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a Dipartimento di Farmacia, Università degli Studi di Napoli Federico II, Via Domenico Montesano 49, 80131 Napoli, Italy 
b Dipartimento di Scienze e Tecnologie Biologiche, Chimiche e Farmaceutiche (STEBICEF), Università di Palermo, Viale delle Scienze, 90128 Palermo, Italy 
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A B S T R A C T   

Peptide nucleic acid (PNA) is a DNA mimic that shows good stability against nucleases and proteases, forming 
strongly recognized complementary strands of DNA and RNA. However, due to its feeble ability to cross the 
cellular membrane, PNA activity and its targeting gene action is limited. Halloysite nanotubes (HNTs) are a 
natural and low-cost aluminosilicate clay. Because of their peculiar ability to cross cellular membrane, HNTs 
represent a valuable candidate for delivering genetic materials into cells. Herein, two differently charged 12-mer 
PNAs capable of recognizing as molecular target a 12-mer DNA molecule mimicking a purine-rich tract of 
neuroglobin were synthetized and loaded onto HNTs by electrostatic attraction interactions. After character
ization, the kinetic release was also assessed in media mimicking physiological conditions. Resonance light 
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Antisense strategy 
PNA 

scattering measurements assessed their ability to bind complementary single-stranded DNA. Furthermore, their 
intracellular delivery was assessed by confocal laser scanning microscopy on living MCF-7 cells incubated with 
fluorescence isothiocyanate (FITC)-PNA and HNTs labeled with a probe. The nanomaterials were found to cross 
cellular membrane and cell nuclei efficiently. 

Finally, it is worth mentioning that the HNTs/PNA can reduce the level of neuroglobin gene expression, as 
shown by reverse transcription-quantitative polymerase chain reaction and western blotting analysis.   

1. Introduction 

The design of multifunctional materials capable of performing with 
high selectivity and specificity multiple synergistic functions in living 
cells is crucial for developing smart systems for application in nano
medicine [1]. In the last few years, the peptide nucleic acid (PNA) DNA 
mimics have shown promising properties as gene-modulating agents. 
PNAs interact with complementary single-stranded DNA or RNA with 
higher affinity than their natural counterparts, thanks to the lower 
electrostatic repulsion resulting from the lack of phosphate moieties in 
their N-(2-aminoethyl)glycine repeating units backbone [2]. This criti
cally property, together with the low toxicity and the high chemical and 
enzymatic stability [3], make PNAs powerful tools in the biomedical 
field for the development of efficient antigene [4–6], antisense [7–9], 
and anti-miRNA [10–14] strategies, as well as in biosensing [15,16]. 
Despite these remarkable advantages, using PNAs in medical applica
tions remains a challenge because of the PNAs’ poor water solubility and 
poor cell permeability. Accordingly, PNAs need to be delivered by car
rier systems. Over the last decades inorganic and organic nanomaterials 
have emerged as efficient multifunctional carrier systems for drug de
livery thanks to their unique properties, such as the nanoscale size, the 
high surface area, and the easily tunable surface chemistry. Conjugation 
of anticancer therapeutics to nanomaterials functionalized with chemi
cal moieties capable of selectively recognizing specific cancel cells will 
allow effective and targeted delivery of PNAs into tumor tissues [17,18]. 
In addition, the implementing of rationally designed functionalization 
strategies, which exploit the physical encapsulation and/or chemical 
conjugation of different drugs to the same nanocarrier, allows the 
development of multidrug-releasing platforms that improve the efficacy 
of treatments [19]. In this context, clay minerals, phyllosilicates with 
nanometric dimensions used in healthcare since ancient times due to 
their intrinsic properties, are among the most promising [20]. Among 
them, halloysite (Al2Si2O5(OH)4⋅nH2O), an aluminosilicate clay mineral 
belonging to the kaolin group, holds great potential as a drug carrier 
because of its peculiar tubular nanostructure (usually referred to as 
halloysite nanotubes, HNTs). 

Compared to other nanomaterials, HNTs are natural, available in 
large amounts at low cost, and, thanks to the empty lumen (Ø 15 nm), 
can be used for loading hydrophobic molecules ensuring their slow and 
sustained release [21,22]. HNTs consist of rolled kaolinite sheets, where 
siloxane groups are localized at the external surface, and the aluminum 
hydroxide ones are exposed in the lumen. Consequently, the HNTs’ 
outer surface is negatively charged, whereas the inner lumen is positive 
[23]. The opposite charges localization significantly influences the ag
gregation and dispersion of HNTs in aqueous media and opens the way 
to the differential functionalization of the external surface and lumen. 
Different studies assessed the biocompatibility of HNTs [24] and proved 
that HNTs penetrate the external cellular membrane and accumulate in 
the perinuclear area [25–27]. This ability allows the transport and 
release even high molecular weight potential drugs into the cytoplasm 
[28]. 

In a recent work, halloysite nanotubes were used as carriers to 
enhance the solubility of a PNA model strand and allow its delivery into 
breast cancer (MCF-7) and multidrug-resistant acute myeloid leukemia 
(HL60-R) human cancer cell lines [29]. The fluorescently labeled 4mer 
TCGA PNA sequence was covalently attached to the external halloysite 
surface through a pH-sensitive imine bond, and its cellular uptake was 

assessed by confocal laser-scanning microscopy. The analysis of the 
CLSM images confirmed that HNTs could efficiently transport the PNA 
cargo inside the cells near the perinuclear region. More recently, su
pramolecular interactions between differently charged PNA tetramers 
and HNTs highlighted selective surface modification depending on the 
PNA tetramer’s charge, influencing their kinetic release in media 
mimicking physiological conditions [30]. 

Herein, to translate the positive results of the proof-of-concept study 
regarding interactions of differently charged PNA tetramers with HNTs 
[30], two different 12-mer PNA molecules, bearing polylysine (PNA(+)) 
or a two serine-phosphate (PNA(–)) tail (Table 1), were synthesized to 
achieve a selective functionalization of the outer or inner surface of 
HNTs, respectively (Fig. 1), using electrostatic interactions. The 12-mer- 
PNA molecules possess nucleobase sequence capable of recognizing as 
molecular target a 12-mer DNA molecule mimicking a purine-rich tract 
of neuroglobin (NGB) mRNA as assayed by using electrophoretic (PAGE) 
and spectroscopic techniques (circular dichroism (CD) and CD melting). 
It is reported that NGB protein is upregulated in glioma [31], breast 
[32], and non-small cell lung cancer tissues [33] compared to healthy 
tissues; thus, the inhibition of its expression by using an antisense 
pyrimidine-rich 12-mer PNA complementary to the selected tract of the 
NGB mRNA could represent a real-world scenario to assess the poten
tialities of the proposed HNTs-based PNA delivery system. 

After the PNA(+) and PNA(–) molecules synthesis and character
ization, they were loaded onto HNTs surfaces and the successful func
tionalization was verified by Fourier-transform infrared spectroscopy 
(FT-IR) and thermogravimetric analysis (TGA). The aqueous mobility 
upon functionalization was studied by dynamic light scattering (DLS) 
measurement and the overall charge by ζ-potential investigations. The 
morphology of the nanomaterials was investigated by transmission 
electron microscopy (TEM). Once verified the selective surfaces func
tionalization, both PNAs were simultaneously loaded onto HNTs (HNTs/ 
PNA(–)/PNA(+)). To evaluate the PNA release performances of the 
obtained complexes, the kinetic release of the PNA molecules from 
HNTs/PNA(–), HNTs/PNA(+) and HNTs/PNA(–)/PNA(+) nano
materials was investigated by dialysis bag method in media mimicking 
physiological conditions. Furthermore, the ability of HNTs/PNA nano
materials to bind complementary single stranded DNA was assessed by 
resonance light scattering (RLS) measurements choosing HNTs/PNA(+) 
as model. 

To study the capability of the HNTs based nanocarriers to deliver 
their PNA cargo into cells, cell uptake studies were performed by 
confocal laser scanning microscopy (CLSM) on MCF-7 cells incubated 
with HNTs functionalized with fluorescein isothiocyanate (FITC)- 
labelled PNA(+) and PNA(–). Furthermore, to verify the nuclear uptake 
of both components of the developed nanomaterials (HNTs and PNAs), 

Table 1 
Sequences of PNAs used in this study.  

Sample Sequence 

PNA(+) H2N-cccacctctgcc-(lys)6-CONH2 

FITC-PNA(+) FITC-(AEEA)2-cccacctctgcc-(lys)6-CONH2 

PNA(–) H2N-cccacctctgcc-gly-ser(P)-ser(P)-gly-CONH2 

FITC-PNA(–) FITC-(AEEA)2-cccacctctgcc-gly-ser(P)-ser(P)-gly –CONH2 

DNA1 d5΄-GGCAGAGGTGGG-3΄ 
DNA2 d5΄-CCCACCTCTGCC − 3΄ 

PNA bases in lowercase letters. 
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these were labeled with a fluorescent probe (1Cl) [27] and the cell 
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). 

Finally, to evaluate the ability of HNTs/PNAs to recognize a cellular 
target, therefore validating the intracellular and nuclear uptake of the 
synthetized nanomaterials, MCF-7 cells were incubated in the presence 
of PNA(+), HNTs or HNTs/PNA(+) and the reduction of the level of 
neuroglobin gene expression was evaluated by reverse transcription- 
quantitative polymerase chain reaction (RT-qPCR) and western blot
ting analysis. 

2. Results and discussion 

2.1. Design and synthesis of DNA and PNA molecules 

We used publicly available bioinformatic tools to select the nucleo
base sequence for the synthesis of a PNA molecule capable of down
regulating the NGB expression at the translational level. At first, we 
visually inspected the mature NGB mRNA (NCBI Reference Sequence: 
NM_021257.4) searching for purine-rich 12-nucleotides-long short se
quences to be targeted by a pyrimidine-rich complementary antisense 
PNA because of the higher synthetic yield achievable for the synthesis of 
PNA strands having a high pyrimidines content (https://www.pnabio. 
com/support/PNA_Tool.htm). Then, using the OligoAnalyzer™ Tool 
(https://eu.idtdna.com) we chose among the selected candidates the 12- 
mer GGCAGAGGTGGG sequence whose complementary PNA strand was 
predicted to be less prone to fold into ordered secondary structures or 
self-dimers. Accordingly, using the solid phase strategy described in the 

Experimental Section we synthesized the PNA(+) and PNA(–) molecules 
(Table 1) bearing a six lysins or a two serine phosphate tail at their 
carboxamide end to allow the electrostatic interaction with the outer 
and inner surfaces of HNTs, respectively. We also synthesized the FITC 
labelled FITC-PNA(+) and FITC-PNA(–) to monitor the delivery and 
cellular localization of the PNA cargo by HNTs in MCF-7 cells using 
CLSM. 

Considering that the stability of PNA-RNA duplexes is higher than 
those of corresponding PNA-DNA analogs [34] and the higher resistance 
towards nucleases of DNA strands compared to the corresponding RNA 
strands, we synthesized the 12-mer DNA analog of the target mRNA 
sequence (DNA1, Table 1) to assess the hybridization of PNA(+) and 
PNA(–) with the complementary DNA target model (PNA/DNA 1:1 
ratio) using PAGE, CD, and CD melting analyses. 

The molecular size of the complexes formed by incubating FITC-PNA 
(+) with DNA1 was examined by PAGE analysis in 100 mM PBS (Fig. 2) 
using the migration rate of DNA1, its complementary DNA strand DNA2, 
and that of the DNA1/DNA2 duplex as controls. The gel was visualized 
by UV irradiation at 260 nm and 365 nm, and by Sybr Green staining 
(transilluminator at 260 nm) to reveal the DNA, the FITC labelled PNA, 
and the DNA ladder, respectively. The annealed DNA1/DNA2 mixture 
migrated as one single band having a mobility similar to the 10 bp DNA 
ladder, in agreement with the expected mobility of the 12-mer DNA 
duplex model (lane 1A, Fig. 2). The gel runs of DNA1 and DNA2 (lanes 2 
and 3, respectively, Fig. 2A) were characterized by the presence of a 
strong band having a mobility within the 5–10 bp DNA ladder range due 
to the random coil DNA strands. The second pale band observed in lane 

Fig. 1. Structure of the synthesized (a)12-mer-PNA molecules and (b) HNTs based nanomaterial.  
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2A revealed that DNA1 formed a small amount of higher molecular 
weight aggregates. The migration pattern of the FITC-PNA(+)/DNA1 
1:1 mixture was characterized by the disappearance of the band as
cribable to the single strand DNA1 and the presence of two new more 
retained bands. We attributed the faster band to high molecular weight 
aggregates of DNA1, and the second most retarded band to the FITC- 
PNA(+)/DNA1 heteroduplex. This hypothesis was strengthened by the 
FITC-induced yellowish color observed for this band under 365 nm UV 
lamp irradiation (lane 4B, Fig. 1). A small amount of the not migrating 
unbound FITC-PNA(+) was observed on the bottom of well 4 because of 
its positive charge and the absence of interaction with the negatively 
charged DNA1. 

To further confirm the formation of the PNA(+)/DNA1 heteroduplex 
and estimate its thermal stability we performed CD and CD melting 
analyses in comparison with the corresponding DNA duplex (Fig. 3A). 
The CD spectrum of DNA1/DNA2 mixture (solid line) showed the typical 
spectrum of an antiparallel DNA duplex, with two positive bands at 204 
and 268 nm and a negative band at 238 nm [35]. The CD profile of PNA 
(+)/DNA1 sample (dashed line) was in agreement with those reported 
for antiparallel PNA/DNA heteroduplexes [36], featuring two CD 

maxima at 221 and 266 nm and one minimum at 243 nm, thus con
firming the formation of the PNA/DNA heteroduplex. Moreover, we 
observed a significant increase in the intensity of the positive dichroic 
signal at 266 nm for PNA(+)/DNA1 relative to DNA1/DNA2 profile. 
This evidence can be ascribed to the higher affinity of PNA strands for 
the complementary RNA and DNA strands due to the absence of charges 
in the PNA backbone that reduces the electrostatic repulsion between 
the two molecules. The CD melting curve reported in Fig. 2B allowed us 
to estimate the apparent melting temperature of the PNA(+)/DNA1 
heteroduplex in near physiological condition. The calculated value of 
68 ◦C resulted to be considerably higher than those estimated for the 
corresponding DNA/DNA and RNA/DNA analogues (respectively equal 
to 52.6 and 55.3 ◦C according to the prediction given by the OligoA
nalyzer™ Tool) and significantly higher than the physiological body 
temperature. 

2.2. Synthesis of HNTs/PNA nanomaterials 

The loading of PNA(+) and PNA(–) into halloysite nanotubes was 
carried out by mixing a dispersion of halloysite in CHCl3 (25 mg mL− 1) 

Fig. 2. PAGE revealed at 260 nm (A), 365 nm (B) using an UV–Vis lamp and after Sybr Green staining at 260 nm using a Biorad transilluminator (C). Lane 1A: DNA1/ 
DNA2 mixture 1:1; lane 2A: DNA1 alone; lane 3A: DNA2 alone; lanes 4A and 4B: FITC-PNA(+)/DNA1; lanes 5: DNA ladder. All samples were annealed at 1 mM 
concentration in the presence of PBS 100 mM buffer, pH 7.4. 

Fig. 3. (A) CD profiles of DNA1/DNA2 (solid line) and PNA(+)/DNA1 (dashed line). The samples were annealed at the 20 µM single strand concentration in 100 mM 
PBS buffer, pH 7.4. (B) CD melting curve of PNA(+)/DNA1 recorded at 266 nm. (C) Table of CD minima and maxima. 
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with 0.5 mL of 2 mg mL− 1 aqueous solution of PNA(+) or PNA(–). For 
samples incubated with PNA(–), the fresh dispersions were evacuated 
for 3–5 min to promote the loading of the molecule into the HNTs lumen 
and left to stir at room temperature for 18 h. After work-up, the amounts 
of PNA loaded into HNTs were determined by thermogravimetric ana
lyses (TGA) as of ca. 1.2 wt% and 1.3 wt% for HNTs/PNA(–) and HNTs/ 
PNA(+), respectively (Scheme 1). 

The HNTs/PNA nanomaterials were characterized by FT-IR spec
troscopy and TGA, and the colloidal properties were estimated by DLS 
and ζ-potential measurements. Furthermore, the morphology of the 
nanomaterials was imaged by TEM and high-angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM). 

In Fig. 4a are reported the FT-IR spectra of the HNTs/PNA(–) and 
HNTs/PNA(+) nanomaterials and for comparison the FT-IR spectrum of 
pristine HNTs. As it is possible to observe, the HNTs spectrum shows two 
bands at 3622 and 3693 cm− 1 corresponding to the O–H stretching of 
the inner hydroxyl groups and outer surface hydroxyl groups, respec
tively [37]. Additionally, a broad signal at 1640 cm− 1 is attributed to the 
H–O–H bending of H-bonded water on the halloysite structure, which 
corresponds to the broad O–H stretching signal at 3550 cm− 1. Apical 
Si–O and Si–O–Si stretching vibrations provided the bands at 1115 
and 1031 cm− 1, respectively. The bands at 753 and 690 cm− 1 derive 
from the perpendicular Si–O stretching vibration. The O–H deforma
tion vibration of inner Al–O–H groups generates the band at 912 cm− 1. 
Beside these typical bands, the FT-IR spectra of both nanomaterials show 
additional vibration bands, such as the bands at ca. 2900 and 2850 cm− 1 

which arise from the stretching vibration of methylene groups and some 
bands in the range 1600–1400 cm− 1 attributable to the stretching of 
C––N and C––C groups of the organic molecules loaded into the HNTs 
lumen. 

Fig. 4b shows the TGA curve of HNTs/PNA(–), HNTs/PNA(+) and 
that of pristine HNTs. All present the typical mass loss of halloysite, due 
to expulsion of the interlayer water molecules of HNTs. By comparing 
the TGA curves of HNTs/PNA(–) and HNTs/PNA(+) nanomaterials with 
that of the pristine HNTs, a slight mass loss between ~ 240–290 ◦C is 
observed for both samples, a bit more pronounced for HNTs/PNA(–). 
Such mass loss was attributed to the removal of the PNA currently to the 
elimination of some residual water molecules adsorbed onto halloysite 
surface of the samples. By increasing the temperature, the mass 
continued gradually to decrease up to the massive weight loss in the 
range between 450 and 520 ◦C due to removal of the interlayer water 
molecules typical of HNTs structure. According to TG analyses, on the 
basis of the final mass value achieved at 900 ◦C, the loading of PNA was 
estimated to be ca. 1.2 wt% and 1.3 wt% for HNTs/PNA(–) and HNTs/ 
PNA(+), respectively. 

The structural characteristics of the HNTs/PNA(–) and HNTs/PNA 
(+) nanomaterials were investigated by monitoring their mobility in 
water through DLS measurements. By this technique, indeed, it was 
possible to calculate the average translational diffusion coefficient, 
which is related to the dimension and shape of the diffusing particles, 
their hydration, solvent viscosity, and aggregation phenomena. HNTs 
are anisotropic objects with a high aspect ratio, which can change due to 
functionalization. Moreover, particles ability to interact and aggregate 
can also depend on surface decoration. Thus, a detailed quantitative 
analysis of the results was hampered. Valuable information was ach
ieved by using the Stokes-Einstein equation to calculate the average 
diameter of the equivalent sphere, which can be considered as an index 
to follow the changes in particle dimensions and interparticle aggrega
tion. In this study, the Z-average size of the particles in dispersion were 
of ca. 480 nm and 1900 nm for HNTs/PNA(–) and HNTs/PNA(+), 
respectively. These results agree with the selective functionalization of 
HNTs surface, indeed in the case of HNTs/PNA(–), the value of the Z- 
average size agrees with the negatively charged PNA loading into HNTs 
lumen, being the average size of pristine HNTs of ca. 500 nm. 
Conversely, the high value of Z-average size obtained in the case of 
HNTs/PNA(+) is indicative with the functionalization of the external 
HNTs surface by the positively charged PNA(+), and what we observed 
was a collective motion of nanoparticles keep together by the supra
molecular association among the different PNA units. 

ζ-potential measurements showed that the HNTs/PNA(–) nano
material presents a negative charge (− 21.8 ± 0.8 mV), more negative in 
comparison to the ζ-potential of pristine halloysite (− 16 mV) further 
confirming the partial neutralization of the positive charge at the inner 
surface after PNA(–) loading. On the contrary, the ζ-potential value of 
HNTs/PNA(+) was ca. − 14.0 ± 0.9 mV in agreement with the func
tionalization of the HNTs external surface. These results were in 
agreement with literature data, reporting the use of halloysite as carrier 
for similar molecules [30]. 

The morphology of the different nanomaterials was imaged by TEM 
and high-angle annular dark field scanning transmission electron mi
croscopy (HAADF-STEM). The TEM image of the two HNTs/PNA 
nanomaterials (Fig. 5A and Fig. 6A) showed that structure of the HNTs 
nanomaterial was preserved after PNA loading. Both nanomaterials 
indeed exhibited the characteristic hollow tubular structure of halloysite 
with some differences. In comparison to the HNTs/PNA(–) nanomaterial 
(Fig. 5A), the TEM images of HNTs/PNA(+) nanomaterial showed a 
compact structure indicating the existence of some attraction in
teractions among the PNA molecules present at the HNTs external sur
face (Fig. 6A). 

Energy-dispersive X-ray spectroscopy (EDS) elemental mapping 

Scheme 1. Schematic representation of HNTs/PNA(–) and HNTs/PNA(+) nanomaterials.  
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showed that the PNA molecules were present on the overall surface of 
the tubes, as highlighted by the distribution of N atoms (highlighted in 
orange in all samples) and P atoms in the case of PNA(–) molecules 
(Fig. 4B-D and Fig. 5B-D). Moreover, close observation of the tubes 
showed the presence of N atoms mainly localized in proximity of HNTs 
lumen in the case of nanomaterial HNTs/PNA(–) (Fig. 5E), whereas they 
are mainly localized at the external surface of HNTs in the HNTs/PNA 
(+) nanomaterial as proven by EDS elemental mapping performed along 
the HNTs section (Fig. 6E). 

Once confirmed that the selective modification of HNTs surfaces 
occurs depending on the different charge of the PNA molecules, the 

double modification of HNTs was performed. Therefore, the PNA(–) 
loading into HNTs was carried out by vacuum cycling of a HNTs sus
pension in a saturated PNA(–) solution. This cycle was repeated several 
times to obtain the highest loading efficiency. After loading, the HNTs/ 
PNA(–) nanomaterial was recovered and suspended again in CHCl3 and 
then to this dispersion an aqueous solution of PNA(+) was added. 
Finally, the double modified HNTs/PNA(–)/PNA(+) nanomaterial was 
recovered and subjected to further investigations (Scheme 2). 

The aqueous dispersion of the HNTs/PNA(–)/PNA(+) showed a Z- 
average size value of ca. 1900 nm in agreement with the external surface 
functionalization and a ζ-potential value of ca. − 13.7 ± 0.8 mV further 

Fig. 4. (a) FT-IR spectra and (b) thermogravimetric curves of HNTs, HNTs/PNA(+) and HNTs/PNA(–) nanomaterials.  

Fig. 5. (A) TEM of the HNTs/PNA(–) nanomaterial. (B-C) EDX elemental mapping images. (D) EDS analysis and (E) EDS elemental mapping of N atoms along the 
selected area of the HAADF-STEM image of the HNTs/PNA(–) nanomaterial. 
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confirms the successful modification. 

2.3. Kinetic release 

To evaluate the performances of the obtained nanomaterials for 
application in biomedical field, the kinetic release of the different PNA 
molecules from HNTs/PNA(–), HNTs/PNA(+) and HNTs/PNA(–)/PNA 
(+) nanomaterials was evaluated by the dialysis bag method at pH 7.0 to 
mimic physiological conditions. The obtained kinetic data are reported 
in Fig. 7. As it is possible to observe, the HNTs/PNA(–) nanomaterial 
showed a fast release in the first 100 min where ca. 40 wt% of the total 
amount of PNA loaded is released, reaching the total amount released 
after 24 h. This release profile is coherent with the loading of molecules 
inside the HNTs lumen which benefit of slow and sustained release 
within time. On the contrary, the release of PNA molecules from HNTs/ 
PNA(+) nanomaterial was very fast reaching the 100 wt% of molecules 
released after ca. 300 min. This behavior agrees with the desorption of 

molecules from the HNTs external surfaces. A similar release profile was 
obtained in the case of the HNTs/PNAs nanomaterial. Also, in this case 
the total amount of PNA loaded was released in ca. 350 min. 

The kinetic data were analyzed by different mathematical models to 
obtain information about the release mode. Three different models, 
namely first-order, Power Fit, and the double exponential model (DEM) 
were applied. The obtained fits revealed that the release of PNA mole
cules from HNTs/PNA(–) follows the first order model (k = 0.0028 ±
0.0003 min− 1, R2 = 0.9911) indicating a diffusion from the HNTs lumen; 
similar results were obtained for the PNA release from HNTs/PNA(+) (k 
= 0.045 ± 0.005 min− 1, R2 = 0.9904). Conversely, the PNA release from 
the HNTs/PNAs nanomaterial is better described by DEM (R2 = 0.9984). 
Since DEM describes the release mode of two spectroscopically distin
guishable species, in this case we observed a fast release of the PNA 
molecules interacting with the HNTs external surface (k = 0.14 ± 0.01 
min− 1) and at the same time, a slower diffusion of the molecules from 
the HNTs lumen (k = 0.0040 ± 0.0008 min− 1). 

Fig. 6. (A) TEM of the HNTs/PNA(+) nanomaterial. (B-C) EDX elemental mapping images. (D) EDS analysis and (E) EDS elemental mapping of N atoms along the 
selected area of the HAADF-STEM image of the HNTs/PNA(+) nanomaterial. 

Scheme 2. Schematic representation of the synthesis of the double modified HNTs/PNA(–)/PNA(+) nanomaterial.  
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2.4. Study of the interaction between the HNTs/PNA(+) nanomaterials 
and the complementary DNA 

To verify if the PNA molecules loaded onto HNTs retained their 
ability to bind complementary DNAs some studies by Resonance Light 
Scattering (RLS) measurements were performed. This technique, based 
on the fluctuations of the solution refraction index, gives information 
about the presence of aggregates in solution and therefore it can be used 
for the determination of aggregation phenomena between molecules 
and nanomaterials. RLS experiments were performed by keeping HNTs/ 
PNA(+), chosen as model, concentration constant (0.002 mg mL− 1) and 
titrating with an increasing concentration of complementary ssDNA in 
the concentration range 0–15 μg mL− 1 at 25 ◦C. In Fig. 8 the trend of RLS 
intensity at 540 nm as function of DNA concentration is reported. As it is 
possible to observe the RLS intensity increases by increasing the amount 
of DNA added, reaching a plateau at a concentration of DNA of ca. 3 μg 
mL− 1 which corresponds to a stoichiometric ratio PNA/DNA of 1:1. 

2.5. Cellular uptake 

To study the capability of the HNTs carrier to deliver PNA molecules 
into cells, uptake studies were performed by CLSM using FITC-PNA(+) 
and FITC-PNA(–) which were obtained as described in the Experimental 
Section. 

The obtained FITC-PNA molecules (+and –) were loaded onto HNTs 
following the same procedure described above, obtaining fluorescent 
nanomaterials with a loading of PNA of ca. 1 wt% in both cases, namely 
HNTs/FITC-PNA(–) and HNTs/FITC-PNA(+), as estimated by TGA (see 
SI). As reported in Figure S14, the thermogravimetric curves exhibit the 
same behavior up to 500 ◦C, suggesting that in the range between 100 
and 500 ◦C the removal of the same species occurs for the two samples. 
Then, above 500 ◦C, the HNTs/FITC-PNA(+) starts to lose further weight 
up to reaching the residual mass value of 84.8 % at 900 ◦C. The HNTs/ 
FITC-PNA(–) giving the same curve as HNTs up to 650 ◦C, above such 
temperature degraded up to the final value of 84.8 % at 900 ◦C, as for the 
(+) peptide. 

The cellular uptake of the obtained nanomaterial was investigated by 
CLSM experiments. HNTs/FITC-PNA(–) and HNTs/FITC-PNA(+) nano
materials and for comparison FITC-PNA(–) and FITC-PNA(+) molecules 
(10 mM) were incubated on MCF-7 (breast cancer) living cell lines, at 
different time (3, 6 and 24 h). It was observed that after 3 h of incuba
tion, both FITC-PNA molecules did not penetrate cellular membranes, as 
proved by the green fluorescence localized outside cells (Figure S15A- 
C), in agreement with the low cellular permeability showed by this kind 
of molecules [38]. On the contrary, the HNTs/FITC-PNA(–) and HNTs/ 
FITC-PNA(+) nanomaterials were efficiently uptaken by the cells, as 
proved by the green spots localized in the perinuclear region 
(Figure S15D-F). 

Higher incubation time (6 h) highlighted that the nanomaterials are 
able to penetrate nuclear membrane, as demonstrated by Z-stacking 
experiments, imaging the three-dimensional shape of cells at various 
focal planes (data not shown). To further prove this finding, cell lines 
incubated for 24 h with the synthetized nanomaterials were washed, 
fixed, and stained with DAPI (diamidino-2-phenylindole), a blue fluo
rescent probe that shows a bright emission when bind the minor groove 
of double stranded DNA. As it is possible to observe from confocal im
ages (Fig. 9A-C), PNA(+) did not penetrate cellular membrane as shown 
by the absence of green fluorescence related to FITC-PNA inside cells 
(Fig. 9A). On the contrary, the co-localization of the blue fluorescence 
related to DAPI and the green one associated with both HNTs/PNAs 
nanomaterials, confirms the presence of the latter inside the cells with 
cytoplasmic and nuclear localization (Fig. 9B-C), in particular it infers 
that PNA molecules could bind cellular DNA at the level of nucleoli. 
Furthermore, close observations showed that in the cell treated with 
HNTs-PNAs nanomaterials, incomplete DAPI staining occurs probably 
because of a pairing of the PNA molecules with their complementary 
DNA. 

From a qualitative analysis HNTs/PNA(–) shows a lower nuclear 
uptake than HNTs/PNA(+) (Fig. 9D-E); this finding could be explained 
on the basis of the different interacting HNTs surface with the differently 
charged 12-mer-PNA molecules. HNTs/PNA(–), indeed, showed the 
presence of PNA(–) molecules into clay lumen, thus they are slowly 
released in physiological conditions (Fig. 9E); conversely HNTs/PNA(+) 
nanomaterial shows the PNA(+) at the HNTs external surface, more 
available to fast penetrate in the nuclear region (Fig. 9D). Enhanced 
cellular and nuclear uptake of halloysite-based nanomaterials was 
indeed detected when the HNTs external surface was modified with 
suitable molecules, such as carbon dots [39] or targeting molecules as 
biotin or folic acid [40–42]. 

Finally, to further verify that the green fluorescence observed inside 
cells is not only due to the FITC-PNA molecules but also to the HNTs/ 
PNA nanomaterial, the systems were also labelled with a fluorescent 
coumarin chromophore combined with a switchable halochromic oxa
zine (1Cl) that was shown to interact strongly with HNTs (Fig. 9F) [27]. 

Fig. 7. Kinetic release of PNA molecules from HNTs/PNA(–), HNTs/PNA(+), 
and HNTs/PNA(–)/PNA(+) nanomaterials at pH 7.0 and 37 ◦C averaged over 
two independent experiments. 

Fig. 8. Trend of RLS intensity at 540 nm of HNTs/PNA(+) nanomaterial 
(0.002 mg mL− 1) as a function of complementary DNA (ranging from 0 to 15 μg 
mL− 1), averaged over two independent experiments. 
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1Cl molecule has the peculiarity of emitting in different region of the 
electromagnetic spectrum in response to pH. As it is possible to observe, 
the co-existence of the three colors in the same cellular region (Fig. 9G- 
H), proves that all components of the HNTs/PNA nanomaterials (HNTs, 
1Cl, and PNA-FITC) penetrate into cells and thus, HNTs can represent a 
valuable carrier for the delivery of genetic material. 

2.6. Inhibition of the neuroglobin expression mediated by HNTs/PNA 

To evaluate the ability of HNTs/PNAs to recognize a cellular target, 
therefore validating the intracellular and nuclear uptake of the synthe
tized nanomaterials, MCF-7 cells were incubated in the presence of PNA 
(+), HNTs or HNTs/PNA(+) (10 µM), chosen as models, for 24 h and the 
reduction of the level of neuroglobin gene expression was evaluated by 
reverse transcription-quantitative PCR (RT-qPCR). No inhibition of the 
protein expression was observed after treatment with HNTs and PNA(+) 
molecules(Fig. 10), the latter further indicate that PNA(+) alone cannot 
penetrate cellular membrane as already observed by CLSM in
vestigations. Conversely, a clear reduction in neuroglobin expression 
was observed in the cells incubated with HNTs/PNA(+). 

Thus, the levels of the neuroglobin protein through western blotting 

analysis (Fig. 11) after 48 h of exposure to the HNTs/PNA(+) nano
material at the same concentrations used in the gene expression assays, 
was also evaluated. These results indicate that the loading of PNA(+) on 
HNTs improves its uptake and intracellular delivery in MCF-7 cells and 
drives targeted neuroglobin silencing. 

The cell viability assays showed that HNTs/PNA(+) treatment was 
not toxic to the cells up to 100 µM concentration. 

3. Conclusions 

The design of innovative nanosystems for the delivery of genetic 
material inside cells is a challenge for nanomedicine. Peptide nucleic 
acid (PNA) DNA mimics have shown promising properties as gene- 
modulating agents, but their clinical use if often limited, since they 
show a very low cellular uptake and, due to this currently only one PNA, 
among the different synthetized ones, is in clinical trials as drug [43]. 
Finding new carrier systems which can overcome this limitation is thus 
crucial. In the last years some inorganic systems, such as zeolite and 
silica, have been considered as carrier system for the delivery of PNA, 
and recently, the use of halloysite, a natural, biocompatible, and low- 
cost clay mineral resulted very promising for biotechnological 

Fig. 9. Merged CLSM images of MCF-7 cells incubated for 24 h with (A) FITC-PNA(+); (B-D) HNTs/FITC-PNA(+), (C-E) HNTs/FITC-PNA(–) fixed and stained with 
DAPI; (F) HNTs/1Cl; (G) HNTs/FITC-PNA(+)/1Cl and (H) HNTs/FITC-PNA(–)/1Cl. Scale bar: 50 μm, magnification 60×. 
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applications. The use of halloysite for the delivery of specific PNA 
molecules designed to selectively recognize a molecular target is not 
reported so far. 

In the present work, different HNTs based nanomaterials were 
developed for the intracellular delivery of antisense PNA molecules 
targeting the mature mRNA of neuroglobin gene. Two different 12-mer- 
PNA molecules, bearing positive and negative tails were ad hoc syn
thetized to achieve a selective HNTs surfaces’ modification by mean of 
electrostatic interaction with either the external HNTs’ surface or the 
internal lumen, respectively. 

Afterwards, the two 12-mer-PNA molecules were supramolecularly 
loaded onto HNTs and the obtained nanomaterials were thoroughly 
characterized by several techniques. FT-IR spectroscopy and TGA 
allowed us to confirm the presence of the PNA molecules onto HNTs, 
whereas by DLS and ζ-potential measurements it was confirmed the 
selectivity in the interaction. The HNTs/PNA(–) nanomaterial indeed 
showed a translational diffusion close to that of pristine HNTs and a 
ζ-potential value more negative than that of HNTs in agreement with 
PNA(–) lumen confinement. On the contrary, the HNTs/PNA(+) nano
material showed a slower diffusion mode in aqueous dispersion and 
ζ-potential value slightly more positive than that of HNTs confirming the 

PNA(+) interaction with HNTs external surface. 
Morphological investigations highlighted that the HNTs/PNA(+) 

nanomaterial showed a compact structure where the molecule is present 
at the clay external surface, as showed by the N elemental mapping 
extrapolated by EDS measurements. Once verified the selective surfaces 
functionalization, both PNAs were simultaneously loaded onto HNTs 
(HNTs/PNA(–)/PNA(+)) and the kinetic release of the different nano
materials was investigated by dialysis bag method in media mimicking 
physiological conditions. It was found that the PNA release is strictly 
correlated to the interaction surface onto HNTs. The PNA(+) molecules 
were indeed totally released from HNTs/PNA(+) nanomaterial in ca. 
350 min, whereas the release of PNA(–) from HNTs/PNA(–) nano
material is sustained over the time reaching the total release after 24 h. 
The release of PNA from the HNTs/PNA(–)/PNA(+) nanomaterial was 
found to be a combination of the two-release mode. 

The HNTs/PNA(+) nanomaterial, chosen as model, showed that the 
PNA molecule retains the ability to recognize complementary DNA as 
verified by RLS. 

The increase of cellular uptake of PNAs after their loading onto HNTs 
was verified by CLSM investigations on MCF-7 cell lines. Conversely to 
PNA molecules, the HNTs/PNAs nanomaterials penetrate the cellular 
membrane even after 3 h. After 24 h of incubation, the HNTs/PNAs 
nanomaterials were localized into cytoplasmatic area and in the nuclear 
region as confirmed by the nanomaterials labelling with a fluorescent 
probe and nuclei DAPI staining. 

The neuroglobin expression inhibition experiments prove the feasi
bility of the HNTs/PNA nanomaterials synthetized for future applica
tions, opening the use of HNTs as delivery systems for gene silencing 
therapy. Indeed, these experiments confirm that PNA molecules cannot 
be internalized into cells, whereas the HNTs/PNA nanomaterials can 
penetrate inside them, localizing into cytoplasmatic region, and 
depending on PNA nucleobase sequence, they can be uptaken also inside 
cell nuclei where they can recognize the complementary nucleobase 
sequence silencing the gene expression. 

The reported study represents a step forward to the use of HNTs as 
delivery system for PNA molecules and is promising for future applica
tions in gene therapy. In light of the non-biodegradability of halloysite, 
it is possible to hypothesize a future use of the developed systems for 
oral, topical, or local administration, for the treatment as example of 
solid tumors. Future works will be focused on the development of 
fluorescent carriers based on halloysite for the simultaneous co-delivery 
of PNAs and other therapeutic agents. 

Fig. 10. Evaluation of target mRNA expression levels in MCF-7 cell lines. For 
each condition, N = 3 technical replicates were used. Data are expressed as 
mean ± standard error of three experiments (Figure S5). Differences when 
treatments are compared to the control, *p < 0.01 (one-way ANOVA followed 
by Tukey’s test). 

Fig. 11. Western blotting analysis of the neuroglobin level in MCF-7 cells, (a) results expressed as relative protein level (mean ± standard error of two different 
experiments, Figure S6); β-actin was used as loading control. *HNT/PNA vs C P < 0.01 (one-way ANOVA followed by Tukey’s test); (b) results of a representative 
experiment. Irrelevant parts of the gel image (such as blank lanes and lanes with molecular weight markers) are deleted. The samples were derived from the same 
experiment and gels/blots were processed in parallel. 
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