2 and log K{1K;; 4.0-4.2, demonstrating that the
length of the lower rim alkyl chain plays only a minor role in
binding (Table 1). According to the Job plot as well as the titra-
tion data, both 1:1 and 1:2 species are present in solution. In
an ideal Job plot, the maximum for the 1:1 complex should
appear at 0.50 and for the 1:2 complex at 0.33. However, the
obtained data show a maximum at 0.45, which can be interpreted
as an indication of an equilibrium between the 1:1 and 1:2
complexes.*®

Picrate extraction, where the transport of silver and caesium
picrates from water to a chloroform phase upon complexation,
was studied, and showed that the bis-crowns had a lower extrac-
tion ability towards silver (1.6-2.8%) than caesium (10%), an
alkali metal cation used for reference purposes. Nonetheless,
since solid liquid extraction in CDCl; showed similar complexa-
tion efficiency for both cations, the lower extraction value for
silver could be explained by the differences in the cation
hydration enthalpies, which are —483 kJ mol™' for Ag" and
—283 kJ mol™" for Cs", according to Ichieda et al.*’

Crystal structures

Details of the Ag” coordination in the bis-crown complexes were
studied using single crystal X-ray diffraction. Crystals of C3Ag2
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Fig. 3 Crystal structure of C3Ag2. (a) A side view showing tilt angle,
(b) a top view of both enantiomers, (c) packing of the bis-crown com-
plexes within a layer.

[C3BC5-(AgPFg), (C3HgO),] were grown with excess AgPFq
by slow evaporation from I-propanol, and Cl11Agl
[C11BCS5-AgPF¢(C3D60),] with 1.5 equivalents of AgPF¢ from
acetone-Do6.

In C3Ag2 the silver cation is coordinated by three Ag—O
bonds to the crown ether bridge with bond Ilengths of
2.44-2.68 A and to the 1-propanol with bond length of 2.29 A
(Fig. 3). In addition, Ag™ is bound by a metal-arene interaction
to a corner of the resorcinarene benzene ring with 2.55 A dis-
tance to the C11 (4-position, n'-coordination), whereas in alkali
metal complexes of the bis-crowns, the cation is usually located
symmetrically in the middle of the aromatic ring (n°-coordi-
nation).” The cavity diameter measured as an average of the
0-O distances is 6.18 A, comparable to the silver complexes of
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gy
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Fig. 4 Bilayer packing of C11Ag1 with counter anions shown between
the layers.

C2BC5.* The coordination to the other cation is identical due to
symmetry. The resorcinarene core of the C3BCS5 is in a slightly
twisted boat conformation, which probably arises from the space
needed for including the solvent inside the cavity. Interestingly,
Ag" prefers coordination to alcohols over the PF¢~ anion, con-
trary to the K™ and Cs” complexes, where the PF¢~ usually coor-
dinates between the two cations inside the binding cavity.>*>°

C3Ag2 packs in parallel layers, which are separated by
10.51 A (methine carbon planes of superposed complexes).
Within a layer, each complex is surrounded by six adjacent com-
plexes with an identical chirality forming a beautiful “chain
mail” pattern (Fig. 3c). The counter anions contribute to the
crystal packing between the layers by forming short contacts
between the crown ether bridges and the lower rim alkyl groups.
Because the lower rim alkyl chains are only three carbons long,
the complexes form an up-down arrangement and separation into
hydrophobic and hydrophilic bilayers does not occur. The struc-
ture of C3Ag2 is similar to the 1-propanol and 2-propanol sol-
vates of C2BC5-2AgPF,,*” and therefore we can predict that the
addition of one carbon, from ethyl to propyl, in the lower rim
alkyl chains does not affect the crystal packing of the layered
structures.

The amphiphilic C11BCS crystallized as a 1: 1 complex with
silver (C11Agl), where Ag" has very similar coordination in
comparison to C3Ag2 with the exception of acetone instead of
I-propanol as the coordinating solvent (Ag-O 2.28 A). The
silver is bound between alkoxy substituents in the 5-position of
the resorcinol ring (2.37 A) instead of the 4-position observed in
C3Ag2, and coordinates to the three middle oxygen donors in
the crown ether bridge with distances of 2.46-2.84 A. This is
probably due to the increased space at the binding pocket in
comparison to C3Ag2, which additionally leads to a slight
decrease in twisting of the resorcinarene framework. The free
binding site is partly filled by a methoxy group C75 pointing
inside the cavity. The long alkyl chains of C11Agl1 pack in orga-
nized hydrophobic layers, whereas the upper rims of the com-
plexes are placed on top of each other and connected by the
anions, forming a bilayer structure clearly indicating the amphi-
philic nature of the complex (Fig. 4).

Langmuir—Blodgett films

The amphiphilic self-assembly properties of C11BCS were
studied by means of the Langmuir balance technique on water or
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Table 2 Langmuir isotherm data of CIIBC5 on pure water and
100 uM AgNO5“

AgNO3b Hcc Acd Alime
0 33 157 174
100 35 163 181

“ Surface tension values are expressed in mN m™' and areas in A” per
molecule. In uM. “The surface pressure at the collapse of the
monolayer. “The surface area at the collapse of the monolayer.

¢ Extrapolation of the linear part of the isotherm on the x axis.
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Fig. 5 [1/A4 isotherms of C11BCS on pure water (—) and 100 uM
AgNOs; (:++) sub-phases.

on an aqueous subphase containing 100 uM AgNO;. From the
results (in Table 2, Fig. 5) it could be seen that while the mono-
layer on pure water subphase collapses at 33 mN m™' at a
surface area of 157 A? per molecule, the presence of silver ions
causes a slight increase in the collapse pressure to a value of
35 mN m~! and an increase in the collapse area to a value of
163 A? per molecule suggesting interactions between the amphi-
philes spread at the interface and the silver ions. Since the struc-
ture of CI11BCS is relatively rigid, and the resorcinarene
framework is preorganized in the boat conformation for binding,
no dramatic changes in the molecular areas upon complexation
are expected. However, the 4, values measured are in excellent
agreement with the crystal structure packing. In the solid state
the pure C9BC5 shows an “apparent molecular area” of 159 A2,
and C11BC5 has a collapse area of 157 A? at the air—water inter-
face. Moreover, the molecular area of 163 A? at the air—water
interface when the amphiphile is interacting with silver is also
consistent with the solid-state packing with values of 166 A% and
179 A% for the 1: 1 and 1 : 2 complexes, respectively.

Antibacterial experiments

In order to study the potential antibacterial effects of the pro-
duced complexes, four layers of the C11BC5-Ag(1) complex (¥-
type) were transferred on hydrophobic glass substrates using the
Langmuir-Blodgett approach and applied on a bacterial (E. coli)
carpet grown on agar gel, as shown in Fig. 6. In addition to the
samples, control samples with the same treatment of C11BCS
but in the absence of silver were prepared, along with controls of
a glass slide dipped in 100 uM AgNOj; solution and a hydro-
phobic glass slide. The area covered by the bacteria on the agar

glass

[
A f C18 layer

--- —— E.Colilayer

Fig. 6 Schematic representation of the experimental set-up used to test
the antibacterial properties of C11BC5-Ag(1) complex.

80
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Fig. 7 E. coli growth (normalized results) on an agar plate submitted
to a Langmuir—Blodgett multilayer of C11BCS transferred from a sub-
phase containing silver (100 pM, CI1IBC5-Ag) or pure water
(C11BCS); hydrophobic glass slides (glass) and hydrophobic glass
slides dipped in silver nitrate (100 uM, Ag).

gel was measured from microscope images after incubation of
the samples for 5 hours at 37 °C (93%) and was used to normal-
ize the measured data; the results are given in Fig. 7.

From the results it could be seen that the substrate dipped in
silver nitrate shows only a limited loss of bacterial viability with
a bacterial growth that remains as high as 72 + 4%. This result
may be attributed to the presence, at the surface of the glass
slide, of unmodified areas (hydrophilic) that bind silver ions via
electrostatic interactions and release it when in contact with bac-
teria. Nevertheless, the inhibitory effect observed for C11BC5—
Ag(1) is relevantly higher with a bacterial growth of only 7 + 2%
while the same LB film in the absence of silver shows a growth
of 88 + 7%. This clearly shows that the antibacterial effect
results from the presence of silver in the LB films. Taking into
account the isotherm data and assuming the “best case” scenario
where CIIBCS forms a 1:1 complex at the interface, the
density of silver ions at the surface of the treated substrate would
be approximately 0.4 nmol cm™2 giving a bulk concentration in
the medium of 90 nM; this value is 210-fold lower than the com-
plete inhibitory concentration (CIC) of silver for E. coli that has
been reported to be 18.9 uM.>"!

Conclusions

The resorcinarene bis-crowns bind silver in solution, in the solid
state as well as at the air—water interface on LB films. The lower
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rim alkyl chain length has an effect on the self-assembling prop-
erties of the bis-crowns, as well as their complexes. When the
bis-crowns are equipped with long alkyl chains (Cy;), they show
amphiphilic i.e. surfactant-like properties forming monomolecu-
lar Langmuir—Blodgett films, which enables their use in func-
tional coatings. The LB films of the C11BC5-Ag complex show
a relevant antibacterial effect against E. coli when compared to
pure hydrophobic glass. The solution studies show that the
binding constants for Ag" complexes are log K;; 2.1-2.2 and
log K11K1, 4.0-4.2, which means that the free host, the guest,
and the 1:1 and 1:2 complexes are in equilibrium and that the
silver binding is reversible. Since the estimated concentration of
silver in the LB films of the C11BC5-Ag complex is very low,
90 nM, it would not allow a bulk effect of the silver ions in the
culture medium, but instead suggests that the antibacterial effect
might be due to the close contact between the silver releasing
layer and the bacteria. It is also worth noting that the antibacter-
ial effect of silver includes a hypothesis that the Ag" ions bind to
the thiol groups on the surface of bacteria, which is supported by
the ability of the thiol-containing compounds to block the anti-
bacterial activity of silver,’> and that the affinity of silver for
sulfur is much higher than it is for oxygen. Therefore, it is
logical to assume that silver is released from the bis-crown com-
plexes in the presence of the thiol groups on the bacterial
surface, which leads to bacterial death and inhibits the overall
bacterial growth as observed in these experiments. Further exper-
iments are planned to obtain a more detailed understanding of
the antibacterial effect of the bis-crown silver complexes, and
whether the complex could be transported through bacterial cell
membranes, enhancing the toxicity of silver. The preliminary
results reported in this paper serve as a proof of principle for the
development of supramolecular antibacterial materials, which in
comparison to the free silver salts already show the possibility to
control the release of silver and the need for lower doses. Work
is underway to study the effect of thicker LB multilayers on
E. coli growth over longer periods of time.

Experimental
Materials

All reagents and solvents were purchased from Sigma-Aldrich
and VWR and used without further purification. NMR spectra
were recorded with a Bruker Avance DRX 500 spectrometer at
500 MHz for 'H at 30 °C. UV-vis spectra were measured using a
Perkin Elmer Lambda 850 spectrometer. Tetramethoxy resorci-
narene bis-crown ethers were synthesized according to a pre-
vious reference® from the corresponding  tetramethoxy
resorcinarenes.”  Characterization ~data were  published
elsewhere.™

Binding studies

4 mM CNBCS was titrated with AgPF solution in acetone-D6
and "H NMR spectra were recorded after each addition at 30 °C.
The shift in the aromatic resorcinarene signal at 6.005 ppm for
the free host was followed and binding constants were calculated
using WinEQNMR2 software.>* Job plot samples were prepared
from 4 mM solutions of CNBCS5 and AgPFg in acetone-D6 by

mixing host and guest at 9:1, 3:1,3:2,1:1,2:3,3:7,2:8
and 1 : 9 ratios while keeping the total concentration constant.

Crystallography

Single crystal X-ray data were recorded on a Nonius Kappa
CCD diffractometer with Apex II detector using graphite mono-
chromated CuKo: (4 = 1.54178 A) radiation at a temperature of
173 K. The data were processed and absorption correction was
made to all structures with Denzo-SMN v.0.97.638> unless
otherwise mentioned. The structures were solved by direct
methods (SHELXS-97) and refined (SHELXL-97) against F* by
full-matrix least-squares techniques using SHELX-97 software
package.56 The hydrogen atoms were calculated to their idealized
positions with isotropic temperature factors (1.2 or 1.5 times the
C temperature factor) and refined as riding atoms. Crystal struc-
ture analysis was done using Mercury CSD 2.4 software.’’
CCDC 833089-833090.

C3Ag2: Crystallization of C3BCS with excess AgPF¢ in 1-
propanol by slow evaporation afforded a colorless block crystal
(0.20 x 0.20 x 0.06). Orthorhombic Pbcn, a = 14.6967(5), b =
21.0360(7), ¢ = 23.8819(9), V = 7383.3(4) A%, CeoHs4O14
(AgPF(,)Q'(C3HgO)2, Z= 4, Dcalc = 1489, FW = 165514, Meas.
Reflns = 12333, Indep. Reflns = 6524, R;, = 0.0223, R[I >
20(D)] = 0.0503, wR,[I > 20(/)] = 0.1358, GooF = 1.029. Dis-
ordered 1-propanol over two positions: (C101-C106) with site
occupancy of A:B = 0.6:0.4. Atoms C104-C106 refined as
isotropic. Disordered atoms were restrained using DFIX, DELU
and SIMU.

C11Agl: Crystallization of C11BC5 with 1.5 equiv. of AgPFg
in acetone-D6 by slow evaporation afforded a colorless needle
crystal (0.30 x 0.04 x 0.04). Monoclinic P2,/n, a = 12.2817(4),
b= 60.688(2), c = 13.4217(4), B =97.516(2), V' =9918.0(5) A*,
ngH148014'AgPF6'(C3D60)2, Z = 4, Dcalc = ]245, FW =
1859.17, Meas. Reflns = 43546, Indep. Reflns = 14946, Ry, =
0.1307, Ry[I > 20(I)] = 0.0976, WR,[I > 20(])] = 0.2245, GooF
= 1.019. Absorption correction was made using SADABS.}
C32-C38 were restrained using SADI, DELU and SIMU.

Langmuir—Blodgett films

Experiments were performed using a NIMA 112D system. The
trough and the barriers were cleaned with analytical grade
chloroform and nanopure water (resistivity >18 MQ cm).
Surface tension was monitored using a Wilhelmy plate. Com-
pressions were performed in a continuous mode at a speed rate
of 5 cm? min™' either on pure water sub-phases or on silver
nitrate aqueous solutions (100 pM). All isotherms were
measured in triplicate to ensure their reproducibility. In order to
ensure the absence of surface-active molecules in the sub-phase,
compressions without C11BCS5 spread on the surface were per-
formed; in no case could a relevant change in surface tension be
observed.

LB transfer experiments were performed using a D1L-75 ver-
tical dipping system at a surface tension-controlled mode and a
speed rate of 5 mm min~'. The glass slides used as substrates for
the LB deposition were cleaned by immersing them in a piranha
solution (H,O,, H,SOy; 70 : 30, vol : vol)§ at 20 °C for 4 hours

This journal is © The Royal Society of Chemistry 2012
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followed by ultrasonic treatment in nanopure water for 30 min.
The cleaned glass slides were dried under nitrogen stream and
immersed in a 10 mM anhydrous heptane solution of octadecyl-
trichlorosilane (OTS) for 30 min at 20 °C. The glass slides were
thoroughly rinsed with heptane and chloroform, respectively,
and dried under nitrogen stream. Four Langmuir—Blodgett
monolayers (Y-type) of C11BC5:Ag were transferred onto the
hydrophobic glass slides at a surface tension 25 mN m™". Three
controls were prepared: a hydrophobic glass slide, a hydrophobic
glass slide dipped in the 100 uM AgNO; solution, and a hydro-
phobic glass coated with four LB monolayers of C11BCS in the
absence of AgNO;.

Antibacterial experiment

Liquid LB agar (14 mL) was poured into disposable sterilized
Petri dishes and allowed to solidify as thin (2.5 mm) LB agar
discs. E. coli isolated from human intestinal florabacteria was
cultivated in LB medium at 37 °C for 24 hour until reaching
ODgoo = 1. The bacterial suspension was then diluted 167 times
in the LB medium. Diluted bacteria (1 mL) were deposited on
the LB agar plate, spread uniformly and dried. The coated glass
slides with C11BC5:Ag Langmuir-Blodgett monolayers and the
three controls were gently deposited over the solidified agar gel.
The prepared samples were incubated at 37 °C. The antibacterial
effect was measured from the samples after a 5 hour incubation
using a Olympus BX51 light microscope equipped with a 40x
objective. The obtained images (6 per sample) were then ana-
lyzed using image processing software GIMP 2.6 and ImagelJ in
order to numerically evaluate the bacterial surface coverage. The
obtained data are presented normalized using the results obtained
for the unmodified hydrophobic glass slide.
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