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ABSTRACT

Clay minerals have opened new avenues in drug delivery, including antimicrobials, greatly enhancing the sta-
bility and efficacy of the active payloads. Among these clay mineral hosts, Halloysite nanotubes (HNT) have
emerged as a prominent carrier owing to their intrinsic mesoporous tubular nanostructure and high adsorption
capacity. The acidic etching of HNT increases their specific surface area and porosity, consequently enhancing
their loading potential. In this work, we show for the first time, that etched HNT (E-HNT) are superior carriers of
the potent antibiotic ciprofloxacin (CIP) compared to pristine HNT in terms of loading capacity and antibacterial
effect. The loading conditions are optimized within near-physiological conditions to enable future combinations
with biomolecules; where CIP loading and release are characterized by UV-Vis measurements and thermog-
ravimetry. Solid-state characterization suggests an adsorptive loading mechanism, involving electrostatic
attraction and possible tautomerism. Release experiments show that the loaded CIP exhibits a sustained release
profile and maintains its antibacterial potency as confirmed by the broth microdilution (BMD) and zone of in-
hibition methods. Thus, the facile etching of HNT enhances the nanoclay properties rendering it suitable for

future application in drug delivery formulations.

1. Introduction

Clay minerals have gradually conquered a new niche in the world of
drug delivery as they present prominent advantages due to their
abundancy, intrinsic porosity, and superior adsorption capabilities
(Moraes et al., 2017; Massaro et al., 2018b; Pena-Paras et al., 2019;
Khatoon et al., 2020; Yang and Wang, 2022); while among the nanoclays
family, Halloysite nanotubes (HNT) have gained a profound interest
over the past two decades. These 600-900-nm long tubular nanoclays
are identified as 1:1 aluminosilicates with an intercalated water mono-
layer (Al»SizOs5(OH)4-nH20) (Joussein, 2016). HNT exhibit a meso-
porous inner lumen (diameter of ca. 15 nm) (Joussein, 2016) which is
ideal for sustained release via hindered out-diffusion, and their sub-
stantial silica and alumina specific surface area (50-60 ng-l) (Yang
et al., 2016) enables ion-exchange and electrostatic interactions with
guest molecules (Lvov et al., 2016). In terms of biocompatibility, accu-
mulating data suggest toxicity levels that are comparable with other
high aspect ratio nanomaterials (Prinz Setter and Segal, 2020; Rozhina

et al., 2021). Due to their advantageous properties, HNT have been
utilized for numerous applications including catalysis (Xiong et al.,
2021), energy harvesting (Zhao et al., 2018), and environmental
remediation (Wei et al., 2019). Yet, their most prominent application is
as carriers for bioactive materials, such as dietary supplements
(Blagojevic et al., 2022), essential oils (Krepker et al., 2017, 2018), and
pesticides (Qin et al., 2022).

It was not until two decades ago, that HNT’s unique tubular nano-
morphology had been fully elucidated, and a surge of interest arose in
utilizing them as nanocarriers for pharmaceuticals. Various small-
molecule drugs and macromolecules either charged, polar or hydro-
phobic have been successfully loaded onto HNT and exhibited a sus-
tained release profile. These range from anti-cancer drugs (Karewicz
etal., 2021), through anti-inflammatory drugs (Tan et al., 2014) to bone
regeneration factors (Huang et al., 2019) and genetic therapy agents
(Massaro et al., 2019). HNT loading process is mostly straightforward,
involving their mixing with a concentrated solution of the target drug
followed by several vacuuming cycles, centrifugation, washing and
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drying (Lvov et al., 2016; Santos et al., 2018; Satish et al., 2019; Prinz
Setter and Segal, 2020). Loading of many antibiotics (such as oxytet-
racycline, gentamicin, ciprofloxacin, vancomycin, and metronidazole)
has been investigated in an effort to enhance their efficacy and stability
(Stavitskaya et al., 2019). Various physiochemical modifications have
been proposed to enhance HNT delivery performance including calci-
nation (Deng et al., 2019), polymer or surfactant coating (Tharmavaram
et al., 2018), and covalent modifications (Massaro et al., 2017). Among
these, acidic etching is one of the most simple and robust routes to in-
crease the specific surface area of HNT and their porosity for improved
loading efficiency (Abdullayev et al., 2012; Tharmavaram et al., 2018;
Jaukovic et al., 2021). During the etching process, hydrogen ions solu-
bilize the alumina fraction of HNT, leaving behind only porous amor-
phous silica while maintaining the rod-like nanostructure (Abdullayev
et al., 2012).

Ciprofloxacin (CIP), a potent antibiotic of the fluoroquinolone fam-
ily, is recognized globally as one of the most used broad-spectrum an-
tibiotics for both humans and animals (Maged et al., 2020). Its mode of
action relies on the inhibition of enzymes involved in DNA replication,
stopping DNA and protein synthesis (Wolfson and Hooper, 1985). The
positively-charged amine groups of CIP and the negatively-charged
carboxylic acid group impart the compound a pI of 7.42 — resulting in
poor aqueous solubility at physiological pH (Jiang et al., 2016). Thus,
CIP has a relatively low bioavailability, that together with its short half-
life (Hanna and Saad, 2019) call for more sophisticated dosage forms
including drug encapsulation for protection upon degradation and
prolonged release. CIP is readily adsorbed by a variety of materials
including clay minerals (Duan et al., 2018; Maged et al., 2020; Igwegbe
et al., 2021) amidst which HNT have demonstrated superior adsorption
capacity (Duan et al., 2018) with reported loaded content of between
2-3 wt. % (Jiang et al., 2016; Duan et al., 2018; Massaro et al., 2021).
HNT ability to adsorb CIP is associated with a combination of electro-
static interaction and ion-exchange surface interactions (Duan et al.,
2018). The pH range of 6-9 was found to be ideal for CIP adsorption by
HNT as CIP is at its zwitterionic state under these conditions (Duan et al.,
2018). In addition to pristine HNT, aminosilanized HNT have been re-
ported to strongly interact with CIP via electrostatic attraction over-
coming the unwanted complexation of CIP with iron (Rawtani et al.,
2017).

Nonetheless, to the best of our knowledge, no attempts have yet been
made to investigate the loading of CIP onto acidic-etched HNT (E-HNT).
In this report, we present for the first time the advantages of E-HNT over
pristine HNT as carriers for CIP. Loading conditions were optimized
within a restricted physiological range (phosphate buffer saline, pH 6-7)
to enable the future combination of the proposed protocol with any
biofunctionalization of the E-HNT. The loaded clay minerals were
analyzed by a series of solid-state characterization techniques, including
Fourier transform-infrared (FTIR) spectroscopy, thermogravimetric
analysis (TGA), and transmission electron microscopy (TEM). Lastly, the
release profile of the loaded CIP was obtained, and its exerted antibac-
terial activity was investigated against Escherichia coli (E. coli) by the
broth microdilution (BMD) method in combination with zone of inhi-
bition measurements.

2. Materials and methods
2.1. Chemicals and materials

Halloysite nanotubes were purchased from NaturalNano, USA
(mined at the Atlas Mining Dragon Mine in Utah, USA), and dried at
150 °C for 3 h. Concentrated sulfuric acid was obtained from Sigma-
Aldrich Chemicals (Israel). Phosphate buffer saline (PBS) pH 7.2 0.1 M
was prepared using Milli-Q water (18 MQ-cm) mixed with 50 mM
disodium hydrogen phosphate (Merck, Germany), 17 mM sodium
dihydrogen phosphate monohydrate (Merck, Germany), and 68 mM
sodium chloride (BioLab, Israel). All solutions were passed through a
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0.22 pm membrane filter before use. Ciprofloxacin was supplied by
Sigma-Aldrich Chemicals (Israel), and acetic acid was purchased from
Gadot Group (Israel). E. coli K-12 was generously provided by Prof. Sima
Yaron (Technion) and cultured in Luria broth (LB) medium containing
10g L! Bacto™ Tryptone (BD, USA), 5 g L! Bacto™ yeast extract (BD),
and 5 g L' sodium chloride. LB agar plates for culturing were prepared
by adding 17 g L' Bacto™ agar (BD, USA) to the LB medium.

2.2. Acid etching of HNT

HNT acidic etching was performed as previously reported (Barfod
et al., 2020). Briefly, an aqueous suspension of 0.15 mg HNT mL"! was
subjected to cycles of 20-min vacuuming restoring atmospheric pressure
after each cycle. Next, the suspension was acidified with sulfuric acid at
a final concentration of 17 vol. % and mixed at 105-110 °C for 16 h.
After the reaction, 400 mL of water were added to the mixture and the E-
HNT were separated by filtration and washed again with water. Finally,
the resulting E-HNT were dried at 120 °C for 2 h.

2.3. Ciprofloxacin loading

The loading procedure was based on previous works (Rawtani et al.,
2017) and included the optimization of three main parameters: (1) CIP
concentration, (2) HNT concentration, and (3) loading duration (see
scheme in Fig. 2). First, a stock suspension of E-HNT was prepared by
sonicating 33 mg mL" of clay mineral in PBS using a Vibra-Cell ultra-
sonic probe equipped with a microtip, (Sonics & Materials Inc. USA). A
concentrated stock solution of CIP was prepared by solubilizing 620 pg
mL! in PBS acidified to pH 5.1 with acetic acid. Then, E-HNT stock and
concentrated CIP stock solutions were combined to prepare the mixtures
detailed in Table 1 in triplicates. Each mixture was shaken for 15 min at
1500 rpm by a thermoshaker for microtubes (MRC, Israel) and then
evacuated at 100 mbar to ensure complete filling of E-HNT pores
(Lisuzzo et al., 2019a, 2019b; Massaro et al., 2021) for three cycles to the
total loading durations detailed in Table 1.

After each vacuum cycle, atmospheric pressure was restored. The
loaded E-HNT were separated by centrifugation at 9167 x g centrifu-
gation force and washed with PBS following a second round of centri-
fugation. All supernatant solutions were collected and measured for
absorbance at 272 nm (Rawtani et al., 2017) using a quartz 96-well plate
and a microplate reader (Varioskan Flash, Thermo Fisher Scientific,
USA). Fig. S1 (Supporting Information) presents a characteristic cali-
bration curve for CIP quantification. The CIP loaded content (wt. %) and
the loading efficiency were calculated according to Eq. (1) and Eq. (2),
respectively.

mcip — (maflzr loading + mwa:h)

CIP loaded content = e 100 (@D)]

MEg_HNTs

Mcip — (muﬂer loading + mwu:h)

Loading efficiency = e 100 2

mcip
where m¢p stands for the CIP mass (pg) in the control loading solution
(no HNT), Mgfser loading aNd Myqsy are the CIP mass in the supernatant after
the first and second centrifugations, respectively, and mg _ gn7s repre-
sents E-HNT mass of in the loading mixture.

Following each loading experiment, the pellets were dried in a vac-
uum oven at 90 °C overnight and stored in a desiccator. In addition,
pristine HNT (not subjected to etching) were also loaded under the same
conditions. Control samples without CIP were prepared both for E-HNT
and HNT by repeating the loading protocol without the addition of CIP.

2.4. Sedimentation

The sedimentation rate of the different clay mineral suspensions was
visually monitored in a cuvette (1 mL) under the optimal loading
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Table 1
Mixture compositions for CIP loading optimization.
HNT concentration (g mL™Y) 4 10
CIP concentration (ug mL 1) 80 160 320 160 320 420
Loading duration (min) 45 180 90 180 90 180 90 180 90 180 90 180

conditions. As a negative control, pristine HNT and E-HNT were also
suspended by the same procedure excluding the CIP.

2.5. Infrared spectroscopy

The interactions between the loaded CIP and its clay mineral hosts
were investigated by attenuated total reflectance (ATR) FTIR spectros-
copy using a Thermo 6700 FT-IR spectrometer (USA) equipped with a
Smart iTR diamond ATR device. All spectra of loaded clay mineral were
normalized to the highest band around 1000-1030 cm'! attributed to Si-
O bonds (Yuan et al., 2008; Sun et al., 2015) which is not expected to be
affected by the loading procedure.

2.6. Thermogravimetric analysis (TGA)

TGA was performed by a TGAQ5000 instrument (TA Instruments,
USA). The dynamic high-resolution mode was used (Sensitivity number:
1; Resolution: 6) at a heating rate of 5 °C min™* up to 580 °C. Results
were processed by Universal Analysis 200 version 4.5A build 4.5.0.5
software. Each sample was analyzed in triplicate. TGA data are
normalized to sample weight at 100 °C to be expressed on a dry basis.
The loaded CIP (wt. %) content was determined according to Eq. (3).

ant — Rluaded

CIP
100 — Reip

loaded content(wt.%) = e 100 3)

where Rpq is the residue of the control neat sample (E-HNT or HNT) at
580 °C (wt. %), Ripaded represents the residue of loaded sample (E-HNT or
HNT) at 580 °C (wt. %), and Rcyp is the residue of pure CIP at 580 °C (wt.
%)

2.7. Scanning electron microscopy

Dry samples were imaged using Carl Zeiss Ultra Plus (Germany)
high-resolution scanning electron microscope (HR-SEM) at an acceler-
ating voltage of 1.3 keV and a working distance of 3 mm.

2.8. X-ray diffraction (XRD)

XRD patterns were measured by a Rigaku X-ray diffractometer
(SmartLab, Rigaku, Tokyo, Japan), at 20 values from 5 ° to 90 ° and a
rate of 2 ° min"’. The CuKo radiation source power was 40 kV, and
current was set to 30 mA.

2.9. Transmission electron microscopy and energy dispersive X-ray
spectroscopy

The drop cast method was used to prepare the different samples for
imaging on carbon type-B grids. Imaging was performed by an FEI
Tecnai G2 T20 S-Twin transmission electron microscope (TEM) coupled
with an energy-dispersive X-ray (EDX) detector at an accelerating
voltage of 200 keV. EDX data were processed by TIA (TEM Imaging &
Analysis) software version 4.12, FEI Company, OR, USA.

2.10. Antibacterial activity by the zone of inhibition technique

The antibacterial activity of loaded E-HNT and loaded pristine HNT
was also investigated using the zone of inhibition technique. 20 mg of
each sample were pressed into a round disk under 10 MPa using a

manual tableting press (76YP-15A, MRC Lab, China) equipped with a 7
mm die. Three disks were prepared and tested for each sample. A fresh
E. coli K-12 culture in LB medium was prepared from a single colony
incubated at 37 °C overnight. The culture was diluted to 10° CFU mL?
and spread on an LB agar petri dish on the center of which one disk was
positioned. After overnight incubation at 37 °C, the inhibition zone di-
ameters were measured and divided by the petri dish diameter (90 mm)
to calculate the percentage of inhibition. For negative control, we used
disks made of E-HNT and pristine HNT without CIP. A positive control
comprised a filter paper disk with a diameter of 7 mm loaded with 390
pg of CIP (equivalent to the average potency of disks tableted from
loaded E-HNT and pristine HNT).

2.11. Ciprofloxacin release studies

The release profile of loaded CIP was obtained by using 6-well
Corning® Transwell® polycarbonate membrane inserts (Corning,
USA), with a 0.45 pm pore diameter. About 2 mg of loaded clay mineral
(E-HNT or pristine HNT) were accurately weighted onto the upper side
of the insert, and then the insert was submerged in a well filled with 2.8
mL of PBS. Then, 1.2 mL PBS were inserted on top of the insert, and the
plate was gently shaken at 200 rpm. Aliquots were taken from the bot-
tom liquid at 1-h intervals. Each aliquot was taken from a separate well,
and the absorbance of each aliquot was measured at 272 nm for CIP
quantification. The diffusion rate of CIP through the insert membrane
was studied by adding pure CIP solution on top of the insert instead of
the loaded clay minerals.

An exponential saturation model was fitted for CIP release profiles.
Models were fitted using Prism software (version 9.2 (3320), GraphPad
Software LLC) according to Eq. (4):

R(t) =R, — (R, —Ry) e e ™™ @)
where tis the time (h), R(¢) is the accumulative release of CIP at time t (%
accumulative release), Rg stands for the plateau value of CIP accumu-
lative release at infinite time (% accumulative release), Rg stands for the
accumulative release at time 0 (constrained as 0), and k is the rate
constant (h')) and is constrained as >0.

2.12. Time-resolved antibacterial activity

The antibacterial activity of each interval from the release experi-
ment was studied by the BMD method. A fresh culture of E. coli K-12 in
LB medium was prepared from a single colony by overnight incubation
at 37 °C. To revive the bacteria into their logarithmic growth stage, a
decimal dilution of the culture was incubated for additional 2 h at 37 °C.
In a 96-well plate, binary dilutions of the released CIP aliquots were
mixed with the revived E. coli to a final optical density (0.Dggg nm) of 0.1.
Bacteria growth was monitored by periodic O.Dggg nm measurements
using a microplate reader at 37 °C incubation under gentle shaking for
10 h. Normalized growth inhibition was calculated according to Eq. (5).

_ ODgy

NI — Ecli = ODeo 1 1

ODgno

)

E.coli c

where NI stands for the normalized inhibition (rng'l mL), ODeoonm  E. coli
represents the optical density at 600 nm measured after 10 h of incu-
bation at 37 °C for E. coli culture, ODggonm represents the optical density
at 600 nm measured after 10 h of incubation at 37 °C for E. coli culture
contaitning an aliquot taken from the release experiment at time t, and C
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is the clay mineral concentration in the release experiment (mg mL™?).
Note that to achieve adequate selectivity below the minimal inhibitory
concentration, a dilution of 1:32 of the release aliquots was used for the
calculation.

An exponential saturation model was fitted for the normalized
growth inhibition measured for the aliquots from the release experi-
ments. Models were fitted using the Prism software (version 9.2 (3320),
GraphPad Software LLC) according to Eq. (6):

Pristine HNT

Etched HNT

pna——
T T T T

40 60 80
20 (%)

Weight (%)
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NI(t) = NI, — (NI, — NIy) e e ™" (6)
where NI(t) is the normalized inhibition for release time t (rng'1 mL), NI
stands for the plateau value of normalized growth inhibition at infinite
time (mg'1 mL), NI is the normalized growth inhibition at time
0 (constrained as 0), and k is the rate constant (b)) which is constrained
as >0.

Pristine HNT

95 - Etched HNT
90
85 1 Pristine HNT
1 —

25 125 225 325 425 525

Temperature (°C)

Fig. 1. Characterization of pristine and etched HNT: (a) Electron micrographs of etched HNT (left) and pristine HNT (right) taken by TEM (upper panel, inset
presents a high magnification image) and SEM (lower panel); (b) X-ray diffractograms of etched and pristine HNT. C — cristobalite, Q — quartz (Pasbakhsh et al.,

2013); (c) High-resolution thermograms of etched and pristine HNT.
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3. Results and discussion
3.1. Acidic etching

Pristine HNT were exposed to acidic conditions and the nano-
structure of the resulting etched HNT (termed as E-HNT) was charac-
terized by electron microscopy. The E-HNT exhibit a more coarsened
surface in comparison to pristine HNT while their rod-like morphology is
maintained, see Fig. 1a and also Fig. S2 (Supporting Information) for
additional SEM micrographs. Yet, the characteristic 7-A-interlayer space
of the pristine HNT (Joussein et al., 2005; Abdullayev and Lvov, 2016),
calculated using the inset of Fig. la (see Supporting Information,
Fig. S3), is observed to be lost following the etching process. The latter is
ascribed to the selective etching of the HNT alumina layers leaving
nanometric crevices of amorphous silica, which in turn greatly increased
the specific surface area from 25.6 to 128 m? g !, as measured by ni-
trogen adsorption (Barfod et al., 2020) (See Table S1, Supporting In-
formation, for a detailed summary of the physicochemical
characterization of pristine HNT and E-HNT). Moreover, the XRD
pattern of the E-HNT presented in Fig. 1b shows an amorphous halo;
whereas, the pattern of pristine HNT depicts main peaks at 20 = 12, 20,
25, 35, 36 and 38 °. These are associated with tubular HNT characteristic
d-spacing: 7.4 A (001), 4.4 A (020), 3.6 A (002), 2.56 A (130), 2.5 A
(131) and 2.4 A (003), respectively (Joussein et al., 2005; Abdullayev
et al., 2012; Pasbakhsh et al., 2013). This difference in the XRD patterns
suggests the loss of the layered structure of the HNT during the etching
process. Trace amounts of quartz and cristobalite impurities are also
observed in the diffractograms of both etched and pristine HNT.

Thermogravimetric analysis results of E-HNT, shown in Fig. Ic,
reveal a weight loss of about 2.5 wt. % up to 150 °C which is ascribed to
the loss of adsorbed moisture (Yuan et al., 2008; Zhao et al., 2015; Prinz
Setter et al., 2021), where for pristine HNT only a minor weight loss
(~0.5 wt. %) is observed. Thus, the 5-fold increase in adsorbed moisture
content in E-HNT may be attributed to their higher surface area in
comparison to pristine HNT (Table S1, Supporting Information). No
intercalated water is expected to be present in the HNT used in this work
due to their irreversible anhydrous 7-A state (Joussein et al., 2005)
indicated by both high-resolution TEM and XRD measurements (Fig. 1a
and b, respectively). At higher temperatures, pristine HNT show a

Etched HNT

Pristine HNT Ciprofloxacin

\
'\
a®
o

Vacuum Centrifugation V;:;::;“
Shaking cycles and wash
mixture —
Loading

guantification

Applied Clay Science 228 (2022) 106629

characteristic mass loss at 400 to 500 °C associated with the dehy-
droxylation of aluminol groups (Yuan et al., 2008; Daou et al., 2020),
whereas E-HNT do not exhibit this thermal decomposition event,
providing additional evidence for the acidic etching of the alumina
(Prinz Setter et al., 2021). This finding is further supported by the EDX
spectrum of the E-HNT (Fig. S4, Supporting Information), revealing an
Al : Si ratio of 0.02, much lower than the characteristic Al : Si ratio of
pristine HNT (>1) (Yang et al., 2016; Barfod et al., 2020).

3.2. Ciprofloxacin loading

The loading of E-HNT with CIP was investigated at varying loading
durations and concentrations of CIP or E-HNT, as illustrated in Fig. 2.

CIP loading was firstly investigated by quantitating CIP concentra-
tion before and after the loading using UV absorbance measurements at
272 nm (for a characteristic calibration curve see Fig. S1 in the Sup-
porting Information). Fig. 3a and b summarize the wt. % of loaded CIP
obtained under the different loading conditions as well as the CIP
loading efficiency calculated according to Eq. (1) and Eq. (2), respec-
tively. The lowest concentration of CIP solution (80 pg mL 1), did not
yield any substantial loading after 45 min; while extending the loading
duration to 180 min has slightly improved the loading to 0.18 wt. % see
Fig. 3a (left panel). Lowering the loading duration to 90 min did not
impair CIP loading, regardless of neither CIP nor HNT concentration. For
E-HNT concentration of 4 mg mL", increasing CIP concentration from
80 through 160 to 320 pg mL? resulted in an increased loaded CIP
content (0.2, 0.9, and 1.8 wt. %, respectively). Yet, the achieved loading
efficiency (Fig. 3b, left panel) did not follow this trend, reaching a
saturation of ~20 % already at a CIP loading concentration of 160 pg
mL. To improve the loading efficiency, we increased the E-HNT con-
centration from 4 to 10 mg mL, increasing the loading efficiency to
40% and 55% at CIP concentrations of 160 and 420 pg mL, respectively
(Fig. 3bright panel). This trend was also observed for loaded CIP content
(up to 2.3 wt. % at 420 pg CIP mL, see Fig. 3a right panel). As a further
increase in CIP loading concentration could not be achieved due to the
CIP solubility limitation (Ross and Riley, 1990), the optimal loading
conditions for E-HNT were set as 10 mg mL™ ! E-HNT in a solution of 420
pg mL! CIP for 90 min. Loading the pristine HNT (not etched) under the
same conditions resulted in inferior CIP loading, 40% lower than that

Fig. 2. A scheme illustrating the loading pro-
cedure of etched and pristine HNT with CIP.
Mixtures of the clay mineral and antibiotic at
varying concentrations are shaken and subjected
to vacuum for different loading durations. The
mixtures are then centrifuged, washed, and dried
under vacuum. UV measurements of the super-
natants enable the quantification of CIP loading.
The dry powders are investigated for their phys-
icochemical properties as well as their CIP
release profiles. In addition, the antibacterial
activity of the released CIP is studied.

CIP-loaded
Etched HNT

o

CIP-loaded

Pristine HNT
- 2,

®

—~—————

Solid state
characterization

Antibacterial
activity
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achieved for E-HNT (Fig. 3a and b). Our results fall in the range of
previously reported values for CIP-loaded pristine HNT (2-3%) (Jiang
etal., 2016; Duan et al., 2018; Massaro et al., 2021). It should be pointed
out the variability between the achieved loading values may arise from
the differences in loading techniques, HNT geological origin, and CIP
polymorph, as detailed in Table S2 (Supporting Information).
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Fig. 3. Comparison of CIP loading to etched HNT
(E-HNT) and pristine HNT. (a) wt. % of loaded
CIP and (b) loading efficiency for E-HNT (blue
bars) and pristine HNT (green) under different
loading conditions: loading duration (45 min —
light blue arrow, 90 min - dark blue, 180 min —
white), and clay mineral concentration (4 mg
mL ™! — left panel, 10 mg mL™! — right panel).
Error bars represent SD, n = 3, and * indicates p
< 0.01, two-tail t-test. (¢) Time-resolved visual
observation of E-HNT (upper panel) and pristine
HNT (lower panel) suspensions w/ and w/o CIP.
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

As E-HNT exhibit a 5-fold higher specific surface area than pristine
HNT (Barfod et al., 2020), their higher loading suggests an improved
adsorptive loading mechanism, as previously proposed for pristine HNT
(Jiang et al., 2016) and other clay minerals (Duan et al., 2018; Maged
etal., 2020). Moreover, we visually observed that the sedimentation rate
of the clay mineral increased in the presence of CIP as depicted in
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Fig. 3c, and pristine HNT sedimented more rapidly in comparison to the
etched ones. Suspension stability is highly sensitive to changes in the
HNT (Lisuzzo et al., 2019a, 2019b) and as such, faster sedimentation can
be ascribed to the adsorption of CIP molecules onto HNT surface (Zhao
and Liu, 2008). The superior suspension stability of E-HNT in an
aqueous medium can be attributed to their smaller size (Fig. S5, Sup-
porting Information), and higher hydrophilicity due to the additional

—
Q
—
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silanol groups exposed on their surface (Sun et al., 2015; Garcia-Garcia
etal., 2017). This significant advantage over pristine HNT may facilitate
the adsorptive loading. Further investigation of the CIP - E-HNT in-
teractions is discussed in the next section.

CIP

ClIP-loaded E-HNT %
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Fig. 4. Solid-state characterization of CIP loading E-HNT and pristine HNT: (a) FTIR-ATR spectra between 4000 and 600 cm ! (left panel) and 1800-1250 em !
(right panel), note that colors of the spectra are kept consistent throughout; (b) TGA thermograms at a high-resolution mode with a zoom out inset (left) and DTG
curves for pure CIP (red) and CIP-loaded E-HNT (blue). Horizontal arrows indicate temperature shifts (average + SD, n = 3); (¢) TEM micrographs with a high
magnification inset. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Solid-state characterization and loading mechanism

Characterization: To investigate the nature and role of E-HNT - CIP
interactions, we characterized their physiochemical properties. Fig. 4a
presents the FTIR spectra of both pristine and E-HNT where a sharp band
is observed around 1000-1050 cm'l, attributed to Si-O bonds (Yuan
et al., 2008; Sun et al., 2015), for the two clay minerals. Conversely, the
distinctive bands at 3693 and 3619 cm™’, ascribed to aluminol groups of
the pristine HNT (Abdullayev et al., 2012), are not observed for the E-
HNT, indicating the high degree of alumina etching. When zooming in to
the range of interest (Fig. 4a right panel), pristine and E-HNT depict only
a single band due to adsorbed water at 1651 and 1630 cm, respectively
(Saklar and Yorukoglu, 2015). As for pure CIP, characteristic bands are
observed, including bands at 1725, 1613, 1586, 1484, 1372, and 1283
cm™, and their respective assignments are summarized in Table 2. The
spectra of CIP-loaded E-HNT depict three main differences in compari-
son to the spectrum of pure CIP: (i) a distinct shift of the C=0 ketone
stretch band (Mesallati et al., 2017) from 1613 em’! to 1630 cm'l, (i)
diminishing of the bands at 1586 and 1372 cm™ associated with the
carboxylate ion asymmetric and symmetric vibrations (Mesallati et al.,
2017), respectively, and (iii) a slight rise of the band between
1680-1760 cm™! which is attributed to carbonyl stretch of the unionized
carboxylic acid group of CIP (Mesallati et al., 2016). The combination of
these differences implies the tautomerism of pure CIP from the zwit-
terionic to the unionized form upon loading into the clay mineral
(Mesallati et al., 2016) and was also reported for the loading of CIP into
smectite (Memenfo et al., 2021). Such a transition could arise from
possible ion-exchange interactions between the antibiotic and the clay
mineral, and may be accounted for the inferior suspension stability of
the CIP-loaded clay minerals (see Fig. 3c). Notably, the spectra of both
CIP-loaded HNT and CIP-loaded E-HNT display high similarity. In
addition to the aforementioned differences, other characteristic CIP
bands in the loaded clay mineral spectra depict shifts to both higher and
lower wavenumbers (e.g., from 1540 to 1530, 1447 to 1462, and 1326 to
1338 cm™). Such a behavior was also reported for the loading of CIP HCl
onto silver nanoparticles (Mohsen et al., 2020) and acid-treated
bentonite (Maged et al., 2020). For the latter, the shifts were associ-
ated with various interactions between CIP and the clay mineral surface,
including electrostatic forces, hydrogen bonding, and intercalation
through cation exchange. Thus, our FTIR results support an adsorptive
mechanism for the loading of CIP onto E-HNT, similar to that previously
suggested for pristine HNT (Duan et al., 2018). Furthermore, since E-
HNT are composed mostly of silica, it could be deduced that adsorbed
CIP interacts with pristine HNT also mainly through the latter’s silica
surface.

The thermal degradation of pure CIP, presented in Fig. 4b left panel,
consists of two main events at 238 and 346 °C with a residue of about 20
wt. % at 580 °C, as was previously reported (El-Gamel et al., 2012; He
et al., 2015). The loaded clay minerals display lower residues at 580 °C
compared to the corresponding neat clay minerals, attributed to the
decomposition of the loaded CIP (1.1+0.8 and 1.7+0.3 wt. % for loaded
pristine HNT and E-HNT, respectively). The higher CIP loading

Table 2
Interpretation of main bands in CIP FTIR spectrum, see Fig. 4a for respective
spectra.

Band (cm ') Band assignment

1725 Carbonyl stretch of unionized carboxylic acid group*
1613 Carbonyl stretch of ketone*

1584 Asymmetric vibration of carboxylate ion*

1484 Stretching of C—N groups**

1372 Symmetric vibration of carboxylate ion*

1280 O-H deformation vibration***

* Mesallati et al. (2017);
** Massaro et al. (2021);
"* Maged et al. (2020).
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measured for the E-HNT by TGA agrees with UV absorbance results
(Fig. 3a), favoring E-HNT over pristine HNT in terms of CIP loading.
Nonetheless, some differences between the two analytical methods are
to be expected.

To better elucidate the loading effect on the thermal stability of CIP,
we extracted the derivative thermograms (DTG) of the loaded CIP by
subtracting the DTG of neat E-HNT from the DTG of CIP-loaded E-HNT.
The obtained DTG plot is presented in Fig. 4b right panel and is
compared to that of pure CIP. The loaded CIP is found to degrade in a
two-step manner similar to pure CIP; yet, it displays superior thermal
stability as the degradation temperatures are observed to increase by 90-
95 °C. This stabilizing effect suggests strong intermolecular interactions
between the loaded CIP and the E-HNT host (Massaro et al., 2018a;
Fakhrullina et al., 2019; Jaukovi¢ et al., 2021; Memenfo et al., 2021).
This analysis could not be performed for the pristine HNT as the alu-
minol dehydroxylation event overlaps with CIP degradation (see Fig. S6,
Supporting Information).

Following CIP loading, no apparent morphological changes were
observed for etched and pristine HNT, see Fig. 4c (loaded clay) and
Fig. la (neat clay without CIP). In addition, the characteristic 7-A-
interlayer space of pristine HNT (Joussein et al., 2005; Abdullayev and
Lvov, 2016) is also retained after CIP loading (see measurement details
in Fig. S3, Supporting Information,). These findings further support an
adsorptive mode of interaction between the antibiotic and the clay.

Loading mechanism: At the relevant pH range used (pH 6-7), CIP is
expected to be present mainly at its zwitterionic form (Jiang et al., 2016;
Cheng et al., 2018), namely its protonated amine residue is positively
charged while its deprotonated carboxylic residue is negatively charged.
Therefore, electrostatic interactions between the CIP positively-charged
amine and the HNT negatively-charged surface are expected to play the
main role in the adsorption of CIP onto E-HNT. This is supported by the
higher sedimentation rate observed for CIP-loaded E-HNT (Fig. 3c)
ascribed to the masking effect of the adsorbed CIP molecules. The same
electrostatic interactions were proposed for pristine HNT in many pre-
vious reports (Jiang et al., 2016; Cheng et al., 2018; Duan et al., 2018;
Wang et al., 2021b), and were recently supported by a computational
molecular model (Massaro et al., 2021). Furthermore, FTIR measure-
ments indicate a subsequent tautomerism of the loaded CIP from its
original zwitterionic form to a unionized form, see Fig. 4a; the same was
also reported for CIP loading onto smectite (Memenfo et al., 2021).
Intercalation of CIP into E- HNT is excluded as the E-HNT do not exhibit
any interlayer gap (as evidenced by TEM and XRD analyses, see Fig. 1a
and b, respectively). Thus, CIP loading onto E-HNT is ascribed to solely
surface interactions. Calculating the relative surface coverage of loaded
CIP (70 A2 (Jiang et al., 2016)) onto pristine and E- HNT, yields 70 and
26 %, respectively. The decreased coverage of E-HNT may be ascribed to
a lesser surface density of sites available for electrostatic interactions or
a lower surface charge density possibly due to the elimination of the
alumina component (Jenne, 1972).

3.4. CIP antibacterial potency and release

The antibacterial activity of the loaded clay minerals was studied
using the inhibition zone method and representative images are depic-
ted in Fig. 5a. After 24 h of incubation, the CIP-loaded E-HNT and
pristine HNT exerted an inhibitory effect (57 + 3 and 53 + 5 %,
respectively) comparable to the positive control containing only CIP (53
+ 1 %), and no significant difference was found between the three
treatments (p > 0.05). No inhibition of growth was observed for the
negative control tablets made of E-HNT or pristine HNT without CIP.
Based on these findings it could be concluded that the loaded CIP retains
its antibacterial activity and is as effective as pure CIP. This result cor-
responds with a previous report regarding the superior antibacterial
activity of CIP-loaded HNT against Pseudomonas aeruginosa also
measured by the zone of inhibition method (Lvov et al., 2016; Sta-
vitskaya et al., 2019). To further elucidate the kinetics of CIP release, we



O. Prinz Setter et al.

Applied Clay Science 228 (2022) 106629

_Etched HNT

(b)

100 A p }
& A [¢] |
= gl [ ]
g 801 — [
(1]
< l o
o 60 A -
=
© i
2
E a0 ® PureClP
-y 1 ® ClP-loaded E-HNT
© 20 ® CIP-loaded HNT

i Pure CIP model
——CIP-loaded E-HNT model
5 ——CIP-loaded HNT model
0 1 2 3 4 5

Time (hours)

Material Inhibition
Pure CIP 53+1
CIP-loaded HNT 5315
CIP-loaded E-HNT 5743
(c)
1.5 4 Y ®

=
o
1

Normalized inhibition (mg®mL)

® ClIP-loaded E-HNT
® ClIP-loaded HNT
——CIP-loaded E-HNT model

——CIP-loaded HNT model
0.0 T T T T T

0 i 2 3 4 5
Time (hours)

Fig. 5. Antibacterial activity and release profile of CIP from etched and pristine HNT: (a) Zone of inhibition study against E. coli K-12. Representative images of petri
dishes treated with pristine HNT, E-HNT, CIP-loaded pristine HNT, CIP-loaded E-HNT, and a filter paper disk loaded with CIP amount equivalent to the average of the
loaded clay minerals. Bottom right: % inhibition of the different treatments expressed as average + SD, n = 3. (b) Release profile of CIP-loaded E-HNT (blue) and
pristine HNT (green), as well as pure CIP (red). Error bars represent SD (n = 3). Solid lines represent a one-phase exponential saturation model, and light areas
represent confidence bands at 95% confidence. The model was fitted by Prism software (version 9.2 (3320), GraphPad Software LLC), constraining the time zero
value to be zero and the time constant to be positive. (¢) Normalized growth inhibition against E. coli K-12 as measured by the BMD method for aliquots taken from
the release experiment of CIP-loaded E-HNT (blue) and pristine HNT (green). Solid lines represent a one-phase exponential saturation model and light areas represent
confidence bands at 95% confidence. The model was fitted by Prism software (version 9.2 (3320), GraphPad Software LLC), constraining the time zero value to be
zero and the time constant to be positive. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

quantified the released amount and then studied its antibacterial effect
at each time point. The release profiles of CIP from loaded E-HNT or
pristine HNT into PBS pH 7.2 were obtained by UV absorbance mea-
surements and are presented in Fig. 5b. The profiles are compared to the
diffusion rate of pure CIP solution through the membrane used in these
experiments. A one-phase exponential saturation model is fitted for each
of the experiments and the obtained R square values are >0.9. The
loaded HNT, whether pristine or etched, exhibit a sustained release
profile which is significantly different from the pure CIP profile (p <

0.05) with a half-life time of 0.5 h and a plateau value of about 80%
cumulative release. No significant difference is observed between the
release profiles of the two clay minerals (p > 0.05). In comparison to the
loaded clay minerals, pure CIP solution rapidly reaches an equilibrium
concentration with a short half-life time of 0.2 h to a plateau of 100%
cumulative release. The sustained profile of the CIP release from the clay
minerals is ascribed to both CIP adsorption to the HNT surface and the
antibiotic hindered out-diffusion within the HNT mesopores (Massaro
et al., 2021). A variety of release profiles for CIP-loaded HNT have been
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reported in the literature with half-time values ranging from 1 h to days.
For example, aminosilanized HNT loaded with 7 wt. % CIP were shown
to release their antibiotic cargo into PBS (pH 7.4) within ~4 h with a
half-time of 1 h (Rawtani et al., 2017). In a different report, a more
sustained profile was measured for CIP-loaded HNT with a 40 % release
after 12 h (Lvov et al., 2016). Moreover, HNT that were loaded with 2.6
wt. % CIP using a high-concentration methanol solution exhibited only
30 % cumulative release after 1 day at pH 7.4. It should be noted that the
concentration of HNT inside the dialysis bag used for the release
experiment in this work was as high as 20 mg mL? (Massaro et al.,
2021). Therefore, this wide range of profiles could be accounted for by
differences in the HNT origin (Wong et al., 2021), loading conditions, as
well as the release measurement technique.

To complement the CIP release studies, the exerted antibacterial
activity of the released antibiotic against E. coli was characterized as a
function of release time by the BMD method. Fig. 5c presents the
attained inhibition values (normalized to the clay mineral mass) for the
loaded E-HNT and HNT along with their corresponding fit of a one-phase
exponential saturation model (with R square values of 0.935 and 0.989,
respectively). While both clay minerals exhibit similar kinetics with a
half-time of 0.3 h (p > 0.05), the CIP-loaded E-HNT exert a superior
inhibitory effect (>25% higher) already after 1 h release (p < 0.05). This
difference can be attributed to the higher CIP content in the E-HNT, see
Fig. 3a. Characteristic bacterial growth curves used for calculating the
normalized inhibition values are presented in Supporting Information,
Fig. S7 for the released CIP and an equivalent fresh drug solution.

4. Conclusions

We investigate for the first time the effect of acidic etching of Hal-
loysite nanotubes on their loading capacity of the potent antibiotic CIP.
Under the optimized loading at near-physiological conditions (PBS, pH
6-7) the E-HNT hold ca. 40 % more CIP than pristine HNT (2.3 and 1.4
wt. %, respectively). According to the solid-state characterization of the
loaded clay mineral, the underlying mechanism of E-HNT loading is
suggested to be similar to that of pristine HNT, namely, CIP adsorption
via electrostatic interactions between its zwitterionic form and the clay
mineral silica surface. In addition, CIP loading onto the etched clay
mineral significantly enhances the thermal stability of the antibiotic in
comparison to its pure form. The sustained release profile of the loaded
antibiotic is similar for HNT and E-HNT with a half time of about 0.5 h
and a plateau value of 80 % cumulative release. The antibacterial ac-
tivity of the CIP-loaded E-HNT was demonstrated, by two different
methods (BMD and zone of inhibition) to be as potent as that of pure CIP
against E. coli. Furthermore, after 1 h of release, the inhibitory effect of
loaded E-HNT was found to be profoundly higher than that of CIP-
loaded HNT. Thus, we conclude that the facile acidic etching of HNT
is an effective route to further enhance their already remarkable attri-
butes as a prominent host for antimicrobials. Moreover, the effective
loading under mild near-physiological conditions, presented herein, can
be applied for the design of sophisticated E-HNT-based delivery systems
which integrate functional biomolecules for targeting or triggered
release (Wang et al., 2021a; Prinz Setter et al., 2021; Tan et al., 2021)
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