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Biohybrid materials were prepared by co-assembling the three following components: nanotubular hal-
loysite, microfibrous sepiolite, and cellulose nanofibers dispersed in water, in order to exploit the most
salient features of each individual component and to render homogeneous, flexible, yet strong films.
Indeed, the incorporation of halloysite improves the mechanical performance of the resulting hybrid
nanopapers and the assembly of the three components modifies the surface features concerning wetting
properties compared to pristine materials, so that the main characteristics of the resulting materials
become tunable with regard to certain properties. Owing to their hierarchical porosity together with their
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diverse surface characteristics, these hybrids can be used in diverse biomedical/pharmaceutical appli-
cations. Herein, for instance, loading with two model drugs, salicylic acid and ibuprofen, allows controlled
and sustained release as deduced from antimicrobial assays, opening a versatile path for developing other
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1. Introduction

Biohybrid materials attract the interest of both scientific and
engineering communities due to their extensive use in a wide
range of application fields from environmental remediation to
biomedical uses and represent an alternative approach to con-
ventional technologies for combining organic and inorganic
moieties by adding particles for which at least one dimension
is in the nanometer range.'® Of particular relevance are those
systems in which the inorganic component is a silicate belong-
ing to the family of clay minerals, giving rise to nanocomposite
materials involving porous and layered silicates.” "> The result-
ing materials may exhibit markedly improved mechanical,
thermal, optical, and physicochemical properties compared to
those of the pure polymer or conventional (microscale) compo-
sites,'? as first demonstrated by Fukushima and co-workers for
nylon-clay nanocomposites.'* In recent years, nanocellulose
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related organic—inorganic materials of potential interest in diverse application fields.

based materials have been the focus of active research with the
aim of developing a wide variety of hybrid materials for appli-
cations in adaptive and responsive materials, energy storage
and conversion, water treatment, biomedicine, packaging, fire
retardancy, as a support for metal and metal oxide nano-
particles in catalysts, and electronics.”° In this context, the
concept of “nanopaper” refers to the use of cellulose nano-
fibers (CNFs) for making paper instead of employing conven-
tional, micronized cellulose pulp. The term “nanocellulose”
refers to a family of cellulose nanomaterials (fibers and crys-
tals) obtained from different chemical and mechanical meth-
odologies that provoke a defibrillation process in raw cellulosic
materials.”"** Cellulose nanofibers show a high aspect ratio
(up to 1 pm in length and 2-5 nm in thickness), a chemically
modifiable surface, and a high elastic modulus resulting from
their high crystallinity,>® and are prepared by relatively low-
expensive production methods, all of which endow CNFs with
great potential for the fabrication of numerous functional
structures.”**> Recent studies on CNFs have been dealing with
their assembly to other nanobuilding blocks of an inorganic
nature, for instance, the combination of CNFs with layered sili-
cates, such as vermiculite to produce biohybrids used as
packaging material,>® montmorillonite to develop materials
showing high mechanical performance,”” or the preparation of
functional, heterofibrous hybrid materials by an integrative
approach from the dispersions of nanofibrillated cellulose and
defibrillated sepiolite.”®*>? Sepiolite is a microcrystalline

This journal is © The Royal Society of Chemistry 2020
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hydrated magnesium silicate with Si;;030Mgg(OH,F),(H,0),-
8H,O as the theoretical unit cell formula.>® Indeed, sepiolite
shows a microfibrous morphology with a particle size typically
in the 0.5-2 um length range.*" Structurally, it is formed by the
alternation of blocks and cavities (tunnels) that grow in the
fiber direction (c-axis). Each structural block is composed of
two tetrahedral silica sheets sandwiching a central sheet of
magnesium oxide-hydroxide. Owing to the discontinuity of the
silica sheets, the channels and silanol groups (Si-OH) are
present on the external surface of the silicate particles.”* These
groups are located at the edges of the channels (ie. those
tunnels acceding to the external surface of the silicate) and
are directly accessible to different species, thus representing
the only sites available for functionalization. Moreover, one
of the most interesting features of sepiolite is its very high
colloidal stability in aqueous media that has been exploited
for stabilizing, among others, carbon nanotubes and gra-
phene nanoplatelet suspensions.®*** In light of these pro-
perties and features, it is clear that sepiolite represents a very
interesting starting building block for designing a wide class
of smart materials.”>® Nevertheless, one limitation of sepiolite
is its restriction only to its external surface during the inter-
action with other active and bulky species due to the reduced
accessibility of the Mg-OH groups located inside the micro-
porous tunnels.*’

Hence, the use of further components to overcome this
limitation and to fully exploit the features of sepiolite and to
develop potential synergistic effects is pursued here through
the co-assembly of clay nanotubes.

Halloysite (HNT) is structurally a 1: 1 layered alumino-sili-
cate clay showing a tubular morphology with an external dia-
meter of 50-80 nm, an internal diameter of 10-15 nm, and a
length of ca. 1000 nm.?*3® Interestingly, it displays a posi-
tively charged lumen and a negatively charged outer surface
in the pH range between 2 and 8.*>° This characteristic is
due to the different chemical compositions: the external
surface is composed of Si-O-Si groups while the inner
surface consists of a gibbsite-like array of AI-OH groups.*!
This peculiar surface chemistry makes possible, in contrast
to sepiolite, a selective targeted modification driven by
electrostatic interactions.*™** These groups allow the clay to
participate in electrostatic or hydrogen bonding in polar sol-
vents and to interact favorably with the functional groups of a
wide range of chemical species.*>*® Due to various character-
istics such as a nanoscale lumen, high aspect ratio, relatively
low hydroxyl group density on the surface, etc., numerous
advanced applications have been discovered for this unique,
cheap, and abundant clay.”®">> Moreover, HNTs are biocom-
patible as shown in several in vitro and in vivo studies.’®
Beyond these aspects, one of the limitations to the use of
pristine halloysite is its low colloidal stability in aqueous sus-
pensions, which hampers its use and applicability except for
adequately modified HNTs.>” In this way, we have recently
reported a protocol to produce multicomponent conductive
bionanocomposite materials where the use of sepiolite is
fundamental to achieve the stabilization of HNT dispersions
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in which the other components can be homogeneously
incorporated.’®

In this context, the main objective of this work is to develop
an alternative strategy for the preparation of a new type of multi-
component hybrid nanopaper constituted by cellulose nano-
fibers, sepiolite, and halloysite. Our purpose is to investigate
the possibility to exploit the most important features of each
component and to overcome their individual limitations in
order to design a material with different chemical surfaces.
Here, a hybrid material was prepared for drug delivery appli-
cations exemplified by using two cationic model drugs.
Ibuprofen is a hydrophobic,’® non-steroidal, anti-inflammatory
drug (NSAID) that is administered for the relief of moderate
pain and inflammation.®® On the other hand, salicylic acid
was tested for its bactericidal and antiseptic properties, and is
used in a wide range of pharmaceutical formulations and as
an additive for food and cosmetics.®! In light of the above, the
possibilities of developing a multicomponent hybrid nano-
paper possessing different types of chemical surfaces that can
selectively interact with active species and can sustain, control
and optimize their release on time represent a crucial point.

2. Experimental details

2.1. Materials

Sepiolite was obtained from Vicalvaro-Vallecas deposits,
Madrid (Spain), with >95% purity. Commercialized as Pangel
S9, sepiolite of rheological grade was supplied by Tolsa S.A.
(Spain) and was used as supplied. Halloysite (New Zealand
China Clays) was supplied by Imerys (France). Ibuprofen
sodium salt (IBU) and sodium salicylate (SS) were purchased
from Sigma Aldrich. The solubility of IBU (100 mg ml™") and
SA (100 mg ml™") in water was tested according to Sigma
Aldrich specification sheets. Deionized water (18.2 MQ cm)
was obtained using a Maxima Ultra Pure Water system from
Elga. Sodium phosphate tribasic dodecahydrate (>98%) and
sodium hydroxide (>98%) were supplied by Sigma Aldrich and
phosphoric acid (85%) by Carlo Erba.

The preparation of CNFs used in this work was carried out
through the TEMPO-mediated oxidation of eucalyptus pulp fol-
lowing the procedure described by Fillat et al.®* The resulting
cellulose nanofibers were stored at 4 °C.

2.2. Halloysite nanotube drug loading

The loading of IBU and SA into the HNT lumen was achieved
by following the procedure described elsewhere for similar
systems.®® Pristine HNTs were added to a saturated aqueous
solution of the drugs and then magnetically stirred for ca. 1 h.
In particular, to prepare the SA loaded HNTs, 1 g of halloysite
powder was added to a concentrated solution of sodium-SA in
water. The pH was adjusted to 8 by adding 0.1 M NaOH in
order to optimize the loading efficiency of SA through maxi-
mizing the negative charge of salicylate. Ibuprofen was loaded
into halloysite powder from a saturated solution of IBU
sodium salt at a 2:1 wt ratio. The obtained dispersions were
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transferred to a vacuum vessel and evacuated with a vacuum
pump (P-Selecta Vacuo-TEM). The HNT-IBU suspensions were
subjected to three vacuum cycles to ensure the infiltration of
the HNT lumen.®® The HNT-SA suspension, instead, was kept
under vacuum for 3 hours, and the step was repeated three
times.

Afterwards, the loaded HNTs were separated from the solu-
tion by centrifugation, washed with water and dried overnight.

2.3. Preparation of HNT-SEP-CNF hybrid nanopapers

The ratio (w/w) of HNT, SEP, and CNF was fixed at 1:1:1 even
though many compositions were tested. Typically, SEP (10 mg)
was dispersed in 20 mL of water and mixed with 1 g of a CNF
gel prepared at 1 wt% in water using an Ultra-Turrax (IKA®
T25) homogenizer. Then, 10 mg of pristine HNT were added
and the HNT-SEP-CNF mixture was tip-sonicated (Vibra Cell
VC 750, 13 mm titanium sonication probe) until a total energy
of 1 kJ or 5 k] was achieved. The films were prepared by
casting the mixture in polystyrene Petri dishes followed by
drying in a Climacell EVO 111 L climate chamber for 72 h at
30 °C and 60% relative humidity (RH) to obtain hybrid nano-
papers with a thickness around 20 pm. The samples were
labeled as HNT-SEP-CNF.

HNT-SEP (1:1 w/w), HNT-CNF (1:1 w/w), SEP-CNF (1:1
w/w) and pure CNF films were also prepared by following the
same procedure.

2.4. Preparation of drug loaded HNT-SEP-CNF hybrid
nanopapers

When drug loaded HNTs were used instead of neat HNTs, hal-
loysite was added after the sonication process to prevent any
degradation of drug molecules that could be produced
because of the high energy applied to the system. Moreover, to
achieve a higher HNT dispersion, the system was sonicated
using a simple ultrasound bath (J.P. Selecta) for a few minutes.
The same solvent casting procedure was followed.

2.5. Characterization

SEM analysis was performed on Cr metallized samples by
using a Philips XL 30 S-FEG field emission scanning electron
microscope (FE-SEM). Nanopaper cross-sections were obtained
by cutting the films after immersion in liquid N,. An energy-
dispersive X-ray (EDX) spectroscope coupled to an (FEI NOVA
Nano SEM 230) FE-SEM was used for elemental mapping. The
EDX maps were recorded with a Type SDD Apollo 10 EDAX
detector and the data acquisition conditions were kept con-
stant at a working distance of 6.5 mm with a spot size of
50 pm and an energy of 12 kV, for 4200 counts. Atomic force
microscopy (AFM) was performed in dynamic mode and under
environmental conditions, and this operation provides topo-
graphical images of the surface. A Cervantes instrument from
Nanotec Electrénica S.L. equipped with a PPP-FMR (a strength
constant of 1.5 N m™') and with a resonance constant of 70
kHz was used. The XRD patterns of HNT and SEP powder and
the CNF and HNT-SEP-CNF nanopapers were obtained using
a BRUKER D8-ADVANCE diffractometer with copper Ka radi-
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ation. The voltage and current sources were set at 40 kV and
30 mA, respectively. Diffraction patterns were recorded with a
goniometer speed of 0.5 s per step between 4° and 70° (26).
FTIR spectra were obtained using a Bruker iFS 66VS spectro-
photometer with 2 cm™" resolution. The Young’s modulus of
the hybrid nanopapers was measured with a DMA Q800 appatr-
atus (TA Instruments). The test specimen was cut in a rec-
tangular shape (10 x 6 mm?®) and the tensile tests were carried
out with a stress ramp of 1 MPa min™" at 26.0 + 0.5 °C. At least
three measurements were carried out for each material.

Water sorption isotherms were measured with an Aquadyne
DVS from Quantachrome Instrument. Mass changes due to
water adsorption or desorption were recorded at 25 °C in the
range of relative humidity from 0% to 95%. Halloysite and
sepiolite were analyzed as powder, whereas CNF and HNT-
SEP-CNF hybrid nanopapers were analyzed as films.

Contact angle experiments were performed by using an
optical contact angle apparatus (OCA 20, Data Physics
Instruments) equipped with a video measuring system having
a high-resolution CCD camera and a high-performance digitiz-
ing adapter. The SCA 20 software (Data Physics Instruments)
was used for data acquisition. The contact angle of water in air
was measured by the sessile drop method. The water droplet
volume was 10.0 + 0.5 pL. The temperature was set at 25.0 +
0.1 °C for the support and the injecting syringe as well. From
the data analysis the contact angle and the volume of the drop
were calculated.

Chemical analysis (CHN) was performed using an elemen-
tal analyzer (PerkinElmer, 2400 Series II).

The study of the specific surface area and the pore size dis-
tribution of samples was carried out through recording nitro-
gen absorption/desorption isotherms with a Micromeritics
ASAP 2010 equipment. The samples were degassed at 100 °C
prior to the measurements. From the adsorption isotherm, the
value of the specific surface was deduced using the BET
method. The pore area and volume were analyzed from the
adsorption isotherm using the Barret-Joyner-Hallenda (BJH)
method.

2.6. Release kinetics

The release kinetics of the drug loaded pristine HNT was inves-
tigated in phosphate buffer 0.1 mol L™" at pH = 5 (which better
simulates the skin’s natural pH value). The suspension of the
drug loaded HNT was placed in a shaking incubator (Julabo
SW23) at 37 °C and 150 rpm to establish the equilibrium con-
ditions. At certain predetermined time intervals, 2 ml of the
solution was taken out from each sample, and 2 ml of fresh
PBS was replaced. The samples for analysis were separated by
centrifugation to eliminate light scattering from the halloysite.
The collected supernatant was analyzed by carrying out UV-vis
measurements (Shimadzu UV-1201) at 264 nm for IBU and at
296 nm for SA.
The following formula:®®

3
|
SN

C'y=Cn+

=
T
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corrects the concentration of release, where C', is the corrected
concentration, C, represents the nth concentration, V is the
sample volume (2 mL), and Vj, is the total volume.

The release kinetics of the drug loaded HNT-SEP-CNF
hybrid nanopapers was investigated under the same con-
ditions, but a portion of the film was put into phosphate
buffer (pH = 5) and the samples for analysis were taken from
the solution and then separated by centrifugation and
analyzed.

Before recording the release kinetics of SA and IBU from
the loaded HNTs and from the HNT-SEP-CNF hybrid nano-
papers, two calibration curves of the drugs in phosphate
buffer at pH = 5 were determined. Their measured slopes are
21.63 + 0.07 mL mg ' for SA and 1.482 + 0.004 mL mg " for
IBU, respectively.

2.7. Antimicrobial activity

The antimicrobial activity of the SA loaded hybrid nanopapers
was investigated against Gram-negative bacteria Escherichia
coli WDCM 00012 and Gram-positive bacteria Staphylococcus
aureus WDCM 00034 by the disk diffusion method. The strains
were cultured in nutrient broth (Merck, Germany) overnight at
37 °C. Each bacterial culture was swabbed uniformly across
nutrient agar plates (Merck, Germany) and allowed to be
absorbed for 15 min. The discs (6 mm in diameter) of the
hybrid nanopapers were placed aseptically on the surface of
the agar plate and the plates were placed in a 37 °C incubator
for 24 h. The antibacterial activity of the tested samples was
determined by measuring the diameter of the inhibition area
around the discs. Studies of the SA loaded nanopapers were
conducted at pH = 7.0 and pH = 5.5. The discs were loaded
with 10 pL of salicylate solutions in water at various concen-
trations (20 pg puL ™", 2 pg uL™, 1 pg pL7, 0.1 pg pL~7, 0.02 pg
uL ™", and 0.004 pg pL~") (Fig. $6T). The negative controls were
the HNT-SEP-CNF discs without the drug.

3. Results and discussion

3.1. Preparation and characterization of the hybrid
nanopapers

The microscopic features of the fibrous (SEP) and tubular
(HNT) nanoclays and the morphology of the resulting hybrid
nanopapers were first studied by electron microscopy. Fig. 2a
shows that halloysite consists of fine nanotubes with
50-200 nm external diameter. The length of the tubes largely
varies between 100 and 3000 nm. It can also be observed that
these HNT samples contain some kaolinite particles (arrows in
Fig. 2a). It is well known that both alumino-phyllosilicates
(HNT and kaolinite) show a similar structural silica/alumina
arrangement and composition but different morphological
characteristics (tubular vs. hexagonal). Moreover, the microfi-
brous morphology of sepiolite with a fiber length of 0.5-2 pm
and a thickness of ca. 30-50 nm is shown in Fig. 2b. The
typical fibrous morphology of the CNFs was clearly observed
by atomic force microscopy (Fig. 2c). The CNFs consist of
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2-4 nm thick fibers of 300-600 nm in length and the charac-
teristic semi-flexibility is revealed by the fiber kinks between
the crystalline domains (arrows in Fig. 2c).>

The microstructure of the HNT-SEP-CNF (1:1:1 w/w)
hybrid nanopaper was examined from the surface and cross
sectional images of the films. The FE-SEM images show the
presence of all three components though HNTs are more
clearly distinguished due to their larger size (Fig. 3a). It is
noteworthy that the two fibrous components (sepiolite and
CNFs) cannot be easily distinguished at this magnification due
to their morphological similarity and the small width of the
CNF fibers as already reported by Gonzalez del Campo et al.>®
The homogeneous distribution of all three components in the
hybrid nanopaper was confirmed by EDX mapping (Fig. S17).
The surface images reveal a certain nematic arrangement of
the nanofibers (Fig. 3a) which is also visible within the film
(Fig. 3b). In fact, the fracture surface morphology of the film
resembles the stratified layer structure typical of solvent cast
assemblies of nanofibers or nanosheets.®® These observations
are also in agreement with the recently reported tendency of
the CNFs for nematic ordering during film drying from pure
CNF suspensions resulting in a plywood-like nanostructure of
the evaporation-condensed films as a result of the averaging of
the polydomain nematic arrangement of the CNF layers.®” It is
remarkable that the nematic arrangement also prevails in the
multi-component HNT-SEP-CNF hybrid nanopaper and not
only in pure CNF films. The CNFs are characterized by a
squared cross-section®® and the presence of carboxylate and
hydroxyl groups that can partake in hydrogen bond formation
in different directions. In addition, as the density of the car-
boxylate groups varies between the crystalline and disordered
regions along the CNF fiber length,® the nanofiber assembly
leads to a lower degree of lateral alignment. The non-uniform
distribution of the -OH and -COO~ groups along the CNF
length, combined with the nanofiber flexibility provided by the
disordered regions, allows for hydrogen bond formation not
only with the ~OH groups on the side facets of other CNFs but,
more importantly, also with the Si-OH groups present at the
edges of the sepiolite fibers. This explanation is in good agree-
ment with what has already been observed elsewhere on
nematic ordering in a multicomponent system composed of
CNFs and V,0s nanofibers.”®> Eventually, this behavior can
open up possibilities to tailor the texture and microstructure
of complex composite materials with implications of their
mechanical, optical and transport properties.

We studied the film formation by considering the com-
ponents in pairs (¢f Fig. 4b-d) and also by changing the ratio
between all three components in the HNT-SEP-CNF hybrid
nanopaper. It was observed that the 1:1:1 (w/w) ratio gave
better results than the other compositions considering the
macroscopic aspect, film consistency and homogeneity. This is
most likely due to the association between the various building
blocks processed as shown in the scheme in Fig. 1. Hence, the
multicomponent HNT-SEP-CNF hybrid nanopaper was pre-
pared at a ratio of 1:1:1 (w/w), which displayed the best film
forming behaviour (Fig. 4a). Interestingly, not only the compo-
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CNF

Solvent casting

HNT-SEP-CNF
hybrid nanopaper

Fig. 1 Scheme of the procedures followed for the integration of HNT,
SEP and CNF components leading to HNT-SEP-CNF hybrid
nanopapers.

sition but also the combination of the components had a large
influence on the film forming ability and therefore on their
inherent properties. For instance, the HNT-SEP 1:1 (w/w) did
not form a coherent film but rather an inconsistent, powdery
material (Fig. 4b). Combining CNF with HNT rendered a self-
supported film but with considerable defects (Fig. 4c). In con-
trast, the combination of SEP and CNF at a 1:1 ratio produced
homogeneous films (Fig. 4d) in accordance with previous
studies on CNF-sepiolite nanocomposites.*® From these obser-
vations it can be concluded that the macroscopic aspect of the
films largely depends on the CNF that plays a major role in
providing consistency and mechanical integration to the nano-
papers, while the presence of SEP produced an improved dis-
persion of the components as evident from Fig. 4a (HNT-SEP-
CNF) and Fig. 4c (CNF-HNT). As indicated above, the
increased sepiolite content (for instance 1:2:1, not shown)
also results in non-uniform films undermining the film for-
mation capacity of the CNF.

The microstructure of the films was further analyzed by
X-ray diffraction (XRD) to corroborate possible intercalation
within HNT silicate layers and preferential in-plane orientation
of the fibers. The XRD pattern of the HNT-SEP-CNF hybrid
nanopaper shows that the (001) reflection of halloysite at 12.0°
26 is not displaced. This finding confirms that no intercalation
occurred during the film formation (see Fig. S2f for the
indexed pattern of pristine materials and the HNT-SEP-CNF
hybrid nanopaper). The most prominent reflections of halloy-
site and sepiolite are present, whereas the low intensity reflec-
tions of the CNF are absent, which can be attributed to the
relatively low crystallinity of the CNF. The intensity ratio of the
7.4° 20 and 13.4° 26 reflections in the patterns of sepiolite and
of the HNT-SEP-CNF hybrid nanopaper (see Fig. S2t) changed
from 15.9 to 2.4. It is well-known that a change in the relative
intensity of peaks in a X-ray diffractogram of a given system is
related to the precise orientation of the crystals and, in particu-
lar, in the present case the interactions between the CNF and
sepiolite can lead to preferential orientations of the fibers.>®
Hence, this significant variation in the relative intensity of the
(110) and (003) reflections suggests that the sepiolite fibers
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(b)

Fig. 2 SEM micrographs of (a) neat HNTs (white arrows represent the
hexagonal kaolin sheets), (b) neat sepiolite and (c) the AFM image of the
CNF (white arrows represent the fiber kinks). The scale bars in (a) and (b)
refer to 500 nm.

have a preferred orientation within the hybrid nanopaper.
Indeed, as the SEM images in Fig. 3 show, sepiolite seemed to
be well accommodated within the plane of the film, and the
fibers show an orientation that is probably induced by the
interactions between the components.

The CNF-sepiolite interactions were investigated by IR spec-
troscopy to further elucidate their implication on the nematic
ordering of the fibers. Fig. 5 shows the -OH stretching range
(3730-3670 em™') of the collected spectra of the individual
pristine components and the HNT-SEP-CNF hybrid nanopa-
per, respectively. In particular, sepiolite has two bands at 3719
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(@)

Fig. 3 SEM micrographs of (a) the surface and (b) the fracture cross-
section of the 1:1:1 HNT-SEP-CNF hybrid nanopaper, respectively.
The scale bars refer to 2 pm.

and 3680 cm™" assigned to the ~OH stretching vibrations of

silanol groups and hydroxyl groups bonded to magnesium
atoms, respectively.>' The Mg-OH band at 3680 cm™" remains
practically unchanged in the spectrum of the hybrid HNT-
SEP-CNF nanopaper as the hydroxyl groups bonded to mag-
nesium atoms are not accessible. However, the band related to
the silanol groups (3719 cm™") disappears, indicating the per-
turbation of these groups probably due to the hydrogen
bonding interaction between Si-OH and the hydroxyl groups
located on the surface of the CNF. In spite of this, certain
interactions with the HNT clay may not be disregarded.
Moreover, the two OH-stretching bands at 3695 and 3620 cm ™
related to the vibrations of the Al,OH groups inside the lumen
of halloysite”® do not show relevant changes in the spectrum
of the HNT-SEP-CNF hybrid nanopaper, suggesting the
absence of interactions of the lumen with SEP and/or CNF.
Thus, the H-bonding interactions between CNF and sepiolite
that were conjectured to partake in the nematic ordering in
the hybrid film are confirmed.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Macroscopic aspect of various hybrid films prepared by combin-
ing HNT, SEP and CNF at different weight ratios: (a) 1:1:1 HNT-SEP-
CNF nanopaper, (b) 1:1 HNT-SEP, (c) 1:1 HNT-CNF, and (d) 1:1 SEP-
CNF.

3682

HNT-SEP-CNF

CNF

3680
3719

SEP
3695

Absorbance (a.u.)

HNT
3730 3720 3710 3700 3690 3680 3670
Wavelength (cm™)

Fig. 5 FTIR spectra of the HNT, SEP, CNF and HNT-SEP—-CNF hybrid
nanopaper (3730-3670 cm™ range). The complete spectra are provided
in Fig. S3.1

The mechanical properties of the HNT-SEP-CNF hybrid
nanopaper were evaluated from the stress—strain measure-
ments to estimate the Young’s modulus (Fig. S47). It is note-
worthy that the incorporation of sepiolite decreased the
Young’s modulus of the CNF nanopaper from 3.8 GPa to 1.8
GPa. However, the incorporation of HNTs into the SEP-CNF
significantly enhanced the mechanical properties of the nano-
paper with an increase to 3.2 GPa. These variations in the
mechanical properties can be explained considering that hal-
loysite can act as a reinforcement agent as observed elsewhere
in cellulose films.”*
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Fig. 6 Water sorption isotherms of (a) HNT (blue), sepiolite (red), CNF
(green), and HNT-SEP-CNF (black) films. (b) Experimental vs. theore-
tical water sorption isotherms.

The wetting properties of the nanopapers were studied as
they are relevant for topical drug delivery applications. Water
sorption isotherms were recorded as shown in Fig. 6. The
three individual components (i.e. SEP, CNF, and HNT) display
different water sorption profiles (Fig. 6a). For instance, HNT
adsorbs less water than sepiolite. Amongst other factors, this
process is strongly influenced by both the specific surface area
of the solids, i.e. 60 and 300 m> ¢”" in the case of halloysite
and sepiolite, respectively, and the presence of surface
groups.’”*® In particular, the external surface of HNT is consti-
tuted by hydrophobic Si-O-Si groups, whereas sepiolite dis-
plays hydrophilic Si-OH groups at the edges along the fiber
length and the CNF presents a large number of -OH groups
that are strongly hydrophilic. On the other hand, sepiolite and
the CNF, the two fibrous components, show a similar mass
change vs. relative humidity (% RH) value. Concerning the
HNT-SEP-CNF hybrid nanopaper, the isotherm is between the
isotherms of the HNT and SEP/CNF. A theoretical water
adsorption isotherm was determined for the hybrid nanopaper
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Table 1 Contact angle (0), n and k, values of CNF, SEP—CNF and HNT—-
SEP-CNF films

0; n ko (s™)
CNF 50+1 0.48 + 0.04 0.06 + 0.01
SEP-CNF 311 0.54 + 0.09 0.03 +0.01
HNT-SEP-CNF 56+5 0.27 + 0.04 0.38 + 0.09

by a simple numerical addition of the individual isotherms
considering the 1:1:1 (w/w) ratio of HNT, SEP and CNF
(Fig. 6b). This curve coincides with the experimental isotherm
(Fig. 6a), which suggests that the wetting properties of the film
are additive and not affected by the interactions between the
individual components.

The surface wetting properties of the different materials
were also studied by water contact angle measurements on the
films. The data were analyzed by fitting the contact angle 6 vs.
time 7 curve with the following equation:

© =0;exp(—ky ") (2)

where 6; is the contact angle at z = 0, n represents the fractional
values ascribable to the occurrence of absorption and spread-
ing and %, is the rate of the former or the latter process.”" The
fitted data are reported in Table 1.

The contact angle value of the CNF nanopaper is 50°,
whereas the value decreases to 31° in the case of CNF-SEP at a
1:1 weight ratio, confirming the strongly hydrophilic surface.
It was also observed that the HNT-SEP-CNF 1:1:1 hybrid
nanopaper displays a contact angle of 56°. This implies that
the incorporation of halloysite notably decreases the wettabil-
ity of HNT-SEP-CNF. The network of the self-assembled fibrils
and nanotubes is also likely to display air-filled protrusions
due to the increased surface roughness and thus giving rise to
changes in the wettability of these materials. Indeed, similar
observations were reported for polypropylene-HNT nano-
composites, in which the generation of a rough surface caused
by the enrichment with HNT nanoparticles was ascribed to an
improvement in the hydrophobic film properties.”>”?
Moreover, the data fitting of the ©,z curves revealed that both
the spreading and absorption mechanisms of water took place
for the studied nanopapers, that is n = 0 and 1 for pure absorp-
tion and pure spreading, respectively. For instance, the n value
was ~0.5 for the pure CNF and SEP-CNF films and it
decreased to 0.27 for the HNT-SEP-CNF nanopaper, reflecting
a major role in the absorption mechanism of water into the
material.

3.2. Uptake of salicylic acid and ibuprofen by HNT-SEP-CNF
hybrid nanopapers

As mentioned above, the HNT-SEP-CNF hybrid nanopapers
were evaluated as drug delivery systems (DDS) using two
model drugs, SA and IBU, due to their widespread use in
topical applications including injury cure. The SA loading into
HNT was 8.4 wt% as deduced from the elemental analysis,
which shows a similar value as reported for other halloysite-SA

This journal is © The Royal Society of Chemistry 2020
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systems.”? The total amount of IBU loaded into HNT was
5.1 wt%. It is interesting to note that the SA loading at pH 8 to
maximize the negative charge of the drug allowed a larger
amount of SA to be adsorbed on HNT as compared with IBU
loading values.

The FTIR spectra of SA, HNT and HNT-SA were collected to
investigate the possible interactions of SA with HNT
(Fig. S5at). These data indicate that the interaction with HNT
changes the n-electron density of the benzene ring of the sali-
cylate, as inferred from the shift of the absorption bands of
the C=C vibrations from 1597, 1485 and 1468 cm™" to 1606,
1473 and 1463 cm™', respectively. In addition, it was found
that the v,, vibration of -COO~ was shifted from 1582 to
1577 cm™', meanwhile the band at 1377 cm™ of the v
vibration of -COO™ splits into two components, i.e. 1387 and
1375 cm™".”* Moreover, the stretching and bending vibrations
of Ph-OH at 1248 cm™' and 1319 em™' respectively, shift,
which suggests that the phenolic group is involved in the inter-
action between the salicylate and AIOH groups inside the HNT
lumen. For what concerns the IBU-loaded HNTs, the FTIR
spectra (Fig. S5b and ct) show the appearance of the character-
istic bands at 2956, 2925, 2869, 2849 and 1550 cm™* of IBU.””
This is attributed to the successful entrapment of IBU in the
lumen of the nanotube.

The N, adsorption/desorption isotherms for pristine HNT,
salicylate loaded HNT and ibuprofen loaded HNT (Fig. S67)
were collected in order to verify the entrapment of the mole-
cules in the HNT lumen. After loading, the type IV isotherm
persisted but an appreciable reduction in the BET surface
area, pore surface area, and pore volume in comparison with
pristine HNT was observed (Table 2).

After SA loading into HNT, the BET surface area dropped
from 27.3 to 20.2 m*> g~*, the mesopore area decreased from
23.2 to 17.8 m”> g" and the mesopore volume was reduced
from 0.062 to 0.054 cm® g~ This suggests that the SA inside
the halloysite lumen produced a partial pore blockage account-
ing for the BET surface area reduction and the corresponding
reduction in the mesopore area and volume parameters. The
modification of these parameters is more noticeable for
HNT-SA than HNT-IBU reflecting the higher SA uptake.

The release profiles for SA and IBU from the HNT and
HNT-SEP-CNF nanopapers were collected to determine the
release kinetics (Fig. 7).

The profiles show that more than 90% of salicylic acid was
released from HNT within 60 min while less than 80% was
released from the HNT-SEP-CNF hybrid nanopaper during
the same period of time. Moreover, ibuprofen is released from

Table 2 The BET surface area, pore surface area, Spyes, and pore
volume, Vi es, Of pristine HNT, SA loaded HNT and IBU loaded HNT

SBET (mz g_l) Smes (mz g_l) Vmes (cm3 g_l)

HNTSs 27.3 23.2 0.062
HNT + SA 20.2 17.8 0.054
HNT + IBU 24.6 21.9 0.057

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Release profiles of salicylic acid (SA) and ibuprofen (IBU) from
the loaded HNTs and loaded HNT—SEP—-CNF hybrid nanopaper.

HNT at an even higher rate, while the release rate from the
HNT-SEP-CNF film was considerably lower. Almost 60% of
ibuprofen was released from the film within 60 min vs. 100%
release from HNT. After 4 hours, only ca. 65% of IBU was
released. These observations could be explained by invoking
the very high solubility of the drugs (salicylate and ibuprofen
sodium salts) in water. The solubility of IBU in water is 100 mg
mL ™" while for SA it is 50 mg mL™". This may explain why IBU
is released faster from HNT than SA. In contrast, in the HNT-
SEP-CNF hybrid nanopaper, the release rate of the drug is
lower possibly due to the multiple interactions with the halloy-
site, sepiolite and cellulose nanofibers. In this case, once the
drugs are released from the lumen, the interactions with the
other matrix components are important and determine the
release kinetics. For instance, strong interactions have been
reported to exist between IBU and the nanocellulose,”® which
could explain the slower IBU release kinetics from the HNT-
SEP-CNF hybrid nanopaper as compared to SA. In addition,
the openings of the nanotubes could be partially obstructed by
the particular texture of the film and thus, sustained the drug
release. Moreover, the particular diffusion mechanism of the
drugs inside the nanotube lumen and through the nano-
composite matrix plays an important role. For instance, the
particular position of the loaded drug inside the nanotubes, at
the edges or at the center of the lumen, has been reported to
deeply affect the release kinetics due to the diffusion path of
the guest molecules which is faster in the first case and slower
in the second case.”’

3.3. Invitro antibacterial assay

Based on the sustained SA release from the HNT-SEP-CNF
hybrid nanopapers, the studies of antibacterial activity were
performed to evaluate this new type of delivery system for
topical applications. Therefore, the studies were carried out
against the typically used Gram-negative E. coli and Gram-posi-
tive S. aureus bacteria under neutral and acidic (pH = 5.5) con-
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Fig. 8 Inhibition zone of the salicylic acid loaded HNT-SEP-CNF
hybrid nanopaper against Gram-positive S. aureus at pH = 5.5.

ditions by means of the disk diffusion method.>” The positive
controls for salicylate are displayed in Fig. S6.

It was observed that the SA loaded in HNT and then incor-
porated to the HNT-SEP-CNF nanopaper displays anti-
microbial activity and shows an effect when it is used against
S. aureus at pH = 5.5, as confirmed by the positive controls
(Fig. S7df¥).

The result of the trials is shown in Fig. 8, where the for-
mation of the inhibition zone is clearly observable. Moreover,
its average diameter is in the same order of magnitude of sali-
cylic acid loaded pectin-HNT bionanocomposites” thus, con-
firming the activity of the drug loaded HNT-SEP-CNF hybrid
nanopaper.

4. Conclusions

A new type of biohybrid material processed as a film was pre-
pared by co-assembling nanotubular halloysite, fibrous sepio-
lite, and cellulose nanofibers. The 1:1:1 (w/w) ratio of the
three components was found to render homogeneous and self-
supported films displaying reasonable mechanical properties
and endorsing suitable characteristics for the proposed appli-
cations. Different characterization techniques confirm the
short-range interactions between the organic and the in-
organic components, mainly occurring through hydrogen
bonding between the hydroxyl groups.

The incorporation of HNT allows controlling the textural
and surface chemistry characteristics of the resulting film
including its mechanical properties and the wetting behavior.
For instance, we observed an increased Young’s modulus value
and a less hydrophilic surface for the HNT-SEP-CNF hybrid
nanopaper compared to the SEP-CNF films. The interaction of
HNT, SEP, and CNF renders multifunctional hybrid nanopa-
pers that can be deployed for further functionalization in a
wide range of applications. In this way, they were evaluated as
drug delivery systems using salicylic acid and ibuprofen due to
their conventional use in topical treatments. The results
proved the effective encapsulation of the drugs into the posi-
tively charged HNT lumen and more sustained release kinetics
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for the hybrid nanopaper as compared to the loaded neat hal-
loysite. Furthermore, the evaluation of the antimicrobial
activity studies against Gram-positive and Gram-negative bac-
teria proved the effective inhibition of S. aureus growth at pH =
5.5 confirming the interest of this new type of biohybrid
material in controlled delivery applications. Besides, these
nanopapers also offer interesting possibilities for further
applications in view of the different chemical features and
functional groups of the components.
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