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ABSTRACT

Supramolecular chemistry is one of the current strategies for producing

advanced materials. With the aim to develop new Thin-Films with antibacterial

activity, we embedded an amphiphilic choline-calix[4]arene possessing

antibacterial properties in polymeric Thin-Films based on polyether-co-amide

matrix (Pebax�2533). The loading of the calix[4]arene derivative in the film was

performed by solution casting. The amount of calixarene additive in the films

was in the range of 0.5–5 wt%. The self-supported Thin-Films were character-

ized by investigating phase miscibility, morphology, spectral properties, and

gas transport. The release of the calixarene derivative from the films was studied

in a biomimetic medium as PBS (10 mM, pH 7.4). The presence of the additive

did not affect the thermal stability of the copolymer, whereas it induced an

increase in crystallinity, wettability, and gas permeability of the blend films

according to its concentration. The antibacterial activity of the films was eval-

uated in vitro against Escherichia coli and Staphylococcus aureus strains, repre-

sentative of Gram-negative and Gram-positive bacteria. The developed films

displayed antibacterial activity against both strains. In particular, Pebax� - 5

wt% Chol-Calix caused within 10 h a reduction in E. coli and S. aureus of 2.57

and 2 log CFU/mL, respectively. The potential toxicity of the films was also

tested on mouse embryonic fibroblasts NIH/3T3. Pebax�2533/calixarene

derivative combination appears a promising approach for the development of

novel flexible antibacterial materials.
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GRAPHICAL ABSTRACT

Introduction

Many areas of our daily life need the control over the

microbial contamination, as in food packaging and

biomedical devices, to prevent severe threats for

public health and safety [1]. High volatility and

leaching phenomena affect the traditional low

molecular weight disinfectants; therefore antibacte-

rial contact polymers are recently adopted in medical

apparatuses, food packaging applications, and water

pipe systems by virtue of their long-term stability and

absence of toxic residues.

Macrocycle-based antibacterial materials display

an effective activity against Gram-negative, Gram-

positive, and drug-resistant bacteria [2]. Their action

is capable to complement traditional drugs, facilitat-

ing the development of modern medicine, and over-

coming the antibiotic-resistance emergency.

Calix[n]arenes, cyclic compounds with permanent

porosity, are macrocycles with hydrophobic cavity

interiors and the possibility to functionalize the

upper and lower rims, resulting in customized for-

mulations [3]. Small molecules can be complexed

within these macrocycles. More fascinating are the

self-assembly properties of calixarenes that enable the

production of functional nanomaterials, opening new

opportunities for drug delivery of guest biomolecules

[4, 5]. Indeed, aggregated nanostructures can be

obtained by manipulating calixarene units and

exploited as carriers for bio relevant molecules, due

to water solubility, low cytotoxicity, and good bio-

compatibility [6]. Numerous pharmacological prop-

erties of calixarenes have also been described,

including antibacterial, antifungal, antiviral [7, 8] and

anticancer activity [9]. The introduction and spatial

orientation of multiple cationic groups on the

calix[4]arene scaffold has provided a variety of

derivatives with effective antibacterial activity [10].

Among the cationic calix[4]arene derivatives, an

amphiphilic derivative (Chol-Calix), bearing choline

groups and dodecyl aliphatic chains at the upper and

lower rim of a calixarene platform, self-assembles in

micellar nanoaggregates with demonstrated proper-

ties as gene [11] and drug delivery system [12, 13]. In

the search for novel antibacterial agents, we previ-

ously demonstrated the potential of Chol-Calix as a

nanocarrier for application in antimicrobial photo-

dynamic and photo-induced therapy. The entrap-

ment of a photosensitizer (porphyrin or

phthalocyanine derivatives)[14] and/or a nitric oxide

photo-donor (N-dodecyl-3-(trifluoromethyl)-4-
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nitrobenzenamine) [15] in the Chol-Calix micelles

resulted in a rapid and effective light-induced

antibacterial activity against Staphylococcus aureus and

Pseudomonas aeruginosa. Recently, we demonstrated

that the micellar Chol-Calix is also a nanocontainer

for conventional antibiotics (ofloxacin, tetracycline,

and chloramphenicol) [16] and that it possesses

intrinsic antibacterial properties. Indeed, Chol-Calix

showed MIC values in the range of 9.4–18.8 lg/mL

and inhibited biofilm and mobility of P. aeruginosa

and Escherichia coli strains [17].

Polymeric Thin-Films represent a versatile

approach for controlled and localized drug release

[18]. Embedding in Thin-Films could be a strategy to

expand the range of applications of Chol-Calix,

including the achievement of a novel material with

antibacterial surface and medical devices enforced

with antibacterial activity.

Swell-encapsulation or covalent immobilization are

recognized methods to provide successful antimi-

crobial surfaces [19]. However, solution blending of

nanocarriers and selected polymers is low-cost and

less time-consuming procedure with respect to

polymer grafting that could require multiple surface

modification steps. The preparation of gel mem-

branes incorporating Ionic Liquids within a poly-

meric matrix was successfully carried out using

Polyether block amides, commercially available as

Pebax� [20, 21]. Pebax are plasticizer-free Thermo-

plastic Elastomers (TPE) [22]. They are medically

relevant polymers commonly adopted to fabricate

catheters and medical tubings due to their good kink

and chemical resistance. They have been explored for

a range of biomedical applications [23] as in the

production of breathable films [24], or antimicrobial

surfaces incorporating photosensitizers [25]. Being

rubbery, Pebax can provide flexible films without

requiring harmful plasticizers as typically done with

polyvinyl chloride (PVC) which is widely used for

medical devices [26, 27].

In this work, we encapsulated Chol-Calix within a

polymer matrix in order to produce novel flexible

antibacterial materials. For immobilizing Chol-Calix

into a Pebax� copolymer, we adopted the solvent-

casting method. A polymeric solution was obtained

by using a solvent capable to dissolve both the

polymer and the additive. Owing to the Chol-Calix

solubility in alcohols, the hydrophobic Pebax� 2533

grade that can be dissolved in different alcohols was

selected [28]. In the solvent solution, the polymer

chains are extended, allowing the encapsulation of

the complexes, while after the solvent evaporation

the polymer entanglements trap the Chol-Calix.

The antibacterial activity of the prepared films was

assessed against specimens of Gram negative (E. coli)

and Gram positive (S. aureus) bacteria that represent

clinically important strains with an active role in skin

wound and nosocomial infections. Wettability, per-

meation to gases, thermal properties, and Chol-Calix

release were evaluated on the filled films for com-

plete characterization. Finally, mouse embryonic

fibroblasts NIH/3T3 were exposed to Pebax� Chol-

Calix blend films to exclude the potential toxicity of

the Chol-Calix released.

Experimental

Materials

All materials for Chol-Calix synthesis were pur-

chased from Sigma-Aldrich (Milan, Italy) and used

without further purification. The block copolymer

Pebax� 2533 was received in pellets from Arkema,

Italy. The flexible polyether phase is predominant in

this copolymer grade (80%). Ethanol (absolute, VWR,

Italy) was used as a solvent for preparing the mem-

branes. Gases used for tests were: He, O2, N2, CH4

and CO2 (purity of 99.99 ? %) from SAPIO, Italy.

Tryptone Soya Agar (TSA) and Luria–Bertani Broth

(LB) were purchased from Difco (Italy), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) was bought from Sigma-Aldrich (Milan,

Italy).

Chol-calix synthesis

Chol-Calix was synthesized by adapting a reported

procedure [12]. Briefly, to a solution of tetra-

chloromethyl-O-dodecyl calix[4]arene [29] (4.1 g,

3.2 mmol) dissolved in THF (60 mL), a solution of

N,N-dimethylethanolamine (1.5 mL, 14.9 mmol) in

THF (15 mL) was added. The reaction mixture was

refluxed for 24 h. After cooling, the suspension was

centrifuged at 4000 rpm for 5 min. The precipitate

was washed with THF (40 mL) and then with ace-

tonitrile (4 9 20 mL) by repeated centrifugation

(4000 rpm, 5 min) and removal of the solvent. The

precipitate was dried under vacuum to give a white

powder (4.2 g, 80% yield). The obtained Chol-Calix
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(MW 1648.2 for C96H168Cl4N4O8) was characterized

by NMR spectroscopy and the spectral data were

consistent with those reported in the literature

[16, 17].

Membrane preparation

The Pebax� 2533 pellets were dissolved into ethanol

at a concentration of 3 wt% under reflux conditions

for ca. 2 h. Being non-toxic, ethanol was preferred to

other alcohols such as methanol and isopropyl alco-

hol that display similar solvent strength, polarity and

hydrogen bonding ability [30]. Weighted amounts of

the additive were introduced into the cooled polymer

solution to avoid any thermal degradation and

damage of Chol-Calix. The resulting solution was left

under stirring before its casting. Dense Thin-Films

were prepared according to a controlled solvent

evaporation procedure, pouring fixed amounts of the

dope solution within a stainless-steel ring on a Teflon

support. After the evaporation of the solvent, the

films were detached from the plate and cut for the

characterization. The resulting samples contained 0.5,

1 and 5 wt% of Chol-Calix. Isotropic films based on

the neat polymer were prepared as well and used as

reference.

Characterization

Fourier transform infrared spectroscopy
(FTIR)

Functional groups of the prepared films were inves-

tigated by Attenuated Total Reflection (ATR) FTIR

analysis (Spectrum One, Perkin Elmer). The spectra

were recorded in the region from 4000 to 650 cm-1,

with a resolution of 4 cm-1 (16 scans).

Thermal analysis

Calorimetric measurements of neat polymer and

Chol-Calix blend films were conducted using a dif-

ferential scanning calorimeter (DSC, TA Instruments

Q100), equipped with a liquid sub ambient accessory.

High purity standards (indium and cyclohexane)

were used for calibration. All DSC runs were carried

out at a rate of 10 �C/min from - 90 to 250 �C using

nitrogen as purge gas. Sample weight was in the

range 4–6 mg. Heating and cooling scans were

performed after an initial equilibration to - 90 �C. To
erase the previous thermal history, a first heating

scan from - 90 �C to 250 �C was made. Then a

cooling run (from 250 �C to - 90 �C) and a second

heating one (from - 90 �C to 250 �C) were executed.

Thermogravimetric analysis (TGA) was carried out

using a thermogravimetric apparatus (TGA, TA

Instruments Q500) under a nitrogen atmosphere at

10 �C/min heating rate, from 40 to 600 �C. Dried

samples of about 4–6 mg were put into a platinum

pan. TGA data and their derivative (DTG) ones were

recorded as a function of temperature.

Gas permeation tests

Permeation properties of the prepared films were

measured at 25 �C. Circular samples with an effective

area of 11.3 cm2 were used. Their thickness was

measured using a digital micrometer (IP65, Mitu-

toyo), considering the average of multiple point

measurements.

The testing apparatus is a constant-volume/vari-

able-pressure device described elsewhere [28]. Before

each test, the films were thoroughly evacuated using

a turbomolecular pump to remove eventually dis-

solved species (e.g., residual solvent, humidity, pre-

viously tested gases). The data, obtained measuring

the increasing gas pressure signal in the permeate

side vs. time, were elaborated according to the time-

lag method, evaluating the permeability (P) as well as

the diffusion coefficient (D) of each gas through the

membrane [31] considering the ‘‘solution-diffusion’’

model that describes the transport in dense poly-

meric films [32].

Scanning electron microscopy (SEM)

Samples for SEM analysis were prepared by sputter-

coating with a thin film of gold. Gold sputtering

thickness was about 5 nm. Sample images were

acquired on a JEOL (JXA-8230 SuperProbe Electron

Probe Microanalyzer) SEM operated at 20 kV.

Water contact angle analysis

Static water contact angle (WCA) measurements

were determined using a DATAPHYSICS OCA 15EC

apparatus and water as liquid. Specifically, a drop

(2 lL) of deionized water was deposited on the

sample surface and the measurement was made after
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its stabilization (* 10 s). Three measurements on

different areas of each sample were executed. WCA

results are average values (± 1–3� standard devia-

tion) of triplicate samples.

Release of Chol-Calix from the blend films

The release kinetics of Chol-Calix from the films (0.5,

1, 5 wt%) was determined by immersing a rectan-

gular sample (5 mg, thickness 80 lm, size

7 9 10 mm) in 3 mL of PBS. The samples with and

without Chol-Calix were kept at 37 �C; then, at

specific interval times, the optical absorption at

210 nm was measured. By subtracting the absorption

of the neat sample, the absorbances of the Pebax�/

Chol-Calix samples were converted to the amount of

Chol-Calix released, based on a calibration curve. The

absorption spectra were recorded on a Jasco V-770

spectrophotometer. The release data were fitted (co-

efficient of determination, R2 = 0.999) by the follow-

ing exponential function:

R %ð Þ ¼ R %ð Þmax� 1� e�kt
� �

where R(%) is the release percentage at time t,

R(%)max is the maximum release percentage and k the

first order kinetic constant. Indeed, first-order equa-

tions well describe the dissolution of water-soluble

drug from porous matrices [33]. The release experi-

ments were performed in triplicate.

To simulate the conditions of the antibacterial

assays, the release of Chol-Calix from the Pebax�

blend films was also investigated on larger samples

(2 cm diameter, 32 mg, 80 lm) immersed in 1 mL of

PBS for 24 h.

Antibacterial activity and biofilm biomass
measurement

Test organisms used in this study were E. coli ATCC

10536 and S. aureus ATCC 6538. For the antibacterial

tests, the cultures were grown overnight on LB and

washed in phosphate buffered saline (PBS, pH 7.2) by

centrifugation at 3500 rpm for 15 min and adjusted to

a concentration of 5 9 105–1 9 106 CFU/mL,

approximatively. The standardized cultures (1 mL)

were dispensed into each well of a 12-well cell culture

treated polystyrene microtiter plate. The different

polymeric films (round samples, 2 cm in diameter,

32 mg, 80 lm), neat (control) or with Chol-Calix at

various concentrations (0.5, 1, 5 wt%) were then

placed in each well of the microtiter plate. After

incubation at 37 �C for different time intervals (2, 4, 6,

8, 10 and 24 h), the planktonic phase was serially

diluted in PBS, plated onto TSA and incubated for

24–48 h at 37 �C in order to evaluate the number of

CFU/mL. All the determinations were performed in

triplicate including the growth controls.

Moreover, after 24 h-incubation the biofilm formed

on the polymeric films with Chol-Calix at 5 wt% was

evaluated by biomass measurement. The polymeric

films were washed twice with PBS, dried, stained for

1 min with 0.1% safranin, and then washed with

water as previously reported [34]. The stained bio-

films were suspended in 30% acetic acid aqueous

solution and the mean optical density at 492 nm

(OD492) was measured using a spectrophotometer

EIA reader (Bio-Rad Model 2550, Richmond, CA,

USA). The reduction percentage of biofilm was cal-

culated using the following equation:

Biofilm Reduction %ð Þ¼ 100�OD492 Pebax
�=CholCalix

OD492 neat Pebax
� �100

The films were sterilized under a UV lamp

(256 nm) for 5 min before each assay.

Cell viability

Cell culture

The mouse embryonic fibroblasts NIH/3T3, pur-

chased from ATCC cells bank (CRL-1658), were

maintained in DMEM-F12 (Gibco, Thermofisher)

supplemented with 10% heat-inactivated (HI) fetal

bovine serum (Gibco, Thermofisher), 100 mg/mL

penicillin, and streptomycin (Gibco, Thermofisher),

and 2 mM L-glutamine at 37 �C, 5% CO2. NIH/3T3

cells for the performed experiments were used at

passage 7–9. One day before experiments, 25 9 103

cells were plated on 96 multi-well plates in DMEM-

F12 with 5% fetal calf serum (FCS).

Before treatments, cells were washed with phos-

phate-buffered saline (PBS) and the medium was

replaced with fresh DMEM F-12 with 5% FCS.

Cytotoxicity test

To test the potential cytotoxicity of the Pebax�/Chol-

Calix blend films, we studied the effect of the Chol-

Calix released from differently loaded films accord-

ing to the MTT assay. N = 9 round samples (3 mm in
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diameter, 3 mg in weight) of neat Pebax� and its

films containing 0.5, 1, and 5% of Chol-Calix, were

firstly kept for 5 min under UV lamp to sterilize

them, thus avoiding cellular contamination. Then

they were incubated in 100 lL of 5% FBS DMEM/

F12 for 4 h at 37 �C in separated wells of a 96well-

microplate, the fibroblasts were washed with PBS

and the medium was replaced with those containing

the released compounds (100 lL). After 48 h of

treatments, we added 20 lL of MTT (0.5 mg/mL) to

each well for 2 h at 37 �C, then the medium was

discarded and the water-insoluble formazan crystals

were dissolved in DMSO. The formazan production

due to the conversion of MTT by living cells, was

evaluated in a microplate reader (Varioskan� Flash

Spectral Scanning Multimode Readers, Thermo Sci-

entific, Waltham, MA, USA) by reading the absor-

bance at 570 nm.

Results and discussion

Chol-calix structure and Pebax� blend films
preparation

The chemical structure and a schematic representa-

tion of Chol-Calix are shown in Fig. 1. As previously

reported [15], Dynamic Light Scattering measure-

ments and TEM images showed that Chol-Calix self-

assembles in micellar nanoaggregates (46 nm diam-

eter) with a positively charged surface (Z potential

f = ? 24.7 mV) in PBS medium [16].

Flexible free-standing films were obtained without

using plasticizers as commonly done with other

polymers such as PVC. The blend films were trans-

parent at low concentrations (0.5 and 1 wt%) of Chol-

Calix, whereas its incorporation into Pebax� matrix at

higher content (5 wt%) induced the formation of a

white pigmentation with several small aggregates.

FT-IR analysis

Structural characteristics of pure Pebax� and Chol-

Calix-loaded samples were investigated by using the

FT-IR analysis. The spectra are shown in Fig. 2.

The neat Pebax� 2533 film displayed strong bands

at ca. 1100, 1640, and 3300 cm- 1, assigned to the C–

O–C (ether group) stretching vibrations within the

PTMO block, the H–N–C=O stretching vibrations,

and the N–H– stretching vibrations in the polyamide

block, respectively. Other characteristic bands for

pure Pebax� membrane are at around 1732 and

2854 cm-1 and correspond to the stretching vibra-

tions of C=O and –CH3 groups, while the band at

886 cm-1 in the fingerprint region is attributed to the

–OH terminal groups in the copolymer (Fig. 2A) [35].

The new band at 1482 cm-1 in the blends is typi-

cally assigned to the (CH3)3 N
? of choline [36], while

that at 1288 cm-1 is indicative of the aromatic ring in

calixarene (Fig. 3b). The band at 886 cm-1 is reduced

in the blends, suggesting the interaction of the poly-

mer ends with the additive. The C–O–O– stretch at

816 cm-1 in the neat copolymer has a redshift in the

blends indicating a weaker bond. The double peak at

1463 cm-1 due to the C=O stretching vibration in

carbonyl (hydrogen-bonded and free state at higher

wavelength) has a more intense bonded part in the

blends. The same behavior is observable for the peak

at 1563 cm-1 that is related to the C–N amide II

stretching (Fig. 2B).

Thermal properties

To evaluate the thermal properties and stability of

neat Pebax� and Pebax�-Chol-Calix films, DSC and

TGA measurements were carried out.

DSC

The thermal properties of the prepared films were

investigated by DSC analysis in the temperature

range from - 90 to 250 �C. Figure 3 shows the ther-

mograms acquired on the first heating, cooling, and

second heating scans for DSC analysis of neat Pebax�

and the blends. Two main melting peaks related to

Figure 1 Chemical structure and schematic representation of

Chol-Calix.
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both PTMO and PA12 blocks are evident, proving the

microphase separated structure of the block copoly-

mer. The analysis of thermograms reported in Fig. 3

highlights during the first heating run the presence of

a main melting peak (Tm) at around 15–16 �C and a

second one at ca. 48–49 �C in the PTMO domain of all

samples, whereas that of PA12 was at 143 �C for neat

Pebax�. This PA12 block peak slightly shifts to higher

temperatures (145–148 �C) in the blends. Data of Tm

Figure 2 FTIR-ATR spectra of (a) Pebax�-based films in the

range 500–4000 cm-1, (b) enlarged portion of Pebax�-based

films in the range 500–2000 cm-1. Transmittance versus

wavenumber (cm-1).

cFigure 3 DSC curves of Pebax� and Pebax�-Chol-Calix blends.

(a) first heating cycle, (b) cooling cycle, (c) second heating scans.
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and enthalpy of fusion (DHm) together with Tc and

enthalpy of crystallization (DHc) of both PTMO and

PA blocks in the cooling and second heating runs of

neat Pebax� and Pebax�/Chol-Calix blends are

reported in Table 1. During the second heating scan,

the PTMO melting peak at ca. 48–49 �C, probably due

to a kinetically less favorable crystal phase induced

by the slow solvent evaporation, disappears in all

samples, whereas the main Tm peak shows a slight

decrease to lower temperatures (13–14 �C) for neat

Pebax� and its blends, respectively. Likewise, the Tm

peak of PA12 domain shifts to lower temperatures

(140–141.5 �C) in all samples (Fig. 3, Table 1). During

both heating scans, it is possible to observe a broad

glass transition (Tg) at around - 38 �C that starts at

ca. - 48 �C and ends at - 28 �C in all samples, with

no differences between neat polymer and its blends.

This Tg value is higher than that previously observed

[37], detected at temperature below - 50 �C.
During the cooling cycle, the PTMO domain shows

a slight increase in both Tc and DHc from - 16 and

22 �C (neat Pebax�) to - 14 and 27 �C (Pebax�-

- 5wt% Chol-Calix blend), respectively. As well a

similar increase was noted in the PA domain, with Tc

and DHc values ranging from 75 and 5.0 �C (neat

Pebax�) to 91 and 7.0 �C (Pebax� - 5 wt% Chol-

Calix blend), suggesting that crystallinity of blends is

additive dose-dependent. In general, Chol-Calix

addition into Pebax�2533 matrix does not influence

the position of melting peaks in both polyether and

polyamide domains, whereas this addition causes a

slight crystallization shift to higher temperatures,

more evident in the PA domain. According to

Table 1, the crystallinity increased for both Pebax

domains upon the additive loading, particularly for

the hard polyamide block. DSC data suggest phase

separation between polymer matrix and additive,

more evident at the higher Chol-Calix concentration

(that aggregates/migrates on the polymer surface, as

demonstrated by SEM and WCA results).

TGA

Thermogravimetric analyses were performed in the

temperature range of degradation from 40 to 600 �C.
TGA ramped experiments with a 10 �C/min heating

rate were carried out to obtain reliable results on

thermal stability of neat Pebax� and its blends,

comparable with those of literature data [21]. A

platinum pan and nitrogen gas were used to avoid

degradation differences caused by different pan and

gas types, respectively. We considered as Tonset the

temperature at 5% weight loss to prevent the uncer-

tainty from the manually determination of the Tonset

tangent point. The thermogram overlays and DTG

curves of neat Pebax� and its blends are shown in

Fig. 4. The mass losses (TG) at 5% and 50%, the

decomposition maximum temperature of thermal

degradation (Td) and the weight residue (%) at 600 �C
are reported in Table 2.

The neat Pebax� and the Chol-Calix loaded films

displayed a single step degradation, regarding the

random chain scission mechanism of the main poly-

mer chain and corresponding to 50% weight loss. The

maximum degradation temperatures were at about

423 �C and at 422–420 �C for the neat Pebax� and for

the blend films, respectively. A decrease in Tonset of

polymer blends was observed. In particular,

Pebax� - 5wt% Chol-Calix sample showed a 20 �C
decrease in Tonset with respect to that of neat Pebax�

as previously reported with the loading of other

antibacterial additives (long chain imidazolium Ionic

Table 1 Glass transition temperature (Tg), melting (Tm) and crystallization (Tc) temperatures, enthalpy of fusion (DHm) and enthalpy of

crystallization (DHc) of PTMO and PA blocks in the cooling and second heating scans of neat Pebax� and its blends

Sample Cooling II Heating

Polyether domain Polyamide domain Polyether domain Polyamide domain

Tc (�C) DHc (J/g-) Tc (�C) DHc (J/g-) Tg (�C) Tm (�C) DHm (J/g-) Tm (�C) DHm (J/g-)

Neat Pebax�2533 - 16.0 22.15 75.2 5.02 - 37.8 13.0 16.48 140.3 2.84

Pebax� - 0.5 wt% Chol-Calix - 15.0 26.17 79.2 7.84 - 39.2 13.6 17.60 140.8 4.59

Pebax� - 1 wt% Chol-Calix - 14.5 25.02 80.2 7.43 - 37.9 14.0 17.37 140.0 3.81

Pebax� - 5 wt% Chol-Calix - 13.9 27.21 90.8 7.32 - 38.4 13.5 17.71 141.5 3.89
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Liquids) into a Pebax� matrix [21]. Nevertheless, the

thermograms evidenced that the presence of Chol-

Calix does not influence the thermal degradation

pattern of the polymer, because no significant dif-

ferences between neat Pebax� and polymer blends

were observed at onset temperature below 350 �C,
confirming the thermal stability of polymer and its

blends. This was also confirmed by the degradation

temperature, Td, that was not influenced by the

addition of Chol-Calix into Pebax�Rnew matrix,

displaying values (420–422 �C) very similar to that of

neat polymer (423 �C) in all blend samples.

The residue of blends is less than that of neat

polymer, confirming the almost total degradation of

the samples at 600 �C.

Gas permeation measurements

To verify the integrity of the prepared films, single

gas permeation tests were carried out. The perme-

ation parameters of the samples are reported in

Figs. 6 and 7. The addition of Chol-Calix at a low

concentration (0.5 wt%) depressed the gas perme-

ability of the polymer matrix. This is the typical

behavior of impermeable fillers that can be predicted

by a Maxwell model [38]. At the same time, the

reduced gas permeability reflects the larger crys-

tallinity in the copolymer evidenced by DSC. How-

ever, the microstructure of the Thin-Films is

composition-dependent. The larger permeability

measured on the films loaded with 1 wt% of Chol-

Calix indicates the initial formation of filler aggre-

gates that becomes more significant at a concentra-

tion of 5 wt% of Chol-Calix. As a consequence of this

phenomenon, a decrease in gas permselectivity with

respect to the neat polymer membranes was observed

(Fig. 5). Indeed, depending on the filler type and

composition, once above a threshold loading, the

fillers start to agglomerate with negative effects on

the gas separation performance of the membranes

[39].

However, the permeation rate order for the dif-

ferent gases in the neat copolymer is maintained in

the loaded films: CO2 is the most permeable species

among the tested gases, whereas N2 is the lowest one.

Methane is more permeable than helium, which

results faster than O2. Only in the case of the more

concentrated samples (5 wt%), a Knudsen-type

mechanism becomes concurrent with the dominant

solution-diffusion one, justifying the significant

decrease in gas permselectivity (Fig. 5). Gas diffusion

coefficients follow the same trend observed for the

gas permeability, as function of the filler loading.

Indeed, after a generalized decrease for the samples

containing 0.5 wt% of Chol-Calix, the diffusion

coefficients increase as the filler concentration rises.

The diffusion order is the following in both neat

polymer and loaded films:

Figure 4 Thermogravimetric

curves of Pebax� and Pebax�/

Chol-Calix blends. In the inset

the DGT curves.
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He[O2[N2[CO2[CH4, according to the

increasing gas molecular size.

Consequently, the highest permeability measured

for CO2 depends on its larger solubility contribution

in polymer matrix. This term also justifies the lower

percentage permeability increase measured for CO2,

upon filler addition, with respect to the other gases

(Fig. 6).

Surface morphology

Scanning electron microscopy (SEM) was acquired on

the surface of the prepared films (Fig. 7). As filler

concentration increases, the surface roughness rises.

At a Chol-Calix concentration of 5 wt%, a decrease in

compatibility with the polymer matrix was experi-

enced determining a surface segregation with the

formation of microstructures with sizes ranging from

180 to 310 nm. Information collected by SEM analysis

supported the WCA measurements as discussed

below.

Surface wettability

The effect of adding different weight percent (0.5, 1,

5) of Chol-Calix on surface wettability of Pebax�

blends was investigated. The WCA measured on the

prepared films is shown in Fig. 8. The unloaded

Pebax� is a hydrophobic material (84.8�), whereas

Pebax� blend films loaded with Chol-Calix are

hydrophilic. Indeed, due to the presence of quater-

nary ammonium groups, Chol-Calix nanoaggregates

possess a positively charged surface with a zeta

potential of ? 24.7 mV. The addition of Chol-Calix

induced a reduction in WCA with respect to neat

polymer, depending on additive content. In particu-

lar, when the Chol-Calix concentration increased up

to 5 wt%, the contact angle values of the treated

Pebax� films decreased from 84.8� to 50.4�, while the

loading in Pebax� matrix of lower Chol-Calix con-

tents induced a minor decrease in WCA values, from

84.8� to 74.6� (0.5 wt%) and to 67.2� (1 wt%). This

indicates that Chol-Calix concentration into Pebax�

Table 2 Thermogravimetric

data of neat Pebax� and its

blends

Sample TDm= 5% (�C)a TDm= 50% (�C)b Td (�C)c % Rd

Neat Pebax� 2533 385.0 425.5 422.7 3.80

Pebax� - 0.5 wt% Chol-Calix 381.0 421.9 422.0 0.23

Pebax� - 1 wt% Chol-Calix 378.5 421.3 421.2 0.30

Pebax� - 5 wt% Chol-Calix 365.0 419.3 419.7 0.52
aOnset of degradation (temperature of 5% weight loss)
bOnset of degradation (temperature of 50% weight loss)
cDecomposition maximum temperature of thermal degradation
dWeight residue (%) at 600 �C

Figure 5 Gas permselectivity of Pebax�-based films measured at

25 �C.
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blends is decisive for surface wettability, with the

higher concentration (5 wt%) that induces polymer

hydrophilicity. A less homogeneous surface at the

higher content (5 wt%) of Chol-Calix, characterized

by microstructures, as testified by SEM images, is

also responsible for the high standard deviation in

the measurements (4–5�).
We suppose that a specific orientation of the

hydrophobic side chains toward the Pebax� matrix

and of the hydrophilic quaternary ammonium

groups towards the polymer surface could occur, as

Figure 6 Gas permeability of

Pebax�-based films measured

at 25 �C and percentage

variation of permeability in the

loaded films with respect to the

neat polymer (P/P0). 1

Barrer = 10–10 cm3 (STP) cm

cm-2 cmHg-1 s-1.

Figure 7 SEM images of the

film surface of A neat Pebax�,

B Pebax� - 0.5% Chol-Calix,

C Pebax� - 1% Chol-Calix

and D Pebax� - 5% Chol-

Calix. Images magnification

10 000 9 . Inset magnification

20 000 9 .
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previously observed in Pebax�Rnew and in PVC

loaded with different concentrations of Ionic Liquids

bearing long alkyl chains on the imidazolium ring in

the cation [21, 40].

Chol-calix release

The release of Chol-Calix from the polymeric films in

PBS medium was investigated by UV–vis spec-

trophotometry. As shown in Fig. 9, a rapid release

was found for the film loaded with 5 wt% Chol-Calix,

reaching a value of 35% within 2 h. No further sig-

nificant release was observed up to 72 h. Therefore, a

large amount of Chol-Calix gets trapped in the film

where it establishes weak interactions with the

polymer as corroborated by FT-IR spectra. As a

confirmation, the Chol-Calix retained in the film

(more than 60%) was extracted by MeOH and

quantified in the same solvent by optical absorption

referring to a calibration curve.

The release profile shown in Fig. 9 is consistent

with a first-order release kinetic. The R(%)max was

calculated to be 34.8% and k 3.9 � 10-2 min-1. Typi-

cally, a first-order kinetic equation describes disso-

lution of a drug not effectively enclosed in a

polymeric matrix and ready to dissolve from the

surface [41]. This agreed with the release behavior

observed for the films containing Chol-Calix at lower

concentration (0.5 and 1 wt%). Indeed, no significant

release was observed from the Pebax� - 0.5 wt%

Chol-Calix up to 24 h, and a low release of around 3%

was observed within 30 min from the Pebax� - 1

wt% Chol-Calix blend without significant further

release up to 24 h. Probably, in the samples loaded

with lower amounts of Chol-Calix, the drug is more

embedded in the films and only a low amount is

located on the surface to be released, as evidenced by

the SEM images.

The release behavior indicated an accumulation of

Chol-Calix on polymer blend surface and it was

consistent with WCA data, showing a hydrophilic

blend surface. This aspect could be attractive for

preventing bacterial growth and hindering bacterial

biofilm formation on a material surface [42].

Antibacterial activity

In vitro antibacterial activity was assessed against

Gram-negative E. coli and Gram-positive S. aureus.

The results evidenced a relationship between the

bacterial growth inhibition and the Chol-Calix con-

centration (Fig. 10). Neat Pebax� and Pebax� 0.5 wt%

showed no significant antibacterial activity within the

tested incubation time (24 h) on both E. coli and S.

aureus. This behavior agreed with the absence of

antibacterial activity reported for Pebax� 2253 against

S. aureus and E. coli [23] and with the unde-

tectable release of Chol-Calix from the Pebax� - 0.5

wt% film. The Pebax� - 1 wt% Chol-Calix films

showed good antibacterial activity against S. aureus,

with reductions of 1.8 log CFU/mL (98.5% decrease)

and 2.1 (99.1% decrease) observed at 10 and 24 h,

respectively. Differently, no antibacterial effect was

found against E. coli consistently with a MIC value

(18.8 lg/mL) [17] higher than the amount of the

Chol-Calix released from the film (around 10 lg/
mL). A clear antibacterial effect was instead observed

Figure 8 Water contact angle of Pebax� blends as function of

Chol-Calix weight percent.

Figure 9 Release (%) of Chol-Calix from Pebax� - 5 wt%

Chol-Calix film. The dashed red curve was obtained by fitting the

release data.
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with Pebax� - 5 wt % Chol-Calix that reduced the

number of viable E. coli cells of 2.57 and 2.66 log

CFU/mL (99.7 and 99.8% decrease) at 10 and 24 h,

respectively. A similar antibacterial effect was

observed against S. aureus with a reduction of 2 log

CFU/mL (99%) at 10 h that increased to 2.49 log

CFU/mL (99.7%) at 24 h.

The higher antibacterial effect against S. aureus

compared to E. coli showed by the film loaded with

1% of Chol-Calix can be explained by the different

cell wall structure of these microorganisms and the

greater susceptibility of the Gram positive bacteria to

quaternary ammonium salts and ammonium-cal-

ixarene derivatives [43–45]. Conversely, the similar

bactericidal effect shown by the films with 5% load-

ing is likely due to the high amount of Chol-Calix

released, which is enough to inhibit both bacteria

growth.

Analogously to other polycationic calixarene

derivatives [11, 46] the antibacterial activity of Chol-

Calix is mainly due to the physical alteration of the

bacterial cell membrane. The formation of holes in the

outer membrane of Gram-negative bacteria was

demonstrated for a polycationic para-guanidi-

noethylcalix[4]arene derivative by atomic force

microscopy images [47]. Charge-to-charge interac-

tions between the positively charged Chol-Calix with

the negatively charged bacterial membrane and

intercalation of the dodecyl chains of Chol-Calix in

the lipophilic membrane moieties alter the bacterial

membrane. Moreover, the binding of the choline

ligands to choline transporters (BCCT, Betaine-Cho-

line-Carnitine Transporter family) present on the

membrane of Gram-negative such as E. coli could also

be involved in the antibacterial activity of Chol-Calix

[18]. It is remarkable that like other antibacterial

polycationic calixarene derivatives showing no

hemolytic effect and low toxicity toward mammalian

cells [11], Chol-Calix exhibited no significant toxicity

against different eukaryotic cell lines [12, 15, 48].

To evaluate whether the presence of Chol-Calix can

also hinder the formation of biofilm on the surface of

the developed Thin-Films, biofilm biomass mea-

surements were performed. Indeed, E. coli and S.

aureus were found to develop on polyamide nanofi-

bers depending on size and morphology [49]. The

microbiological tests showed that E. coli and S. aureus

formed a weak biofilm (OD492 = 0.14–0.24) on the

neat film surface. However, the films containing 5

wt% of Chol-Calix presented a 30–31% reduction in

the bacteria biomass compared to that formed on neat

polymer matrix. This behavior can be ascribed to the

capability of Chol-Calix to reduce the planktonic

bacterial load and confer higher hydrophilicity to the

film surface, as confirmed by WCA tests.

Attractive aspects of the prepared novel antimi-

crobial films rely on the use of a biocompatible

thermoplastic poly(ether-b-amide) copolymer that is

flexible, highly permeable and can be processed

using a non-toxic solvent [50].

Cell viability

To investigate the safety of the newly proposed films,

we tested the effect of the release from differently

loaded films (neat Pebax� and its blend films bearing

0.5%, 1%, or 5% of Chol-Calix) on mouse embryonic

fibroblasts NIH/3T3. The potential application of

Pebax 2533/Chol-Calix blends as antimicrobial films

implies that, at the concentrations used, the amount

of compound released does not affect cell viability.

To mimic a physiological condition and test the

release of Chol-Calix in a more enriched environ-

ment, round films were incubated in the cellular

medium DMEM/F12 with 5% FBS, for a time longer

Figure 10 Graphic representation of the CFU/mL values over

time of E. coli (a) and S. aureus (b) from Pebax� - 1 and 5 wt%

Chol-Calix films and neat Pebax� films.
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than 2 h (4 h), according to the release profile previ-

ously reported. To test the potential toxicity of Chol-

Calix-enriched medium, we used the same condition

of release adopted for the antimicrobial test and we

treated fibroblasts NIH/3T3 for 48 h to allow the

appearance of possible delayed toxicity. As shown in

Fig. 11, the cellular viability test used, the MTT assay,

revealed that at any conditions of release, Chol-Calix

was not toxic (81–90% cell viability range compared

to control).

To the best of our knowledge, only a few papers

have been published on antibacterial materials based

on a Pebax� copolymer. In particular, Ag/Pebax

composite nanofibres [51], antibacterial and antifun-

gal breathable Pebax/chloropropane diol membranes

[52], antimicrobial Pebax/ILs blends [21], antimicro-

bial Toluidine Blue O/Pebax extrudates (TBO/

Pebax�) [25] have been produced till now. Moreover,

only one example of bacteriophilic materials obtained

by covalent-linkage of a calixarene-derived to resins

[53], and calixarene-embedded membranes for clean

water, clean energy production and pharmaceutical

separation are present in the literature [54]. There-

fore, the obtained Pebax�/Chol-Calix thin-films are

the first example of flexible films filled with an

antibacterial calixarene derivative. When loaded into

Pebax� matrix, Chol-Calix maintains its antibacterial

and antibiofilm activity against specimens of Gram-

negative and Gram-positive bacteria, responsible for

serious infections and does not display cytotoxicity

on mouse embryonic fibroblasts NIH/3T3.

According to the experimental results, the idea to

develop flexible Thin-Films that can be made with

diverse additives, in different sizes and shapes is of

great interest for the fabrication of removable drug

delivery devices. In this view, Chol-Calix for the

already demonstrated capability to load conventional

antibiotics [16] and photoactivable molecules [14, 15]

in its micellar nanostructure appears appealing for

the development of even more effective and pho-

toactivable antibacterial Thin-films.

Conclusions

Chol-Calix, a nanoconstruct obtained by the self-

assembly of multiple units of an amphiphilic

calix[4]arene derivative bearing choline moieties and

dodecyl chains, was synthesized and incorporated in

an elastomeric polyether block amide. Flexible free-

standing films based on Pebax�2533 loaded with the

Chol-Calix nanoconstructs at 0.5, 1 and 5 wt% were

prepared by solution casting, utilizing a non-toxic

solvent (ethanol), without plasticizers.

The thermal stability of the copolymer matrix is

preserved in the blends, while the crystallinity of the

copolymer blocks is increased. The presence of the

additive can be observed on the film surface,

according to its concentration in the matrix. The

wettability of the films increases upon the Chol-Calix

Figure 11 Effects of the release from neat Pebax� and its blend

films loaded with 0.5%, 1% or 5% of Chol-Calix, after four hours

of incubation in DMEM-F12 medium with 5% FBS. Chol-Calix

enriched media were used as treatments on mouse embryonic

fibroblast cells (NIH/3T3). (a) Scheme of methodology; (b) Cell

viability assessed by MTT analysis after 48 h treatments. Bars

represent means ± Standard Error of Mean (SEM) of three

independent experiments with n = 3 each. **P\ 0.05, vs Ctrl by

One-Way ANOVA ? Tukey Test.
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loading in the blend membranes. Low content of

Chol-Calix slightly reduces the gas permeability

through the films, whereas an increase in this

parameter is observed as Chol-Calix amount rises,

due to the additive aggregation tendency.

Low leaching of Chol-Calix from the film surface

was confirmed through release tests carried out in

PBS medium. The blend films displayed antimicro-

bial activity within 10 h against Gram-negative

(E. coli) and Gram-positive (S. aureus) bacteria that

represent clinically important strains. In addition, the

Chol-Calix was capable to interfere with the biofilm

formation since the films loaded with the higher

concentration of Chol-Calix demonstrated a one-third

reduction in biofilm formation on their surface. Fur-

thermore, the blend films did not exert cytotoxicity

on mouse embryonic fibroblasts NIH/3T3.

The obtained results suggest the Pebax2533/Chol-

Calix combination as a promising approach for the

development of novel flexible antibacterial Thin-films

that could be upgraded by loading antibacterial

drugs in the Chol-Calix nanocarrier.
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