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A B S T R A C T

Chitosan-based materials are widely explored for biomedical applications due to their biocompatibility, biode
gradability, and excellent film-forming ability. In this work, we report the development of hybrid chitosan films 
reinforced with halloysite nanotubes (Hal) covalently functionalized with protoporphyrin IX (PPIX), aiming to 
enhance their photodynamic properties. Photodynamic therapy (PDT) has emerged as a promising and minimally 
invasive technique for cancer treatment due to its selectivity and low toxicity. However, the clinical use of many 
photosensitizers, such as PPIX, is limited by their poor solubility in water. The covalent anchoring of PPIX onto 
the external surface of Hal significantly improved its availability in water, which was further enhanced upon 
coordination with Zn2+ ions. The resulting Hal-PPIX nanomaterials were characterized by spectroscopic and 
microscopic techniques and evaluated, both chemically and biologically, for their ability to generate reactive 
oxygen species (ROS) under visible light irradiation. As proof of concept, the nanomaterials were incorporated 
into chitosan films and studied for their mechanical properties and AFM was employed to investigate the surface 
morphology of them. The results demonstrate the potential of these bio-based nanocomposites as promising 
candidates for topical photodynamic therapy, particularly in skin cancer treatment.

1. Introduction

Polysaccharide-based materials have gained increasing interest in 
biomedical applications due to their inherent biocompatibility, biode
gradability, and structural versatility (Jabeen and Atif, 2024). Among 
these, chitosan, a cationic polysaccharide derived from chitin, has been 
widely investigated for its film-forming ability, mucoadhesiveness, and 
functionalization potential, making it a valuable platform for developing 
nanocomposite biomaterials. Indeed, chitosan is a biodegradable poly
mer that has been widely used in drug delivery systems (Nikezić et al., 
2020). In the field of pharmaceutical nanotechnology, it has been used 
as a polymer of polymeric particles and as a surface coating for different 
drug delivery systems. To improve physico-chemical properties of 

chitosan, different nanocomposite materials have been developed which 
have found applications in different biomedical fields (Khan et al., 2020; 
Yadav et al., 2023). Recently, Moreira Lira et al. reported the synthesis 
of chitosan based nanostructured lipid carriers containing chlor
oaluminum phthalocyanine, as a photosensitizer, for skin cancer treat
ment that shown promising photodynamic efficiency in melanoma cell 
culture (Almeida et al., 2022).

Recent advances in nanotechnology have demonstrated that the 
incorporation of inorganic nanofillers into chitosan matrices can 
significantly improve their mechanical, barrier, and biological proper
ties (Moura et al., 2016; Silva et al., 2021). In particular, clay minerals, 
which are phyllosilicates with nanometric dimensions, have been used 
in healthcare since ancient times due to their intrinsic properties, 
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making them one of the most promising materials (Moura et al., 2016; 
Peixoto et al., 2021). Among them, halloysite (Hal) with a general for
mula of Al2Si2O5(OH)4⋅nH2O, typically found in hollow tubular struc
tures in the nanometric range, represents a particularly attractive class 
of nanofillers (Bao et al., 2024; Thomas et al., 2024). In this context, 
Lazzara et al. reported that the interaction of Hal with a biopolymers is 
driven by the polymer charge; in particular, chitosan being positive 
mainly interacts with the clay external surface, thus embedding it, while 
a negative polymer such as alginate, interacts with the positive Hal 
lumen (Bertolino et al., 2016).

Due to the presence of an empty lumen and tuneable surface chem
istry, Hal hold great potential as carriers for biomedical applications 
(Massaro et al., 2022c). Indeed, the empty lumen can be loaded with 
several hydrophobic biologically active compounds, which benefit from 
slow and sustained release over the time (Boraei et al., 2024; Husain 
et al., 2023; Massaro et al., 2023; Yanamadala et al., 2023). Addition
ally, Hal are biocompatible materials capable of crossing cellular 
membranes, and localizing themselves in the perinuclear region, and in 
some cases, depending on modifications, the cellular nuclei as well 
(Falanga et al., 2024). Due to their above properties, Hal has emerged as 
versatile carriers in drug delivery and tissue engineering (Feng et al., 
2024). To further increase functionality, covalent modification of the 
silanol groups on the external surface of Hal, with a variety of organic 
molecules, generates nanomaterials with appealing properties (Massaro 
et al., 2022a; Massaro et al., 2022c). Moreover, Hal with therapeutic 
agents allows for the development of more stable (Massaro et al., 
2024a), tailored nanomaterials. Within this context, photosensitizers, 
such as Protoporphyrin IX (PPIX) (Izquierdo et al., 2024), are of great 
interest for their ability to produce reactive oxygen species (ROS) upon 
light activation, a mechanism exploited in photodynamic therapy (PDT) 
(Alea-Reyes et al., 2017; Chen et al., 2022; Nicosia et al., 2020; Penon 
et al., 2017; Villari et al., 2021; Yang et al., 2023). However, the clinical 
use of many photosensitizers, such as PPIX, is limited by their poor 
solubility in water and aggregation tendency, which reduces its thera
peutic efficacy. Carrier systems offer an attractive solution to improve 
the solubility and stability of PPIX (da Silva et al., 2013; Ding et al., 
2011).

While previous studies have demonstrated the potential of Hal as 
photosensitizer carrier (Karewicz et al., 2021; Li et al., 2019; Tan et al., 
2021), covalent modification strategies remain underexplored. Herein, 
we report the design of chitosan-based nanocomposite films embedding 
Hal covalently functionalized with first PPIX alone and successively with 

its Zn(II) complex (Fig. 1). After synthesizing the Hal-PPIX nano
material, the successful modification was confirmed using several 
techniques, and the morphology was imaged by high-angle annular 
dark-field scanning transmission electron microscopy (HAADF/STEM). 
Furthermore, since metalloporphyrins exhibit superior biological ac
tivity compared to free-base porphyrins (Shao et al., 2019), we also 
investigated the interaction of PPIX with three metal ions, namely Co2+, 
Cu2+ and Zn2+ ions, via spectrofluorimetric titrations. Subsequently, the 
PPIX@Zn complex was synthesized and covalently grafted onto the 
external surface of the suitable Hal-SH derivative. The ability of the 
obtained nanomaterials to generate singlet oxygen (1O2) species was 
evaluated chemically by monitoring the disappearance of the maximum 
absorption band of 1,3-Diphenylisobenzofuran under 650 nm laser 
irradiation, and biologically, by treating multidrug-resistant leukemia 
cell lines (HL60R) with the nanomaterial irradiating them with the same 
laser.

Finally, as a proof of concept for topical applications, these 
nanomaterials were incorporated into chitosan matrices, assessing their 
mechanical and morphological properties.

It is hypothesized that covalent integration of protoporphyrin func
tionalized halloysite nanotubes into a chitosan matrix will result in 
nanocomposite films with enhanced photodynamic activity, improved 
mechanical flexibility, and morphological characteristics suitable for 
potential application in topical cancer therapy. This study provides a 
novel strategy to develop chitosan-based photodynamically active films 
through the integration of covalently functionalized halloysite nano
tubes, paving the way for future topical applications in skin cancer 
treatment.

2. Experimental details

2.1. Materials

Protoporphyrin IX (≥ 95%), ZnCl2 (≥ 98%), CoCl2 (97%), CuCl2 
(97%), 2-2'-azobisisobutirronitrile (AIBN) (98%), 1,3-Diphenylisoben
zofuran (DPBF) (97%) and Chitosan (medium molecular weight, de
gree of deacetylation ≥ 75%) were purchased from Merck (Darmstadt, 
Germany) and used without further purification. Thiol modified hal
loysite (Hal-SH) was synthetized as reported elsewhere (Massaro et al., 
2021).

Fig. 1. Schematic representation of the developed chitosan nanocomposite reinforced with halloysite covalently linked with protoporphyrin IX.
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2.2. Methods

Syntheses performed by microwave were carried out using a single- 
mode CEM DISCOVER system (CEM Corporation, Matthews, NC, USA) 
in a closed vessel.

Thermogravimetric analyses were performed with Pyris TGA7 (Per
kinElmer, Waltham, MA, USA) in the temperature range of 50–800 ◦C 
(heating rate of 10 ◦C min− 1), in a nitrogen atmosphere (flow rate of 60 
mL min− 1).

FTIR spectra (KBr) were acquired with an Agilent Technologies Cary 
630 FT-IR spectrometer (Agilent Technologies, Santa Clara, CA, USA) by 
preparing tablets by mixing 5 mg of the sample powder with 100 mg of 
KBr.

UV–vis measurements were performed using a Beckmann DU 650 
spectrometer (Beckman Coulter, Inc., Brea, CA, USA).

Steady-state fluorescence spectra were recorded using a JASCO FP- 
777 W spectrofluorometer (JASCO, Cremella (LC), Italy). Excitation and 
emission slits were set to 3 nm, with an emission interval ranging be
tween 550 and 750 nm and an excitation wavelength of 410 nm and 420 
nm.

The size analysis, ζ-potential and polydispersity index of the samples 
were determined using a Malvern Zetasizer Nano ZS instrument (Mal
vern Instruments, London, UK), fitted with a 532-nm laser at a fixed 
scattering angle of 173◦.

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 HAADF (high angle annular dark field) detector.

XPS measurements were made with a SPECS SAGE HR 100 spec
trometer (SPECS, Berlin, Germany) in high vacuum (10− 7 Pa), equipped 
with a non-monochromatic Mg X-ray source with a Kα lines of 1253.6 
eV. An electron dilution gun was used to neutralize the charge.

Atomic Force Microscopy (AFM) measurements were performed in 
tapping mode by using a Nanoscope IIIA-MultiMode AFM (Digital In
struments, Santa Barbara, CA, USA). The device was equipped with a <
J > calibrated scanner using grating manufacturers. Images were 
recorded at scan rate of 1 Hz and 512 × 512 pixels per image (i.e., in 
high resolution conditions) by using 0.5–2 Ω⋅cm Phosphorous (n) doped 
silicon tips mounted on cantilevers with a nominal force constant of 40 
N/m and a resonant frequency of 300 kHz. Throughout imaging, the set 
point was continuously adjusted to maintain the force at the lowest 
feasible value. Image analysis was carried out using DI software, version 
4.23r6. The images were flattened to remove background slopes.

The tensile properties of the nanocomposite films were studied by 
Dynamic Mechanical Analysis (DMA) using the DMA Q800 apparatus 
(TA Instruments, New Castle, DE, USA). The tests were conducted under 
a controlled stress ramp (1 MPa min− 1) at 25.0 ± 0.1 ◦C.

2.3. Synthesis of Hal-PPIX via MW irradiation

Hal-SH (150 mg) and PPIX (70 mg), were homogenized and intro
duced into a microwave tube provided with a cup. The mixture was 
inserted in the MW apparatus at 100 ◦C, under constant stirring, for 10 
min at initial power of 80 W, in the presence of a catalytic amount of 
AIBN. Successively, the solid was washed several times with DMF, 
methanol and CH2Cl2 and finally dried at 60 ◦C under vacuum.

2.4. Synthesis of Hal-PPIX via UV irradiation

In a quartz test tube, Hal-SH (150 mg) and PPIX (70 mg) were dis
solved in methanol. A stream of Ar was bubbled through the solution for 
15 min to thoroughly degas it. The test tube was placed in front of an Hg 
lamp (265 nm) and stirred overnight at r.t. conditions. The obtained 

powder was washed several times with THF, methanol and CH2Cl2 and 
finally dried at 60 ◦C under vacuum.

2.5. Interaction of Hal-PPIX nanomaterial with metal ions

The interaction between Co2+, Zn2+ and Cu2+ ions and Hal-PPIX 
nanomaterial was studied by spectrophotometric titration using fluo
rescence spectroscopy at two different temperatures (20 ◦C and 37 ◦C). 
To a methanol dispersion of Hal-PPIX (0.1 mg mL− 1, 10 mL), increasing 
volumes (0–750 μL) of an aqueous Co2+, Zn2+ or Cu2+ ions solution 
(10− 4 M) were added. Spectra were acquired in wavelength intervals 
ranging between 550 and 750 nm at λex = 410 nm.

2.6. Synthesis of PPIX@Zn

To a solution of PPIX (200 mg, 0.36 mmol, 1 eq.) in (50 mL) a so
lution of ZnCl2 (480 mg, 3.6 mmol, 10 eq.) in DMF (10 mL) was added. 
The mixture was stirred overnight at 65 ◦C. After distilling under 
reduced pressure, washing with water and methanol by centrifuged, the 
obtained solid was dried under vacuum condition.

2.7. Synthesis of Hal-PPIX@Zn

Hal-SH (150 mg) and PPIX@Zn (70 mg) were homogenized and 
introduced into a microwave tube provided with a cup. The vial was 
inserted in the MW apparatus at 100 ◦C, under constant stirring, for 10 
min at initial power of 80 W, in the presence of a catalytic amount of 
AIBN. Successively, the solid was washed several times with DMF, 
methanol and CH2Cl2 and finally dried at 60 ◦C under vacuum.

2.8. Singlet oxygen generation

The singlet oxygen quantum yield of Hal-PPIX and Hal-PPIX@Zn 
nanomaterials were determined using an indirect detection technique. 
The generation of ROS was evaluated by using diphenylisobenzofuran 
(DPBF) as 1O2 scavenger under the visible light (650 nm) irradiation. To 
a solution of DPBF (50 μM, 2 mL, DMSO), different quantities of Hal- 
PPIX and Hal-PPIX@Zn nanomaterial, were added (1.0 mg and 0.2 
mg, respectively, corresponding to a sensitizer concentration of 0.02 
mM in both cases). The obtained dispersions were transferred to a quartz 
tube and then stirred under laser irradiation at wavelength of 650 nm 
(200 mW). At predetermined time, the dispersion was centrifuged to 
remove the Hal based nanomaterials, and the supernatant solution was 
analyzed by UV–vis spectroscopy. The 1O2 release was monitored by 
following the decrease in the absorbance spectrum of DPBF at 413 nm, 
during 20 min of irradiation. Thus, the singlet oxygen quantum yields 
for each nanomaterial were calculated, using methylene blue (MB, 10− 5 

M) as reference, according to the following equation: 

ΦΔ
( 1O2

)

n = ΦΔ
( 1O2

)

MB ×
Sn × FMB

SMB × Fn
(1) 

where ΦΔ(1O2)n is the quantum yield of singlet oxygen for the two 
nanomaterials and ΦΔ(1O2)MB represents the quantum yield of singlet 
oxygen of MB (ΦΔ(1O2)MB = 0.52 in DMSO). S is the slope of the plot of 
difference of absorbance of DPBF before and after irradiation at each 
time t considered (at 413 nm) (Fig. S5) with the irradiation time and F is 
the absorption correction factor, which is given by F = 1–10-Abs (Abs is 
the value of the absorbance at the irradiation wavelength of 650 nm).

2.9. Cell lines

HL-60R cells were cultured in Roswell Park Memorial Institute 
(RPMI) 1640 supplemented with 10 % heat inactivated fetal calf serum, 
2 mM L-glutamine, 100 units/mL penicillin and 100 μg/mL streptomycin 
(all reagents were from HyClone Europe Ltd., Cramlington, UK) in a 
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humidified atmosphere at 37 ◦C in 5 % CO2. HL-60 cells were obtained 
from ATCC® (CCL-240, Rockville, MD, USA), and were selected for 
multidrug resistance (MDR) by exposure to gradually increasing con
centrations of doxorubicin.

2.10. Cell viability assays

Cells were seeded on 12-well plates at a density of 200,000 cells/well 
and incubated overnight at 37 ◦C. After 24 h, at time 0 the medium was 
replaced with a fresh complete medium and incubated with Hal-PPIX or 
Hal-PPIX@Zn. After 24 h of exposure, the cells were irradiated with 
laser for 5 min and incubated for further 4 h. Cells were seeded on 96- 
well plates in triplicates and incubated with 15 μL of Promega Corp. 
commercial solution (Madison, WI, USA) containing 3- (4,5-dime
thylthiazol-2-yl) -5-(3-carboxymethoxyphenyl) -2-(4-sulfophenyl)-2H- 
tetrazolium (MTS) and phenazine ethosulfate. Using a microplate reader 
(iMark Microplate Reader; Bio-Rad Laboratories, Inc., Hercules, CA, 
USA) the bioreduction of the MTS dye was evaluated by measuring the 
absorbance of each well at 490 nm. Cytotoxicity was expressed as a 
percentage of measured absorbance relative to that of control cells.

2.11. Acridine orange staining assay

Cell suspensions were collected by centrifugation, washed thrice 
with PBS and then resuspended in 25 μL of dye (100 μg/mL of acridine 
orange prepared in PBS and mixed gently) for 10 min, washed thrice 
with PBS and immediately analyzed using a fluorescence microscope 
and examined under 40× magnification.

2.12. Statistical analysis

The statistical analysis of the experimental data was estimated using 
the statistical analysis software Past 4.03. All tests were performed in 
duplicate or triplicate (see infra), and the data were analyzed using a 
one-way analysis of variance (ANOVA). The significant difference values 
were tested using the Tukey test with a 95 % of confidence interval (p <
0.05). The results were displayed in the form of mean ± standard 
deviation.

2.13. Chitosan films preparation

Bionanocomposite films based on chitosan and Hal were prepared by 
the casting method. Chitosan at 2 wt% and an appropriate amount of 
Hal, Hal-PPIX or Hal-PPIX@Zn nanomaterial were dispersed in a 3 %v/v 
acetic acid solution; the polymer dispersions were kept under stirring 
overnight. The well-dispersed mixture was poured into different glass 
Petri dishes under vacuum at 60 ◦C up to 48 h in order to evaporate 
water solution of acetic acid until the weight was constant to obtain 
films. Dried biofilms contained 5 wt% of nanofiller.

3. Results and discussion

3.1. Synthesis, characterizations and properties of Hal-PPIX and Hal- 
PPIX@Zn nanomaterials

The covalent attachment of PPIX to Hal obtaining Hal-PPIX nano
material was successfully achieved via two different synthetic routes, 
microwave-assisted and UV irradiation, as depicted in Scheme 1. The 
first method involved the irradiation of a methanolic dispersion of 
previously synthetized thiolated halloysite (Hal-SH) (Massaro et al., 

Scheme 1. Cartoon representation of the hypothesized structures of Hal-PPIX nanomaterials obtained with the two different pathways: (i) hν, MeOH, r.t., 24 h; (ii) 
AIBN, MW, 100 ◦C, 1 h solvent-free conditions.
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2019) and PPIX with UV light from an Hg lamp at room temperature for 
24 h (Massaro et al., 2015). The second method involved a microwave- 
assisted AIBN-catalyzed thiol-ene reaction between Hal-SH and PPIX, 
under solvent-free conditions at a temperature of 100 ◦C (Massaro et al., 
2024b). After work-up, the loading percentage of PPIX on the Hal 
external surface was approximately 3.7 wt% for the AIBN catalyzed 
reaction and ca. 2.1 wt% and UV-catalyzed reaction, as estimated by 
thermogravimetric analysis (TGA). This indicates that the microwave 
assisted reaction was more advantageous in obtaining a higher loading 
of the organic portion onto the Hal surface than the conventional 
method.

Depending on the synthetic procedure, it was hypothesized that i) the 
allyl group of PPIX that do not react in the thiol-ene reaction can un
dergo a self-addition reaction, leading to the formation of more compact 
structure where the PPIX molecules can be linked together in the case of 
MW irradiation, ii) conversely, in the case of UV irradiation, they remain 
as free allyl groups available for further modifications, as already re
ported for other systems (Massaro et al., 2024b). This hypothesis was 
confirmed by morphological investigations, see infra. Based on the 
stoichiometric ratio after protoporphyrin IX attachment (with a func
tionalization degree of 0.16 mmol g− 1 for thiol groups and 0.07 and 
0.04 mmol g− 1 for PPIX via MW and UV, respectively), it was 

determined that a full linkage of PPIX onto the thiol-modified Hal was 
not achieved, likely due to steric hindrance, leaving some -SH groups 
unreacted.

The successful synthesis was verified by TGA, FT-IR spectroscopy 
and XPS analyses. In this framework, the features of Hal-PPIX nano
material obtained by microwave irradiation were discussed. In all cases, 
similar considerations can be made for Hal-PPIX nanomaterial obtained 
under UV irradiation (see SI). Fig. 2a shows the thermogravimetric 
curves of Hal-SH and Hal-PPIX nanomaterials. Both samples exhibited 
two clear mass losses at 25–150 ◦C and 450–550 ◦C regions. The first 
mass loss (ML150) reflects the moisture content of the materials as evi
denced in literature for Hal modified with organic molecules (Cavallaro 
et al., 2023). As highlighted in Table 1, Hal-PPIX nanomaterial possesses 
a lower hydrophilic characteristic than Hal-SH precursor in agreement 
with the lower ML150 value. The second mass loss (ML500) is due the 

Fig. 2. (a)Thermogravimetric curves and (b) FT-IR spectra of PPIX, Hal and Hal-PPIX nanomaterials; (c) XPS survey of Hal-PPIX nanomaterial, (d) deconvoluted C 1 s 
spectrum; (e) deconvoluted N 1 s spectrum, (f) deconvoluted O 1 s spectrum.

Table 1 
Parameters (from TGA) of Hal-SH and Hal-PPIX nanomaterials.

Sample ML150 / wt% ML500 / wt% ML600 / wt%

Hal-SH 1.9 10.0 83.3
Hal-PPIX 1.2 10.7 80.3
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expulsion of the two water molecules from the Hal interlayer (Calvino 
et al., 2024) and, partly, to PPIX decomposition, which occurs in a wide 
temperature range (300–500 ◦C) (Vadarevu et al., 2021). Accordingly, 
we cannot clearly discriminate the mentioned processes by thermogra
vimetric curves in the region 450–550 ◦C.

Thermogravimetric curves allowed us to estimate the PPIX amount 
grafted onto Hal-SH surface by considering the residual matters at 600 
◦C (MR600). The similar ML600 values for Hal-SH and Hal-PPIX indicate 
that the surfaces modification did not alter the halloysite structural 
characteristics. According to the actual grafting of PPIX, the MR600 of 
Hal-PPIX nanomaterial was reduced as compared with Hal-SH (Table 1). 
On this basis, we calculated a functionalization degree of 3.7 wt% for 
PPIX nanomaterial. In Fig. 2b the FT-IR spectrum of Hal-PPIX nano
material and those of Hal-SH and PPIX for comparison are reported. As it 
is possible to observe, after the covalent linkage of PPIX onto Hal 
external surface, the FT-IR spectrum of Hal-PPIX nanomaterial showed 
characteristic vibrational features from both precursors.(Guo et al., 
2016) As seen in the FT-IR spectra of Hal-PPIX, the bands at approxi
mately 3602 and 3690 cm− 1 correspond to the O–H stretching vibra
tions of the inner and outer hydroxyl groups of Hal, respectively. 
Additionally, the broad signal at 1640 cm− 1 is attributed to the H–O–H 
bending of hydrogen-bonded water in the halloysite structure, which 
aligns with the broad O–H stretching signal observed at 3550 cm− 1. 
Furthermore, in the Hal-PPIX spectrum it can be possible to observe the 
vibration stretching bands in the wavenumber range 1540–1385 cm− 1, 
due to the stretching of C––C, C––N and, C–N groups of pyrazole moi
eties of PPIX (Dinache et al., 2023; Imanparast et al., 2022) and a broad 
band at ca. 1700 cm− 1 that could be attributable to the stretching of 
carboxylic moieties of PPIX superimposed to that typical of Hal.

To further confirm the presence of different functional groups on the 
surface of the Hal-PPIX, XPS measurements were performed. Fig. 2c 
shows the XPS survey spectrum of Hal-PPIX. The spectrum reveals the 
presence of C, N, and O atoms, with peaks at 284.39 eV (C 1 s), 399.09 
eV (N 1 s), and 531.64 eV (O 1 s). Additionally, peaks corresponding to 
Al 2 s, Al 2p, Si 2 s, and Si 2p are observed, indicating the presence of 
Hal. The percentages of C, N, and O atoms, as determined by XPS, are 
provided in Table S1. The high-resolution XPS spectrum of the C 1 s core 
(Fig. 2d) was deconvoluted into three components: sp2 (C=C) at 284.40 
eV, C=O/C=N at 286.33 eV, and O-C=O at 288.28 eV. The N 1 s 
spectrum (Fig. 2e) was deconvoluted into three peaks at 397.11, 399.44, 
and 402.03 eV, corresponding to C––N, C-N-C, and N–C, respectively. 
The O 1 s spectrum (Fig. 2f) was deconvoluted into three peaks at 528.8, 
531.4, and 533.6 eV, which are attributed to C––O, O-Si-O, and O-Al-O 
groups, respectively.

Dynamic Light Scattering (DLS) measurements allow for the assess
ment of the structural properties of nanomaterials by analyzing their 
mobility in water and measuring the average translational diffusion 
coefficient. This coefficient reflects the size, shape, and hydration of the 
diffusing particles, along with any potential aggregation phenomena 
(Alfieri et al., 2022). The average diameter of an equivalent sphere can 
be calculated using the Stokes-Einstein equation, which serves as an 
indicator for tracking changes in particle size and interparticle aggre
gation. The Hal-PPIX nanomaterial showed a Z-average size similar to 
that of pristine Hal indicating a diffusion, in aqueous media, similar to 
that of halloysite (Table 2). The modification of halloysite external 
surface was also verified by ζ-potential measurements, that showed that 

Hal-PPIX possesses a ζ-potential value more negative than pristine Hal 
attributable to the presence of carboxylate moieties onto PPIX present at 
the Hal external surface (Table 1).

The structural features of the synthetized nanomaterials were 
observed by TEM and high-angle annular dark field scanning trans
mission electron microscopies (HAADF-STEM). TEM micrographs 
(Fig. 3A,E) clearly show the different morphologies of the nanomaterials 
obtained by the two synthetic approaches. Fig. 3A shows the 
morphology of the nanomaterial obtained by UV irradiation. As it is 
possible to observe the typical tubular structure of the Hal was preserved 
after grafting of protoporphyrin IX, where the organic molecules are 
uniformly distributed onto the Hal external surface, as shown by the 
elemental mapping, highlighting nitrogen atoms (Fig. 3B–C), extrapo
lated by energy-dispersive X-ray spectroscopy (EDS).

EDS measurements (Fig. 3D) also show the presence of C and N 
atoms, beside the typical elements of halloysite, corroborating the suc
cessful synthesis.

On the contrary, the Hal-PPIX nanomaterial obtained by MW irra
diation, shows a well-organized structure (Fig. 3E). It was hypothesized 
that in addition to the thiol-ene reaction between the Hal-SH nano
material and PPIX, protoporphyrin IX may react with itself through an 
ene-ene reaction, bridging different tubes. The elemental mapping of N 
atoms shows that the latter are uniformly distributed on the Hal surface 
and between the different tubes in agreement with the presence of PPIX 
that links among different Hal (Figs. 3F and 3G).

To investigate the photoluminescence properties of Hal after the 
covalent bonding with PPIX, we analyzed their UV and fluorescence 
spectroscopic properties. In Fig. 4 the UV–vis extinction spectrum of a 
dispersion of Hal-PPIX nanomaterial in DMSO is reported, showing the 
typical absorption features of PPIX, namely it presents the Soret band at 
ca. 400 nm and four Q bands in the range 500–700 nm(Myrzakhmetov 
et al., 2021), although the latter are partially overlapped by the light 
scattering of the solid particles, which is responsible for spectral 
broadening (Rossi et al., 2008). In addition, the Soret band of the Hal- 
PPIX nanomaterial was red-shifted compared to free PPIX (Fig. S4), 
providing further evidence of the covalent attachment of the photo
sensitizer to the clay surface. This covalent linkage confines the PPIX 
near the external surface of Hal, which possesses acidic properties, 
(Massaro et al., 2022b) thereby shifting the maximum absorption band 
of PPIX toward higher wavelengths (Dar and Shah, 2020). Excitation of 
the dispersion results in strong triplet emission between 590 and 700 nm 
(maximum at 630 nm) in a similar way of sole PPIX (Fig. S4).

Porphyrins are known to complex with a wide range of metal cations, 
particularly divalent ones (Shao et al., 2019). The advantage of devel
oping metalloporphyrins lies in the potential to enhance biological ef
fects compared to metal-free porphyrins when used as photosensitizers 
in PDT. Therefore, before testing the ability of the developed nano
material as photosensitizer for potential PDT, its affinity for divalent 
metal ions was investigated by fluorescence titration using the Hal-PPIX 
nanomaterial obtained by MW irradiation. The emission spectrum of a 
Hal-PPIX nanomaterial methanolic dispersion was measured after 
excitation at 410 nm in the presence of varying concentrations of three 
metal ions: Co2+, Cu2+ and Zn2+ ions. Although DMSO is the most 
effective solvent for dispersing the Hal-based nanomaterial and metal 
salts, in this case MeOH is preferred over DMSO due to the latter's strong 
coordination ability with metal ions (Orzeł et al., 2017). The results are 
shown in Fig. 4b-d. In all cases, fluorescence quenching of Hal-PPIX was 
observed, indicating that an interaction between the nanomaterial and 
the metal ions occurred. Interestingly, there was no shift in the emission 
wavelength of PPIX in Hal-PPIX nanomaterial, ruling out the formation 
of an exciplex, as reported in literature for studies on free PPIX mole
cules (Jhonsi et al., 2017). The fluorescence quenching of the Hal-PPIX 
nanomaterial was further analyzed using the Stern-Volmer equation at 
two different temperatures (20 and 37 ◦C): 

Table 2 
Average hydrodynamic diameter and ζ-potential values for Hal and Hal-PPIX 
nanomaterials. Reported are the mean ± SD values of three independent ex
periments performed in triplicate.

Sample Z-average size (nm) ζ-potential (mV)

Hal 295 ± 16 − 18 ± 1
Hal-PPIXi 471 ± 13 − 22 ± 1
Hal-PPIXii 293 ± 12 − 25 ± 1
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I0

I
= 1+KSV • [Q] (2) 

where, I0 and I are the fluorescence intensities of Hal-PPIX nanomaterial 
in the absence or presence of any metal ions, respectively, [Q] is the 
metal ions concentration and KSV is the quenching constant. As shown in 
insets of Fig. 4b-d, the plot between I0/I vs [Q], yielded a linear plot in 
all cases and by the fitting of experimental data it was found that the 
value of KSV increases by increasing temperature indicating that the 
quenching process is dynamic (Table 3) (Deepa et al., 2020).

Based on these findings, it was possible to conclude that the 

Fig. 3. (A-E) TEM image; (B–C, F-G) HAADF/STEM with elemental mapping images; (D–H) EDS analysis of Hal-PPIX nanomaterial obtained by (A-D) UV and (E-H) 
MW irradiation.

Fig. 4. (a) Extinction (black line) and emission (blue line) spectra of Hal-PPIX nanomaterial (1 mg mL− 1, DMSO, r.t.); (b-d) fluorescence trend of Hal-PPIX dispersion 
(0.1 mg mL− 1) upon addition of different concentrations of (b) Co2+, (c) Cu2+ and (d) Zn2+ metal ions in methanol. The inset shows the Stern-Volmer plot of the Hal- 
PPX fluorescence in the presence of the metal ions at two different temperatures. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Table 3 
KSV of Co2+, Cu2+ and Zn2+ ions quenching process at two different 
temperatures.

Metal ions Temperature / ◦C Ksv /105 M− 1

Co2+ 20 0.49
37 1.89

Cu2+ 20 1.67
37 1.92

Zn2+ 20 1.08
37 1.24
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Hal@PPIX nanomaterial showed a great affinity for metal ions allowing 
the synthesis of interesting nanomaterials with enhanced properties. 
Since Zn porphyrins have shown to be more efficient as photosensitizer 
in PDT than the metal-free porphyrin (Alea-Reyes et al., 2017), a new 
nanomaterial (Hal-PPIX@Zn) incorporating Zn2+ ions into Hal-PPIX, 
chosen as model, was synthetized and characterized. Firstly, the syn
thesis of PPIX@Zn was achieved through the complexation of PPIX with 
zinc chloride (Wang et al., 2023) which was subsequently reacted with 
Hal-SH as previously described, affording the Hal-PPIX@Zn nano
material (Fig. 5a). Also in this case, a thiol-ene reaction between thiol 
groups on Hal surface and the allyl ones of PPIX occurs affording the 
final nanomaterial. Because of the reactivity of Zn@PPIX is likely that 
this could be also subjected to a self-addition reaction, resulting in a 
more compact structure than that of the Hal-PPIX nanomaterial. The 
degree of functionalization was estimated to be 0.32 mmol g− 1, as 
determined by TGA (Fig. 5b).

The higher degree of functionalization in Hal-PPIX@Zn in 

comparison to the one of Hal-PPIX nanomaterial (0.07 mmol g− 1) 
resulted in different diffusion behaviors in water, as evidenced by DLS 
measurements. Specifically, a Z-average size of 1060 ± 60 nm was 
observed, indicating some aggregation phenomena. The successful 
modification was further verified by FT-IR spectroscopy (Fig. 5c). The 
photophysical properties showed that, similarly to that observed for Hal- 
PPIX nanomaterial, the Hal-PPIX@Zn one present the typical absorption 
and emission features of PPIX@Zn (Fig. 5d) (Peixoto et al., 2021). In 
particular, in the fluorescence spectrum of Hal-PPIX@Zn nanomaterial 
is clearly observable, beside the typical emission band of PPIX, an 
additional band related to the electron transfer between the metal and 
the porphyrin π system that are not influenced by the presence of Hal 
(Fig. S4).

Morphological studies of the Hal-PPIX@Zn nanomaterial revealed 
the presence of organized structures where the PPIX@Zn is uniformly 
distributed on the overall tube surface as shown by the EDX elemental 
mapping (Fig. 6). To verify that the PPIX and PPIX@Zn retained their 

Fig. 5. (a) Cartoon representation of the hypothetic structures of Hal-PPIX@Zn nanomaterial; (b) TGA and (c) FT-IR spectra of Hal-SH and Hal-PPIX@Zn nano
materials, (d) extinction (black line) and emission (blue line) spectra of Hal-PPIX@Zn nanomaterial (1 mg mL− 1, DMSO, r.t.). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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photosensitizer properties after being linked to the Hal external surface, 
the generation of reactive oxygen species (1O2) by these nanomaterials 
was evaluated both chemically and biologically.

For a chemical point of view, preliminary studies were performed to 
investigate the ability of Hal-PPIX and Hal-PPX@Zn nanomaterials to 
produce 1O2 using UV–vis spectroscopy. In particular, the changes in the 
UV–vis spectrum of 1,3-diphenylisobenzofuran (DPBF), a common 1O2 
scavenger, were monitored under laser irradiation (650 nm, 200 mW). 
Although porphyrins are most efficiently activated at the Soret band, 
this wavelength is less suitable for PDT due to significant light attenu
ation in the superficial tissue layers. Therefore, taking advantage of the 
presence of Q-bands in the 500–700 nm range, we selected a laser 
irradiation at 650 nm. As shown in Fig. 7a-b, the UV–vis absorbance 
intensity of DPBF in the presence of Hal-PPIX or Hal-PPIX@Zn nano
materials (at concentration of 0.5 mg mL− 1 and 0.1 mg mL− 1, respec
tively, corresponding to a sensitizer concentration of 0.02 mM in both 
cases) decreased under laser irradiation, indicating that the nano
materials induced some effects. Conversely, the UV–vis absorption of the 
DPBF solution did not show any change under laser irradiation in 
absence of the nanomaterial. Similarly, no effects were observed in the 
presence of pristine Hal (Fig. 7c).

From the slope of the graph obtained by plotting the changes in 
absorbance of DPBF in the presence of Hal-PPIX and Hal-PPIX@Zn 
nanomaterials against irradiation time, the singlet oxygen quantum 

yields were calculated taking as reference methylene blue (MB) 
(ΦΔ(1O2)MB = 0.52 in DMSO) (Nagy-Simon et al., 2018; Stoean et al., 
2024). Calculations gave ΦΔ(1O2)nanomaterial of 0.20 and 0.45 for Hal- 
PPIX and Hal-PPIX@Zn, respectively, showing higher 1O2 production 
from Hal-PPIX@Zn in comparison to Hal-PPIX (Hou et al., 2022).

From a biological point the view, to further evaluate the potential of 
the Hal based PPIX nanomaterials as photosensitizers, the multidrug 
resistant leukemia cell lines (HL-60R) were used as a model by MTS test 
in the absence or presence of light. These cells were selected because, 
being a suspension cell line, they could be irradiated more efficiently 
under the experimental conditions adopted. Additionally, as a drug- 
resistant cell line, they represent a more challenging model to assess 
the efficacy of the treatment. Finally, HL-60R cells have a relatively 
short doubling time (about 24 h), which makes them ideal for short-term 
experiments. Initially, the HL60R cells were incubated with the Hal- 
PPIX and Hal-PPIX@Zn nanomaterial for 24 h in dark conditions. As 
shown in Fig. 8a no significant impact on cells viability was observed, 
suggesting that both nanomaterials are biocompatible in the absence of 
light and can be utilized as potential photosensitizer for PDT (Semeraro 
et al., 2018). However, after laser irradiation (650 nm, 5 min, 200 mW) a 
notable phototoxicity effect was observed for both nanomaterials. 
Interestingly, the Hal-PPIX@Zn nanomaterial demonstrated a stronger 
photo-toxic response compared to Hal-PPIX, in agreement with the 
higher photodynamic properties of metalloporphyrins over metal-free 

Fig. 6. (A) TEM image; (B) HAADF/STEM with elemental mapping images; (C) EDS analysis of Hal-PPIX@Zn nanomaterial.

Fig. 7. Absorption spectra of DPBF and Hal-PPIX (a) or Hal-PPIX@Zn (b) dispersions in DMSO during sequential irradiations at 650 nm up to 20 min. (c) Plot of 
changes in DPBF absorbance at 413 nm against irradiation time in the absence (control) and in the presence of Hal, Hal-PPIX or Hal-PPIX@Zn in DMSO.

M. Massaro et al.                                                                                                                                                                                                                               Applied Clay Science 276 (2025) 107942 

9 



porphyrins.
This confirmed once again that the inclusion on Zn2+ ions amplifies 

the efficiency of the photosensitizing effect, making Hal-PPIX@Zn a 
more potent option for PDT applications.

To further assess the antiproliferative activity of both Hal-PPIX and 
Hal-PPIX@Zn nanomaterials after laser irradiation, the cells morpho
logical changes before and after laser irradiation were studies by their 
staining with acridine orange (Fig. 8b). As it is possible to observe from 
Figure 10bi cells of the control group, treated with laser (Fig. 8bii) or 
with both Hal-PPIX (0.95 mg mL− 1) and Hal-PPIX@Zn (0.16 mg mL− 1) 
nanomaterials (Fig. 8biii and 8bv) are alive and emitted a green fluo
rescence in a circular pattern showing an organized chromatin structure. 
Conversely, after laser irradiation (5 min) in the presence of the devel
oped nanomaterials (Fig. 8biv and 8bvi, respectively), early apoptotic 
cells were identified since they exhibit nuclear chromatin condensation 
as dense green spots, nuclear fragmentation and loss of membrane 
function.

3.2. Chitosan films: mechanical and morphological characterization

To explore the application of the synthesized nanomaterials in 
biomedical platforms, Hal-PPIX and Hal-PPIX@Zn were incorporated 
into chitosan films forming nanocomposites matrices. The incorporation 
of nanomaterials into chitosan films is vital for the future development 

of controlled delivery platforms for photosensitizers. This strategy en
ables localized application and enhances retention at the target site, 
potentially improving the precision and effectiveness of PDT.

The effects of the chitosan filling with Hal-PPIX and Hal-PPIX@Zn 
nanomaterials on the tensile performances of the biopolymeric film 
were investigated by Dynamic Mechanical Analysis (DMA). It should be 
noted that the concentration of the nanofiller was fixed at 5 wt%. Fig. 9
displays the stress vs strain curves of chitosan/Hal-PPIX and chitosan/ 
Hal-PPIX@Zn nanocomposite films. Based on the analysis of stress vs 
strain curves, we calculated the tensile properties in terms of elastic 
modulus (E), stress at breaking point (σr) and ultimate elongation (εr). 
The data obtained were compared to those of chitosan and chitosan/Hal 
films (Table 4) We observed that chitosan/Hal-PPIX@Zn possesses the 
smallest values for all tensile parameters. The lowest value for the elastic 
modulus could be an indication of the highest flexibility in comparison 
with the other films. On the other hand, the addition of both Hal and 
Hal-PPIX generated negligible changes on E and σr of chitosan, while the 
ultimate elongation was significantly reduced. Additionally, Atomic 
Force Microscopy (AFM) (Fig. 10) was employed to investigate the 
surface morphology of the films, which is crucial for understanding the 
dispersion of nanomaterials within the chitosan matrix and their po
tential release behavior.

The topographical analysis performed on the thin film deposited by 
spin coated on silicon surface, exhibits the formation of a homogeneous 

Fig. 8. (a) Evaluation of cytotoxicity after treatment with control, laser control, Hal-PPIX and Hal-PPIX@Zn nanomaterial under laser irradiation. The data represent 
the means ± standard deviations (SDs) of 3 independent experiments. In each graph, different letters above the columns indicate significant differences (p < 0.05) in 
cell viability; (b) Representative fluorescence microscopy images of morphological changes in HL-60R cell nuclei analyzed by acridine orange staining; (40×
magnification); i) control, ii) laser control; iii) Hal-PPIX; iv) Hal-PPIX + laser; v) Hal-PPIX@Zn and vi) Hal-PPIX@Zn + laser.
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layer of chitosan films and a uniform distribution of bare Hal, as well as 
functionalized ones onto surfaces (Fig. S6).

In particular, Fig. 10a shows the morphology of a thin layer of 
pristine chitosan on the surfaces. The addition of halloysite nanotubes 
within the chitosan film results in an increase layer thickness. Further
more, as depicted in Fig. 10b, these nanotubes are observable at the 
interface, where they are slightly covered by the polymer matrix. It is 
important to mention that the influence of chitosan embedded with Hal- 
PPIX and Hal-PPIX@Zn is evident in the AFM height images, where the z 
range value (related to the film thickness) is greater than that observed 

in earlier samples. This observation likely arises from the strong in
teractions between the porphyrin- functionalized Hal and the chitosan, 
leading to a strong incorporation of the functionalized Hal within 
polymer matrix as reported in Fig. 10c-f. In conclusion, it is important to 
highlight that the 3D image of the Hal-PPIX@Zn film (Fig. 10f) shows 
small spikes on the external surface of the Hal. These spikes are likely a 
result of the immobilized zinc complex at the interface, thereby vali
dating the successful surface functionalization of the Hal.

4. Conclusion

In this study, we developed chitosan-based nanocomposite films 
incorporating halloysite nanotubes covalently functionalized with Pro
toporphyrin IX (PPIX) and its Zn2+ complex (PPIX@Zn). The covalent 
anchoring strategy enabled stable integration of the photosensitizer onto 
the HNT surface, improving its solubility, dispersibility, and photody
namic performance. The resulting Hal-PPIX and Hal-PPIX@Zn nano
materials efficiently generated singlet oxygen under visible light 
irradiation and exhibited phototoxic effects against multidrug-resistant 
leukemia cells (HL-60R), confirming their potential as light-activated 
therapeutic agents. When embedded in the chitosan matrix, the nano
materials formed homogeneous, flexible films with tunable mechanical 
properties and well-defined surface morphology as confirmed by DMA 
and AFM, respectively. The functionalized Hal with protoporphyrin and 
its zinc complex induces a higher interaction with chitosan matrix 
inducing an increase in layer thickness. Moreover, the Hal-PPIX@Zn 
nanomaterial is visible in the morphology of the final nanocomposite, 
confirming the correct functionalization at interfaces. These results 
demonstrate the potential of Hal-based nanocomposites as effective, 
tunable systems for localized photodynamic therapy, with promising 
future applications in cancer treatment. These findings highlight the 
potential of covalently functionalized halloysite as a smart nanofiller for 
polysaccharide-based biomedical platforms. The proposed system rep
resents a promising candidate for localized photodynamic therapy, 
particularly in the treatment of skin-related malignancies. Future work 
will focus on optimizing the nanocomposite formulation and evaluating 
its performance in vivo models.
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Nikezić, A.V.V., Bondžić, A.M., Vasić, V.M., 2020. Drug delivery systems based on 
nanoparticles and related nanostructures. Eur. J. Pharm. Sci. 151, 105412.
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