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ABSTRACT:

Hypothesis: Development of nanocomposite coating with antibiofilm properties is of fundamental
importance to efficient fight biofilm formation preventing infections in biomedical area. In this context,
halloysite nanotubes (HNTSs), biocompatible and low-cost clay mineral, have been efficiently used as filler
for different polymeric matrices affording several nanocomposites with appealing antimicrobial properties.
The modification of HNTs surfaces represents a valuable strategy to improve the utilization of the clay for
biological purposes.

Experiments.Herein, the covalent modification of the HNTs lumen with properly designed dopamine
derivatives with different perfluoroalkyl chain length is reported. The obtained nanomaterials are
thoroughly characterized by several techniques. As proof of concept the antibiofilm properties on E. coli
strain of the nanomaterials are assayed as well. Finally, the HNTs fillers were introduced into a
polydopamine matrix allowing for the preparation of functional coatings, resistant to formation of
microbial biofilms.Findings: All characterization methods proved the selectivity of the modification and the

increased hydropho-bicity of the lumen. In particular >’Al solid state nuclear magnetic resonance (NMR)



spectra showed a upfield shift of the Al signal. Studies on the antibiofilm properties highlighted different
activities according to the length of perfluoroalkyl chains of organic molecules as proved by '°F solid state
NMR spectra. The synthetized materials were promising for future application as coatings on medical

implants.
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1. Introduction

Bacteria produce biofilms as part of their survival strategies [1]. Although they are important in symbiotic
functions and biogeochemical cycles [2], biofilms are dangerous to humans and cause more than 80% of
chronic microbial infections, causing a variety of problems in the environment, food industry, and medical
implants and devices [3]. In 2019, C"amara et al. presented the global financial impact of biofilms, estimated to
represent almost US$ 4,000 billion per year, with two-thirds due to corrosion and the remainder composed
of a mix of sec-tors, with a relatively large part falling on human health, in particular the formation of biofilms
on wounds [4].

In this context, Escherichia coli, a Gram-negative bacterium, is one of the major causes of infection that
forms biofilms on the surfaces of materials used in the above-mentioned sectors [5].

In the last years, several approaches to fight biofilms formation, based on the surface modification with an
antimicrobial coating, have been carried out [5,6]. The coating involves, for example, the use of active agents
(e.g. antibiotics, metal nanoparticles, etc.), light-activated molecules (e.g. photosensitizers such as TiO, or
perfluoroalkyl phtha-locyanine) [6,7], or the introduction of organic/inorganic fillers (carbon nanotubes, silica,
clay minerals, etc.) [8—12] that improves both the mechanical properties of the coating and its interfacial
interaction with the active agents.

In particular, clay minerals, layered phyllosilicates, such as lamellar montmorillonite (MMT) that consists in an
octahedral layer intercalated between two tetrahedral layers (2:1), were used as a coating to enhance the
antibacterial properties of Mg alloy AZ31 in the presence of genta-micin; indeed, the positively charged MMT
surface can interact with the negatively charged membrane of the bacteria, by electrostatic forces, thus
assisting gentamicin in its bactericidal and bacteriostatic action.[13].

Among 1:1 clay minerals, halloysite, due to its tubular structure with an empty lumen (HNTs) has been
efficiently used as filler for the development of antibacterial nanomaterials since it can improve both the
mechanical properties of the coatings and can further load active substances into the lumen [14]. For example,
gentamicin/HNTs nano-material was reported by Lvov ef al. as filler for poly-(methyl methac-rylate), which
has long been used as bone cement [15]. Similarly, HNTs@ZnO nanomaterial was used as filler for
polyethylene and poly-vinyl chloride to develop antibacterial nanocomposite for urinal cathe-ters [16].

Covalent modifications of HNTs surfaces offer the possibility to obtain fillers with tunable properties



[17-19]. In this context, several studies reported the covalent modification of the HNTs external surface by
grafting suitable organosilanes for the development of nanomaterials with hierarchical structures for
applications in several fields [20]. In addition, the loading or the grafting of active species with antimicrobial
action led to the synthesis of nanosystems used for example as anti-bacterial for wound healing, and active
food packaging to mention only a few [21-25].

Up to now, only few examples are reported in literature about the modification of HNTs inner surface, and
they are based on the linkage between the aluminol groups and organophosphorus compounds [26],
phenylboronic acids [27] and catechol-based molecules [28].

Recently, it was shown that a key role to enhance the antibacterial performance of the nanocomposites is
played by their hydrophobicity [29]. For example, fluoropolymers, known for their high hydrophobicity [30],
were used to develop nanocomposites with antifouling properties against microbes, foulants, and blood, and

possessing also outstanding self-cleaning activity [31].

Based on this premise, herein, we report the covalent modification of by ad hoc synthesized perfluorinated
hydrophobic mole-cules namely N-perfluoroacyl dopamides, as fillers for the development of antibiofilm
coatings. The catechol moiety of the N-perfluoroacyl molecules ensures the selective binding to the HNTs
lumen [32], whereas the perfluoroalkyl chains could add antibiofilm and hydro-phobic properties to HNTs
filler (Fig. 1).

The obtained fillers were characterized through thermogravimetric analysis, FT-IR spectroscopy, dynamic
light scattering and ¢-potential measurements. The selective binding of the organic molecules with HNTs
lumen was verified by >’Al solid state NMR spectroscopy. The morphology was studied by high angle annular
dark field transmission electron microscopy (HAADF/STEM) coupled with Energy Dispersive X-ray
spectroscopy (EDX). The increased hydrophobicity of the HNTs lumen after N-perfluoroacyl dopamides
binding was highlighted by spectrofluorometric measurements using pyrene as a probe.

As proof of concept, the antibiofilm formation properties of the ob-tained fillers on E. coli were investigated
by in vitro assay, HAADF/STEM investigations and '°F solid state NMR spectroscopy. To explain the
biological results, contact angle measurements were also performed. Finally, the most promising
nanomaterials were used as fillers for pol-ydopamine matrix chosen as a model of coating because of its well-

known biocompatibility and universal substrate-independent coating properties [33].
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2. Results and discussion

Halloysite is a multilayer nanotube that possesses an empty lumen with suitable dimension to host
molecules. To selectively modify the HNTs lumen, N-perfluoroacyl dopamide molecules (1-6) were synthe-
sized following the experimental procedure, reported for the N-tri-fluoroacetyl dopamide [34], depicted in
Scheme 1, by reacting dopamine hydrochloride with the perfluoroacyl methyl ester (1-6a) affording final
molecules with satisfactory yields greater than 90% except for 5 (26%) possibly due to the poor solubility
of the corre-sponding perfluorinated ester in the reaction medium. Dopamine de-rivatives were chosen
because of the high affinity of the catechol moieties towards the aluminol groups in HNTs lumen. In this
way, a coordination bond between the catechol and the alumina rich-surface with a 1:1 bidentate
complexation in the final HNTs/1-6 nano-material was expected to occur as reported [32].

Inspired by the pioneering works of Lvov, Takahara et al. [26,28] the loading of 1-6 compounds into
halloysite was carried out by mixing an aqueous dispersion of halloysite (5 mL) with a concentrated 1-6
solution in MeOH (102 M, 1 mL) (Scheme 2). Then, the obtained suspension was stirred and maintained under
vacuum for 3 to 5 min, resulting in light fizzling, which indicated that air was released from the tubes.

Once the vacuum was removed, the solution entered the lumen and the loaded compound adsorbed within

the tubes. This procedure was repeated 2 to 3 times to improve the loading efficiency.

After the work-up, the amounts of compounds loaded into HNTs were determined by TGA. Results in Table
1 indicate that in almost all cases a loading ranging from 2 to 5 wt% was observed following the molecular
weight of the compounds. A slight decrease in the loading was observed in the case of HNTs/5 and HNTs/6
nanomaterials and this could likely be explained by some steric hindrance phenomena. No loading was
instead observed in the case of HNTs/1 nanomaterial probably because of the higher aqueous solubility of
compound 1 compared to the other N-perfluoroacyl dopamides, and therefore, given the conditions of the

loading procedure, it can be expected that it ex-hibits a lower or null affinity for HNTs lumen.
Thermoanalytical curves of HNTs/4 and HNTs/6 (see Fig. S1 for the others) are reported in Fig. 2a, where that of
pristine HNTs is reported as well for comparison. All curves showed the typical weight losses of halloysite in

the range 100-150 °C and 450-550 °C due to the removal of physically adsorbed and interlayer water
molecules of the clay [35]. The TG curves of HNTs/4 and HNTs/6 also showed an additional weight loss in the

range 250—400 °C attributable to the degradation and vola-tilization of organic moieties. From the residual
matter at 900 °C it was possible to calculate the loading of the different compounds reported in Table 1.

In Fig. 2b the FT-IR spectra of HNTs/4 and HNTs/6 nanomaterials, chosen as models, and that of pristine
HNTs for comparison (see SI for other spectra) are reported. As known [36], the FT-IR spectrum of pristine

HNTs shows some typical vibration bands at ca. 3622 cm™' attributable to O—H stretching vibrations of the



inner surface hydroxyl groups, and the bands at 3484 and 1645 cm™ due to the O—H stretching and bending
vibrations, respectively, of adsorbed water. Furthermore, several bands are present in the range 1100—400

cm’! attributable to the vibration motions of Si-O-Si groups. After modification, in the FT-IR spectra of the
nanomaterials new bands are present. In particular, the bands at ca. 1690 cm™!, attributable to the C—O stretching

of the amide groups, and the bands in the range 1550 — 1420 cm™ due to C—C, C—N stretching are observed.
All these findings further confirm the successful loading of the N-perfluoroacyl dopamides into HNTs.

Dynamic light scattering experiments were performed in an aqueous dispersion to characterize the diffusion
dynamics of HNTs/4 nano-material, chosen as model. It was assumed that since the interaction of perfluoacyl
dopamides occurs with HNTs lumen, no differences in the aqueous diffusion of nanomaterials were observed
by varying the number of alkyl chains. HNTs are anisotropic objects with a high aspect ratio, which can change
with functionalization. Moreover, the particle’s ability to interact and aggregate can also depend on surface
modifica-tion. Thus, a detailed quantitative analysis of the results was hampered. Valuable information was
achieved by using the Stokes-Einstein equa-tion to calculate the average diameter of the equivalent sphere,
which can be considered as an index to follow the changes in particle di-mensions and interparticle
aggregation. A single translational diffusion mode was observed in all cases investigated with Z-average sizes
(i.e., the intensity weighted mean diameters) (Table S1) similar to those of pristine HNTs. These findings
confirmed the selective interaction of the N-perfluoroacyl dopamides with HNTs lumen.

In line with DLS, Z-potential measurements highlighted a slight in-crease in the ¢-potential value of the
nanomaterial (Table S1) in comparison to that of pristine HNTs (-19 mV), in accord with halloysite
modifications [37].

To further confirm the confinement of the molecules inside HNTs lumen solid state ’A1 NMR
spectroscopic studies were performed (Fig. 3). The 2’Al NMR spectrum of HNTs showed the typical peak at ca.
7.16 ppm arising from the resonance of the aluminium atoms octahedral coordinated at the inner halloysite
surface [38]. As reported elsewhere, indeed, by 2’Al MAS-NMR it is not possible differentiate between octa-
hedral Al atoms both in the lumen and on interlayer sites since an overlap of the signals occurs [39]. After the
coordination of the catechol-based molecules, this peak was upfield shifted from 7.16 ppm to 6.68 ppm, as
shown by the solid state >’ A1 NMR spectrum of HNTs/2 nano-material, chosen as an example (see SI for other
spectra). This finding, led us to hypothesize that some Al atoms (the ones in the lumen) possess a chemical
environment of different from that of pristine HNTs; sug-gesting the selective interaction of perfluoroacyl

dopamides with the lumen, as already reported for other systems [40].



Table 1. Loading (wt%) of the 1-6 molecules into HNTs lumen.
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Fig. 2. (a) Thermoanalytical curves and (b) FT-IR spectra of HNTs, HNTs/4 and HNTs/6 nanomaterials.
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The morphology of the nanomaterials was imaged by TEM and high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). In Fig. 4 is reported the TEM image of the HNTs/4
nanomaterial, once again chosen as the nanomaterials model. As it is possible to observe, the characteristic
tubular structure of the halloysite was preserved after the loading (Fig. 4A).

Energy-dispersive X-ray spectroscopy (EDS) elemental mapping showed that compound 4 was present on
the overall surface of the tubes, as highlighted by the distribution of F atoms (highlighted in orange in all samples)
(Fig. 4B-C). Moreover, close observation of the tubes showed the presence of F atoms mainly localized in the
proximity to the HNTs lumen (Fig. 4D). EDX spectrum on a selected area showed the presence of the Al and Si
related to halloysite with the presence of C and F atoms of the organic molecule loaded. Furthermore, statistical
analysis of the mean inner diameter of HNTs/4 nanomaterial showed a slight decrease in the diameter in
comparison to pristine HNTs (from 14.9 nm to ca. 11 + 3 nm) further confirming the inner surface modification.

Fluorescent probes have been successfully used for decades to study biological and chemical environments,
therefore, to confirm the in-crease of hydrophobicity of the HNTs lumen after the linkage of N-
perfluoroacyl dopamide, the interaction of selected nanomaterials (HNTs/2 and HNTs/5 nanomaterials with 7
and 15 carbon atoms in the perfluoroalkyl chains, respectively) with pyrene was studied by fluo-rescent

titration.

In Fig. 5 the trend of the variation of the emission intensity of pyrene as a function of the amount HNTs/2 and
HNTSs/5 nanomaterials (up to 0.3 mg mL') the emission of pyrene increases (with the highest values
observed in the case of HNTs/5 nanomateria given its higher number of carbon atoms) thus confirming a
hydrophobic interaction with HNTs based nanomaterials. It is noteworthy that in the same experimental
conditions, no change in the emission intensity of pyrene was observed in the presence of pristine HNTs. All
these findings confirm the increased hydrophobicity of HNTs because of the presence of the N-perfluoroacyl

dopamide molecules [41].
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2.1. Evaluation of the antimicrobial and antibiofilm formation properties

Firstly, to evaluate any antimicrobial activity of compounds 2—6, they were assayed in vitro against
planktonic forms of E. coli bacterial tester. This analysis revealed that the molecules did not exert inhibition of
bacterial growth in the respect to control growth conditions. Similar results were obtained by treating the
bacterial tester with the HNTs/2—6 nanomaterials; also in this case, indeed, no inhibition of the planktonic
growth of bacterial testers was observed.

However, analysis of the biofilm formation, revealed that all HNTs based nanomaterials showed a strain
specific inhibition (Fig. 6). In particular, HNTs/2 and HNTs/3 nanomaterials nanomaterials caused a significant
reduction (p < 0.05) of E. coli biofilm formation with respect to untreated culture (control), with HNTs/3
showing the highest inhibition (42%). This result is particularly interesting since pristine HNTs revealed, on the
contrary, a significant (p < 0.05) increment (22%) of biofilm formation with respect to untreated culture [42].
On the con-trary, no biofilm inhibition was observed in the presence of 2—6 given its higher number of
carbon atoms) thus confirming a hydrophobic interaction with HNTs based nanomaterials. It is noteworthy that in
the same experimental conditions, no change in the emission intensity of pyrene was observed in the presence
of pristine HNTs. All these findings confirm the increased hydrophobicity of HNTs because of the presence of
the N-perfluoroacyl dopamide molecules [41].
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Fig. 6. E. coli biofilm formation in the presence of 2—6 molecules and HNTs based nanomaterials. Inhibition
values are reported with respect to biofilm of untreated cultivations used as control condition. p < 0.05

according to ANOVA test.
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Fig. 7. TEM images of a representative area of E. coli biofilm treated with (A) HNTs/S and (B) HNTs/2

nanomaterials. The inset shows the EDX analysis of the selected area.

2.2. Evaluation of the antimicrobial and antibiofilm formation properties

Firstly, to evaluate any antimicrobial activity of compounds 2-6, they were assayed in vitro against
planktonic forms of E. coli bacterial tester. This analysis revealed that the molecules did not exert inhibition of
bacterial growth in the respect to control growth conditions. Similar results were obtained by treating the
bacterial tester with the HNTs/2—6 nanomaterials; also in this case, indeed, no inhibition of the planktonic
growth of bacterial testers was observed.

However, analysis of the biofilm formation, revealed that all HNTs based nanomaterials showed a strain
specific inhibition (Fig. 6). In particular, HNTs/2 and HNTs/3 nanomaterials nanomaterials caused a significant
reduction (p < 0.05) of E. coli biofilm formation with respect to untreated culture (control), with HNTs/3
showing the highest inhibition (42%). This result is particularly interesting since pristine HNTs revealed, on the
contrary, a significant (p < 0.05) increment (22%) of biofilm formation with respect to untreated culture [42].
On the con-trary, no biofilm inhibition was observed in the presence of 2—6 molecules. The latter result is
important since it highlights the impor-tance to use HNTs to enhance the bioavailability of the molecules,
therefore, increasing their biological activity.

The inhibition of biofilm formation by HNTs/2 nanomaterial was further analyzed by HAADF/STEM
investigations. Fig. 7 shows a portion of the E. coli biofilm treated with HNTs/2 and HNTs/5 nanomaterials. As it
is possible to observe in Fig. 7A, in the case of HNTs/5 nanomaterial, which has shown poor activity (92%
inhibition of biofilm formation), the nanomaterial still maintains the tubular morphology as observed in Fig. 4.
In addition, the nanomaterial is embedded in a carbon-containing matter likely to be due to the E. coli cell

biofilm, as inferred from the chemical elemental map extrapolated from EDX measurements. This result is in



agreement with that already reported about the interaction of HNTs with bacterial biofilms [42].

Conversely, in the HNTs/2 treated E. coli biofilm image (Fig. 7B), the formation of biofilm was inhibited
(by 70%) by the action of the nanomaterial, and the E. coli cells probably were in their planktonic form and
unable to embed the HNTs/2 nanomaterial, as it has been inferred from the EDX analysis and the elemental map
extrapolated from it, in agreement with the observations reported for other kinds of modified HNTs
nanomaterials [43].

The different antibiofilm activities among the different nano-materials could be explained considering the
interaction of 2—6 mole-cules with HNTs lumen. It was hypothesized that molecules with shorter fluoroalkyl chains

could be more available for interaction with bacteria.
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Table 2.Contact angle values for HNTs, HNTs/2 and HNTs/ 6 nanomaterials.

Sample 0/°

HNTs 30.7 £ 1.5 [46]
HNTs/2 457 +£2.3
HNTs/6 293+ 1.9

Due to their chemical composition, HNTs possess negatively charged external surface, positively charged
lumen and interlayers in a wide pH range. Thus, E. coli cells, negatively charged [44,45], could be attracted to
the positively charged HNT interlayers, interacting with 2 and 3 molecules, which could exert their
antibiofilm activity [7]. On the contrary, longer fluoroalkyl chains, as in 4 and 5 molecules, could interact
with each other by hydrophobic interactions, folding them-selves inside lumen, therefore they are not available

for the interaction with bacteria. Similarly, 6 molecules, possessing two catechol heads, are totally confined



inside HNTs lumen.

To support these hypotheses, '°F solid state NMR spectra of the HNTs/2—6 nanomaterials were recorded. In
Fig. 8a, the '’F NMR spectra of 2 and HNTs/2 nanomaterial are reported. The F solid state NMR spectrum of
2 showed the typical resonance peaks attributed to the fluorine atoms in the perfluoroalkyl chain. In particular,
the peak at ca. -79.53 ppm related to the -CF3 groups, and the signals in the range -119 - -123 ppm due to
the resonance of the -CF, groups were observed. After the coordination with HNTs, the peaks are slightly
affected by the presence of HNTs, further indicating that the interaction occurs mainly with the catechol
moieties.

Similar results were obtained in the case of all the nanomaterials obtained. However, as it is possible to
observe in Fig. 8b, the peak related to -CF» groups at ca. -123 ppm in the case of HNTs/5 nano-material is
less resolved, indicating a change in the chemical environment of 5, probably due to hydrophobic interactions
between the chains in the confined HNTs lumen. To further confirm our hypotheses, contact angle (0)
measurements on HNTs/2 and HNTs/6 nanomaterials, chosen as model, were per-formed and the obtained
results are listed in Table 2.

0 values of a drop of water onto a solid support, indeed, are related to the hydrophobicity of the surface. As it is
possible to note from Table 2, the HNTs/6 nanomaterial shows a 0 value close to that of pristine HNTs [46],
indicating that the hydrophobicity of the surface is not altered after modification in agreement with the 6
confinement in HNT lumen. Conversely, an increase in the 6 value in comparison to that of pristine HNTs was
observed in the case of HNTs/2 nanomaterial. The increase of § value is consistent with the hydrophobic nature of
the perfluoroacyl dopamide molecules loaded into the HNT lumen and the extension of their fluorine tails at
the edges of nanotubes as above hypothesized. These findings further explain the antibiofilm properties of
HNTs/2 nanomaterial.

Encouraged by these results, to develop innovative coating materials as antibiofilm agents, HNTs/2
nanomaterial was used as a filler for polydopamine (PDA), a choice dictated by the well known ability of this
system to form a strongly adhesive film on solid surfaces.

To achieve this goal, the classical polymerization procedure of dopamine under alkaline conditions in air
was discarded, and the oxidation was preferably run in a slightly acid medium using NalO4 as an oxidizing
agent to better control film thickness. The reaction was run on dopamine at 10 mM in the presence of HNTs
based filler with glass substrates dipped into the reaction mixtures. Recently, some of us found that using this
methodology, the resulting nanocomposite film shows HNTs present on the glass surface, and this could be
beneficial for future applications [47]. It was indeed found that in acidic media, being the tubes in their
zwitterionic form (pl ca. 6.5), they tend to aggregate each other, minimizing the interaction with the growing
PDA polymer, and this causes that HNT fillers are mainly present at the surface of the PDA coating.

The so-obtained coatings were tested for their antibiofilm properties and analyzed by HAADF/STEM

investigations. In Fig. 9, the images relative to a representative area of E. coli biofilm as a control (Fig. 9A),



the E. coli biofilm in the presence of the PDA coating (Fig. 9B), and in the presence of the nanocomposite
coating PDA-HNTSs/2 (Fig. 9C) are re-ported. As it is possible to infer from the carbon atoms elemental map-
ping extrapolated by EDX measurements (yellow spots in Fig. 9A and B), the bacterial biofilm showed ellipsoidal
and lobed shaped cells. Conversely, after treatment with the nanocomposite coating PDA-HNTs/ 2, a different
morphology was observed (Fig. 9C). In this case, the ellipsoidal and lobed shape of bacterial biofilm cells is
not observable, probably due to the inhibition of biofilm formation exerted by the nanocomposite coating.
In particular, Fig. 9C shows the presence of HNTs randomly dispersed on its surface (as highlighted by the blue

spots referred to Al atoms and red arrows in Fig. 9C).

3. Conclusion

Nowadays, biofilm formation represents one of the major problems related to healthcare and thus, finding
effective solutions for its inhi-bition is a great challenge. Thus, development of nanocomposite coating with
antibiofilm properties is of fundamental importance to efficient fight biofilm formation preventing infections
in biomedical area. Herein we reported the synthesis and characterization of HNTs based fillers for the
development of nanocomposite coatings with antibiofilm properties. To reach this objective, HNTs lumen
was modified with properly synthetized molecules bearing a catechol moiety, able to selective coordinate
the aluminol rich inner HNTs surface, and perfluoroalkyl chains which increased the hydrophobicity of the
lumen. The successful synthesis of the different nanomaterials was confirmed by TG analysis and FT-IR
spectroscopy, whereas the selective HNTs lumen modification was proved by DLS and ¢-potential mea-
surements and by solid state Al NMR spectra. In the latter experiment upfield shift of the typical resonance
peak of aluminium, further confirmed the interaction with the perfluoroacyl dopamides. HAADF/ STEM
investigations showed that the morphology of HNTs was pre-served and that the organic molecules are well
dispersed inside the tubes as shown by the elemental maps extrapolated by EDX measurements and statistical
analysis of the lumen mean dimensions.

As proof of concept of the feasibility of use of the nanomaterials synthetized for biological applications,
their biofilm inhibition growth properties were tested on E. coli strain by in vitro assays and by HAADF/ STEM
investigations. It was shown that among the different molecules used, the ones with better antibiofilm
performances were those with shorter perfluoroalkyl chains as a consequence of a good balance be-tween the
hydrophobic character and the coordination inside the lumen determining their availability and efficient
interaction with the bacteria as proved also by solid state '°F NMR studies.

Finally, the most promising nanomaterials were used as filler of a polydopamine matrix, chosen as a
paradigm for implementation of bioactive coatings. The obtained nanocomposite coatings were suc-cessfully
assayed for E. coli biofilm formation inhibition as highlighted by HAADF/STEM investigations.

In comparison to other reported works [13,48], the results presented highlight the importance to exploit

halloysite nanotubes, a natural available, biocompatible and low-cost nanomaterial, for the develop-ment of



nanocomposite coatings with antibiofilm formation properties for implementation of biomedical devices and
other related applica-tions. In addition, the chemical composition of halloysite external sur-face allows for its
selective functionalization too increase interfacial properties of the clay, to be dispersed in other polymeric
matrices that could be useful for biological applications [49].

The work herein reported puts a step forward to the design of novel halloysite nanomaterials for the industrial
scale-up of the synthesis of antimicrobial coatings for application in several fields, especially in the biomedical

one as example in the coating of implants or in tissue regeneration.

Fig. 9. TEM images of representative areas of (A) E. coli biofilm; (B) E. coli biofilm in the presence of
PDA coating; (C) E. coli biofilm in the presence of PDA-HNTSs/ 2 coating.

4. Experimental section
4.1. Materials and methods

Column chromatographies were performed with Fluka silica gel, pore size 60 A, 70-230 mesh, 63-200
um. '"H NMR, *C NMR and "°F NMR spectra were recorded at room temperature in CD30D solution with an
Agilent 500 spectrometer (Agilent Technologies, Santa Clara, CA, USA), operating at a frequency of 500 MHz
for 'H, 125 MHz for *C and 470 MHz for "°F using the residual solvent peak as internal refer-ence. For '°F
NMR spectra, a small amount of CFCl3; was added for the standard reference; chemical shifts (0) values are
given in parts per million (ppm) and coupling constants (J) in Hertz. Melting points (un-corrected) were
determined with a Kohfler melting points apparatus. For GC-MS analyses, the GC instrument GC-TRACE-
ULTRA (THERMO electron corporation, Waltham, MA, USA) was equipped with a Fused silica capillary
column OPTIMA-1-0.25 um (30 m x 0.25 mm LD.). Mass spectra were acquired with a POLARIS Q
(THERMO electron corporation, Waltham, MA, USA) in EI mode (70 eV).

FT-IR spectra (KBr) were acquired with an Agilent Technologies Cary 630 FT-IR spectrometer (Agilent
Technologies, Santa Clara, CA, USA).

The size analysis, ¢-potential and polydispersity index of the samples were determined using a Malvern Zetasizer

Nano ZS instrument (Mal-vern Instruments, Malvern, UK), fitted with a 532 nm laser at a fixed scattering



angle of 173°.

Thermogravimetric analyses (TGA) were performed on a Mettler Toledo instrument (Mettler Toledo,

Barcelona, Spain), equipped with sensor and FRS5 microbalance (precision 0.1 pg) and FP89 software

package, using a heating rate of 10 °C/ min in the 30—800 °C temper-ature range.

Transmission electron microscopy (TEM) was performed by means of a FEI Titan G2 60-300 ultra-high-
resolution transmission electron mi-croscope (FEI, Lausanne, Switzerland) coupled with analytical electron
microscopy (AEM) performed with a SUPER X silicon drift windowless energy dispersive X-ray spectroscopy
(XEDS) detector. AEM spectra were saved in mode STEM (scanning transmission electron microscopy) with a
HAADEF (high angle annular dark field) detector.

F and ?’Al solid state NMR were obtained at room temperature through a Bruker Avance 11 400 MHz
(9.4 T) spectrometer (Bruker, Billerica, MA, USA).

Contact angle measurements were performed by using an optical contact angle apparatus (OCA 20, Data
Physics Instruments) equipped with a video measuring system having a high-resolution CCD camera and a
high-performance digitizing adapter. SCA 20 software (Data Physics Instruments) was used for data
acquisition. To obtain a tablet, the powder like material was pressed under 104 kg-cm™ for 10 min. The contact

angle of water in air was measured by the sessile drop method. The water droplet volume was 10.0 + 0.5 mL.

Temperature was set at 25.0 £ 0.1 °C for the support and the injecting syringe as well. Images were collected
25 times per second. From the data analysis the contact angle, the volume and the contact area of the drop were
calculated. The volume of the droplet was constant within the time of the experiment.

All the chemicals were purchased from commercial sources and used as received without purification.

Halloysite nanotubes used in this study were obtained from Merck (Darmstadt, Germany) and used as received.

4.2. Spectrophotometric measurements

Different aliquots of an aqueous dispersions of HNTs/2 and HNTs/5 nanomaterials were added to a 1 mL
water solution of pyrene (2 x 107 M) in a final volume of 10 mL in H>O. The obtained dispersions were
degassed under air flow for 5 min. Steady-state fluorescence spectra were acquired with a JASCO FP-777 W
spectrofluorimeter (Jasco Inc., Easton, MD, USA). Excitation, emission slits, excitation wavelength and

emission interval are 1.5 nm, 1.5 nm, 337 nm and 340 — 450 nm, respectively.

4.3. Synthesis of N-perfluoroacyl dopamides
4.3.1. General procedure

In a 100 mL round-bottom flask, while N> flux was maintained, degassed MeOH (30 mL) was introduced
and N> was bubbled within the solution to remove dissolved O,. Dopamine hydrochloride (1 eq)

(ThermoFisher Scientific, 99%) was dissolved and then triethylamine (4.1 eq) (Merck, 99.5 %) and the



perfluoroacyl methyl ester (2 eq) were added to the flask. The resulting mixture was stirred at room tempera-
ture for 24 h. For perfluoroacyl methyl diesters, the amount of trie-thylamine and dopamine hydrochloride
was doubled to 8.2 eq and 2 eq, respectively. After completion, the suspension was dried under reduced
pressure. The crude product was dissolved in aqueous NH4CI (100 mL, pH 5) and then extracted in ethyl
acetate (3 x 50 mL). The organic phases were back-extracted with distilled water (3 x 30 mL), dried over
NaxSQOs, filtered and evaporated at reduced pressure. The crude product was dissolved in a minimum ethyl
acetate volume and percolated through a silica column (eluent: ethyl acetate/hexane 7:3). The pure products

were obtained as greyish and brownish solids.

4.3.1.1. Synthesis of N-(3,4-dihydroxyphenethyl)-2,2, 2-trifluoroacetamide

(1). Following the general procedure, dopamine hydrochloride (2.10 g, 11.2 mmol), triethylamine (4.65 g,
46.0 mmol), and methyl 2,2,2-trifluoroacetate (2.94 g, 23 mmol) (Fluorochem Limited UK, 99%) were mixed
in 30 mL of MeOH. The mixture was stirred for 24 h. Yield 94%. 23 mmol) (Fluorochem Limited UK, 95%)
were mixed in 50 mL of MeOH. The mixture was stirred for 24 h. Yield 93%.

H F F
HO N
Kj/\/ \[%F
HO ©
Pale brown powder. M.p. = 100-105 °C (lit. 103 °C).
IH NMR (500 MHz, CD30D, 25 °C): 6 =6.69 (1H, d, 8.0 Hz); 6.65
(1H, d, 2.0 Hz); 6.52 (1H, dd, 8.0 Hz, 2.1 Hz); 3.42 (2H, t, 7.5 Hz); 2.72 (2H, m).

I9F NMR (470 MHz, CD;0D, CFCls, 25 °C): §=-75.77 (1F, s).

13C NMR (125 MHz, CDs0D, 25 °C): 6 = 159.04 (q, Jcr 36.7 Hz);
146.36; 144.98; 131.40; 121.22; 117.59 (q, Jc-r = 286.6 Hz); 116.98;
116.56; 42.68; 35.31.

4.3.1.2. Synthesis of N-(3,4-dihydroxyphenethyl)-2,2,3,3,4,4,5,5,6,6,7, 7.8,8 8-
pentadecafluorooctanamide (2). Following the general proced-ure, dopamine hydrochloride (2.2 g, 11.7
mmol), triethylamine (1.18 g, 26.91 mmol), and methyl 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluor-
ooctanoate (5.00 g, 11.7 mmol) (Fluorochem Limited UK, 94%) were mixed in 50 mL of MeOH. The mixture
was stirred for 24 h. Yield 92%.



H RFRFRF F e
HO NW
X F
O FFFFFF
HO

Pale brown powder. M.p. = 120-125 °C.
TH NMR (500 MHz, CDs0D, 25 °C): 6 = 6.68 (1H, d, 8.0 Hz); 6.65
(1H, d, 2.0 Hz); 6.52 (1H, dd, 8.0 Hz, 2.1 Hz); 3.42 (2H, t, 7.5 Hz); 2.73 (2H, m).
19F NMR (470 MHz, CD3;0D, CFCls, 25 °C): § = -80.73 (3F, m);
-119.13 (2F, t, 13.0 Hz); -120.79 (2F, m); -121.38 (2F, m); -121.93 (4F, m); -125.53 (2F, m).
13C NMR (125 MHz, CD30D, 25 °C): 6 = 159.35 (t, Jc.r 27.0 Hz);
146.48; 145.10; 131.36; 121.24; 116.99; 116.54; 119.77 — 108.39 (CFx carbons); 43.03; 35.46.

4.3.1.3. Synthesis of N-(3,4-dihydroxyphenethyl)-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
nonadecafluorodecanamide (3). Following the gen-eral procedure, dopamine hydrochloride (2.10 g, 11.2
mmol), triethyl-amine (4.65 g, 46.0 mmol), and methyl 2,2,3,3,44,5,5,6,6,7,7,8,8,9,9, 10,10,10-
nonadecafluorodecanoate (9.85 g, 23 mmol) (Fluorochem Limited UK, 97%) were mixed in 50 mL of

MeOH. The mixture was stirred for 24 h. Yield 94%.

H RFRFRFRFRF F .

HO NWWF
:@N 6 FFFFFFFFFF
HO

Pale brown powder. M.p. = 148-150 °C.

TH NMR (500 MHz, CDsOD, 25 °C): 6 = 6.68 (1H, d, 8.0 Hz); 6.65
(1H, d, 2.0 Hz); 6.52 (1H, dd, 8.0 Hz, 2.0 Hz); 3.45 (2H, t, 7.6 Hz); 2.71 (2H, m).

19F NMR (470 MHz, CD30D, CFCls, 25 °C): §=-80.69 (3F, t, 10.1 Hz); -119.13 (2F, t, 12.5 Hz); -120.75-
-121.42 (8F, m); -122.06 (4F, m); -125.65 (2F, m).

13C NMR (125 MHz, CDs0D, 25 °C): 6 = 159.37 (t, Jc.r 25.8 Hz);
146.51; 145.13; 131.38; 121.25; 117.01; 116.57; 120.04 — 108.50 (CFx carbons); 43.05; 35.49.

4.3.1.3.4. Synthesis of N-(3,4-dihydroxyphenethyl)-2,2,3,3,4,4,5,5,6,6, 7,7,8,8,9,9,10,10,11,11,12,12,12-
tricosafluorododecanamide (4). Follo wing the general procedure, dopamine hydrochloride (2.10 g, 11.2
mmol), triethylamine (4.65 g, 46.0 mmol), and methyl 2,2,3,3,4,4,5,5,6, 6,7,7,8,8,9,9,10,10,11,11,12,12,12-
tricosafluorododecanoate (9.85 g, 23 mmol) (Fluorochem Limited UK, 95%) were mixed in 50 mL of MeOH.



The mixture was stirred for 24 h. Yield 93%.

H RFRFRFRF F_

HO N
@NWF
O FFFFFFFF
HO

Pale brown powder. M.p. =165-170 °C.

IH NMR (500 MHz, CDs0D, 25 °C): 6 = 6.68 (1H, d, 8.0 Hz); 6.65 (1H, d, 2.0 Hz); 6.51 (1H, dd, 8.0 Hz,
2.0 Hz); 3.42 (2H, m); 2.73 (2H, m).

19F NMR (470 MHz, CD3;0D, CFCls, 25 °C): §=-80.72 (3F, t, 10.0 Hz); -119.19 (2F, t, 11.9 Hz); -120.81
- -121.47 (12F, m); -121.90 (4F, m); -125.59 (2F, m).

13C NMR (125 MHz, CD;0D, 25 °C): d = 159.35 (t, Jc.r 25.6 Hz);
146.49; 145.11; 131.37; 121.23; 116.99; 116.54; 119.75 — 110.00 (CFx carbons); 43.05; 35.49.

4.3.1.3.5. Synthesis of N-(3,4-dihydroxyphenethyl)-2,2,3,3,4,4,5,5,6,6,7,7,
8,8991010,11,11,12,12,13,13,14,14,15,15,16,16,16-hentriaconta- fluorohexadecanamide  (35).
Following the general procedure, dopamine hydrochloride (2.10 g, 11.2 mmol), triethylamine (4.65 g, 46.0
mmol), and methyl 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,13,13,1  4,14,15,15,16,16,16-
hentriacontafluorohexadecanoate (9.85 g, 23 mmol) (Fluorochem Limited UK, 95%) were mixed in 50 mL of
MeOH. To increase the solubility, 5 mL of DMF were also added. The mixture was stirred for 24 h. Yield

26%.
H RFRFRFRFRFRFRF F_

Ho NWW%F
:Q/VQFFFFFFFFFFFFFF
HO

TH NMR (500 MHz, DMSO-de), 8 (ppm): 6.68 (1H, d, 8.0 Hz); 6.65
(1H, d, 2.0 Hz); 6.52 (1H, dd, 8.0 Hz, 2.1 Hz); 3.42 (2H, m); 2.73 (2H, m).

19F NMR (470 MHz, DMSO-ds, CFCl3), 8 (ppm): -79.73 (3F, t, 9.0 Hz); -114.35 (2F, t, 11.9 Hz); -
120.70-121.42 (22F, m); -121.95 (2F, m); -121.93 (4H, m); -125.25 (2F, m).

13C NMR (125 MHz, DMSO-ds), 8 (ppm): 159.39 (t, Jc.r 25.9 Hz);
146.45; 145.06; 131.35; 121.23; 116.98; 116.53; 119.75 — 108.31 (CFx carbons); 43.03; 35.46.

4.3.1.3.6. Synthesis of N!N°-bis(3,4-dihydroxyphenethyl)-2,2,3,3,4,4,5,5-octafluorohexanediamide (6.
Following the general procedure, dopa-mine hydrochloride (0.87 g, 4.6 mmol), triethylamine (1.91 g, 19.0



mmol), and dimethyl 2,2,3,3.4,4,5,5-octafluorohexanedioate (0.73 g, 2.3 mmol) (Fluorochem Limited UK,
98%) were mixed in 50 mL of MeOH. The mixture was stirred for 24 h. Yield 91%.

4y RFRF O W@[OH
HO:QN o FFFF H
IH NMR (500 MHz, CD;0D, 25 °C): § = 6.70 (1H, d, 8.0 Hz); 6.67

(1H, d, 1.9 Hz); 6.52 (1H, dd, 8.1 Hz, 1.9 Hz); 3.44 (2H, t, 7.5 Hz); 2.68 (2H, t, 7.5 Hz).

19F NMR (470 MHz, CDs;OD, CFCls, 25 °C): § = -121.10 (2F, m);
-123.44 - -123.66 - -123.81 (2F,m).

13C NMR (125 MHz, CDsOD, 25 °C): 6 = 159.77 (t, Jcr 26.3 Hz);
146.28; 144.89; 131.39; 121.24; 116.95; 116.53; 114.22-108.54 (CFx carbons); 42.93; 35.36.

4.4. Synthesis of the HNTs/I1—6 nanomaterials
To a dispersion of pristine HNTs in water (5 mL), 1 mL of a solution

110 M of the corresponding molecule in MeOH was added. The ob-tained dispersion was sonicated (5 min,

ultrasound power of 200 W, 25 °C), evacuated for 3 cycles and finally it was left under stirring for 18 h at room

temperature. After this time, the dispersion was centrifuged and the obtained powder was washed with water,

until the unreacted molecules were removed and, then dried at 60 °C overnight.

4.5. General procedure for PDA-HNTs/2 coating preparation

Dopamine hydrochloride (40 mg, 10.6 mM) and HNTs/2 (20 wt%) were dispersed in sodium acetate
buffer at 50 mM (pH = 5.0) and the mixture was taken under vigorous stirring. Afterwards, sodium period-
ate was added to the reaction mixture to a final concentration of 10 mM, at a catechol/oxidant molar ratio of 1:1.
Glass substrates (soaked in a piranha solution overnight) were dipped into the reaction mixture and left under
stirring for 24 h, then rinsed with distilled water in an ul-trasonic bath, dried and analyzed by UV-vis
spectrophotometry using a V-730 Jasco instrument (Fig. S4.). In control experiments the PDA deposition was

run in the absence of modified HNTs nanomaterials.

4.6. Antimicrobial activity

The Gram-negative Escherichia coli K12 DH10B (Invitrogen) was used as tester strains and were grown

overnight in 3 mL Tryptic Soy Broth (TSB) broth at 37 °C and 30 °C, respectively, with constant orbital
shaking at 180 rpm. Different suspensions of 1 mL of TSB containing each tester strain at the final
concentration of 10® CFU mL™! were incubated in sterile flat-bottom 24-well plates with different concen-

trations of compounds 1-6 (20, 100 and 500 uM) or HNTs based nanomaterials (final concentration of



organic molecules in HNTs of 20 pM). Pristine HNTs was also used at the maximum amount of 5 mg mL"".

Plates were incubated for 24 h at 180 rpm at 37 °C. Parallel untreated

cultivations and DMSO-treated cultivations were used as control growth conditions. Each cultivation was
performed in triplicate. Bacterial growth was quantified by measuring the optical density at 600 nm using a

microplate reader. ANOVA test was performed to infer statistical sig-nificance (p < 0.05).

4.7. Inhibition of biofilm formation
Inhibition of biofilm formation was investigated using a crystal violet (CV) assay as described in Raimondi et

al., 2019 with minor modification [50]. E. coli DH10B was incubated in test tubes with Tryptic Soy Broth

(TSB) (5 mL) containing 2% w/v glucose at 37 °C and 30 °C respectively for 24 h at 180 rpm. In each well of a
single cell culture polystyrene sterile, flat-bottom 24-well plate was added 25 pL of bacteria suspension and TSB
with 2% w/v glucose (2 mL). Compounds 2—6 (final concen-tration of 20 pM) or HNTs based nanomaterials
(final concentration of organic molecules in HNTs of 20 uM) were used to assess inhibition of biofilm formation.

Parallel untreated cultivations and/or DMSO-treated cultivations were used as control conditions. Plates were

incubated at 37 °C for 24 h statically. Then, the content of each well was removed, and wells were washed
twice with 0.9% sterile NaCl and stained with 2 mL of 0.1% crystal violet solution for 30 min at room
temperature. The excess solution was removed, and the plate was washed twice using tap water. A volume of 2
mL of ethanol was added to each stained well to solubilize the dye. Optical density (OD) was read with a
wavelength of 590 nm using a microplate reader. All tests involved three biological replicates. The

percentage of inhibition was calculated through the formula:

(7 Ongu'fhcommF - OD.\'umpJ‘e
Cinhibition — x 100 (]_)
oD growthcontrol

ANOVA test was performed to infer statistical significance (p < 0.05).

The bacterial biofilm for TEM analyses were prepared as above described with the addition of coverslips or

PDA coating or PDA-HNTSs/2 nanocomposite coating (ca. 10 x 10 mm?) in each well. After incubation at 37 °C

for 24 h statically, the medium was discarded, and the cover-slips or the coatings were washed three times

with sterile Phosphate-buffered saline (PBS) 1%, one time with sterile water and dried at 37 °C [49].
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