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Halloysite nanotubes as a vector for hydrophobic
perfluorinated porphyrin-based photosensitizers
for singlet oxygen generationy
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The development of effective drug delivery systems represents a significant advancement in cancer treat-
ment. Anisotropic, natural, and cost-effective nano-vectors, such as halloysite nanotubes (HNT), can be
utilized for this purpose. In this study, we loaded the HNT with the apolar photosensitizers (PS)
5,10,15,20-tetrakis(perfluorophenyl)porphyrin (H,TPPF,o) and its Zn(1) complex (ZnTPPF,o) to produce
singlet oxygen for photodynamic therapy (PDT). The loading was achieved through repeated vacuum/N,
cycles using both pristine HNT and HNT modified with tetradecylphosphonic acid (HNT-TDP) to promote
the uptake of the lipophilic PS in the inner lumen. To slow down the release of PS from HNT, the nano-
tubes were treated with dextrin. The ability of the free base and Zn perfluorinated porphyrins to produce
singlet oxygen (102) was confirmed by irradiating the samples with a low-power visible LED emitter
(23 mW cm™), showing a *O, quantum yield of 22% and 34%, respectively, in ethanol. The characteriz-
ation of the nanocomposite is not trivial, so we employed a wide range of analytical techniques to investi-
gate the material thoroughly, particularly the location of PS within the HNT. All nano-hybrids were ana-
lyzed by attenuated total reflectance infrared (ATR-FTIR), diffuse reflectance (DRS) and solid-state emis-
sion spectroscopy. Thermogravimetric analysis (TGA) was used to determine the loading capacity of HNT.
To better understand the interactions between the PS and the nanoclay, we compared all the loaded HNT
samples with mechanically mixed HNT and solid H,TPPF,o or ZnTPPF,5 samples, where the interaction
with the HNT inner lumen is assumed to be absent. We measured the release kinetics using UV-vis spec-
troscopy, observing a delayed release of the PS. Finally, we studied the cellular uptake of pristine HNT and
a loaded sample (HNT-TDP-H,TPPF,o-dextrin) by confocal microscopy using three distinct tumor cell
lines. The cytotoxicity on PC3, 5637 and UMUC3 cells was then assessed as reduction of cell viability both
on cells left in the dark and those irradiated with a visible light emitting LED (1.3 mW cm™), ascertaining
the ability to induce cell death especially after light administration.

1. Introduction

Extensive research has been conducted in recent decades on
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effects. Nanocarriers help avoid rapid excretion, primarily
through renal clearance, relying on their capacity to passively
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early drug metabolism or degradation, possibly succeeding in
delivering drugs only at the tumour site. Importantly, nano-
carriers are frequently utilized to address the poor solubility of
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hydrophobic drugs and facilitate their controlled release, often
triggered by external stimuli.

Halloysite nanotubes (HNT), which are naturally occurring
kaolin minerals presenting a tubular morphology in the micro-
range but with a diameter in the nano-range (inner diameter:
15-50 nm, outer diameter: 50-100 nm, Fig. 1), have been
exploited for a plethora of biomedical applications in the last
few decades,” including drug delivery.

Thousands of tons of HNT are available from natural depos-
its worldwide,>* at a cheap price and thus they have been the
object of a huge industrial development. The layer of halloysite
consists of one monolayer of SiO, tetrahedra combined with
one sheet of AlOgs octahedra, which brings the ideal unit
formula  for  halloysite-7A and  halloysite-10A  of
Al,Si,05(OH),nH,0, where n = 0 and 2, respectively.’
Interestingly, the roll-up of the kaolin bilayer sheet to form
HNT leads to a different composition of the inner lumen
(alumina, with exposed Al-OH groups) and outer surface
(silica, mostly exposing Si-O-Si and at a certain extent also Si-
OH groups) of the nanotube,® which causes the inner part to
be positively charged” and the outer part to show an opposite
negative charge. This feature can be exploited for selective
loading or reactivity towards a specific reagent,®® and has
been reported for drug delivery purposes in many
reports,”'*?° by either encapsulating drugs in the inner
lumen or by adsorbing it on the outer silica surface.>'™**
Nonetheless, some fundamental papers reported on the
peculiar ability of elongated nanoparticles to more effectively
accumulate at solid tumor sites, highlighting that nanoparticle
shape, in addition to surface composition and size, is a key
factor influencing biocirculation, biodistribution, cellular
uptake and overall drug efficacy.”> For example, in a recent
article,*® enhanced transport of inorganic nanorods through
pores, combined with reduced viscous resistance near the
vessel walls, allowed for faster tumor penetration compared to
nanospheres, influencing their biodistribution. The compari-
son of HNT with mesoporous silica nanoparticles (MSN), a
class of synthetic porous NPs often proposed for drug delivery
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Fig. 1 TEM image of pristine HNT with size distributions of inner and
outer lumens.
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and that present the same chemical composition of the HNT
outer surface, highlights how HNT have a much larger lumen
diameter than MSN pores, allowing them to accommodate a
significantly higher amount of guest molecules and possibly
also of bigger size. Nevertheless, the fate of inorganic nano-
materials once administered is an issue that must be
addressed, and in vivo long term pharmacokinetics and phar-
macodynamics studies should ascertain their applicability at
the clinical level. In this regard, several studies have appeared
in the literature aiming at the clinical translation of inorganic
nanoparticles, based on silica, iron oxide and gold, as well as
on their nanocomposites.””*® Currently, several preclinical
studies have demonstrated the use of HNT in cancer therapy,
administered either intratumorally or intravenously, resulting
in tumor growth inhibition across various mouse models
without significant toxic effects.”

The objective of this study is to develop appropriately modi-
fied HNT for the possible in situ delivery of a suitable apolar
photosensitizer for photodynamic therapy (PDT). PDT has gar-
nered significant attention in recent decades®® due to its mini-
mally invasive nature and effectiveness in treating various dis-
eases, including several types of cancer and bacterial infec-
tions. PDT relies on three key components: visible or near-
infrared (NIR) radiation, a photosensitizer (PS), and molecular
oxygen within the tissues,’® and involves the formation of
toxic species either by an electron transfer (Type I PDT) to
form radical species or an energy transfer process (Type II
PDT), resulting in the generation of the highly cytotoxic singlet
oxygen ('0,*). The highly reactive species produced during
Type I and Type II PDT can damage nucleic acids, lipids, and
proteins. It is important to emphasize that numerous studies
suggest that Type II reactions are particularly potent,®* primar-
ily due to the predominance of singlet oxygen production.

The majority of PS currently employed in PDT belongs to
the category of porphyrins and their analogues.’'**?
Porphyrins, a class of tetrapyrrolic macrocycles, possess an
extended 18-electron m-conjugated system, resulting in strong
absorptions in the visible light spectrum. Their structure can
be rationally designed with specific functionalities, allowing
for fine-tuning of their chemical-physical properties and elec-
tronic features.>® These characteristics make porphyrins ideal
chromophores in various applications, including non-linear
optics  (NLO),>  photovoltaics  (PV),***” artificial
photosynthesis,*®**° and in biomedicine.” Their strong
absorption in the visible light spectrum enables deep tissue
penetration, and long-wavelength fluorescence emissions,
making them ideal for diagnostic purposes in tumor
imaging.*' Moreover, their visible light absorptions, which
enable deep tissue penetration, and their ability to generate
reactive oxygen species (ROS) upon light irradiation, make por-
phyrins particularly suitable as PS in PDT. Also, they exhibit
low dark cytotoxicity, being relatively harmless in the absence
of light, generate reactive oxygen species (ROS) upon light
irradiation and are preferentially taken up by cancer cells.*?

In this work, we chose the perfluorinated and apolar por-
phyrin 5,10,15,20-tetrakis( pentafluorophenyl)porphyrin

This journal is © The Royal Society of Chemistry 2025
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H,TPPFy ZnTPPFy,

Fig. 2 Chemical structure of porphyrins used in our work: the free base
form H,TPPF,o and its Zn(i) complex ZnTPPF .

(H,TPPF,,) and its Zn(u) complex (ZnTPPF,,) (Fig. 2) as the PS
to be loaded onto HNT. The literature reports the use of par-
tially or totally fluorinated porphyrins in combination with
clays (kaolinite,** HNT,**** metakaolinite and meta-HNT"®)
for catalysis purposes. Moreover, the photocatalytic properties
of H,TPPF,, and FeTPPF,, were also investigated in combi-
nation with a Mg-Al hydrotalcite anionic clay for the photo-
catalytic aerobic epoxidation of alkenes under visible light
irradiation.”” At the same time, to the best of our knowledge,
only one HNT-porphyrin adduct proposed for PDT appli-
cations has appeared recently in the literature, but employing
the non-fluorinated tetracarboxyphenylporphyrin grafted at
the external surface of HNT previously functionalized with Mn
(m) ions.*®

Hereafter, H,TPPF,, and ZnTPPF,, will serve as models for
apolar drugs that face solubility challenges in aqueous
environments. Indeed, their ability to act as photosensitizer is
well known even though in apolar solvents,*>® or in water,
provided that a further functionalization endows the H,TPPF,,
with polar groups.>® Hence, first of all, we ascertained the
ability of H,TPPF,, and ZnTPPF,, to act as photosensitizers
for the production of singlet oxygen in a more polar solvent
such as ethanol, even in the absence of further functionali-
zation for enhancing their solubility.

We then used the well-known method reported as “vacuum-
assisted loading”* that employs repeated vacuum/N, cycles to
load H,TPPF,, and ZnTPPF,, into both pristine HNT and HNT
modified with tetradecylphosphonic acid (HNT-TDP),>® with the
aim of obtaining a more apolar inner environment. Indeed, the
binding of the phosphonic acid head groups to the inner surface
results in the exposure of the hydrophobic tails, thereby imparting
a hydrophobic character to the inner lumen,* which is expected
to be more effective in promoting preferential inner lumen
loading of the hydrophobic perfluorinated porphyrin-based PS.
The inner location of the perfluorinated porphyrins could greatly
benefit the use of the nanocomposite in PDT, as oxygen — known
for its high affinity for fluorine atoms - could be effectively
adsorbed onto the inner lumen and act as a reservoir of O, for
hypoxic solid tumors.> Proving the (outer or inner) localization of
the guest molecules in HNT is not trivial (especially if the guest
molecule is neutral as in our case); hence, we employed different

This journal is © The Royal Society of Chemistry 2025
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analytical techniques, such as ATR-FTIR, DRS, solid state emis-
sion spectroscopy as well as TEM microscopy to get hints about
the main localization of the porphyrins. We also compared the
TGA results obtained for the PS alone with those for the vacuum-
loaded pristine HNT and TDP-modified HNT, as well as with
mechanically mixed HNT with H,TPPF,, or ZnTPPF,,, which we
prepared for comparison purposes, since in these ground
samples, the interaction of the porphyrin with HNT, if any, was
expected to be only with the silica-base external part of the nano-
clay. The HNT and HNT-TDP loaded samples were covered with a
polymer agent (dextrin), and we measured the porphyrin release,
comparing it with that of the untreated HNT samples and the
ground ones. Finally, the different organic-inorganic composites
were tested on three different tumor cell lines to assess their
ability to be internalized and reduce cell viability after an appro-
priate irradiation time with visible light.

2. Results and discussion

2.1 Photoreaction of H,TPPF,, and ZnTPPF,, with 1,5-dihy-
droxynaphthalene as an indirect reporter of 'O, formation

The ability of H,TPPF,, and ZnTPPF,, to act as photosensiti-
zers (PS) for 'O, generation is well known, but due to the good
solubility of these molecules in apolar solvents, literature data
do not report on their behaviour in polar ones.***° Indeed, the
aggregation could cause a partial or total quench of their emit-
ting properties and hence also the quench of singlet oxygen
generation. Here, we showed that even in a polar solvent such
as ethanol, these perfluorinated molecules are even able to
produce the cytotoxic '0,. To this aim, we used 1,5-dihydroxy-
naphtalene (DHN) as an indirect reporter of singlet oxygen.
DHN reacts promptly, quantitatively, and selectively with 'O,
forming the oxidized species Juglone (5-hydroxy-1,4-
naphthalenedione)’®® according to Scheme S1.}

We carried out the experiments by adding one of the two PS
to an ethanol DHN solution. After being saturated with O,, the
mixture was irradiated with a visible-light emitting LED (23 mW
em™?), monitoring the evolution of the species by UV-vis spec-
troscopy. In particular, we observed the decrease of the DHN
band at 317 nm and the concomitant increase of the large
Juglone band centred at 423 nm, which in our case was partly
overlapped with the very strong Soret band of the PS (Fig. S1t).
The conversion from DHN to Juglone occurs without the for-
mation of long-lived intermediates or by-products as indicated
by the two isosbestic points at 275 and 335 nm observed in the
spectra recorded during the irradiation in ethanol solution.
Fig. S1df shows the first-order semilogarithmic plots for the
reaction of eqn (1), sensitized by H,TPPF,,, ZnTPPF,, or methyl-
ene blue (MB), employed as standard for the determination of
the singlet oxygen formation quantum yield.

1 1 3
DHN + "0, — Juglone + 2 0, 1)
The disappearance of DHN (Fig. S1dt) was used for evaluat-

ing the singlet oxygen (®,) generation quantum yields (see the
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Table 1 Estimated quantum yields of singlet oxygen production ®,,
kinetic constants (kops) and starting rates (;) of MB, H,TPPF,, and
ZnTPPF,q in ethanol

Compound name Kops (min™") Y Dy

MB 0.0253 3.80 x 107° 0.50
H,TPPF,, 0.0017 2.96 x 1077 0.22
ZnTPPF,, 0.0021 3.65x 1077 0.34

experimental part for details) attained with the investigated
PS, and the results are reported in Table 1. Even though these
apolar porphyrins are partly aggregated in ethanol, they were
still able to interact with molecular oxygen and, through an
energy transfer, produce the cytotoxic singlet oxygen under the
stimulus of a visible low-intensity light.

2.2 Drug loading

To assess the capability of HNT in loading, an apolar drug
within its inner lumen, two sets of loaded HNT samples were
prepared. In one instance, pristine HNT was used, while in the
second one, modified HNT functionalized within the inner
lumen was employed. This modification involved the grafting
of the apolar tetradecylphosphonic acid molecules selectively
onto the inner alumina surface (HNT-TDP),>*>* by exploiting
the very well-known selective reactivity of the alumina inner
layer towards phosphonic moieties.>® The two HNT samples
were treated with both H,TPPF,, and ZnTPPF,, by dissolving
the porphyrins in ethanol in the presence of the suspended
pristine HNT or HNT-TDP and then applying repeated
vacuum/N, cycles.**® Following centrifugation and multiple
washing cycles of the retrieved pellets, we noted a consistent
shift in colour from the original white of the pristine HNT or
HNT-TDP to the specific colours as shown in the sunlight
digital images of the samples in Fig. S2.1 Additionally, all the
samples treated with the two porphyrins exhibited lumine-
scence under UV lamp irradiation.

We also prepared two ground samples by grinding pristine
HNT with either H,TPPF,, or ZnTPPF,,.

To determine whether the porphyrins were loaded into the
HNT lumen or merely interacting with the external surface of
the nanotubes, we conducted an extensive spectroscopic analysis
of all the samples. Although FTIR spectroscopy did not provide
conclusive information (see the ESI, Fig. S3 and S47), DRS and
solid state emission spectroscopy as well as TEM microscopy
were employed to detect and localize the porphyrin molecules.

2.3 HNT-covering by dextrin

To avoid the burst release of the porphyrins in the very first
few minutes after suspending the HNT-composites in water
and to improve the suspendibility of the nanotubes in water,
we carried out a covering step on loaded samples. To do that,
we used the pH-sensitive polymer dextrin by following a pro-
cedure already described in the literature (see the
Experimental part).°”®" The success of the HNT covering
process with dextrin was assessed by TGA (see below), while by
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View Article Online

Nanoscale

TEM, the polymer was not easily detectable because of its very
poor contrast. Nevertheless, a careful comparison of the
images of the untreated (Fig. S5t1) and treated HNT helped in
tentatively recognizing the dextrin cap (highlighted with red
arrows in Fig. S51) at the entrance of the HNT tubes as a
curved light-grey layer. Moreover, we verified by SEM (Fig. S67)
that the dextrin coating extends over the entire HNT surface
and appears on the nanotube openings as well, albeit to a
minor extent compared to that observed in other literature
reports, where only the capping of the nanotube entrances was
visible.’”®! In addition, TEM micrographs showed the pres-
ence of porphyrins in the inner lumen as light-grey bubble-like
structures attributed to the drug loading in other literature
papers.®® Unfortunately, attempts to localize the porphyrins at
the nanoscale level by mapping fluorine atoms of the porphyr-
ins by energy dispersive X-ray spectroscopy (EDS) did not give
any reliable information because the fluorine signal was too
weak. To confirm that the major amount of porphyrins was
located in the inner lumen, we investigated the samples with
UV-vis and emission spectroscopy.

2.4 Diffuse reflectance spectroscopy

DRS was employed to characterize the HNT-porphyrin compo-
sites in their solid state. This technique aimed to provide
insights into the location of the porphyrins and their aggrega-
tion state through absorption spectroscopy. The comprehen-
sive spectra for H,TPPF,,- and ZnTPPF,,-based derivatives are
shown in Fig. S7,T while Fig. 3a and b provide focused views of
their UV-vis regions, spanning from 190 to 800 nm. Both pris-
tine HNT and HNT-TDP (depicted, respectively, as light-blue
and yellow traces in Fig. 3) exhibit a notable absorption peak
in the UV region at 255 nm, characteristic of such inorganic
oxide matrices.*

Moreover, the complete DRS spectra, recorded up to 2600 nm
(Fig. S71), also showed three typical peaks at 1408 nm, 1920 nm,
and 2208 nm attributed to water,* possibly present externally,
internally and in the interlayer districts. In the same region, and
only for the TDP-containing samples, a band peaking at
1733 nm was visible and thus attributed to TDP by direct com-
parison. Focusing on the visible range, the typical electronic tran-
sitions of porphyrin structures clearly emerged. H,TPPF,, and
ZnTPPF,, exhibited the characteristic B and Q bands of
porphyrins,®*®® which are recognizable in all four loaded
samples. The H,TPPF,, DRS spectrum (Fig. 3a, black trace)
recalls the typical pattern of a free-base porphyrin, with a B band
at 419 nm (S, — S, transition) and four weaker Q-bands at 505,
538, 582 and 636 nm (S, — S; transitions, see Table 2). The com-
parison of the DRS spectrum of the solid with the one of
H,TPPF,, recorded in THF solution (410, 504, 534, 582 and
657 nm, Fig. S7af) shows a 9 nm red shift of the B band and a
21 nm blue-shift of the last Q band. The bathochromic shift
observed in the B band, coupled with the broad absorption
bands, is rationally attributed to the m—n stacking interactions
between the porphyrin cores, thus indicating the presence of
aggregates in the solid state (see also Fig. S7ct and the associated
comment). These spectral features, as expected, are also notice-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 DRS spectra of pristine halloysite and HNT modified with TDP, loaded with H,TPPF,q (panel a) and ZnTPPF,, (panel b). Black and blue traces

are the spectra of H,TPPF,o and ZnTPPF,q, respectively, diluted with BaSO,4.

Table 2 Photophysical data in the solid state of all the compounds and composites studied. For comparison, data of H,TPPF,o and ZnTPPF,g in

THF solution are also reported

Absorption (4, nm)

Emission (4, nm)

Entry B band Q bands Q bands

H,TPPF,, in THF 410 504, 534, 582, 657 639, 659, 690 [Sh), 706
H,TPPF,, in THF : H,0 20 : 80 412 505, 535, 582, 657 664, 706

H,TPPF,, 419 505, 538, 582, 636 663, 706

Ground HNT + H,TPPF,, 419 505, 538, 582, 636 663, 706
HNT-H,TPPF,, 419 505, 538, 582, 650 663, 706
HNT-TDP-H,TPPF,, 419 505, 538, 582, 650 663, 706

Zn-TPPF,, in THF 419 550, 585 589, 644

Zn-TPPF,, in THF : H,0 20 : 80 421 550, 585 589, 633 (sh), 644
Zn-TPPF,, 419 500 (sh), 548, 583, 630 633, 690

Ground HNT + ZnTPPF,, 419 500 (sh), 548, 583, 630 633, 700
HNT-Zn-TPPF,, 419 510, 550, 583 (sh), 622 589 (sh), 654, 704 (sh)
HNT-TDP-ZnTPPF,, 419 550, 622 589 (sh), 654

able in the ground HNT + H,TPPF,, sample. By moving to the
loaded samples HNT-H,TPPF,, (light orange trace, Fig. 3a) and
HNT-TDP-H,TPPF,, (green trace, Fig. 3a), a progressive sharpen-
ing of the absorption bands can be observed, especially for the
TDP-based composite, along with a shift of the lowest energy Q
band (650 nm), similar to the porphyrin in solution. This simi-
larity to the spectrum of the porphyrin in solution, where it
exists in the monomer form, suggests that the molecules in the
loaded samples are more dispersed than in the pristine solid,
while still retaining some degree of aggregation, as confirmed by
the emission spectra (see section 2.5). Indeed, the spectrum of
the ground HNT + H,TPPF,, sample resembles that of pure
H,TPPF,, with the last Q band again appearing at 636 nm. In
other words, a clear bathochromic shift of the lowest-energy Q
band is observable in the DRS spectra of the loaded samples,
compared to those of pristine H,TPPF,, and the HNT +

This journal is © The Royal Society of Chemistry 2025

H,TPPF,, ground samples, indicating a higher degree of dis-
persion in the former.

Moving from H,TPPF,, to ZnTPPF,,, the ring symmetry of
the planar macrocycle increases from D,y to Dy, simplifying
the solution spectrum to exhibit a B band at 419 nm and only
two Q bands at 550 and 585 nm (Fig. S8b+). In its solid form,
interactions among the stacked porphyrin cores can result not
only in broader absorption bands but also in a more complex
absorption pattern. As a proof of concept, in addition to the
broadening of the B band (419 nm) and the two Q bands cen-
tered at 548 and 583 nm, the ZnTPPF,, DRS spectrum shows
multiple transitions, with a shoulder around 500 nm and an
additional vibronic band at 630 nm being particularly evident
(Fig. 3b). As expected, the DRS spectrum of the ground HNT +
ZnTPPF,, sample is superimposable with that of ZnTPPF,,,
while the two loaded samples show a significant sharpening

Nanoscale, 2025,17,18935-18947 | 18939
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and a simplification of the absorption pattern, resembling that
of single molecules recorded in solution. However, some
differences can be noted when focusing on Q-bands; the Q
transitions at higher energies (ca. 550 nm) become narrower as
the samples shift from aggregates to more dispersed forms
(see also Fig. S8df for the B band). In the case of
HNT-TDP-ZnTPPF,,, only the Q band at 550 nm is perceivable,
similar to the one observed for ZnTPPF,, in THF solution
(Fig. S8bt). The Q transition at 583 nm gradually decreases in
loaded samples, as evidenced by only a shoulder being dis-
cernible in HNT-ZnTPPF,,, which completely disappears in
HNT-TDP-ZnTPPF,, (Fig. 3b). Conversely, the additional Q
transition at lower energies (>600 nm), which emerged in the
solid state, remains visible in all DRS spectra and appears
blue-shifted (622 nm) in the most dispersed sample
(HNT-TDP-ZnTPPF,,), attributed to the interaction of the por-
phyrin molecules with the TDP environment.

In summary, DRS shows that in both free-base and zinc por-
phyrins, whether as pristine solids or ground samples with
HNT, the absorption spectra exhibit more complex patterns
and broadened bands, as expected from aggregated solid
states. Conversely, the loaded samples exhibit absorption pat-
terns resembling those recorded in THF solution, indicating
that the PS molecules are more dispersed in the matrix. It is
worth noting that this behavior is more pronounced in TDP-
functionalized HNT samples, particularly for Zn-TPPF,,
loaded samples.

663 706
639 690 b)

HNT-TDP-H,TPPF,,

NT-H,TPPF

. 659

L H,TPPF 5 in THF
1T T1Tr TT1r T

L |
550 600 650 700 750 80
wavelength (nm)

Ground HNT + H,TPPF,,

H,TPPF . in THF/H,0 2:8
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2.5 Solid-state photoluminescence spectroscopy

To gain insight into the primary location of porphyrins within
HNT, we also employed photoluminescence spectroscopy. We
first recorded the spectra of H,TPPF,, and Zn-TPPF,, in
diluted THF solution, where only single molecules are
present.®” Then, we moved to diluted THF/H,O 2 : 8 mixtures,
where some aggregation is expected to occur,®” and finally to
the solid state, where aggregation is prevalent. This approach
allowed us to reasonably evaluate the emission properties of
plain H,TPPF,, and ZnTPPF,, in different aggregation states.
Subsequently, we measured the emission profiles for all the
loaded and ground samples. Fig. 4a presents a synopsis of all
the normalized emission spectra, and Table 2 presents all the
corresponding data. It is worth noting that the emission
spectra of all the samples exciting at three distinct wavelengths
were acquired, and in any case, the emission was independent
of the excitation wavelength, as expected according to Kasha’s
rule (Fig. S97).

The THF spectrum of H,TPPF,, shows three main emission
bands centred at 639, 659 and 706 nm, with a slightly perceiva-
ble shoulder at ca. 690 nm. Upon increasing the amount of a
non-solvent, such as water, while keeping the concentration
constant until reaching a THF/H,O ratio of 2: 8, the spectrum
changes significantly. The transitions at 639 nm are almost
completely quenched, while the middle transition remains
visible but is slightly red-shifted at 664 nm, and the 706 nm

654

HNT-TDP-ZnTPPF,

704
HNT-ZnTPPF,,

. : Ground HNT + ZnTPPF,,

_ 690
{1 ZnTPPF,,

644 ZnTPPF,, in THF:H,0 2:8

| ZnTPPF, in THF
' 1 N 1 ' I T 1

L
550 600 650 700 750 800
wavelength (nm)

Fig. 4 Stacked plot of the normalized emission spectra of (a) H,TPPF,o in THF solution, H,TPPF, in THF/H,O 2: 8 solution, H,TPPF,o alone,
loaded HNT-H,TPPF,o, ground HNT + H,TPPF,, and HNT-TDP-H,TPPF,,; and (b) ZnTPPF,o in THF solution, ZnTPPF,o in THF/H,O 2: 8 solution,
ZnTPPF,q alone, loaded HNT-ZnTPPF,q, ground HNT + ZnTPPF,o and HNT-TDP-ZnTPPF,o.
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band is greatly reduced. This significant change in the emis-
sion profile, in accordance with the literature,®” can be
ascribed to micro-aggregation processes towards the formation
of J-aggregates.

The emission profile of solid H,TPPF,, retains the Q band
at 663 nm, along with a dominant transition at 706 nm. The
spectra of loaded H,TPPF,, and ground HNT + H,TPPF,,
resemble that of pristine H,TPPF,,, whereas in the presence of
TDP, the band at 706 nm significantly decreases, and the spec-
tral pattern becomes almost superimposable to that of
H,TPPF,, in a THF/H,O 2 : 8 mixture.

Therefore, the photoluminescence investigation of
H,TPPF,, and the corresponding hybrids supports the sugges-
tions of a higher degree of dispersion of H,TPPF,, when
loaded onto TDP-modified HNT, as indicated by DRS spectra.
Conversely, the loaded HNT-H,TPPF,, shows an emission
pattern very similar to that of pristine H,TPPF,, and the
ground HNT + H,TPPF,, samples, where extended aggregates
are present (Fig. 4a).

The emission spectrum of ZnTPPF,, in THF shows a very
low Q band at 589 nm and an intense Q band at 644 nm
(Fig. 4b). Upon addition of water, a shoulder at 633 nm
appears, which can reasonably be attributed to the presence of
small aggregates, as it becomes the predominant transition in
the spectrum of solid ZnTPPF,,, where aggregation is more
likely. Not surprisingly, this band also prevails in the spectrum
of ground HNT + ZnTPPF,,, which is almost superimposable
to that of the plain solid sample. Conversely, when ZnTPPF,,
is loaded onto HNT, and more evidently when HNT is functio-
nalized with TDP, the emission profile changes significantly,
featuring a very broad and red-shifted band at 654 nm. In
HNT-ZnTPPF,,, this band is accompanied by a second, less-
pronounced band at lower energy (704 nm), which is no longer
present in HNT-TDP-ZnTPPF,,. In addition, in both loaded
samples, a shoulder at ca. 589 nm becomes noticeable, corres-
ponding to the lower-energy Q transition in the ZnTPPF,,
spectra in THF and THF/H,O solutions. Notably, this band is
absent in both pristine ZnTPPF,, and ground HNT + ZnTPPF,,
spectra, suggesting a more dispersed condition in loaded
samples.

In summary, the photoluminescence study further confirms
the DRS findings, indicating that the loaded samples closely
resemble the solution state, which is characterized by a lower
degree of aggregation, especially for ZnTPPF,, and when TDP
is present in the inner lumen of HNT.

2.6 TGA

The loading percentage of H,TPPF,, and ZnTPPF,, was esti-
mated through TG-DTG analysis under an air flux, comparing
the TG-DTG profiles of pristine HNT and H,TPPF,, and
ZnTPPF,, alone with those of the ground and loaded samples.
The results are summarized in Table 3.

The pristine HNT typically show a step in the TG profile
characterized by an onset temperature (Tonset) at ca. 450 °C
and an inflection point at 495 °C, usually accounting for a
weight loss of ca. 12% (Fig. S10at). This step is present in all

This journal is © The Royal Society of Chemistry 2025
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Table 3 Drug content weight % estimated through TGA-DTGA for the
different loaded samples. TDP amount is always equal to 5%, as
measured on the precursor HNT-TDP (see Fig. S12 of the ESI}). The
loading efficiency % is reported in the last column

Sample content PS %w PS loading efficiency %w
HNT-H,TPPF,, 4.2 68

HNT-TDP-H,TPPF,, 6.2 >98
HNT-H,TPPF,-Dextrin 3.3 53
HNT-TDP-H,TPPF,,-Dextrin 5.9 95

HNT-Zn-TPPF,, 1.2 19

HNT-TDP-ZnTPPF,, 2.4 39
HNT-ZnTPPF,,-Dextrin 0.7 11
HNT-TDP-ZnTPPF,,-Dextrin 0.4 6

the TGA profiles of the investigated samples. The TGA profiles
of the ground samples show further weight loss steps at lower
temperatures (Tonser €a. 350 °C, inflection point = 373-375 °C)
(Fig. S11a and S11b¥). Since H,TPPF,, and ZnTPPF,, alone
show a weight loss step at 415 (Fig. S10bf) and 425 °C
(Fig. S10ct), respectively, we attributed the loss steps to a
thermo-oxidative degradation of the two porphyrins catalyzed
by the outer surface of HNT. On moving from physically mixed
ground to loaded samples (Fig. S11ic and S11dft), the DTG
profile reveals a small peak significantly shifted towards lower
temperatures, which is attributed to a very small amount of
porphyrins present on the HNT outer surface. On the other
hand, in the TGA profile of the loaded HNT-H,TPPF,, sample
(Fig. S11ct), a shoulder with an inflection point at 448 °C and
superimposed to the HNT dehydroxylation is visible. This evi-
dence, together with the weight loss step value, which
accounts for more than what expected for the HNT dehydroxy-
lation alone, suggests the presence of the major part of
H,TPPF,, located in the inner lumen. Indeed, it is known that
organic molecules in the inner lumen of HNT usually strongly
increase their degradation temperature due to the entrapment
into the nanotube cavity,’® thus supporting the inner location
hypothesis, already suggested by the spectroscopic data.

Regarding the TDP-containing samples, the TG profiles
(Fig. S11e and S11f{) show an overlap between the weight loss
step due to TDP oxidation (Fig. S12f) and those of the
porphyrins.

In the case of the dextrin-covered samples (Fig. S11g-jt),
the peaks at ca. 265 °C in the DTGA profiles account for the
contribution of dextrin.

We tentatively estimated the loading efficiency percentage of
H,TPPF,, and ZnTPPF,, on pristine and TDP-modified HNT by
calculating the ratio of the mass percentage loss obtained from
TGA, attributed to the actual PS loading, and the maximum
theoretical mass percentage of porphyrin loadable in the inner
lumen (6.2%), based on geometric considerations. This calcu-
lation considered a mean inner lumen diameter of 15 nm, a
mean outer diameter of 50 nm, the density of HNT (2.53 g
em™?),"* and the density of porphyrin (1.7 ¢ cm™),* as detailed
in the ESL.f At the same time, due to the overlap in the loss
steps of several components, the real mass percentage PS
loading was evaluated by subtracting the OH dehydroxylation
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contribution (ca. 12%) to the whole TG step. Additionally, in
relation to the HNT-TDP samples, due to the overlap in the
degradation range of porphyrins and TDP (compare Fig. S11 and
S127), we quantified the loaded porphyrins by subtracting also
the amount of TDP determined in the HNT-TDP precursor (5%,
Fig. S12}). This approach yielded the data reported in Table 3.

A significant increase in PS loading efficiencies is observed
for both porphyrins when HNT are functionalized with TDP
(68% vs. 98% for H,TPPF,, and 19% vs. 39% for ZnTPPF,,).
This is consistent with the possibility of hydrophobic inter-
actions between the apolar TDP tails and the perfluorinated
macrocycles, considering the well-known hydrophobicity of
fluorine atoms. In addition, since TDP is selectively anchored
to the inner lumen,'®**>* this result may suggest a preferential
inner lumen location for the porphyrins.

For the dextrin-covered samples, the weight percentages of
H,TPPF,, and ZnTPPF,, decrease compared to their corres-
ponding precursors. We attribute this to the capping process
(see the experimental part), during which some release from
the HNT lumen may occur. This is particularly evident in the
case of ZnTPPF,,.

Overall, the PS loading efficiencies of ZnTPPF,,-containing
samples are lower than those of H,TPPF,, samples, both in pris-
tine and functionalized HNT. This may be due to the loading
procedure (see the experimental part), which involves prolonged
stirring in THF, potentially enhancing the release of ZnTPPF,,
compared to H,TPPF,,, as zinc can axially coordinate with the
solvent. Additionally, the lower uptake of ZnTPPF,,-containing
samples combined with the effect of TDP functionalization, may
reasonably explain the absorption pattern, which is more similar
to that of a single molecule in solution.

2.7 Porphyrin release study

The slow release of the PS (H,TPPF,, and Zn-TPPF,,) loaded
within the HNT composites was investigated in a 1:1
THEF : H,O mixture using UV-vis spectroscopy.

Fig. S13f illustrates the setup used for the time-based
release analysis, which involved the following: (i) cycles of stir-
ring, (ii) centrifugation to retrieve the HNT, and (iii) separation
of HNT from the supernatant to prevent HNT scattering
during UV-vis analysis and stop the release process. Fig. 5 pre-
sents the drug release profiles of HNT, both before and after
treatment with dextrin.

The experimental points of the release profiles were best
fitted using the sum of two first-order kinetics”® (eqn (2)):

R=M(1—e ) 4 My(1 — e ) (2)

where M is the amount of active agent released at a specific
time, and  is the release rate constant. This provided insights
into the release kinetics, suggesting the presence of two dis-
tinct release sites.

For all samples, there is an initial burst release within the
first 15 minutes, which is still much slower than that of the
ground sample (star symbols in Fig. 5). This burst release can
be ascribed either to traces of porphyrin on the outer surface or
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Fig. 5 Release of H,TPPF,, and ZnTPPF,o from the loaded HNT
samples both before and after treatment with dextrin.

to the fraction contained within the very short HNT component
of the commercial HNT used in this work, which, as revealed
by TEM images, is significantly polydispersed. Instead, the
other slower kinetic regime can be attributed to the release of
porphyrins from the inner part of the longer HNT component.

By taking into account the fact that there may be several
parameters affecting the release dynamics (the PS affinity for
the solvent, the effective PS loading, the specific PS distri-
bution within the inner lumen), we did not encounter any sig-
nificant release ability variation among the investigated uncov-
ered samples. Interestingly, the dextrin covering produced a
slight but noticeable slowing down of the release, also allowing
a better nanotube suspension in aqueous solutions for a much
longer time when not shaken. A further slight slowing of the
release process is attained by combining the dextrin covering
with TDP modification, possibly owing to the weak hydro-
phobic interactions between the apolar porphyrin and the TDP
tails in the inner lumen.

2.8 Fluorescence microscopy and PDT treatment on three
different tumor cell lines

Three different tumor cell lines were selected to test the ability
of HNT to enter cells and to assess the capacity of the per-
fluorinated porphyrin to induce cell death upon irradiation
with visible light. In particular, we selected three cell lines
including one prostate cancer (PC3) and two bladder cancer
(5637 and UMUC3) lines resembling different grades and
stages of the disease. The HNT-TDP-H,TPPF,,-Dextrin sample
was selected among the others, as it contained one of the
highest amounts of porphyrin (Table 3) and exhibited the
slowest release kinetic profile (light red triangle, Fig. 5).

The kinetic uptake of HNT was studied by incubating PC3,
5637 and UMUC3 cells with 10 pg mL™ HNT for 4 and
24 hours. Reflected light microscopy, which does not require
fluorescence labelling to obtain a signal for confocal
microscopy, was used for this analysis. The assay was carried

This journal is © The Royal Society of Chemistry 2025
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out after the nuclei and cytoskeleton were immunostained
with Hoechst and phalloidin, respectively, revealing that
accumulation at the cellular level became easily observable
after 24 hours (Fig. S14%). Fig. S15-S171 show fluorescence
and reflectance images (z-stack) for the three cell lines studied.
No significant differences in internalization were observed
among the cell lines; in all cases, HNT appeared to accumulate
at the cytosol level.

Similar  samples were prepared by incubating
HNT-TDP-H,TPPF,,-Dextrin for 24 hours and performing
immunostaining only with phalloidin, as the emission tail
from Hoechst interfered with the porphyrin emission in the
red channel. In these samples, it is clearly observed that the
emission signal is effectively co-localized with the reflectance
signal, corresponding to the HNT (Fig. 6).

Cell viability was then measured by MTT tests on all the
three tumor cell lines after incubating them for 24 hours with
both pristine HNT and loaded HNT-TDP-H,TPPF,,-Dextrin at
different concentrations in the range of 0.01-100 pg mL™".
Pristine HNT showed the same non-toxic behavior in the dark
until a dose of 10 pg mL ™" HNT, while 5637 and UMUCS3 cells
showed a small dark cytotoxicity. Under irradiation for
45 minutes with a led lamp (1.3 mW cm™? in the 400-800 nm
range, emission profile reported in Fig. S187), a certain differ-
ence in cytotoxicity was noted between the three distinct cell
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lines. In particular, 5637 cells revealed to be more sensitive to
HNT presence, exhibiting a consistent reduction of viability
even at lower HNT concentrations and showing a small differ-
ence in cell viability under irradiation compared to the dark
conditions (Fig. 7, panels A). This is not unusual and some of
us have already observed different sensitivities, with
5637 more sensitive than UMUCS3 cells.”*

By comparing the toxicity capabilities of HNT and porphyrin-
loaded HNT under irradiation, we can clearly observe the role
played by H,TPPF,, in favouring the singlet oxygen production,
thus inducing an overall higher toxicity, especially at the highest
dose (100 pug mL™) for PC3 and UMUCS3 cells. Similar to the
response towards HNT, even towards porphyrin, 5637 cells
showed to be more sensitive than the other two cell types and,
in this case, a significant reduction of cell viability was detected
for doses >1 pg mL™" (Fig. 7, panels C). Finally, the comparison
of cell viability curves in the dark and after light irradiation of
cells treated with HNT-TDP-H,TPPF,,-Dextrin (Fig. 7, panels B)
led us to estimate the ECs, values, which represent the effective
concentration required to reduce cell viability to 50% in the dark
and after irradiation, respectively (see Table 4).

These preliminary data confirm a cytotoxic effect of the
investigated nanocomposites, which is enhanced when the
cells are exposed to irradiation, thus underscoring the critical
role of the photosensitizer.

Fig. 6 Confocal microscopy images of 5637, PC3, and UMUC3 cells treated with HNT-TDP-H,TPPF,-Dextrin for 24 hours. (A) Phalloidin fluor-
escence (green) visualizing the cytoskeleton; (B) reflected light (white) localizing the HNT; (C) porphyrin fluorescence (red); and (D) superposition of
the three channels. All the images are the superposition of several images acquired along the optical axis (z-stack).

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Dose-response plots for pristine and loaded HNT (HNT-TDP-H,TPPF,-Dextrin) in the dark and under visible light irradiation (irradiation
time = 45 min). Panel A: cell viability after treatment with pristine HNT in the dark and under light irradiation. Panels B: cell viability after treatment
with loaded HNT in the dark and under light irradiation. Panels C: cell viability after treatment with pristine and loaded HNT, both under light

irradiation.

Table 4 Cytotoxicity of the HNT-TDP-H,TPPF,o-dextrin nano-
composite on PC3, 5637, and UMUC3 cells in the dark and upon
irradiation, expressed in terms of dark ECso and light ECso. Pl is the
phototherapeutic index and is defined as the ratio of dark-ECsg/light-
ECso

Cells Dark EC5, Light ECs, PI
PC3 >100 pg mL™" 50 pg mL™! >2
5637 35 pg mL™" 3.5 ug mL ™" 10
UMUC3 >100 pg mL™" 50 pg mL ™! >2

3. Conclusions

In the present work, we developed and characterized HNT-
based molecular nanocarriers for potential PDT applications,
combining the two perfluorinated porphyrins, H,TPPF,, and
ZnTPPF,,, with pristine or TDP-modified HNT. The well-estab-
lished ability to react with O, and generate cytotoxic singlet

18944 | Nanoscale, 2025, 17,18935-18947

oxygen species for PDT treatment of porphyrin-based photo-
sensitizers was ascertained in a polar solvent such as ethanol,
where the perfluorinated porphyrins even with a certain
degree of aggregation were still able to produce 'O,. TDP was
selected to create an appropriate apolar environment within
the lumen of HNT, facilitating the loading of fluorinated lipo-
philic photosensitizers into the carrier. The dextrin covering
process was carried out on the loaded samples to better
suspend HNT in water media and slightly delay the release of
guest molecules from the nano-carriers. To validate our
approach, we thoroughly examined the spectroscopic and
thermogravimetric properties of the loaded samples, both with
and without dextrin. We also studied H,TPPF,, and ZnTPPF,,
in their pristine form and mechanically mixed with HNT, as
any interaction in the ground samples would only occur with
the silica-based external part of the nanoclay. This comprehen-
sive study provided valuable insights into the impact of HNT
modification on the location, loading efficiency and release of
the perfluorinated porphyrins.

This journal is © The Royal Society of Chemistry 2025
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A combination of ATR-FTIR, DRS, and solid-state emission
spectroscopy provided insights into the aggregation and dis-
persion state of the PS, as well as their interactions with the
different environments created by the derivatized and non-
derivatized carriers. The observations showed that in the
loaded samples, the PS molecules appeared dispersed as they
were in solution, particularly when HNT were selectively func-
tionalized in the inner lumen with apolar TDP. This was
further supported by solid-state emission spectroscopy, which
also demonstrated a solution-like situation for the loaded
samples, especially for the HNT-TDP-ZnTPPF,, sample.

The beneficial effect of TDP functionalization on PS uptake
into HNT was demonstrated by TGA, which revealed a signifi-
cant increase in loading efficiencies for both free-base and
zinc porphyrins. Our findings suggest that the porphyrins pre-
ferentially locate in the inner lumen of HNT, where TDP is
selectively anchored, exposing the hydrophobic tails.

We have demonstrated the potential of porphyrin-loaded
HNT in the context of cancer by assessing their impact on
tumor cells. Upon internalization, they significantly reduced
the viability of all the cell lines tested and the effect is more
consistent upon irradiation, indicating the efficacy of the
photosensitizer responsible for singlet oxygen generation.

Additionally, we plan to explore whether these adducts can
function as "°F-based MRI contrast agents.”” This development
could transform the nanohybrids into theranostic probes,
combining luminescence properties for photodynamic therapy
and fluorescence imaging with '’F magnetic features for
in vivo tracking.
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