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ARTICLE INFO ABSTRACT

Keywords: Bacterial infections pose a significant health threat, worsened by the growing issue of antibiotic resistance and
Oligo(phenylene ethynylene) biofilm formation. Phototherapies, particularly photodynamic therapy (PDT), offer promising non-invasive al-
Halloysite

ternatives due to their high efficacy and minimal side effects. These therapies utilize photosensitizers (PSs),
which, when activated by light, generate reactive oxygen species (ROS) that lead to bacterial cell death. Recent
advancements have focused on enhancing PDT by integrating PSs with nanomaterials. Halloysite nanotubes
(HNTs), a natural clay mineral, are of particular interest due to their unique properties, including intrinsic
antibacterial activity and the ability to integrate into bacterial biofilms. By combining HNTs with photosensi-
tizers, we aimed to improve treatment efficacy. In this study, we synthesized a novel glucosyl OPE derivative and
covalently attached it to HNTs, forming the composite HNTs@Glu-OPE. This system was thoroughly charac-
terized, and its ROS generation capabilities were tested under 365 nm light irradiation using uric acid as a probe.
Loaded with vancomycin, HNTs@Glu-OPE represents a multifunctional approach to PDT, enhancing both the
delivery and effectiveness of therapeutic agents against resistant bacterial strains.

Covalent modification
Photodynamic therapy
Antibiotics

1. Introduction

Bacterial infections are among the most common causes of human
death. The infections caused by Staphylococcus aureus account for
approximately 50% of clinical infections. Antibiotic treatment is the
standard approach for bacterial infections, that are often accompanied
by biofilm formation. Furthermore, antibiotic resistance remains a sig-
nificant challenge, highlighting the need for new methodologies to
address these diseases [1,2].

In recent years, phototherapies,

including antibacterial

* Corresponding authors.

photodynamic therapy (aPDT) [3] and photothermal therapy (PTT) [4],
have gained attention for their non-invasive nature, ease of operation,
high therapeutic efficacy, and minimal side effects compared to con-
ventional therapies. These therapies function through photosensitizers
(PSs) [5], or photothermal agents [6], and light at appropriate wave-
lengths to generate, in the case of aPDT, reactive oxygen species (ROS),
especially 10,, which cause oxidative damage to the cellular compo-
nents, and in the case of PTT, hyperthermia, leading to cell growth arrest
or cell death. Various chemical compounds have been investigated as
PSs, including boron dipyrromethene (Bodipy) derivatives [7],
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transition metal complexes [8], porphyrins [9], cyanines [10]. However,
the current performance of PSs remains unsatisfactory due to issues such
as low water solubility, aggregation in aqueous solutions, limited pho-
tostability, and rapid photobleaching. Thus, developing suitable PSs is
essential for the broader application of PDT [11].

Recent studies have demonstrated that combining versatile nano-
materials with PSs can enhance both the efficacy of the PSs and the
therapeutic outcomes of PDT [12]. Nanomaterials such as liposomes or
polymeric nanostructures can act as PS carrier, improving properties
like hydrophilicity, photochemical stability, local accumulation, and
overall biocompatibility. In contrast, nanomaterials like mesoporous
silica or graphene-based nanotubes can synergistically enhance ROS
production and facilitate deeper cellular penetration [13]. Furthermore,
the ease of functionalization and the large surface area of certain
nanomaterials allow for the integration of PDT with targeted therapies,
such as the incorporation of specific drugs, leading to the development
of promising multi-agent platforms for treating specific diseases [14].

Among the different nanomaterials for these purposes, especially
when aPDT is considered, clay minerals are particularly valuable can-
didates. Clay minerals have long been recognized for their healing
properties, largely due to their intrinsic antibacterial activity, which
varies depending on their structure and composition [15,16]. Halloysite,
a natural aluminosilicate clay from the kaolin group, interacts with cells
through electrostatic attraction, hydrophobic interactions, and van der
Waals forces. It effectively interacts with bacterial cells, which secrete a
biopolymeric matrix that incorporates the clay into their biofilms [17].
Morphologically, halloysite naturally occurs as halloysite nanotubes
(HNTs), with aluminol groups exposed on the lumen and siloxane
groups on the external surface [18]. Although HNTs themselves do not
possess antibacterial activity, selectively modifying their surfaces
[19-21], either covalently or supramolecularly, paves the way for
creating promising nanomaterials with enhanced biological activities
for combating common pathogens [22,23].

Oligo(phenylene ethynylene)s (OPEs), luminescent linear oligomers
with extended conjugated aromatic and ethynylenic moieties, have
gained significant research interest due to their synthetic versatility,
notable photophysical and photochemical properties, tunable electronic
structures, notable bioactivity, and ability to generate singlet oxygen
[24]. Monnereau and Andraud [25], first demonstrated that the pres-
ence of bromine on the aromatic rings improved the singlet oxygen
production yield, suggesting OPEs as potential PSs for PDT. In the same
year, Whitten and Schanze [26] reported using cationic end-only func-
tionalized OPEs to prevent and eliminate Escherichia coli (E. coli) bio-
films. This water-soluble family of conjugated oligomers showed affinity
for bacterial cell membranes and exhibited light-activated biocidal ac-
tivity, causing membrane disruption, agglomeration, and death of both
Gram-positive and Gram-negative bacteria. The capability of OPEs to
penetrate the bacterial membrane and produce ROS species has paved
the way for their use as PSs in aPDT [27]. Additionally, OPEs have been
shown to selectively bind to the aggregate conformations of certain
amyloid proteins, suggesting their potential as PSs for treating diseases
such as Alzheimer’s disorder [28].

Previously, we prepared highly luminescent and biocompatible OPE
derivatives with one or two NMe, groups on the aromatic OPE residue
and two glucose terminations. It was demonstrated that the lone elec-
tron pair on the nitrogen atom of the NMe, group was crucial for these
OPEs to produce ROS and be used in superficial PDT [29]. Excited by
UVA light, the synthesized OPEs exerted a significant photodynamic
effect, triggering mitotic blockage and causing tumoral cell death even
with low oxygen production [30]. Further studies on mannose- and
maltose-decorated OPEs highlighted Golgi or lysosome internalization,
depending on the sugar moieties, and a good photodynamic effect under
irradiation at 450 nm for blue light-induced PDT [31].

Herein, we report the design and synthesis of a new glucosyl OPE
derivative (Glu-OPE) and its covalent grafting onto the external surface
of HNTs (HNTs@Glu-OPE). This nanomaterial was thoroughly
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characterized, and its capability to produce ROS species useful for PDT
was evaluated chemically by monitoring changes in the UV-vis spectra
of uric acid, chosen as chemical probe under LED irradiation. Addi-
tionally, to develop functional nanomaterials for treating bacterial in-
fections, the HNTs@GIlu-OPE nanomaterial was loaded with
vancomycin as an antibiotic model. Finally, kinetic release experiments
were performed in media mimicking physiological conditions. This
synthetic approach aimed to develop a multifunctional nanosystem with
PS characteristics for PDT by combining the features of OPEs with those
of HNTs. Moreover, the formation of a glycosidic shell around the sys-
tem could enhance biocompatibility to the decorated nanoparticles and
selectivity for sugar-avid cancer cells [32], potentially leading to effec-
tive treatments for severe antibacterial infections.

2. Results and discussion
2.1. Synthesis of OPE Glu-OPE

The most significant synthetic steps to obtain Glu-OPE are outlined
in Scheme 1. Glu-OPE was obtained starting from commercially avail-
able products, in a divergent approach for the desymmetrisation of the
OPE aromatic chain. The complete synthesis of Glu-OPE is described in
Supporting Information (SI). The cross-coupling of 2-propynyl-O-f-glu-
copyranoside-2,3,4,6-tetraacetate [33] and commercially available 1,
4-diiodo-2,5-dimethoxy benzene [34], in a 1:2 ratio, was the first of
several other couplings, performed to link the bricks of OPE, in the
presence of catalytic amount of Pd(PPhs)s or Pd(PPhs)2Cly or using
copper-free Sonogashira conditions, necessary when TMS function was
introduced into the chain. The acetylated glucose termination and the
trimethylsilyl group were simultaneously deprotected with KoCOs.

A copper(I)-catalyzed azide alkyne cycloaddition (CuAAC), in a
mixture 1:1 of DMF and water, between the deprotected OPE and 5-
Azido-valeric acid [35], was the last step performed to afford the
“diverse-ended” Glu-OPE. Glu-OPE was extracted with ethyl acetate
from the aqueous solution of the click reaction and washed several times
with ethyl ether to obtain a bright orange powder that was fully char-
acterized by NMR experiments.

2.2. Synthesis of halloysite-based OPE (HNTs@Glu-OPE)

Amino modified HNTs were used as scaffold (HNTs-NH>) for the
synthesis of the halloysite-based OPE (HNTs@Glu-OPE). The covalent
grafting of Glu-OPE on HNTs-NH;, was performed at room temperature
for 48 h, in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide) (EDC) as shown in Scheme 2. The obtained HNTs@Glu-OPE
nanomaterial was isolated as a yellow pale powder after washings of the
crude product with HoO, MeOH and DCM to remove both the catalyst
and residual unreacted reagents. Based on the stoichiometric ratios be-
tween HNTs-NH; and HNTs@Glu-OPE (0.63 mmol g'1 and 0.01 mmol g
! respectively), it was found that complete linkage of Glu-OPE on the
HNTs surface is not achieved. This finding is probably due to steric
hindrance and could be beneficial to improve the cellular uptake due to
the presence of some free amino groups [36]. These indeed, being pro-
tonated into physiological conditions could establish favourable in-
teractions within cellular membranes.

The HNTs@Glu-OPE nanomaterial was characterized by FT-IR
spectroscopy and TGA, and the colloidal properties were estimated by
DLS and {-potential measurements. Furthermore, the morphology of the
nanomaterial was imaged by TEM and high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM). Fig. 1A
shows the FT-IR spectra of HNTs@Glu-OPE and HNTs-NH; nano-
materials. The assignments for the bands of HNTs-NH; can be done
based on literature data [37]. The FT-IR spectrum of HNTs@Glu-OPE
exhibits all the band attributable to the inorganic nanomaterial and the
bands due to the organic portion at ca. 3450 cm™! corresponding to the
stretching of the hydroxyl groups, and the bands in the range 1420-1310
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Scheme 2. Schematic representation of the synthesis of HNTs@Glu-OPE
nanomaterial.

cm), arising from stretching vibrations of C=N and N=N of triazole

groups.

Fig. 1B shows the TGA curves of the HNTs-NH; and HNTs@Glu-OPE
nanomaterials for comparison. Beside the typical mass losses of hal-
loysite, arising from the expulsion of the interlayer water molecules of
HNTs (ca. 550 °C) and that due to the degradation and volatilization of
organic matter in HNTs-NHj, (ca. 250 °C), a further degradation step in
the TGA curve of HNTs@Glu-OPE can be appreciated. The amount of
Glu-OPE grafted onto HNTs surface was calculated by considering the
residual masses at 800 °C. DLS measurements allow the determination of
the structural characteristics of the nanomaterials by monitoring their
mobility in water and by measuring the average translational diffusion
coefficient. This coefficient considers the dimension, shape, and hy-
dration of the diffusing particles and, further, the existence of aggre-
gation phenomena. By applying the Stokes-Einstein equation it is

possible to calculate the average diameter of the equivalent sphere,
which can be considered as an index to follow the changes in particle
dimensions and interparticle aggregation. The HNTs@Glu-OPE nano-
material showed a Z-average size very large (>1000 nm) with a high
polydispersity index as large as ca. 0.69 (Fig. 1D). Since the poly-
dispersity index (PI) is a measure of the heterogeneity of a sample based
on size, it is possible to conclude that in our case we observe a broad size
distribution of diffusing objects. The modification of halloysite external
surface was also verified by {-potential measurements, that showed that
HNTs@Glu-OPE possesses a {-potential value of -6.90 mV, more posi-
tive than pristine HNTs (- 20 mV).

The above findings were also confirmed by turbidimetric analyses
(Fig. 1C) that showed that introduction of compound Glu-OPE onto
HNTs external surface affected the aqueous stability of HNTs@Glu-OPE
compared to the HNTs-NH; nanomaterial.

The morphology of the nanomaterial was imaged by TEM and high-
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM). In comparison to the HNTs-NH, precursor (Fig. 2A),
the HNTs@Glu-OPE nanomaterial (Fig. 2B-C) exhibits the characteristic
hollow tubular structure of halloysite but organized in compact clusters
probably due to the presence of the organic molecules onto the external
surface which could establish favourable interactions such as n—x in-
teractions. From elemental mapping extrapolated by energy-dispersive
X-ray spectroscopy EDS measurements it is possible to observe that in
HNTs@Glu-OPE, the organic molecules are uniformly distributed onto
the HNTs external surface, as showed by the mapping of C atoms. EDS
measurements (Fig. 2G) on a selected area also show the presence of C
atoms, beside the typical elements of halloysite, corroborating the suc-
cessful synthesis.

2.3. Photophysical studies of Glu-OPE

The photophysical properties of OPE 15, taken as reference com-
pound (see ESI), and Glu-OPE are presented in Fig. 3. Both species
exhibit absorption spectra in water characterized by intense and broad
bands (A: 367 nm - ¢ in DCM: 38,500 M1 cm'l), primarily due to z-t*
transitions. In DCM, an additional lower energy feature is observed
(appearing as a shoulder at 410 nm), which can be attributed to partial
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Fig. 1. (A) FT-IR spectra and (B) thermoanalytical curves of HNTs-NH, and HNTs@Glu-OPE nanomaterials and (C) turbidimetric analysis of aqueous dispersion of
HNTs-NH, and HNTs@Glu-OPE (1 mg mL™) nanomaterials; (D) Distribution functions of the Z-average size value of HNTs@Glu-OPE nanomaterial.

charge-transfer interactions facilitated by the amine group.

At room temperature, both OPEs display luminescence in aqueous
solution and in DCM. Notably, the emission spectra in water are red-
shifted and exhibit, independently of the excitation wavelength, a
broader profile compared to those in DCM, indicating that water more
effectively stabilizes the charge-transfer state. In DCM the luminescence
quantum yield of 15 and Glu-OPE is about 50% while in water decreases
to 20% (see Table S1 for more details). The similarity in both absorption
and emission spectra between the two species indicates that their pho-
tophysical properties are primarily governed by the central conjugated
chain, with the triazole ring having negligible impact.

2.4. Photophysical studies of HNTs@Glu-OPE

The UV-vis spectrum of a HNTs@Glu-OPE dispersion (1 mg mL™) in
MeOH showed intense broad low-energy absorption bands centered at
ca. 370 nm (Fig. 4). Similar to compound Glu-OPE, this absorption in
the UV region could be due to spin-allowed n—z* transitions and is
attributed to Internal Change Transfer (ICT) transitions. The excitation
of HNTs@Glu-OPE allowed the appearance of an emission band in the
blue region of the spectrum, centered at ca. 470 nm with a shoulder at
520 nm (Fig. 4).

The shape of the spectrum obtained under these experimental con-
ditions, which is more structured than the solution, suggests a lower
degree of mobility of the OPE on the structure of the HNTs.

To verify if the synthetized HNTs@Glu-OPE possesses any

photosensitizer properties, preliminary studies were performed by
observing the ROS production capacity by UV-vis spectroscopy. In
particular, the UV-vis spectrum changes of uric acid (UA), a typical ROS
scavenger, were monitored [30,38]. As shown in Fig. 5, the UV-vis
absorbance intensity of UA in the presence of HNTs@Glu-OPE nano-
material (1 mg mL 1Y) decreased under the laser irradiation indicating
that the nanomaterial could exert some effects. Conversely, the UV-vis
absorption of the UA solution did not show any change in the absor-
bance under laser irradiation in absence of the HNTs@Glu-OPE nano-
material or in the presence of pristine HNTs (Figure S13).

The quantum yield of ROS production (®rps ) was calculated to be
0.23, higher than that of 15 (®ros = 0.15)[31] indicating that the
combination of Glu-OPE with halloysite gives rise to a nanomaterial
with improved properties.

2.5. Loading of vancomycin into HNTs@Glu-OPE lumen

Previous studies demonstrated that halloysite shows no cytotoxicity
on normal human dermal fibroblasts within 24 h [23] and the Glu-OPE
is not toxic on different cell lines [30,31], so the developed nanomaterial
could be a valuable biocompatible candidate for future antibacterial
applications. In light of these premises, to develop multifunctional ma-
terials to treat severe bacterial infections, the HNTs@Glu-OPE nano-
material was loaded with an antibacterial specie as vancomycin. The
combination of PDT and the drug could be crucial as tools to manage and
inactivate superficial bacterial infections accessible to light [39].
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Fig. 3. Absorption (full line) and emission spectra (dotted and dashed lines) of
15 (blue in water and red in DCM) and Glu-OPE (green in water and black in
DCM) at room temperature.

Using a common strategy for loading active species inside HNTs
carriers [20], vancomycin was loaded onto the HNTs@Glu-OPE nano-
material. In details, a dispersion of halloysite (5 mL, acetone) was mixed
with a concentrated vancomycin solution (H,0; 1072 M, 1 mL). After-
ward, the dispersion was evacuated for 3—5 min to promote the loading
of the molecule into the lumen and left to stir at room temperature for 18
h.

After work-up, the nanomaterial (HNTs@Glu-OPE/Van) showed a
drug loading of ca. 16 wt% with an entrapment efficiency of ca. 94%, as
highlighted by UV-vis measurements. The successful loading was veri-
fied by FT-IR spectroscopy (see SI), which confirm the loading of the

1.004 T T T T 1.0 g
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Fig. 4. Absorption (black line) and emission (blue line) spectra of HNTs@Glu-
OPE nanomaterial (1 mg mL’l, 25 °C) in MeOH.

drug on the HNTs@Glu-OPE nanomaterial. Thus, kinetic release ex-
periments of vancomycin from HNTs@Glu-OPE/Van were performed
was evaluated by the dialysis bag method at pH 7.4 and pH 5.5, the latter
to mimic skin’s pH for potential topical treatment.

The obtained kinetic data are reported in Fig. 6. The release of
vancomycin from HNTs@Glu-OPE/Van was very fast at pH 5.5 where
the total amount of drug loaded was released after ca. 300 min.
Conversely, in neutral conditions, the drug is fast released in the first
200 min, reaching the total amount released after 24 h. This different
behaviour could be ascribed to the fact that at pH 5.5, below the iso-
electric point of HNTs (pH ca. 6.5) [40], the tubes are in their zwitter-
ionic form, whereby electrostatic repulsions with the positively charged
drugs could exist, fasting the release.
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Many bacterial infections, particularly those caused by Staphylo-
coccus aureus are associated with microenvironment characterized by
acidic pH [41]. Thus, the fast release in acidic medium of vancomycin
enhances its effectiveness by ensuring an optimal drug concentration for
inhibition of bacteria growth.

The kinetic data were analysed by different mathematical models to
assess the release mode of vancomycin from the carrier. It was found
that at both pH, the kinetic data follow a Power fit model, indicating that
the release is ruled by a Fickian mechanism (k = 127 + 71 min?, n =
0.08 + 0.03, R* = 0.98762 and k = 4.1 + 1.7 min"}, n = 0.56 + 0.006, R*
= 0.99218, for pH 7.4 and pH 5.5, respectively).

3. Experimental section
3.1. Synthesis

Glu-OPE. 5-azidopentanoic acid 16 (0.04 g, 0.26 mmol, 1.2 eq.) was
added to a solution of 15 (see SI) (0.15 g, 0.22 mmol, 1 eq.), sodium

ascorbate (5 mg, 0.02 mmol, 0.1 eq.), and copper sulphate (0.08 g, 0.52
mmol, 2 eq.) in a mixture of DMF (9 mL) and water (1 mL) at room
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temperature. The reaction mixture was maintained under continuous
stirring at room temperature for 1 h, until the disappearance of the
starting compound 15 by TLC (acetonitrile/DCM 70:30). The reaction
was extracted with ethyl acetate (3 x 15 mL) and the combined organic
layers were washed with brine (3 x 15 mL), dried over anhydrous
NasSOy, filtered, and concentrated in vacuum. Glu-OPE was obtained as
a yellow solid and underwent further purification with ethyl ether to
afford a bright orange powder (0.13 g, 0.16 mmol, 75%).

TLC: Rf =0.25 (acetonitrile/DCM 70:30). Mp=147-149°C. IH NMR
(dmso-d6): & 8.46 (s,1H, H-t), 7.82 (s, 1H, H-6), 7.46 (d, J5,¢= 8.3, 1H,
H-6),7.20, 7.18 and 7.09 (three s, 3H, H-3, 3", 6"), 7.03 (m, 2H, H-3/, 5),
5.16 (bd, 1H, OH), 5.03 (bs, 1H, OH), 4.97 (bd, 1H, OH), 4.68 and 4.55
(m AB system, Jgem = 15.7, 3H, CH2C= and 6”-OH), 4.42 (bt, 2H,
CH2N), 4.34 (d, J1» 2 =7.9, 1H, H-1"), 3.92, 3.90, 3.83 and 3.82 (four s,
12H, 4 x OCH3), 3.71-3.03 (m, 5H, H-2", 6"), 3.32 (2H, CH,CO), 3.00
[s, 6H, N(CHs)], 1.87 (bt, 2H, CH2CH,N), 1.45 (bs, 2H, CH,CH,CO).
13C NMR (dmso-d6): & 208.2, 155.0, 154.9, 154.8, 150.1, 142.3, 135.6,
126.2, 125.0, 124.8, 121.3, 119.9, 117.5, 117.4, 116.3, 114.6, 114.5,
113.2,110.5,102.3, 96.0, 94.8, 92.5, 88.1, 83.5, 80.0, 79.8, 78.0, 77.8,
74.3, 70.8, 61.5, 57.1, 57.0, 56.1, 44.2, 31.4. Anal. Calcd for
C44H4gN4012 (824.88): C, 64.07; H, 5.87; N 6.79. Found: C, 63.98; H,
5.88; N 6.81.

3.2. Synthesis of HNTs@Glu-OPE

Glu-OPE (5.0 mg, 6.1 x 1072 mmol) was suspended in DMF (10 mL),
and 1- Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, HCI) (1.2
mg, 6.1 x 1073 mmol) was added. The suspension was stirred under an
argon atmosphere at room temperature for 10 min. Then, HNTs-NH,
(100 mg) was quickly added. The mixture was stirred for 48h. Then, the
solvent was removed by filtration; the powder was then rinsed succes-
sively with HyO, MeOH and DCM and finally dried at 80 °C under
vacuum.

3.3. Single oxygen generation

The generation of ROS was evaluated by using uric acid (UA) as ROS
scavenger under the UVA light (365 nm) irradiation. To an aqueous
solution of UA (50 uM, 2 mL), 2.4 mg of HNTs@Glu-OPE were added.
The obtained dispersion was transferred to a quartz cuvette with four
faces of 1.00 cm of optical length and then stirred under LED irradiation
at wavelength of 365 nm (740 mW). At predetermined time, the
dispersion was centrifuged, and the supernatant solution was analyzed
by UV-vis spectroscopy. LEDs were sourced from Prizmatix.

The quantum yield of ROS production was evaluated by monitoring
the degradation profile of uric acid over time, irradiating a suspension of
HNTs@Glu-OPE (x) in the presence of uric acid using a laser at 365 nm
(740 mW and photon flux of 1.86 x 107° einstein/s), and comparing it to
the degradation profile in the presence of a standard (r), methylene blue
(reference - quantum yield of ROS production: 0.5) by irradiating with a
laser at 650 nm (200 mW and photon flux of 7.95 x 1077 einstein/s).

The number of photons absorbed per unit of time was calculated by
considering the portion of photons absorbed by the samples, based on
the transmittance (T) value under the experimental conditions used. In
the case of the HNTs@Glu-OPE, the transmittance was evaluated by
subtracting the scattered light value from the nanomaterial.

The quantum yield was calculated by applying:

b = nmolya, /s s nmoly,, /s )| g
x hotonsg,, /s hotonsas, /s r

where:

photonsg,, /s = photon flux (1 —T)

photonsgs, /s = photon flux (1 —T;)
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n = solvent refractive index

3.4. Loading of vancomycin molecules on HNTs nanomaterial

To a dispersion of HNTs@Glu-OPE (100 mg) in acetone (5 mL), a
solution of vancomycin in HyO (1 0-102M, 1 mL) was added. The ob-
tained dispersion was left stirring for 18 h at room temperature. After
this time, the solvent was filtered off and the obtained powder was
washed several times with acetone and left to dry at 60 °C. Loading was
determined as follows. ca. 10 mg of nanomaterial were carefully
weighed and washed with four portions of water (5 mL each) and the
resulting solution was analyzed by UV-vis spectroscopy at the wave-
length of 278 nm. The loading percent (LD%) and entrapment efficiency
(EE%) were calculated by the following equation:

Vanpnrsaclu—ope

LD% = x 100 1)
MyNTsaGlu-opE + VaNuNTsaGlu—OPE
FE%% — YADHNTsoGlu-OPE 00 @
Vany,

where Vanpnts@clu-ope and Vanr, are the amount of vancomycin
loaded on the HNTs@Glu-OPE nanomaterial and the total feed vanco-
myecin, respectively, and munTs@ciu-opE is the amount of nanomaterial.

3.5. Kinetic release

The release of vancomycin molecules from HNTs@Glu-OPE nano-
material was done as follows: ca. 10 mg of the sample were dispersed in
1 mL of deionized water and transferred into a sealed dialysis membrane
(Medicell International Ltd MWCO 12-14,000 with a diameter of 21.5
mm). Subsequently the membrane was put in a round bottom flask
containing 9 mL of the release medium (phosphate buffer (50 mM) pH
7.4 and 5.5) at 37 °C and stirred. At fixed time, 1 mL of the release
medium has been withdrawn and analyzed by UV-vis spectroscopy at A
of 278 nm. To ensure sink conditions, 1 mL of fresh solution has been
used to replace the collected one. Total amounts of drug released (Fy)
were calculated as follows:

t—1

F, = V,C + Z V.C;: 3)

i=0

where Vi, and C; are the volume and the concentration of vancomycin
molecules at time t. V, is the volume of the sample withdrawn and C; is
the vancomycin molecules concentration at time i (i < t).

Kinetic data were analyzed by the following mathematical model:

Power Fit F, = kt" “4)

where F; is the amount of vancomycin released at time ¢ k is the release
constant, and n is the release exponent, depending on the release
mechanism and the geometry of the device.

4. Conclusions

Inspired by the properties of symmetrically diglucosyl-substituted
OPEs [[30] we have developed a novel divergent synthetic strategy to
construct the phenyl-triple bond-ended OPE 15 (see SI). Further func-
tionalization of the skeleton via Huisgen cycloaddition led to Glu-OPE,
which maintains the physical and photophysical characteristics of the
precursors while incorporating a suitable linker for HNTs anchoring. To
the best of our knowledge, this is the first time OPE chains have been
connected to halloysite nanomaterial. The dissymmetrically substituted
Glu-OPE was synthesized using a copper-free Heck-Cassar-Sonogashira
reaction [42], with various Pd catalysts and substrate/catalyst ratios to
optimize the assembly of the molecular components. The successful
linkage to the external surface of HNTs resulted in the synthesis of
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HNTs@Glu-OPE, a novel luminescent nanomaterial with promising
potential as a PS. Preliminary photophysical studies with uric acid in the
presence of HNTs@Glu-OPE demonstrated that the nanomaterial pro-
duced ROS under laser irradiation with ®rpg of 0.23, higher than that of
15, indicating that the combination with HNTs improves the nano-
material properties. The glucosyl moiety of Glu-OPE, present on the
HNTs surface, promises to facilitate accumulation in cells, such as bac-
terial ones where the plasma membrane is rich in glycopeptides and
glycolipids. Further functionalization with more complex saccharide
moieties can represent a future goal for targeting such nanomaterials.
Loading with vancomycin and drug kinetic release studies underscored
the potential of HNTs@Glu-OPE as potential photosensitizer in bacte-
rial infections. The simultaneous use of vancomycin and PDT can
enhance the action against Gram-positive bacteria, such as Entero-
coccus, which are often multi-resistant to standard chemotherapy, and
pave the way for further exploration of glycolysis-based nanosystems in
advanced bacterial phototherapies.
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