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Polona Umek, c Aicha Aouane,d Mohamed Hammami a and Karim Hosnia

Flumequine (FLUM), a quinolone-derived antibiotic is one of the most prescribed drugs in aquaculture

farms. However, its intensive use becomes worrisome because of its environmental risks and the

emergence of FLUM-resistant bacteria. To overcome these problems we propose in this study the

encapsulation and the delivery of FLUM by titanate nanotubes (TiNTs). Optimal FLUM loading was

reached by suspending the dehydrated powder nanomaterials (FLUM : TiNTs ratio ¼ 1 : 5) in ethanol. The

drug entrapment efficiency was calculated to be 80% approximately with a sustained release in PBS at

37 �C up to 5 days. Then FLUM@TiNTs was evaluated for both its in vitro drug release and antimicrobial

activity against Escherichia coli (E. coli). Spectacularly high antibacterial activity compared to those of

free FLUM antibiotic was obtained confirming the efficiency of TiNTs to protect FLUM from rapid

degradation and transformation within bacteria improving thereby its antibacterial effect. Indeed

FLUM@TiNTs was efficient to decrease gradually the bacterial viability to reach z5% after 5 days versus

z75% with free FLUM. Finally, the ex vivo permeation experiments on sea bass (Dicentrachus labrax)

intestine shows that TiNTs act to increase the intestinal permeation of FLUM during the experiment.

Indeed the encapsulated FLUM flux increased 12 fold (1.46 mg cm2 h�1) compared to the free antibiotic

(0.18 mg cm2 h�1). Thanks to its physical properties (diameter 10 nm, tubular shape.) and its high

stability in the simulated intestinal medium, TiNTs are easy internalized by enterocytes, thus involving an

endocytosis mechanism, and then improve intestinal permeation of FLUM. Taken together, FLUM@TiNTs

hold potential as an effective approach for enhancing the antimicrobial activity of FLUM and pave the

way not only for future pharmacokinetic studies in the treatment and targeting of fish infections but also

for instating of novel strategies that overcome the challenges associated with the abusive use of

antibiotics in fish farming.
1 Introduction

With the expansion of marine ranching and the sh farming
industry, demand for antibiotics has dramatically increased
during the lasts decades, and the projected worldwide use of
antibiotics in livestock is estimated to be 106 000 tons in
2030.1,2 Antibiotics are usually given to sh as medicated feed.
As an immediate consequence of the oral administration,
a large part of the antibiotics (70 to 80%) ends up in the aquatic
environment, either directly because the molecules diffuse into
the water from the unconsumed food, or indirectly because the
molecules are weakly absorbed, and then excreted in urine and
feces.3,4 As a consequence of the excessive use of antibiotics in
aquaculture, antibiotic resistance is induced in the surrounding
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bacteria in the sediment and sh-associated bacterial strains.
One of the most frequently used antibiotics in aquaculture
farming is the umequine (FLUM) which is a broad-spectrum
synthetic antibacterial agent of the quinolones class. FLUM
has an antimicrobial activity against Gram-negative microor-
ganisms.5 It is administered orally to various animal species for
treatment of enteric infections.6 Several works reported the
problem of the fast absorption and excretion of FLUM from
plasma and tissues of different sh species such as lumpsh,7

Atlantic salmon,8,9 turbot10 and Atlantic halibut,11 thus inducing
considerable variation in plasma concentration.12 FLUM has an
adequate kinetic prole in gilthead sea bream but marine
cations induce a signicant impact on its activity rendering its
use against bacterial pathogens questionable.13 Alternative
strategies to improve absorption rates of antibiotics and
reducing their release in the aquatic environment are of
primary interest. Recently, the use of nanoparticles/
nanomaterials as efficient antibiotics delivery systems has
received particular attention. The commonly studied nano-
systems for antibiotic loading are inorganic metal, silica,
RSC Adv., 2022, 12, 5953–5963 | 5953
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polymeric, lipid-based, and micellar nanoparticles.14 The main
problem limiting the use of metallic nanoparticles, especially
Si, carbon, Au-, Ag-, or Cu-based nanoparticles is their potential
cellular toxicity.15 Concerning the polymeric, lipid-based, and
micellar nanoparticles, their instability in vivo is one of the
principal disadvantages which limited their use for drug
delivery.16 Titanate nanotubes (TiNTs) stand out among inor-
ganic nanomaterials for their tubular shape, leading to a higher
cellular internalization, high surface and large pore volume
conferring higher drug loading capacity.17,18 The use of TiNTs as
nanocarriers for drug delivery has already been reported.19,20 In
our previous works, we have studied the capacity of TiNTs for
genistein loading and its antitumor activity on U87-MG line
cells. We have demonstrated that TiNTs could achieve higher
genistein drug-loading content (25.2%) and entrapment effi-
ciency (51.2%) leading to a controlled drug release as well as
a higher cellular uptake of genistein-loaded-TiNTs.21 No debate
on the biocompatibility of TiNTs since their safety was
conrmed on mice either aer 45 days of the intravenous
administration of a relatively high dose (45 mg kg�1).22 Never-
theless, a nanoantibiotics with preserved antibacterial efficacy
has recently been synthesized by self-assembly of FLUM on iron
oxide nanoparticles.23 However several chemical process were
needed to produce stable nanocarriers such binding of the
organic molecule to nanoparticles by the chelation of under-
coordinated Fe3+ sites on magnetic nanoparticles surface and
by the reactivity of carboxyl functionality of the antibiotic.
Unfortunately these reactions are costly and needs time. Like-
wise no information about the capacity of these nanoparticles to
load FLUM and their stability for a long time, were reported.
Since TiNTs are biologically and chemically inert, inexpensive,
nontoxic and stable in both water and biological medium, we
aimed in this work the development of these nanomaterials as
a novel nanocarrier for FLUM for aquaculture application.
Firstly we studied the stability of TiNTs in Ringer solution
(simulated intestinal medium) and Mueller Hinton broth then
their loading capacity of FLUM and the release kinetics. The
secondary purpose was to study the antibacterial effect of
FLUM@TiNTs on Escherichia coli (E. coli) and its intestinal
permeation in the Ussing chamber using sea bass intestine as
a model of aquaculture species. The bacterial strain is not only
selected for its omnipresence in aquatic environments, but also,
as an excellent model microorganism for studying the ecotox-
icity of nanoparticles and the cell organism–nanoparticles
interaction.24 It is expected that FLUM@TiNTs formulation
improve signicantly the antibiotic tissues and cells uptake
then targeting sh infections. Thanks to high capacity of drug
loading with an effective sustained release, TiNTs can reducing
the excessive use of antibiotic, and consequently decontaminate
the polluted environment.

2 Materials and methods
2.1. TiNTs synthesis and characterization

TiNTs were prepared by a classical hydrothermal method and
characterized as reported previously.18 Surface charge was
determined by Malvern Zetasizer 2000 (Zetasizer Nano ZS90,
5954 | RSC Adv., 2022, 12, 5953–5963
Malvern Instruments Ltd, UK). Before measurement, the freshly
prepared TiNTs were appropriately suspended in pure water
(0.1 mgmL�1) then ultrasonicated during 5 min. Then a sample
of TiNTs suspension was observed by TEM using transmission
electron microscope Tecnai G2 at 200 kV (FEI, Netherland) and
acquire with a Veleta camera (Olympus, Japan). For crystalline
phase X-ray powder diffraction was performed at room
temperature with an X-ray diffractometer (X' Pert PRO MPD,
PANalytical Co., Holland). Monochromatic Cu Ka-radiation (l¼
1.5418 Å) was obtained with a Ni-ltration and a system of
diverging and receiving slides of 0.5� and 0.1 mm respectively.
The diffraction pattern was measured with a voltage of 40 kV
and a current of 30 mA over a 2q range of 3–40� using a step size
of 0.02� at a scan speed of 1 s per step.

2.2 TiNTs stability study

Stability studies were performed by suspending 1 mg of TiNTs
in 100 mL of Mueller Hinton broth (M–H broth) or Ringer
media (simulated intestinal media at pH ¼ 6.0). The suspen-
sions were stirred under bidimensional continuous stirring in
an incubator at 60 � 60 rpm at 37 �C for 7 days. In order to
recover the nanotubes and liquid phases, the suspensions
were centrifuged at 14 500 rpm during 15 minutes. The pellet
was washed with fresh ultra pure water and analyzed by XRD
(X-ray diffraction) for crystallinity then the Ti released in the
supernatant was determined by ICP-MS as reported
previously.20

2.3 Drug loading and entrapment efficiency

TiNTs powder was dehydrated at 70 �C for 16 hours in order to
remove water and residual solvent into the pores. Three
concentration of TiNTs 5 mg mL�1, 10 mg mL�1 and 20 mg
mL�1, were tested for FLUM entrapment by suspending the
nanotubes powder in 5 mL of ethanol FLUM solution (1 mg
mL�1) at room temperature under continuous magnetic stirring
during 24 hours. Different samples were prepared in triplicate
for each entrapment time (0.5 h, 1 h, 3 h, 6 h, 8 h and 24 h).
Then samples were centrifuged for 15 min at 14 000 rpm in
order to recover separately the nanotubes and the supernatant.
The TiNTs entrapped FLUM amount was determined by ther-
mogravimetric analysis (TGA) and High Performance Liquid
Chromatography (HPLC) in the nanomaterials and the super-
natant respectively. Additionally, TiNTs before and aer the
FlUM entrapping were characterized by X-ray powder diffraction
(XPRD), TEM and nally the FITR spectra have been performed.

2.4 In vitro drug release

FLUM release was carried out in triplicate by soaking 5 mg of
antibiotic-loaded-TiNTs in 20 mL of phosphate buffer solution
(PBS 0.04 M, pH 7.4) at 37 �C under a continuous bidimensional
stirring (120 rpm; incubator Multitron Ortibale 50 mm, HT
Infors, France). In order to determine the kinetic of FLUM
release, 16 samples of 1 mL were recovered from supernatant,
obtained aer centrifugation 14 500 rpm for 15 min, from
5 min post stirring up to 7 days. Samples are recovered and
replaced with the same volume of fresh medium at 37 �C.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The drug concentration was then determined in the superna-
tants by HPLC.

2.5 Fourier transforms infrared spectroscopy (FTIR) analysis

FTIR spectra were recorded to conrm the chemical structures
of FLUM and TiNTs and to evaluate any probable drug/carrier
interaction in the prepared formulation. Small amounts of
materials were analyzed using a Thermo Nicolet spectrometer
(Thermo, USA). The spectra were recorded from 4000–400 cm�1.

2.6 Thermogravimetric analysis (TGA)

Aer 12 h of FLUM encapsulation samples were centrifuged at
14 000 rpm to recover the FLUM loaded nanomaterials
(FLUM@TiNTs). For TGA measurements TiNTs or FLUM@-
TiNTs samples (5 mg) were analyzed under an oxygen ow
(20 mL min�1) using a PerkinElmer Diamond TGA/DTA STA
6000 running from room temperature (25 �C) to 800 �C with
a scan rate of 10 �C min�1. Typically, FLUM containing samples
show two different weight losses. The rst weight loss, between
30 and 150 �C, is due to the departure of water, the second one
more differentiated (from around 200 to 300 �C) corresponds to
the FLUM departure. The amount of FLUM was estimated
considering the weight losses of the empty and dried TiNTs
(mg of FLUM per 100 mg of dry TiNTs).

2.7 Antibacterial activity

Experiments were performed using the Escherichia coli (E. coli,
ATCC 25922™) which represent a recommended reference
strain for antibiotic susceptibility testing. Freeze-dried cells
were activated according to the National committee for clinical
laboratory standards (NCCLS) guidelines.25 Each strain was
maintained on a nutrient agar slant. The stock cultures were
transferred to 100 mL of Mueller Hinton broth and were grown
in an air bath incubator with a reciprocal shaker for 24 h at
150 rpm and 37 �C until stationary phase. Bacterial cultures
were centrifuged at 3000 rpm for 15 min then washed twice with
0.9% physiology salt solution. The bacterium suspensions
(100 mL) were prepared by resuspending the bacterial pellets in
Mueller Hinton broth with the cell concentration determined by
the turbidity absorbance at 600 nm as recommended by the
Clinical and Laboratory Standards Institute guidelines.26 The
bacterial culture suspensions were adjusted at 0.5 McFarland
turbidity by different dilution to obtain grown at exponential
phase which correspond to 106 CFU per mL. In order to study
the antibacterial activity of FLUM@TiNTs on E. coli growth,
1 mL of TiNTs or FLUM@TiNTs (100 mg mL�1) or its equivalent
of free FLUM (8 mg mL�1) were added into the bacterial
suspension. Then the culture turbidity was continuously
monitored photometrically at 6 h, 1, 2, 3, 4, 5 and 7 days post
incubation. All treatments including the control were repeated
in triplicate.

2.8 Transmission electron microscopy (TEM) analysis

E. coli cells were centrifuged at 3000 rpm for 10 min at 4 �C.
Aer removing of the supernatant, the bacterial pellet was
© 2022 The Author(s). Published by the Royal Society of Chemistry
washed twice with a NaCl solution (0.9%) then xed with 2.5%
glutaraldehyde (TAAB) for more than 4 h following a wash step
of three time with phosphate buffer (0.1 M; pH 7.0) for 15 min.
The cells were post-xed with 1% OsO4 for 1 to 2 h and were
again washed three times with phosphate buffer (0.1 M; pH 7.0)
for 15 min. Next, the samples were dehydrated by a graded
ethanol series and were then transferred to absolute acetone.
The dehydrated samples were embedded in Spur's resin, incu-
bated for 4 h at room temperature, and then placed in an oven
(65 �C) for 24 h to polymerize. Finally sections of 90 nm were
prepared with a diatom diamond knife on an LBK ultra-
microtom Leica UCT and stained with 0.5% aqueous uranyl
acetate followed by Reynold's lead citrate. The observation was
done with a Tecnai G2 at 200 kV (FEI, Netherdland) and acquire
with a Veleta camera (Olympus, Japan).
2.9 Intestinal permeation

2.9.1 Animals. All the procedures involving animals are in
compliance with the care and use guidelines of experimental
animals established by the Ministry of Higher Education and
scientic research of Tunisia, and the study was approved by the
ethics committee of Monastir University. Moreover, this exper-
iment was directed by accredited scientists (following FELASA
category C recommendations) and conducted according to the
European Union Directive (2010/63/EU) on the protection of
animals for scientic purposes. Specimens of sea bass (Dicen-
trachus labrax) of 100–150 g farmed at the aquaculture farm of
Ruspina sh (Monastir, Tunisia) were used. 16 shes were
acclimated for 15 days to laboratory conditions in a 1000 L
aquarium lled with clean seawater maintained constantly at
16 �C. Food was automatically distributed daily with extruded
pellet for marine sh. Twenty four hours before intestine
collection, animals were fasted.

2.9.2 Preparation of the intestinal tissue. The whole
intestine of shes was carefully removed and washed twice with
chilled physiological saline solution (NaCl 0.9%). Intestine was
excised and cut into segments of 2–3 cm length. Aer visual
examination of the tissue, sections containing Peyer's patches
were discarded from the studies.27 Intestine portions were
opened along the mesenteric border and carefully mounted in
the Ussing chambers.

2.9.3 Permeation assay. The permeation Ussing chambers
consist of two compartments containing Ringer media
(acceptor and donor) separated by intestine membrane. During
all the experiment, both compartments were oxygenated and
circulated by bubbling with carbogen (95% O2/5% CO2),
keeping the temperature at 37 �C. The bubbling of the solutions
is an essential factor for the viability of the intestinal
membranes, but also to avoid the sedimentation of the nano-
materials. The intestinal segment was placed into the diffusion
chambers in the inner area of the intestine (intestinal mucosa)
faced to the donor compartment and serosa to the receptor one,
leaving an available diffusion area of 1 cm2 then were stabilized
during 1 h. Moreover the tissue viability and integrity were
controlled by monitoring the transepithelial electrical resis-
tance (TEER) using a potentiometer and the pH values of the
RSC Adv., 2022, 12, 5953–5963 | 5955
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donor and receptor compartments.28. FLUM (8 mg mL�1), TiNTs
(100 mg mL�1) or FLUM@TiNTs (100 mg mL�1) were suspended
in the donor compartment. Permeating studies were performed
for 2 h at 37 �C. The intestinal permeation was monitored by
collecting several aliquots (1 mL) from the receptor compart-
ment at different times (0.5, 1, 1.5 and 2 h) and replaced with
the same volume of fresh medium pre-equilibrated at the
experimental temperature conditions (37 �C). At the end of each
experiment, the collected aliquots were analyzed by HPLC and
ICP-AES in order to quantify the intestinal crossing of FLUM
and TiNTs respectively. All the experiments were performed by
triplicate for each experimental data. The intestinal diffusion
ux (mg cm�2 h�1) was calculated by using the equation F¼ (dQ/
dt)/A, where dQ/dt (mg h�1) represents the permeability rate, and
A (cm2) is the effective surface area of the intestinal mucosa
which is equal to 1 cm2.29 Moreover, the permeability coefficient
(P, cm h�1) was calculated by using the equation P ¼ F/Q, where
Q (mg mL�1) is the initial concentration of the studied
compound in the donor chamber. Subsequently, the viability of
the intestinal membrane was studied by measuring the
conductivity (Isc, mA cm�2) of the membrane through the
modulation of the ion channels. Firstly, 50 mL of forskolin were
added to the donor media in order to open the ion channels, as
forskolin-induced K channel activities.29,30 Aer 10 minutes,
50 mL of bumetanide were added in order to restart the normal
membrane conditions.31

2.9.4 Histological analysis. For histological evaluation,
intestine segments were xed in 5% buffered neutral formalin
and embedded in a paraffin wax. Sections of 5 mm were cut
from each block, and stained primarily with hematoxylin and
eosin (H&E) for histopathological study as described
previously.25
2.10 Flumequine determination by HPLC

FLUM concentration was determined by high-performance
liquid chromatography (HPLC) analytical method as described
previously.32 Aer samples centrifugation at 14 000 rpm for
15 min, 0.5 mL of the supernatant were diluted (v/v) in mobile
phase of methanol–0.1 M phosphate buffer, pH 3 (45 : 55, v/v)
and added to a quinaldic acid (10 mg mL�1 in methanol)
sample used as internal standard for error determination. Then
aer ltration in 0.2 mm porosity lter 20 mL of the sample were
injected in the chromatograph. FLUM concentration was
determined by reversed-phase HPLC using Sunre C18 column
(3.5 mm, 4.6 � 150 mm) and UV detector coupled to photodiode
array (PDA) with detection at 254 nm. A standard calibration
curve was obtained aer HPLC analysis of FLUM
standards prepared in methanol at concentrations ranging
from 0.1 mg mL�1 to 10 mg mL�1.
2.11 Statistics

Data are shown as the mean � standard deviation. Compari-
sons with control were performed for quantitative variable by
using Tukey HSD test and SPSS 12 soware. A value of p < 0.05
was considered statistically signicant.
5956 | RSC Adv., 2022, 12, 5953–5963
3 Results
3.1 TiNTs characterization

The TEM image from Fig. 1A shows the surface morphology of
TiNTs corresponding to elongated tunable tubes with length
ranging between 80 nm and 1 mm. Transmission electron
microscopy analysis (Fig. 1C, yellow arrow) shows the typical
morphology of multi-walled nanotubes with size of 8–10 nm in
outer diameter and 4 nm in inner diameter. All the nanotubes
were open at both ends. Interestingly, FLUM entrapment
increases the zeta potential value from �35 mV in empty TiNTs
to �22 mV in FLUM@TiNTs. Crystalline phase of TiNTs before
and aer FLUM encapsulation, was checked by XRD, conrming
not only that the impregnation step does not alter their crystal-
line structure, but also, in accordance with a signicant change
in the Bragg peaks relative intensity, the lling of the pores by
FLUM molecules (Fig. 1G).

3.2 TiNTs stability study

The stability of TiNTs was studied at 37 �C in both Ringer
solution and M–H broth under continuous stirring up to 7 days.
As shown in (Fig. 2A), no morphological changes in the TiNTs
crystalline structure were observed as conrmed by XRD.
Moreover the level of Ti (%) released from degraded nanotubes
in Ringer solution (0.18% � 0.072) and M–H broth (0.22% �
0.053) was very low during 7 days showing that TiNTs are highly
stable in both medium.

3.3 Flumequine loading TiNTs and entrapment efficiency

FLUM loading was carried out by a simple impregnation
method by suspending the milled TiNTs powder at different
concentrations into ethanol FLUM solutions (1 mg mL�1)
for 24 h. The lower concentration of TiNTs (5 mg mL�1)
was inefficient to achieve satisfactory drug loading (data not
shown). Likewise an important inaccuracy in the FLUM payload
estimation occurs with the higher concentration of TiNTs
(20 mg mL�1) probably due to the imbalance between the
amounts of drug and nanotubes which rules out such encap-
sulation tests (data not shown). Optimal FLUM loading was
reached by suspending the dehydrated powder nanomaterials
(FLUM : TiNTs ratio ¼ 1 : 5) equivalent to 10 mg mL�1 of TiNTs
and 1 mg L�1 of FLUM. Indeed a high entrapment efficiency of
FLUM up to 80% (�3.12%) was achieved aer 8 h of encapsu-
lation (Fig. 1D). Additionally, the amount of the encapsulated
FLUM remained unchanged aer 8 h of entrapment suggesting
a saturation of the pores of multilayer TiNTs. Further, TGA
measurement was carried out to conrm this result (Fig. 1F).
Indeed different weight losses were observed in the thermo-
gram of FLUM@TiNTs; the rst weight loss between 50 and
150 �C due to the departure of water and ethanol, then a second
one more differentiated (from 200 to 300 �C) which correspond
to the FLUM departure. The amount of FLUM was estimated
considering the weight losses of the mg of FLUM per 100 mg of
dry TiNTs which is 78 wt% approximately. Concerning the
empty nanotubes, the single stage weight loss of roughly 10%
observed around 120 �C is ascribed to the release of physisorbed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of titanate nanotubes (TiNTs) and analysis of flumequine (FLUM) loading. (A–C) TEM images of (TiNTs), (C) magnification
of (B) showing themultiple rolled layers of TiNTs (yellow arrow). (D) Kinetic of FLUM TiNTs loading. (E) Cumulative release of FLUM in PBS at 37 �C
under continuous stirring. All experiments were carried out in triplicate (n ¼ 3). (F) TGA measurement of empty TiNTs samples and FLUM@TiNTs.
The magnification shows the weight loss of TiNTs between 100 and 200 �C. (G) XRD pattern of empty TiNTs and FLUM@TiNTs compared to the
standard diffractogram of H4O6Ti2.
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water molecules onto the surface and into the pores. A weak
endothermic peak occurred at around 170 �C may be due to
chemisorbed and structural water losses including hydroxyl
groups of Ti–OH bonds within the tubular architecture. At the
end, the kinetics at which FLUM is entrapped within TiNTs is
another interesting point to be addressed. Indeed TiNTs
showed a fast kinetics of encapsulation, with, for instance,
FLUM loading approximately 20% aer 3 h of the immersion.
Then 8 h post immersion FLUM loading % remains unchanged
consistent with a relatively high drug–TiNTs affinity. Concern-
ing the FLUM release prole (Fig. 1E), it was rstly consisting
with a burst release of 5% of the total content in a short time,
3 h following the shaking of FLUM@TiNTs in the PBS at 37 �C.
Then the cumulative release of FLUM increases slowly and
linearly to achieve more than 90% aer 5 days. Note that the
© 2022 The Author(s). Published by the Royal Society of Chemistry
percentage of drug release remained unchanged 6 and 7 days
following shaking; it achieved more than 95% (�6.2%) of the
drug total content showing the total release of FLUM from
TiNTs.
3.4 FTIR analysis

The FITR spectrum of FLUM@TiNTs present several new peak
compared to that of TiNTS indicating the entrapment of FLUM
inside TiNTs (Fig. 3). Indeed in the FLUM@TiNTs FT-IR spec-
trum, a peak at 1050 cm�1 was assigned to C–F group as re-
ported previously.33 The peaks at 1230 and 1455 cm�1 were
related to C–O. A band at 3016 cm�1 indicated alkenes and
aromatic C–H stretching.22 Another two attached sharp peaks
were observed at 1735 cm�1 and 1625 cm�1; those can be
RSC Adv., 2022, 12, 5953–5963 | 5957
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Fig. 2 (A) XRD pattern of TiNTs after 7 days of incubation at 37 �C in
M–H broth or in the Ringer solution (simulated intestinal medium)
compared with XRD pattern of non incubated nanotubes showing no
morphological changes in the TiNTs crystalline structure. (B) The
percentage (%) of TiNTs degradation in both Ringer solution and M–H
Broth calculated via Ti concentration determined after 7 days of
incubation at 37 �C under continuous stirring. Results are represen-
tative of three independent experiences. No significant differences
were observed as confirmed by statistical Tukey HSD test.

Fig. 3 FTIR spectra of flumequine (FLUM), titanate nanotubes (TiNTs)
and flumequine-loading TiNTs (FLUM@TiNTs).

Fig. 4 E. coli growths determined by optic density (OD) at 600 nm
during 5 days after incubation with 100 mg mL�1 of TiNTs or
FLUM@TiNTs or its equivalent of free FLUM 8 mg mL�1. Results are
representative from three independent experiments (means � SD,
n ¼ 3). Statistical significance was determined by Tukey HSD test
(*p < 0.05, **p < 0.01).
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attributed to stretching vibration of C]O present in carboxylic
and/or carbonyl moiety groups. A characteristic band at
3375 cm�1 present in both TiNTs and FLUM@TiNTs FT-IR
spectrum was related to the OH stretching vibration.34
5958 | RSC Adv., 2022, 12, 5953–5963
3.5 Antibacterial activity

Antibacterial activity was evaluated by monitoring the E. coli
growth in the presence of TiNTs or FLUM@TiNTs (100 mg mL�1)
or its equivalent of free FLUM (8 mg mL�1). The growth curve of
E. coli in the presence of TiNTs (Fig. 4) is similar to that of the
control without any signicant statistical differences and clearly
depicted an exponential phase characterized by an increased
turbidity (ODz 4.78 aer 5 days incubation). In the presence of
FLUM@TiNTs, the exponential phase was achieved from 6 h to
24 h, and then decreased gradually to reach z5% of bacterial
viability at the end of experiment (5 days). In contrast, exposed
to free FLUM, the bacterial growth is signicantly decreased
from 6 h (OD ¼ 0.2) until 72 h thereaer increases progressively
to achieve an OD of 3.4 at 5 days corresponding to 75% of
bacterial viability.

Finally, the morphological changes of the bacterial cells were
examined by TEM. In the absence or presence of nanotubes, the
bacterial cells presented a normal morphological aspect with
characteristic circular shapes and well dened cell walls high
electron density forms (Fig. 5). Moreover, TiNTs were observed
as aggregates of condensed materials (red arrows) not only in
the growthmicrobial solution but also inside cytoplasm without
inducing any cytotoxic effect. In contrast, TEM images of FLUM-
treated E. coli show serious bacterial cell damage including
extended vacuolization (around 100 nm, Fig. 5 asterisk), cell
membrane disruption, and leakage of cytoplasmic materials
(black arrow). Treatment with FLUM@TiNTs resulted in acute
cytotoxicity with severe damage as revealed by the presence of
fragmented membrane as well as pits and gaps in bacterial cells
membranes. Concomitantly, cells with irregular shape, reduced
size and clear cytoplasm were observed in the presence of
FLUM@TiNTs which were easily distinguished as aggregates of
condensed materials (red arrows). Aggregates of FLUM@TiNTs
were tightly attached to the bacterial cells surface prior
membrane absorption inside bacteria cytoplasm (yellow circle).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of control and treated E. coli for 72 h with
100 mg mL�1 of titanate nanotubes (TiNTs) or 8 mg mL�1 of flumequine
(FLUM) or 100 mg mL�1 of FLUM@TiNTs.

Fig. 7 Diffusion flux (F) of FLUM versus FLUM@TiNTs studied on sea
bass intestine after 2 h of exposition in the Ussing permeation chamber
to FLUM (8 mg mL�1) and FLUM@TiNTs (100 mg mL�1). The permeation
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3.6 Intestinal permeation

Prior to the permeation analysis, the viability of intestine
membrane was checked during and at the end of the experi-
ment with regards to the electrical parameters particularly the
transepithelial electrical resistance. The TEER recording for the
control intestine and those exposed to TiNTs, FLUM and
FLUM@TiNTs showed electric signal uctuation ranging from
5% (for control) up to 20% (for FLUM) until 120 min of the
experiment. Furthermore the conductivity of this polarized
membrane was studied via the modulation of the ion channels
Fig. 6 Intestine membrane responses to the addition of forskolin
(0.1 mM) or bumetanide (0.1 mM) after 2 h of membrane permeation
studies with TiNTs, FLUM and FLUM@TiNTs at 37 �C compared to the
control. Results are representative from six independent experiments
(means � SD, n ¼ 6). Statistical significance (comparison with control
or FLUM) was determined by Tukey HSD test (*p < 0.05, **p < 0.01).

© 2022 The Author(s). Published by the Royal Society of Chemistry
at the end of the experiment (Fig. 6). The response of the
membrane to the addition of forskolin or bumetanide, which
modies the voltage dependent K+ of a healthy membrane,
supports the lack of toxicity of both, TiNTs and FLUM@TiNTs.
Indeed, the voltage dependent K+ of intestine exposed to TiNTs
or FLUM@TiNTs increased signicantly compared to those of
control or FLUM. In contrast, a slightly decrease of voltage
dependent K+ of intestine exposed to FLUM (compared to the
control) was observed, probably indicating a membrane
suffering.

Furthermore, the diffusion ux (F) and the apparent
permeability of the membrane (Papp) for TiNTs, FLUM and
FLUM@TiNTs were calculated (Fig. 7 and 8). Thanks to TiNTs
a high value of FLUM diffusion ux regardless the intestine
section were observed. Interestingly, TiNTs increased signi-
cantly the permeation ux of FLUM 12 folds compared to free
FLUM. Likewise it is worth mentioning that high nanotubes
concentrations (empty TiNTs or FLUM@TiNTs) are able to cross
the intestine via enterocytes without inducing toxicity as evi-
denced by histological examination of intestine (Fig. 9).
flux of FLUM@TiNTs is significantly higher than free FLUM (12 folds, p <
0.01). Data represent the mean � SEM of 6 experiments and statistical
significance was determined by Tukey HSD test (*p < 0.05, **p < 0.01).

Fig. 8 Apparent permeability of the intestinal membrane (Papp) for
TiNTs (100 mg mL�1), FLUM (8 mg mL�1) or FLUM@TiNTs (100 mg mL�1)
determined after 2 h of incubation at 37 �C in the Ussing chamber.
Data represent the mean � SEM of 6 experiments and statistical
significance was determined by Tukey HSD test (**p < 0.01).

RSC Adv., 2022, 12, 5953–5963 | 5959
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Fig. 9 Histological sections of sea bass intestine after 2 h of exposition
in the Ussing permeation chamber to TiNTs (100 mg mL�1), FLUM
(8 mg mL�1) and FLUM@TiNTs (100 mg mL�1) compared with the
control. Erosions with necrosis of the superficial part of the intestine
mucosa (arrow) and enlargement of the villous axis are observed with
FLUM exposition.
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Indeed histological analysis of the intestine exposed to
TiNTs revealed normal mucosa as compared with control
characterized by a preserved architecture consisting of stender
villi and glandular crypts well individualized. Contrary slightly
histological damage including erosions with necrosis of the
supercial part of the intestinal mucosa, enlargement of the
villous axis and cellular desquamation and altered enterocytes
were observed in the intestine exposed to FLUM (Fig. 8, arrows).
The exposition to FLUM@TiNTs has protected the villous from
the damage induced by free FLUM since normal villous relief
and contour then well preserved intestine epithelia were
observed without any histological lesions.
4 Discussion

In the current study, TiNTs were rstly tested for their stability
in both ringer solution and M–H broth then for FLUM encap-
sulation and its release kinetic in PBS at 37 �C. Moreover
FLUM@TiNTs was evaluated for its antibacterial activity against
E. coli and its permeation across intestine of sea bass in the
Ussing Chamber. The characterization shows that physico-
chemical properties of TiNTs are similar to those reported in
the literature.35,36 TiNTs shows a highly stability in both ringer
solution andM–H broth as we have reported for DMEM and PBS
solutions.20 The stability is one of the most important param-
eters which can inuence the release of the molecules loaded
inside nanoparticles. Indeed, as the stability is high as the drug
is protected and a sustained release is associated. This is
5960 | RSC Adv., 2022, 12, 5953–5963
advantageous for titanium nanotubes compared to another
biocompatible nanocarriers such as organic, inorganic and
polymeric nanostructures, including dendrimers, micelles, and
liposomes which are unstable in the biological medium.16,37–39

In this regards TiNTs is progressively degraded only in acidic
conditions (lysosome) as we have reported in our previous
work.22 In the encapsulation process ethanol solvent was used
not only for its low toxic effect (rat oral LD50¼ 10.6 g kg�1),40 but
also, for its high solubility of FLUM and its easy removal at low
temperatures. Compared to FLUM nano-immobilized by self-
assembly on iron oxide nanoparticles, the TiNTs encapsula-
tion process is rapid and not costly since it plays a simple
impregnation in ethanol and stirring. The mechanism of FLUM
loading was based on the host–guest interactions mediated
through TiNTs hydrogen bonds between FLUM molecules and
nanotubes creating then a possible steric hindrance as reported
previously.41 Since high drug entrapment efficiency was ach-
ieved following 8 h of stirring, one can note that TiNTs pores
presented affinity to guest alcohol rather than residual water
within the multilayer nanotubes as described for other porous
materials.42,43 Moreover the geometrical properties of titanate
nanotubes including longer tunable shape (80–1 mm) and small
diameter (8–10 nm) play an important role in increasing the
drug loading entrapment and prolonged release process.44–46

Compared to carbon nanotubes,47 or to spherical and hybrid
nanomaterials48–51 or to polymeric delivery systems of uo-
roquinolones,52 TiNTs shows a highly entrapment efficiency of
FLUM with a perfect sustained release. The evaporation of
solvents (ethanol and water), packed on the surface and in the
interior of pores nanotubes, plays an important role in the
retention of drug within the pores by forming crystalline grains
which becomes bigger with the increasing of drug loading
amount and stable by the intermolecular bonding forces as
conrmed for other drug molecules within TiNTs.53 The burst
release of FLUM observed when starting the stirring of
FLUM@TiNT in the PBS can be ascribed to the release of the
adsorbed FLUM molecules on the TiNTs surface as a result of
the high concentration gradient between the TiNTs and
surrounding medium. In the same manner, it was reported that
gentamicin molecules adsorbed on TiNTs nanotubes surface
were rapidly released.30 It is worthy to point that molecules
charge is another factor affecting the drug release process.
Indeed, FLUM loading bring positive charges to the empty
nanotubes which are negatively charged thanks to the hydroxyl
groups on the surface and within layers, thus causing a stronger
ionic interaction. Consequently, the drug release occurs slower
as has been described for TiNTs with other antibiotics.54,55

Additionally, cation exchange of the alkyl amino groups of
quinolones can play an important role in the adsorption
mechanism of drug on nanomaterials surface by forming highly
stable chemical bonds, causing a prolonged drug release as
described for montmorillonite nanomaterials.56,57 Concerning
the antibacterial effect, no obvious difference in the viability of
E. coli was observed between the control and TiNTs-treated
bacteria, indicating the biocompatibility of the nonmaterials
TiNTs as shown for several cells in vitro.19,20 On the other hand,
E. coli was strongly inhibited in the presence of free FLUM (8 mg
© 2022 The Author(s). Published by the Royal Society of Chemistry
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mL�1) because of the high drug concentration which is 2 times
higher than the minimum inhibitory concentration (MIC z 4
mg mL�1 for E. coli).58 However, aer 3 days of incubation,
a rebound effect of bacterial growth was occurred. The
hypothesis of bacterial resistance is ruled out because the
development of FLUM resistance usually needs much longer
time of exposure (more than 150 days).59,60 Thus, we suggest that
the degradation of FLUM in the broth and/or its metabolization
within bacterial cell are the principle causes of its low anti-
bacterial activity as reported.60,61 The treatment with FLUM@-
TiNTs induced a progressive damage and cells death indicating
that TiNTs enhances the drug efficacy thanks to their protection
mechanism from degradation and progressive release during
the experiment period. Given the advantages of drug encapsu-
lation which include (i) a sustained release that can reduce
frequent doses administration and side effects, (ii) an enhanced
absorption,62 the use of TiNTs as FLUM nanocarrier appears as
an attractive alternative for better FLUM release and antibac-
terial efficiency. Another point to be considered is that the
tunable shape of this nanocarrier can facilitates the bacterial
membrane passage inside cytoplasm improving thus its anti-
bacterial activity as shown in our previous work on the inter-
action of genistein loading TiNTs with U87-MG cells.20

Therefore, the strong antimicrobial activity owing to cell
membrane damage resulted from direct contact of cells with
aggregated FLUM@TiNTs as shown for carbon nanotubes
agglomerated (SWCNTs) on outer semi permeable membrane of
E. coli accompanied by more severe cellular damage.63 Consid-
ering that the bacterial outer membrane drives the cell adhe-
sion process through their highly charged structure and their
functional groups such as carboxyl, hydroxyl, phosphate or
amide,64–66 we suggest that FLUM@TiNTs uptake mechanism by
E. coli was mediated through a binding of nanotubes to the
negatively charged bacterial membrane surface, prompting
thus membrane damage.

Finally, the intestinal barrier bypass of TiNTs, FLUM, and
FLUM@TiNTs, as well as their potential toxicity over the intes-
tine were studied ex vivo using permeation Ussing chamber.
Compared to the free antibiotic, TiNTs act to increase the
intestinal permeation of FLUM during the experiment. Indeed
the encapsulated FLUM ux and permeation increased in a like
manner to those of TiNTs proving that antibiotic pass across the
intestinal epithelium via nanotubes. Thanks to its physical
properties (diameter 10 nm, tubular shape.) TiNTs are easy
uptaken by enterocytes thus involving endocytosis mechanism
as demonstrated in our previous work studying the internali-
zation of TiNTs by U87MG cells in vitro.20 Moreover small
nanoparticles with diameter <50–100 nm are known to pass
through enterocytes by endocytosis mechanism.67 Thereby
TiNTs improves intestinal permeation of FLUM 12 folds
compared to the free antibiotic without inducing any toxicity.
The safety of TiNTs was reported for mice aer intravenous
administration of a relatively high dose of 45 mg kg�1 during 45
days.21 Moreover the use of large sized nanomaterials in drug
delivery poses major problems, including in vivo instability,
poor bioavailability, and poor solubility, poor absorption in the
body, issues with target-specic delivery, and tonic
© 2022 The Author(s). Published by the Royal Society of Chemistry
effectiveness, and probable adverse effects of drugs.68,69 Inter-
estingly, the high stability of TiNTs regardless of simulated
physiological medium plays an important role in protecting
antibiotic particularly against chelating with divalent ions
including Ca2+ and Mg2+. Indeed these ions are rich in marine
environment and in sh feed; when they are associated to the
uoroquinolones they reduced signicantly their intestinal
absorption.70 Various nanostructures, including liposomes,
polymers, dendrimers, silicon or carbon materials, have been
tested as carriers in drug delivery systems39 but no one of them
was tested for antibiotic delivery in aquaculture probably due to
their instability in marine environment and incapacity to
protect antibiotic against chelating with divalent ions. Further
studies are needed to elucidate these points. Due to its high
stability in the simulated intestinal medium, TiNTs are prom-
ising protections of the most sensitive intestinal microorgan-
isms against the bactericidal effect of FLUM. Taken together,
FLUM@TiNTs formulation paves the way for future pharma-
cokinetic studies of FLUM in the treatment of sh infections,
and signicantly reduces the excessive use of antibiotic which
improve the survival in a healthy environment. Noteworthy, this
sustained-release formulation can be also tested for other
animals farming including pig and poultry.

5 Conclusion

TiNTs were tested for FLUM encapsulation and its release
kinetic in PBS at 37 �C. Then the drug loaded nanotubes were
evaluated for its antibacterial activity against E. coli, a sh
pathogenic bacterium and its intestinal permeation in Ussing
chamber. The geometrical properties of titanate nanotubes
including longer tunable shape and small diameter play an
important role in increasing the drug loading entrapment and
a prolonged release up to 5 days. The strong antimicrobial
activity owing to cell membrane damage resulted from the
direct contact of cells with aggregated FLUM@TiNTs and the
slow diffusion of FLUM inside bacteria. Interestingly a high
chemical stability of TiNTs regardless of simulated physiolog-
ical medium plays an important role in protecting antibiotic
and improves its intestinal permeation 12 folds compared to
the free antibiotic. Indeed FLUM pass across the intestinal
epithelium via nanotubes which are internalized by enterocytes
involving endocytosis mechanism. Taken together, FLUM@-
TiNTs formulation paves the way for future pharmacokinetic
studies of FLUM in the treatment and targeting of sh infec-
tions, reducing the excessive use of antibiotic, and/or applica-
tion for FLUM decontamination of polluted environment.
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6 D. Barrón, E. Jiménez-Lozano, S. Bailac and J. Barbosa, Anal.
Chim. Acta, 2003, 477, 21–27.

7 G. T. Haugland, K. O. Kverme, R. Hannisdal, M. Kallekleiv,
D. J. Colquhoun, B. T. Lunestad, H. I. Wergeland and
O. B. Samuelsen, Front. Vet. Sci., 2019, 6, 394–401.

8 M. O. Elema, K. A. Hoff and H. G. Kristensen, Aquaculture,
1995, 136, 209–219.

9 B. Martinsen and T. E. Horsberg, Antimicrob. Agents
Chemother., 1995, 39, 1059–1064.

10 O. B. Samuelsen and A. Ervik, Aquaculture, 1997, 158, 215–227.
11 M. K. Hansen and T. E. Horsberg, J. Vet. Pharmacol. Ther.,

2000, 23, 163–168.
12 M. O. Elema, K. A. Hoff and H. G. Kristensen, Aquaculture,

1994, 128, 1–11.
13 L. Landgraf, I. Müller, P. Ernst, M. Schäfer, C. Rosman,
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