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Current pesticide formulations suffer from instability and susceptibility to drift, which diminish their
effectiveness and harm the environment. To circumvent these challenges, we have developed a core-shell
carrier by employing in situ polymerization of dopamine on halloysite nanotubes (HNTs), loaded with the
antibacterial essential oil thymol. This hybrid system demonstrates a 2.5-fold higher content of loaded
thymol and a 3-fold slower release rate compared to a control lacking the 10 nm thick polydopamine layer.
Additionally, the polydopamine coating confers dual-stimuli responsiveness to both acidic pH (mimicking
plant infection sites) and near-infrared (NIR) irradiation (mimicking natural sunlight). Consequently, the
functionalized clay shows a 2.5-fold increase in inhibiting the major plant pathogen, Erwinia carotovora, at
pH 5 compared to a neutral pH. A similar trend is observed under NIR irradiation, attributed to the
photothermal properties of polydopamine in combination with thymol release. In terms of crop safety, our
polydopamine-coated HNT-based nanocarriers are found to be non-phytotoxic to tomato plants and
show no evidence of foliar uptake as confirmed by confocal microscopy. The mussel-inspired
polydopamine shell also enhances thymol stability under UV irradiation, and improves the wettability and
leaf adhesion of the formulation, thereby reducing drift under simulated rainy conditions. Ultimately, the
designed hybrid material exhibits superior in planta efficacy in controlling soft rot disease in tomato crops.
We believe our clay-based core-shell agro-nanocarrier loaded with thymol offers a sustainable alternative
to existing pesticide formulations while providing enhanced efficacy, stability, and crop safety.
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Environmental significance

Escalating global food demand necessitates extensive use of pesticides, which may contaminate soil and crops, exposing the consumer to toxic biocides.
Our sustainable nanoformulation, shown to be highly effective in controlling soft rot disease in planta, is composed of natural and biodegradable
components: a natural clay carrier, an antibacterial essential oil, that is generally recognized as safe, and the biocompatible polymer polydopamine. Not
only does the latter enable the sustained and triggered release of the active compound, but it also enhances foliar adhesion and UV stability of the
formulation, minimizing drift and obviating the need for repetitive applications, thus reducing the ecological footprint. Furthermore, we observed no foliar
uptake of the applied nanocarrier at the cellular level, mitigating its potential entry into the food chain.
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Introduction

includes the following: standard curve for TY absorbance in ethanol, FTIR spectra
of TY and TY-loaded HNTs, TGA and DTG curves of HNTs-based hybrids, TY
loading capacity of TY-loaded HNTs and TY-loaded HNTs/PDA hybrid, images
showing the effect of TY emulsion, and plain buffer solutions at pH 7 and pH 5 on
E. carotovora growth, temp. profile of deionized water, HNTs, PDA-coated HNTs,
and TY-loaded HNTs/PDA hybrid after irradiation with 808 nm NIR laser,
antibacterial activity HNTs and PDA-coated HNTs lacking TY with and without NIR
irradiation, fluorescence spectra of FITC-conjugated HNTs and FITC-conjugated
PDA-coated HNTs, confocal images of leaves (mesophyll cells and leaf epidermis)
after 24 h incubation with FITC-conjugated HNTs and FITC-conjugated PDA-coated
HNTs, confocal images of HNTs and PDA-coated HNTs treated leaves after PI-
staining, and photographs of uninfected and bacterial infected leaflets treated with
deionized water. (PDF). See DOI: https://doi.org/10.1039/d3en00934c
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Zero hunger is set as the second sustainable development
goal (SDG) of the United Nations towards 2030." One of the
main crops that holds ~20% of the global vegetable
consumption per year, is tomato (Solanum Lycopersicum L.),”
which is a rich source of vitamins, macro-, and
micronutrients, as well as phytochemicals.® Yet, tomato
production is greatly damaged by the soft rot disease caused
by Erwinia carotovora (E. carotovora),”> manifesting as
necrotic spots that rapidly expand on infected areas.®
Consequently, pesticides including copper cations are
extensively used to mitigate this disease.”® However, a
significant amount of the applied pesticide formulations is

This journal is © The Royal Society of Chemistry 2024
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lost due to drift,” which results in repeated pesticide
application. Not only is this uneconomical, but it also has
severe health and environmental implications,'®™"* and may
further induce pathogen resistance."*™® This calls for the
development of new sustainable formulations that include
eco-friendly active ingredients and a carrier for sustained
release.

Essential oils (EOs) have emerged as promising candidates
for serving as sustainable pesticides that had already evolved
through natural selection to protect plants against insects,
and pathogenic fungi or bacteria."®*®* Among EOs, thymol
(TY) has attracted significant attention due to its broad-
spectrum antimicrobial and insecticidal properties.'**
Moreover, several TY-containing formulations are registered
as pesticides in beehives by the U.S. Environmental
Protection Agency (EPA),>> and TY is categorized as GRAS
(generally recognized as safe) by the U.S. Food and Drug
Administration.”® Nonetheless, the efficacy of TY as a
pesticide is limited since it is highly volatile, light sensitive,
and poorly soluble in water, resulting in low residual
activity.>>>* To overcome these limitations, TY has been
incorporated into various micro- and nano-delivery systems
such as starch microspheres, liposomes, and f-cyclodextrin
complexes.>*>*72¢

In contrast to such synthetic approaches, natural
nanoclays, which are abundant and intrinsically mesoporous,
constitute a sustainable and cost-effective alternative.>”*®
One prominent candidate clay is halloysite nanotubes
(HNTs), which have been successfully utilized as carriers for
TY and other EOs allowing their sustained release.>**° HNTs
are 1:1 aluminosilicate clay minerals and exhibit a unique
tubular morphology with characteristic dimensions of 600-
900 nm, 50 nm, and 15 nm in length, outer and inner
diameter, respectively.’'** Recent studies have revealed that
HNTs are not more toxic than other high-aspect ratio
nanomaterials.**** In addition, HNTs (<1 mg mL™') were
found to be nonphytotoxic to wheat seedlings and even
beneficial for the proliferation of tobacco cells.*” Owing to
the abundance of HNTs combined with their beneficial
attributes, they have been extensively studied as nanocarriers
for numerous bioactive compounds.®® In addition, HNTs can
be physically and chemically modified to endow them with
new functionalities and tune the loading and release
behavior of guest molecules.***”~°

Polydopamine (PDA), a mussel-inspired biocompatible
polymer,*>*' has been widely investigated in combination
with HNTs.”*™** The catechol side group of PDA chain
strongly adheres to both organic and inorganic surfaces
through chemical and physical interactions;* thus, PDA-
coated particles strongly attach to plant leaves, minimizing
drift loss,*® even under humid conditions.*” In addition, the
melanin-like domains in PDA absorb near-infrared (NIR)
irradiation,”® and exhibit photothermal activity that could
trigger a pesticidal effect,"® or the release of active
compounds.”® At the same time, a PDA coating can also
shield the active ingredient against UV radiation.>® Moreover,
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the polymer degradation under acidic pH,"®”" facilitates
triggered release at low pH values,”® characteristic of
pathogenic infection of plants.”>*™’

In this study, we combine for the first time the three
components HNTs, TY, and PDA into an all-natural nano-
formulation for plant disease control using tomato as a
model plant and E. carotovora as a relevant model pathogen
responsible for the soft rot disease. HNTs were first loaded
with TY and then coated with PDA through the self-
polymerization of dopamine in TY-loaded HNTs dispersion.
The investigated multifunctional hybrids are shown to
promote the following: (1) sustained and pH-triggered release
of TY, (2) photo-triggered antibacterial effect, (3) prevention
of TY loss under UV radiation, and (4) prolonged pesticidal
activity by superior foliar adhesion tested in planta.

Experimental
Materials

Halloysite nanotubes were purchased from NaturalNano
(USA). Thymol (=98.5%), tween 80, dopamine hydrochloride
(98%), Tris-HCI (>99%), disodium hydrogen phosphate (ACS
reagent, =>99.0%), sodium citrate, (3-aminopropyl)
triethoxysilane (APTES), fluorescein isothiocyanate (FITC),
propidium iodide (PI), and agar were obtained from Sigma-
Aldrich, Israel. Acetone, absolute ethanol, citric acid, and
sodium chloride were obtained from BioLab, Israel. Tryptone
and yeast extract for Luria-Bertani (LB) medium were
supplied by Becton Dickinson (USA). Magnesium chloride
(anhydrous, 99%) was purchased from Alfa Aesar, Israel.
Sodium dihydrogen phosphate (Reag. Ph Eur) was purchased
from Merck, Israel. Citric acid and sodium citrate were used
for the pH 5 buffer preparation, and disodium hydrogen
phosphate and sodium dihydrogen phosphate were used for
the pH 7 buffer preparation. Milli-Q water (18 MQ cm) was
used to prepare all the solutions and is referred to as double-
distilled water (DDW) in this work.

Bacterial culture: E. carotovora Subsp. brasiliensis was
isolated from potatoes and kindly supplied by the Maon
Region Communities Cooperative, Israel.

Synthesis of TY-loaded HNTs/PDA hybrids

Thymol loading. HNTs were dried overnight at 150 °C,
prior to their use. TY was loaded into HNTs using the solvent
evaporation = method under vacuum  with  slight
modifications.*® First, 100 mg of HNTs were dispersed in a
solution of 200 mg TY in 5 mL acetone using a sonication
bath. The resulting dispersion was subjected to 30 min-long
vacuum cycles (10 bar), to facilitate the HNTs lumen air
replacement with the acetone-dissolved TY. Then, the
pressure was retained at atmospheric pressure and the
sample was re-dispersed in acetone (5 mL) by sonication for
30 s and subjected to 30 min-long vacuum cycle. In total, this
process was repeated for 5 cycles and the resulting loaded
HNTs sample was used for the subsequent dopamine
polymerization. Note that TY-loaded HNTs (no PDA), which
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were used as a control, were centrifuged and washed with
DDW (x3 times) following the loading process.

In situ dopamine polymerization. The resulting TY-loaded
HNTs were dispersed in 20 mL of Tris-HCI buffer (10 mM,
pH 8.5) and mixed with 1 mL solution of dopamine-HCI (80
mg mL™") in Tris-HCI buffer for 6 h at room temperature.”®>°
Subsequently, the reaction mixture was centrifuged at 17 000
x g for 10 min and the supernatant was discarded. The
obtained pellet was washed 3 times with distilled water by
centrifugation and dried overnight under vacuum at room
temperature. The same procedure was also followed for in
situ polymerization of dopamine onto pristine HNTs.

Characterization

The morphology of pristine HNTs and HNTs/PDA hybrids
was characterized using an FEI Tecnai G2 T20 S-Twin
transmission electron microscope (TEM) at an accelerating
voltage of 200 keV. The samples were prepared by mounting
5 uL the respective HNTs dispersion (1 mg mL™") on a carbon
type-B grid and dried overnight in a desiccator. Scanning
electron microscopy-energy dispersive X-ray (STEM-EDX)
measurement was performed by an EDAX EDS detector on
samples mounted on nickel grids with a silicon oxide
support. EDX data were processed by TIA (TEM Imaging &
Analysis) software version 4.12, FEI Company, OR, USA.

Thermogravimetric analysis (TGA) was carried out using a
TGA Q5000 instrument (TA Instruments, USA) in a dynamic
high-resolution mode (resolution number: 6; sensitivity value:
1). the samples were heated at a rate of 10 °C min™" up to
600 °C. TGA results were analyzed by Universal Analysis 200
version 4.5A build 4.5.0.5 software.

The chemical composition of HNTs before and after
modification was investigated by attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectroscopy using a
Thermo 6700 FTIR spectrometer (USA) equipped with a Smart
iTR diamond ATR device.

The zeta potential values of pristine and modified HNTs
dispersions were measured in aqueous conditions at neutral
pH (0.5 mg mL™ in DDW) by a Malvern Zetasizer Nano ZSP
instrument (UK) at 25 °C.

The optical absorbance of pristine and modified HNTs
dispersions (following each stage of modification) were
recorded at a concentration of 1 mg mL ™" using a multimode
plate reader (Varioskan, Thermo Fisher Scientific, USA).

Quantification of thymol loading

TY content in TY-loaded HNTs and TY-loaded HNTs/PDA
hybrids was quantified by its extraction in absolute ethanol.
Briefly, TY-loaded samples were dispersed in 1 mL absolute
ethanol (5 mg mL™") and sonicated for 1 h on ice. Afterwards,
the samples were centrifuged at 10000 x g for 10 min and
the supernatant was collected. Extraction and centrifugation
were repeated for two successive cycles, and the collected
supernatants were measured for their absorbance at 278 nm
using a multimode plate reader. The concentration of TY in
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respective samples was determined using a calibration curve

generated from different TY concentrations (see ESI;j Fig.

S1). The TY loading capacity (LC) and encapsulation

efficiency (EE) were determined by using the following
equations:

LC (w/wob) — < weight of loaded TY

total weight of hybrid

) x100% (1)

weight of loaded TY
weight of TY in loading solution

EE (W/w%) = < ) x100% (2)

Stimuli-responsive thymol release

The release behavior of TY from the different carriers was
investigated in different pH buffers at 30 °C under shaking
(200 rpm).®>®" In brief, TY-loaded HNTs/PDA hybrids (1 mg)
and TY-loaded HNTs (1.85 mg) were dispersed separately in 1
mL of pH 5 and pH 7 buffers. Note that due to the significant
difference in the TY content in these systems, we used
different amounts of loaded HNTs and kept the TY content
constant at 0.14 mg. At different time intervals, the whole
release medium was collected by centrifugation and replaced
with an equal volume of fresh buffers. The amount of TY
released in different pH buffers was quantified by measuring
the TY absorbance at 278 nm.®* The release experiments were
performed in triplicates and the data were plotted as %
cumulative release vs. time. A double exponential saturation
model was fitted for TY release profiles by Prism software
(version 9.5.0 (730), GraphPad Software LLC) according to the
following equation:

R() = Rint + (Ro = Rinf)@tasi€ ™ + (Ro = Rint)(1 — arase)e ™" (3)

where, ¢ is the time (h), R(¢) is the cumulative release of TY at
time ¢ (% accumulative release), R, is the cumulative release
of TY at the beginning of the experiment, R;,¢ stands for the
value of TY cumulative release at infinite time (%
release), aps is the fraction of release
accounted for by the fast component, while k¢,s and kgjow are
the rate constants (h™") for the fast and slow components,
respectively, and are constrained as >0. After constraining R,
to 0, the equation is simplified to:

accumulative

R(t) = Rind1 — Gpagee " = (1 = agag)e (4)

Antibacterial assay

The antibacterial properties of TY-loaded HNTs/PDA hybrid
against E. carotovora were characterized in vitro by the
standard plate count method.”® To study the effect of pH
on bacterial growth, the TY-loaded HNTs/PDA hybrid (0.67
mg) was dispersed in 0.4 mL buffer (pH 5 or pH 7) and
mixed with 0.1 mL of bacterial suspension (10° CFU mL™).
The effect of NIR irradiation was studied by irradiating (at
808 nm wavelength and a power density of 1.5 W cm™> for
15 min) the latter dispersions using a laser (WSLS-808-007-

This journal is © The Royal Society of Chemistry 2024
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H, Wavespectrum Laser Group, Beijing, China) equipped
with a fiber collimator (Thorlabs, Newton, NJ, USA).
Following the different treatments, the bacterial dispersions
were subjected to shaking at 200 rpm for 1 h at 28 °C,
decimally diluted, and uniformly spread onto LB agar
plates. The plates were then incubated at 28 °C for 16-18
h, and the bacterial colonies were counted using a CLC-330
colony counter (MRC Lab, Israel). Control experiments
followed the same protocols for TY-loaded HNTs, TY
emulsion (prepared by dispersing a 1:1 ratio of TY and
Tween 80 in water at a concentration of 2 mg mL ™" using
probe sonication at 40% amplitude), pristine HNTs, and
PDA-coated HNTs. Note that the concentration of TY in TY-
loaded HNTs (1.1 mg) and TY emulsion was 80 pg/0.5 mL
(equivalent to the conc. of TY in 0.67 mg of TY-loaded
HNTs/PDA hybrid) and the concentration of HNTs in
pristine HNT and PDA-coated HNTs was 0.6 mg/0.5 mL
(equivalent to the conc. of HNTs in 0.67 mg of TY-loaded
HNTSs/PDA hybrid).

Imaging of fluorescently-labelled HNTs in plants

Preparation of FITC-conjugated HNTs and PDA-coated
HNTs. Pristine HNTs were conjugated with FITC after their
surface modification with APTES as reported before.®® In
brief, HNTs (150 mg) were dispersed in a solution of APTES
(0.3 M) in toluene by sonication (30 min) and refluxed for 20
h at 120 °C under constant stirring. Subsequently, the
dispersion was washed several times with toluene to remove
the excess organosilane and dried overnight at 120 °C;
followed by washing in DDW and drying overnight. The
resulting amino-functionalized HNTs (3 mg) were dispersed
in 2 mL of 0.1 M carbonate buffer (pH 8) followed by the
addition of 0.1 mL FITC solution (13 mM, prepared in
DMSO). The resulting mixture was reacted in the dark for 2
days at room temperature under constant stirring. The
obtained products were washed several times with DDW to
remove the free fluorophore. The latter conjugation step was
used to label the PDA-coated HNTs, which already bear free
amines on their surface.

Confocal microscopy imaging. The leaves of tomato
leaves were treated with HNTs and PDA-coated HNTs (2.5
mg mL™") and incubated for 24 h (leaves treated with DDW
served as a control). 6 mm disks were cut from the treated
leaves with the help of a cork borer and mounted in a gel
chamber created on a microscope slide. The chamber was
filled with glycerol as a mounting medium and sealed with
a glass coverslip. The samples were imaged using a x20
objective lens by using a multiphoton multispectral laser-
scanning microscope (Zeiss LSM 510 META NLO). The
samples were excited using a 488 nm laser for FITC
excitation and a 633 nm laser for chloroplast excitation.
The emission of FITC and chloroplast autofluorescence was
captured in the range of 500-600 nm and 650-750 nm,
respectively. The colocalization of HNTs with the leaf
epidermis and mesophyll cells was performed using the
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Image-] software. The correlation between the chloroplast
autofluorescence and FITC fluorescence was analyzed by
Pearson's coefficient analysis.

Phytotoxicity study

The phytotoxicity of HNTs and PDA-coated HNTs in tomato
leaves was studied by assessing the integrity of the leaf cells
membrane, by propidium iodide (PI) staining and
subsequent confocal microscopy imaging. The leaves of live
plants were treated (by spraying) with HNTs and PDA-coated
HNTs dispersions at a concentration of 2.5 mg mL™". After 1
and 5 days of treatment, leaf discs were collected with a cork
borer and incubated in PI solution (10 pug mL™") for 15 min,
after which the samples were thoroughly washed with DDW
to remove excess unbound dye. The stained disks were
mounted in a gel chamber created on a microscope slide,
filled with glycerol as a mounting medium, and sealed with a
glass coverslip. The samples were imaged using a 20x
objective lens by using a multiphoton multispectral laser-
scanning microscope (Zeiss LSM 510 META NLO) at an
excitation wavelength of 488 nm and emission was collected
between 500-600 nm. The confocal images were used to
calculate the percentage of intact cells (depicting no PI-
stained nuclei) with respect to the total number of cells.

The effect of the nanotubes on the chlorophyll content
was studied for up to 10 days by using a chlorophyll meter
(Spad 502 chlorophyll meter).

Wetting and adhesion studies

The wetting behavior of the different aqueous dispersions of
HNTs, TY-emulsion, TY-loaded HNTs, and TY-loaded HNTs/
PDA hybrid was studied on the tomato leaf surface using a
contact angle optical tensiometer (Attension Theta Flow,
Biolin Scientific). For measurement, the selected leaves were
carefully fixed onto a glass slide using an adhesive double-
sided tape.®* The contact angle (CA) was recorded through
the sessile drop method by placing a droplet of 7 uL of the
studied dispersion on the adaxial side of the leaf surface. To
observe the change in the CA with time, the shape of the
droplet was recorded by a camera for up to 10 min with an
interval of 60 s and analyzed using the Attension software.
The measurements for every sample were recorded in
triplicates.

The retention of the different formulations onto the leaf
surface was investigated following a previously published
procedure;®>*® where tomato leaves were sprayed with 5 mL
of the respective formulations (i.e., pristine HNTs, TY
emulsion, TY-loaded HNTs, and TY-loaded HNTs/PDA hybrid)
and allowed to dry. The surface of the treated leaves was
observed using an upright light microscope (ZEISS Axio Scope
A1, Germany) equipped with an Axiocom MRc (ZEISS,
Germany) camera. The treated leaves were washed by
spraying 5 mL of DDW for 30 s at an angle of 60° and
imaged. The data was processed using ZEN blue (Carl Zeiss
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Microscopy) software and Z-stack projections images are
presented.

In planta antibacterial studies

Plant materials. One month-old tomato plants (Antonella
F1, Hazera Seeds Ltd., Israel) were obtained from Hishtil
Nurseries (Israel) and grown in 0.5 L pots containing potting
mix. The plants were placed in a greenhouse at 28-32 °C and
12/12 h light/dark photoperiod.

In planta antibacterial assay. This study aims to investigate
the potential of the different HNTs dispersions to suppress
tomato soft rot disease.”” Tomato plants were randomly
selected and divided into 4 groups (5 plants in each group)
which were sprayed with the different aqueous formulations
(20 mL) viz., pristine HNTs, TY emulsion (0.4 mg mL",
equivalent to the loaded TY in HNTs), TY-loaded HNTs, and
TY-loaded HNTs/PDA hybrid. Note that the concentration of
pristine HNTs used was kept constant in these studies (2.6 mg
mL™"). After 2 h, the plants were inoculated with E. carotovora
suspension (with an optical density at 600 nm of 0.1 in 10 mm
MgCl,) and covered with transparent plastic bags. After 48 h,
the bags were removed, and the plants were maintained at the
above-mentioned greenhouse conditions. After 14 days, the
disease severity was recorded on a scale of 0-3 as follows: 0 =
no symptoms, 1 = few (<10) necrotic spots on a few leaflets, 2 =
few necrotic spots on many leaflets, 3 = spots with coalescence
on leaflets.®® The disease severity index (DSI),*® was calculated
by the following equation:

>~ (class frequency x score of rating class)
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Statistical analysis

Origin software (Origin Pro 8.5 Corporation, U.S.) was used to
plot the data. Student #test (two-tailed) using GraphPad
Prism 8.0 software was performed at a confidence level of
99% to calculate the significance of the difference between
groups. The experiments were performed in triplicates and
plotted as mean + standard error. Plots showing no asterisks
or “ns” indicate the absence of a significant difference.

Results

Synthesis and characterization of thymol-loaded HNTs/PDA
hybrids
The synthesis of TY-loaded HNTs and TY-loaded HNTs/PDA
hybrids is schematically illustrated in Fig. 1A. HNTs were
loaded with TY using the solvent evaporation method under
vacuum,*® and subsequently subjected to an in situ dopamine
polymerization. Dopamine self-polymerizes through a series
of oxidation, cyclization, and isomerization reactions in mild-
basic conditions to form PDA,”' while the reactions are
accompanied by a distinct color change of the TY-loaded
HNTs dispersion from whitish to deep brown (Fig. 1A).*%72
The morphology and structure of the resulting particles
were characterized by TEM and the respective micrographs
are presented in Fig. 1B. Indeed, the modified nanotubes
show a thin polymer shell that coats their external surface
(Fig. 1B-vi), which cannot be observed for the pristine
HNTs (Fig. 1B-iii). The pristine HNTs exhibit cylindrical

DSI (%) =

where, the class frequency is the number of plantlets kept in
each score on scale, the score of rating class refers to the score
on scale (either 0, 1, 2, or 3), the total number of observations
is the number of plantlets used for the observation, and the
Maximal disease index refers to the highest numerical point on
a rating scale.

Thymol content following UV irradiation

The capability of TY-loaded HNTs and TY-loaded HNTSs/
PDA hybrid to retain the TY content was studied with and
without irradiation with UV light.”® The respective samples
were dispersed in DDW at a TY concentration of 0.5 mg
mL™". Subsequently, the samples were placed 10 cm under
a UV lamp (Hamamatsu, Lightningcure LCS8, Japan) at a
wavelength of 365 nm and irradiated at 20% intensity of
138 mW cm > for different periods (12, 24, 48, 96, and
144 h). After irradiation, the residual TY content was
extracted from the respective sample using ethanol and
quantified by absorbance measurements at 278 nm
(Varioskan, Thermo Fisher Scientific, USA). The control
dispersions (non-irradiated) were investigated using the
same protocol.

M8 | Environ. Sci.: Nano, 2024, 11, 1114-1128

(Total number of observations) x (maximal disease index)

x100% (5)

shape with an irregular inner and outer diameter of 10-30
nm and 40-100 nm, respectively (Fig. 1B-i). The HNT
lumen is clearly observable as a brighter strip running
along the nanotubes longitudinally, revealing open-ended
features (Fig. 1B-ii).”>’* Following polymerization the
contrast between the HNT lumen and its external surface is
more pronounced in comparison to the neat HNTs, see
Fig. 1B-v in comparison to Fig. 1B-iii, as was previously
observed.”* Importantly, higher magnification images, see
Fig. 1B-vi and S2 in the ESIj reveal a thin ~10 nm layer
that coats the nanotubes, ascribed to the PDA, and
confirms the formation of core-shell nanostructures. STEM-
EDX analysis, presented in Fig. 1C-i and S3,} indicates the
colocalization of the aluminum compound of the coated-
HNTs and a carbonaceous layer. The latter is observed to
further extend a few nanometers beyond the outer surface
of the HNTs wall and also into the middle section of the
profile (position 180-260 nm), characterized by a lower
aluminum composition and thus identified as the tube
lumen. No elevated carbon content was observed in the
profile of the control pristine HNTs (Fig. 1C-ii). Thus, we
suggest that the mechanism of the shell formation first
involves the adherence of dopamine catechol anchors onto
the HNTs surface, via various interactions viz., H-bonding

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) A schematic illustration summarizing the steps followed for

the preparation of TY-loaded HNTs/PDA hybrid. (B) TEM images of
pristine HNTs (i-iii), showing their characteristic tubular morphology
and open-ended lumen, and the HNTs/PDA hybrid (iv-vi) obtained
following the synthetic steps in A, depicting a thin layer that coats the
nanotubes. (C) Elemental profile of Al (black) and C (blue) for (i) PDA-
coated HNTs and (i) HNTs measured by STEM-EDX. The presence of
the analyzed elements is schematically illustrated at the bottom of (i).
Insets depicting the analyzed clay nanotubes with the profile trace
indicated in orange. For further details please refer to Fig. S3 in the
ESIi

and electrostatic,”’® followed by polymerization. The

presence of a PDA shell on various nanomaterials in the
size range of 3-10 nm has been observed and reported
before."®77"7°

The chemical composition of the hybrid following each of
the synthetic steps, described in Fig. 1A, was studied using
FTIR-ATR (Fig. 2A). The spectrum of HNTs depicts the
signature bands at 910 cm™, 1007 ecm ™, 3620 cm ™", and 3691
em™' corresponding to the O-H bending of inner hydroxyl
groups, in-plane Si-O-Si symmetric stretching vibrations,
inner AIO-H stretching vibrations, and O-H stretching of
inner-surface hydroxyl groups, respectively (Fig. 2A
black curve).®® The spectrum of TY-loaded HNTs (Fig. S4A in
the ESL} red curve) depicts two new peaks at 2959 cm™" and
1580 cm™' corresponding to the CH and C=C stretching
vibrations of TY, respectively,°>®' which matches with the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Characterization of the TY-loaded HNTs/PDA hybrid. (A) ATR-
FTIR spectra of pristine HNTs, PDA, PDA-coated HNTs, and TY-loaded
HNTs/PDA hybrid. (B) TGA curves of pristine HNTs, PDA, TY-loaded
HNTs, PDA-coated HNTs, and TY-loaded HNTs/PDA hybrid. (C) Zeta
potential values and (D) UV-visible absorbance spectra of aqueous
dispersions of pristine HNTs, TY-loaded HNTs, PDA-coated HNTSs, and
TY-loaded HNTs/PDA hybrid.

spectrum of pure TY (Fig. S4A in the ESL} grey trace). After
dopamine polymerization, the following additional peaks
were observed: (i) a broad peak between 3140-3400 cm
corresponding to the -OH vibrations of catechol groups, (ii)
less intense peaks at 1510 cm™* and 1615 cm " ascribed to
the shearing vibration of N-H in amide group and aromatic
rings of PDA (see also Fig. S4BT for a detailed spectrum from
2000 to 600 cm™"),>* all of which match with the spectrum of
pure PDA (Fig. 2A, magenta curve). In addition, the spectrum
of TY-loaded HNTs/PDA hybrid (see also Fig. S4Bf for a
detailed spectrum from 2000 to 600 cm ') depicts all
characteristic peaks that well correspond to HNTs, TY, and
PDA, confirming the presence of all three components.

To complement these findings, we studied the weight
change following each of the synthetic steps used for the
fabrication of the TY-loaded HNTs/PDA hybrid by
thermogravimetry and the results are presented in Fig. 2B.
The pristine HNTs thermogram shows weight losses of 1% at
a temperature range of 22 °C to 40 °C and of 13% between
300 °C and 530 °C, corresponding to the loss of moisture and
dehydroxylation of structural AI-OH and Si-OH groups from
HNTs, respectively.®” After TY loading into the HNTs (TY-
loaded HNTSs), an additional weight loss of 6.6% (between 37
°C to 65 °C) is observed, confirming the successful loading of
the EO (Fig. 2B and S5AT for pure TY). The thermogram of
the TY-loaded HNTs/PDA hybrid (Fig. 2B, black curve) depicts
a complex behavior, where weight losses at 37-65 °C (16.5%)
and 300-530 °C (~13%) are ascribed to TY evaporation and
HNT hydroxyls, respectively (Fig. S5B in the ESI{ for the
corresponding DTG curves for clarity). Since PDA decomposes
over a wide temperature range®>®® (see Fig. S5B ESI{ for DTG
curve of neat PDA), we have quantified the polymer content

Environ. Sci.: Nano, 2024, 11, 114-1128 | 1119
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in the hybrid according to its residue on a dry basis
compared to that of pristine HNTs as depicted in Fig. S5C,
ESL} Accordingly, the PDA content is 8% and is in agreement
with other studies,”””>®" confirming the successful
formation of a PDA coating onto both pristine HNTs and TY-
loaded HNTSs.

The thermograms also reveal that the TY content in the
hybrid is 2.7-fold higher than in the case of the TY-loaded
HNTs (no PDA, see Table S1f). This can be attributed to the
PDA layer which encapsulates the TY payload within the clay
lumen and entraps the surface-physiosorbed TY molecules,
retaining the EO during the washing step following the in-situ
polymerization. Moreover, this can be also facilitated by non-
covalent interactions (n-n and H-bonding) between the TY
cargo and PDA, as was previously reported for several
aromatic payloads such as the anticancer drug doxorubicin
and the pesticide imidacloprid.”*®*®> The DTG curves,
presented in Fig. S3A-i and S3B (ESI}), reveal the profound
effect of loading on the evaporation endpoint temperature of
TY. The TY payload in the hybrid exhibits the highest value
compared to TY-loaded HNTs (without PDA) and neat TY
with values of 200, 65 and 55 °C, respectively. Thus, the
substantial increase of the thermal stability of TY in the PDA-
coated hybrid is mainly associated with former's
encapsulation and entrapment by the polymer shell, while
the adsorptive interactions at the clay surface’>®® play a
lesser role.

Zeta potential measurements of the HNTs aqueous
dispersions (under neural pH) following each of the
synthetic steps, detailed in Fig. 1A, were carried out to
complement the surface characterization of the modified
HNTs and the results are presented in Fig. 2C. Following
dopamine polymerization, the zeta potential value of the
HNTs (-26.2 + 1 mV for pristine HNTs, attributed to the
presence of negatively charged silica groups at the tubes’
external surface)®”®® is found to decrease to a value of
-30.3 £ 0.7 mV. This may be ascribed to the deprotonated
catechol-OH groups of PDA,*°° further supporting the
formation of a PDA coating onto the nanotubes. A similar
decrease was also obtained for the TY-loaded HNTs/PDA
hybrid (-28.6 + 0.1 mV), where it should be noted that TY
loading resulted in only minor zeta potential change in
comparison to the pristine HNTs, ascribed to the
uncharged nature of TY.”!

The optical properties for aqueous dispersions of the
HNTs-based hybrids (1 mg mL™) were investigated by
measuring their absorption spectra (Fig. 2D). In comparison
to pristine HNTs, PDA-coated HNTs and TY-loaded HNTs/
PDA hybrid show stronger absorbance in the UV-vis-NIR
region, as contributed by the PDA shell.”®°> For PDA-coated
HNTs, the observed absorbance peak at 280 nm is assigned
to the presence of a considerable fraction of dopamine in
PDA.”® The broad absorbance specifically towards the NIR
region is attributed to the electronic properties of m-n*
transition of polymeric backbone benzenoid ring,>** and is
favorable for photothermal therapy.”® In addition, TY-loaded
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HNTs/PDA hybrid shows an intense absorbance peak at 278
nm, ascribed to the presence of TY.*> A similar peak is also
detected in the spectrum of the TY-loaded HNTs but without
the pronounced PDA absorbance.

Thymol loading and release

Thymol was loaded into HNTs using the solvent evaporation
method under vacuum and the resulting loaded HNTs were
used for the subsequent dopamine polymerization followed
by a washing step in DDW. Note that the control sample, TY-
loaded HNTs without PDA, underwent a similar washing step
using DDW following the loading process. Subsequently,
thymol extraction was used to characterize the loading
capacity of the modified HNTs. After careful composition
tailoring, we found that for a ratio of 1.25 (HNTs):2.5(TY):
1(PDA), the highest TY loading capacity of 14.7 + 1.9% and
encapsulation efficiency of 7.4 + 1.0% is obtained. Notably,
the latter TY content is ~2.5-fold higher in comparison to the
corresponding TY-loaded HNTs (no PDA), where a loading
capacity of only 5.6 + 1.8% and encapsulation efficiency of
2.8 £ 0.9% is attained. These measured TY loading values are
in good agreement with the calculated loading capacity based
on the TGA data (see Fig. 2B and Table S1 in the ESIT). The
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