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Abstract

The first step of a successful nanoformulation development is preformulation studies, in which
the best excipients, drug-excipient compatibility and interactions can be identified. During the
formulation, the critical process parameters and their impact must be studied to establish the
stable system with a high drug entrapment efficiency (EE). This work followed these steps to
develop nanostructured lipid carriers (NLCs) to deliver the antibiotic levofloxacin (LV). The
preformulation studies covered drug solubility in excipients and thorough characterization
using thermal analysis, X-ray diffraction and spectroscopy. A design of experiment based on
the process parameters identified nanoparticles with < 200 nm in size, polydispersity <= 0.3,
zeta potential -21 to -24 mV, high EE formulations (> 71%) and an acceptable level of LV
degradation products (0.37-1.13%). To the best of our knowledge, this is the first time that a
drug degradation is reported and studied in work on nanostructured lipids. LV impurities
following the NLC production were detected, mainly levofloxacin N-oxide, a degradation
product that has no antimicrobial activity and could interfere with LV quantification in
spectrophotometric experiments. Also, the achievement of the highest EE in lipid
nanoparticles than those described in the literature to date and the apparent protective action

of NLC of entrapped-LV against degradation are important findings.

Keywords: preformulation, design of experiments, levofloxacin, nanostructured lipid carrier,

solid state, degradation



1. Introduction

Over the last decades, nanostructuring of pharmaceuticals maintains a prominent status as
an effective drug delivery strategy. As a result, a range of different types of nanostructures
have been developed and studied for this purpose. Examples include liposomes,
nanoemulsions, nanotubes, nanomicelles, lipid and polymeric nanoparticles, nanotubes, etc.
(Li et al., 2017). Comparing the various types of pharmaceutical nanostructures, lipid
nanoparticles (NPs) play a key role due to their particular advantages. They comprise
ingredients that are usually biocompatible, biodegradable and have low potential toxicity; the
technology might be translated into a large-scale production; can modify and control drug
release; enhance drug solubility and are able to incorporate both hydrophilic and lipophilic
molecules. Furthermore, the dispersion stabilization is afforded by a mixture of surfactants

and cosurfactants (Mduller et al., 2000).

Levofloxacin (LV) is a fluoroquinolone drug first introduced in 1993. It shows a broad spectrum
of action and is commonly used to treat respiratory, urinary tract, skin and soft tissue bacterial
infections. The most common LV side-effects are nausea, diarrhea, headache, but also rare
severe effects, such as tendinitis and tendon rupture (Liu, 2010). These pitfalls of LV have
encouraged, especially in the past ten years, several studies aiming at incorporating LV into
nanoparticles of several types, including polymeric and lipidic systems. Abdel Hady et al. were
able to co-incorporate LV and docycycline into solid lipid nanoparticles (SLNs) and to improve
the brain targeting via the nose-to-brain route in comparison to the intravenous administration
(Abdel Hady et al., 2020). In the study of Ameeduzzafar et al., LV-loaded chitosan NPs
showed better results regarding the corneal clearance, drug retention and naso-lachrymal
drainage in ocular delivery compared to the LV solution (Ameeduzzafar et al., 2018). Islan et
al. produced SLN and nanostructured lipid carriers (NLC)-loaded LV with DNase type |, which
reduced the lung viscoelasticity, exacerbated in cystic fibrosis patients, and the formation of
bacterial biofilm (Islan et al., 2016). Kumar et al. studied Iyophilized NPs of PLGA to deliver
LV by the oral route (Kumar et al., 2012). Moreover, lipid nanoparticles were able to prevent
the crystallization of LV free drug at the high administered concentrations, reducing the risks

of LV-induced crystal nephropathy (Liu et al., 2015).

Unfortunately, the published accounts on LV nanostructures also suffer from drawbacks. From
the total of 30 studies on LV NPs analyzed in past 10 years, only 19 determined the
entrapment efficiency (EE) of the drug, 15 presented the drug loading and only one presented
the drug content in the final formulation to determine EE (Zhang et al., 2019). These data are
important to explain the achieved outcomes, to be reliable and reproducible for other

researchers. Another concern, when comes to formulating NPs, is the scarceness of studies



on the drug degradation during the formulation step. Drug degradation and total drug content
also allow us to evaluate the compatibility of drug with excipients and the process parameters
that affect the stability of such mixtures. There are few studies reporting that the high
temperature during NLC process may promote drug degradation of labile molecules such as
astaxanthin (Dhiman et al., 2021; Tamijidi et al., 2014), but no similar studies have been done
for LV NPs. For LV, the most common degradation product is levofloxacin N-oxide (LNO). This
substance has no antibiotic activity and absorbs UV light at the same wavelength as LV, the
reason why spectrophotometric methods with no separation of molecules can hinder
degradation (Czyrski et al., 2019).

Although the importance of nanosystems in commercial formulations has not been fully
realized yet, a few products have been marketed, for instance Doxil, liposomal doxorubicin
and Abraxane, paclitaxel nanoparticles, both approved for the clinical use (Li et al., 2017).
Also, the state of art in analytics has improved over time. The improvements and rising rigor
from the controlling agencies led to the adoption of Quality by Design (QbD) approach
(Q3B/8/9/10/11) and the mandatory drug stability indicating assay, among others, to enable a
production of a safe and good quality product (Cunha et al., 2020). However, it is regrettable
that academic studies do not have to follow these rules and the published accounts vary in
degree of analytical data and often prioritize biological outcomes. Thus, the factors that
influence the physicochemical characteristics of nanoformulations and their consequences are
not completely clear, hindering the possibility of a clinical translation and industrial production,
which must follow the guidelines for quality standards and reproducibility (Li et al., 2017).
Nevertheless, a considerable number of articles have recently been published describing the
QbD approach in the development of lipid nanoparticles, measuring the impact of formulation
composition, such as the lipids and surfactant content, on the parameters intrinsic to the
biological performance of NPs (nanoparticle size, polydispersity index (Pdl), zeta potential and
entrapment efficiency (EE)). The process variables are also key to be considered during
optimization processes, including the number of cycles, the rate and duration of emulsification
and, if sonication is used, the amplitude and time of the sonication process (Cunha et al.,
2020). The QbD begins to be valued in the field of pharmaceutical NPs as an important tool
to help the understand the products and processes, building the quality into the production

and following the standards (Li et al., 2017).

For these reasons, this paper focused on the preformulation studies (excipient selection) and
process production parameters of nanostructured lipid carriers loaded with LV, evaluating, for
the first time, the presence degradation products induced by the formulation process. Critical
material attributes (CMA) were studied by selecting biodegradable and non-toxic excipients,

screened by the criteria of drug solubility and solid-state analyses. Afterwards, based on the
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drug-lipid solubility, we determined the formulation critical quality attributes (CQA) according
to the NP size, polydispersity, zeta potential and entrapment efficiency. The formulation
composition and the process of production were further evaluated considering the selected
CMAs and critical process parameters (CPPs) (the sonication time, amplitude and
temperature), analyzing the CQAs based on literature and previous studies of the group. We
also evaluated formulation stability, sorption kinetics, in vitro drug release and the production

of total impurities depending on the CPPs.
2. Material and methods
2.1 Materials

Levofloxacin hemihydrate (LV, (2S)-7-fluoro-2-methyl-6-(4-methylpiperazin-1-yl)-10-oxo-4-
oxa-1-azatricyclo [7.3.1.05'3]trideca-5(13),6,8,11-tetraene-11-carboxylic acid hemihydrate)
was purchased from FluoroChem (UK) and also generously donated by Sanofi-Medley
Farmacéutica Ltda from Brazil. Levofloxacin N-oxide standard was purchased from Eurobram
(Germany). Oleic acid was purchased from Dindmica Quimica Contemporanea Ltda (Brazil).
Super Refined™ polysorbate-80, Super Refined™ oleic acid, beeswax and Crodamol™ CP
(cetyl palmitate) were donated by Croda (UK). Precirol® ATO 5, Compritol® 888 ATO, Geleol™
mono and diglycerides, Gelucire® 50/13 (stearoyl polyoxylglycerides) and Biogapress Vegetal
BM 297 ATO (glyceryl dipalmitostearate) were donated by Gattefossé (France), while Tego®
care 450 (polyglyceryl-3 methylglucose distearate) was donated by Evonik. Dynasan® 116
(glyceryl tripalmitate) and Dynasan® 118 (glyceryl tristearate) were provided by 10l
Oleochemical (Germany). Stearic acid and phosphate buffered saline (PBS) sachets were
purchased from Sigma-Aldrich (Germany) (one sachet dissolved in 1000 mL of deionized
water yields 0.01 M phosphate buffer, KCI 0.0027 M and NaCl 0.137 M sodium chloride, pH
7.4, at 25 °C). Potassium bromide (KBr) of infrared grade was obtained from Sigma-Aldrich

(Ireland). All other chemicals and solvents were of analytical grade.
2.2 Methods
Pre-selection of excipients

The determination of LV solubility in lipids was made by mixing 1 or 5 mg (1 or 5% w/w,
respectively) of drug with each of the excipients to make a total of 100 mg mixture ina 10 mL
glass test tube. The mixtures were kept in a heated water bath (J.P. Selecta Precisterm series,
Spain) at 80 °C for 60 minutes. The pre-selection of excipients was made after visually
checking LV solubilization in the mixtures every 15 min. The formation of a clear, pale-yellow

mixture was deemed as indication of LV solubility in that excipient. A cloudy mixture or a



system containing visible LV particles indicated a partially soluble or insoluble system,

respectively.
Thermal analysis

Differential scanning calorimetry (DSC) of the bulk materials, physical, binary mixtures of 5%
LV-excipient systems and NLCs were performed using Mettler Toledo DSC 821¢ model with
a refrigerated cooling system LabPlant RP-100 (Mettler-Toledo GmbH, Switzerland) with
samples of 3-5 mg weighted in 40 mL pierced lid aluminum pans. The analyses were carried
out under nitrogen flow. Physical mixtures of 5% LV-excipient were prepared using an agate
mortar with a pestle. The heating program started from -35 or 25 °C, depending on the sample,
up to 300 °C, and a heating rate of 10 °C/min was used for all systems. The samples were
weighted on microanalytical balance Mettler Toledo, XP6 model (Mettler-Toledo,
Switzerland). Thermograms were evaluated as onset temperatures for melting events and

heat of transitions was also determined.

Thermogravimetry (TGA) of the bulk materials, physical mixtures and the NLC samples was
performed to evaluate their thermal stability. The starting decomposition temperature was that
up to which a maximum of 5% w/w mass loss was measured (Umerska et al., 2020a).
Analyses were carried out in a Mettler Toledo TG50 measuring module coupled to a Mettler
Toledo MT5 balance. Samples weighing 8-10 mg were placed in 40 uL open aluminum pans
and heated from 25 to 300 °C at a rate of 10 °C/min under nitrogen flow as the purge gas with
a flow rate of 40 mL/min. Mettler Toledo STAR® software (version 6.10) was used to identify
the weight loss based on the slope of TGA trace. TGA was also used to pre-heat the physical
mixtures at NLC preparation conditions (58 °C, 30 min) before analyzing them by powder X-

ray diffraction as well as infrared analysis and compared to the non-heated mixtures.
X-ray diffraction (XRD)

Powder XRD measurements were performed using a Rigaku Miniflex I, desktop X-ray
diffractometer (Japan), equipped with an X-ray source using CuKa radiation at 30 kV and 15
mA, with a Haskris cooling unit. Diffractograms were acquired over the 2 6 range between 2°
- 40° at a step size of 0.05° per second. This method was adapted from (Umerska et al.,
2020b).

Infrared analysis (FTIR)

FTIR analyses allowed to identify the functional groups of the samples (bulk or mixtures
excipient-LV 5% w/w). The peaks in the absorption spectra were obtained from KBr discs with
approximately 10% w/w of sample loading, prepared by compression using a hydraulic IR

press (40 bar for 1-2 min). The spectral range recorded was 4000-650 cm-', accumulation of
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10 scans and resolution of 16 cm™' was applied. Spectra were recorded on a Spectrum One
spectrometer (Perkin ElImer, USA). Following collection, background correction and intensity

normalization were applied to the data using Spectrum v. 5.0.1 software.
Design of experiments (DoE) approach

A full factorial 23 design was performed to optimize the properties of the NLC formulation and
determine the CMAs. The inputs (variables) were: the amount of total lipids in the formulations
(the lipid to aqueous phase ratio: 0.5, 0.75 and 1.0 g of lipids to 10 g of aqueous phase),
proportion of solid and liquid lipids (70:30, 80:20 and 90:10 w/w), and the amount of surfactant
(2, 3 and 4% wl/v). They were evaluated at 2 levels of concentrations and a triplicate on the
center point (intermediate concentration) was also tested. The order of preparation was
randomized. The outputs evaluated to determine the best formulation were z-average size,
polydispersity index (Pdl), zeta potential and entrapment efficiency (EE). The desirable
outputs to choose the best formulation were z-average < 250 nm, Pdl < 0.3 and the highest

EE value. The results were analyzed by software Minitab® 17.1.0.

A second full factorial 23 design was run to optimize the process parameters of NLCs, thus
determine CPPs. The best formulation parameters determined in the first DoE were employed
in this factorial design. The independent variables were: the temperature, sonication time and
sonication amplitude. For the temperature parameter, the values chosen were such to
represent conditions in which the solid lipid would be solid (38 °C) or melted (58 and 78 °C).
The usual sonication time applied by our group is 30 min (Beraldo-de-Araujo et al., 2019),
however, 20 minutes was also considered. Finally, the sonication amplitude varied to verify its
influence on the physicochemical parameters (outputs). The outcomes examined were z-
average size, Pdl, zeta potential, EE and total impurities, analyzed by software Minitab®
17.1.0.

NLC production

NLCs were prepared by the hot emulsification-ultrasonication method (Beraldo-de-Araujo et
al., 2019; Schwarz et al., 1994). Shortly, the lipid phase components (the solid and the liquid
lipids) were melted in a beaker over a water bath at 58 + 2 °C and LV was added under
magnetic stirring. The aqueous phase was prepared in another beaker, containing water and
the surfactant, heated on a hot plate under magnetic stirring and this solution was added to
the lipid phase under mixing, 12,000 rpm for 3 min, in an Ultraturrax blender (IKA® T18 basic,
Germany) using the S18N-19G dispersing tool. This emulsion was then sonicated using a tip
sonicator (Vibracell, Sonics & Materials Inc., USA) fitted with a 3 mm probe. The following

conditions of processing were used: power 130 W and 20 kHz nominal frequency; cycling of



30 seconds (on/off) for 30 minutes at an amplitude of 50%. The dispersion was then cooled to

25 °C over an ice bath and stored at room temperature protected from the light.
NLC characterization

Determination of hydrodynamic diameter (z-average), dispersity (Pdl) and zeta potential
(zP)

Z-average size was determined by Dynamic Light Scattering (DLS) (Zetasizer Nano ZS90,
Malvern Instruments Ltd, UK), at a 90° scattering angle and 25°C, using a disposable
polystyrene cuvette, with samples diluted to 1:200 in sodium chloride 10 mM or milliQ water
(refraction index 1.332 — viscosity 0.8910 cP) to reach an adequate correlation coefficient
(between 0.7—1). The zeta potential (ZP) of these diluted samples was determined by the
same instrument, measuring the electrophoretic mobility using a disposable polystyrene
cuvette model DTS1070 with electrodes. The samples were measured in triplicate and results

presented as mean + standard deviation.

Determination of LV concentration by High Performance Liquid Chromatography
(HPLC)

LV was measured using HPLC, as described in the United States Pharmacopoeia (USP)
monograph for Levofloxacin Tablets (“Levofloxacin,” 2017). The analyses were performed
using the Prominence-i LC2030C, Shimadzu HPLC system (Shimadzu, Japan), Hitachi
LaChrom Elite HPLC System (Merck-Hitachi, Japan) and a Waters 2695 Alliance HPLC
System with a PDA detector (USA). The mobile phase consisted of a mixture of 7 parts v/v of
buffer (8.5 g/L of ammonium acetate, 1.25 g/L of cupric sulfate, pentahydrate, and 1.3 g/L of
L-isoleucine in water) and 3 parts v/v of methanol with a column containing the L1 packing
(Waters Symmetry C18 250 mm x 4.6 mm i.d. column, 5 um particle size). The following
conditions of separation were used: the oven temperature was 45 °C, the mobile phase flow
rate of 0.8 mL/min (isocratic) and the injection volume was 25 yL. UV detection was carried
out at 360 nm with the total running time of 26 min. The quantification method was based on
a calibration curve using LV standard, in a concentration range from 5 pg/mL to 200 pg/mL
(r>=0.9999) Limits of detection and quantification were 1.97 pg/mL and 5.97 ug/mL,
respectively. The same method was applied to run the standard of levofloxacin N-oxide (LNO)
to identify its peak in both the raw material and the NLC formulations. For degradation
analysis, the total amount of impurities, as percentage of area in the chromatograms, was
considered and not only LNO. A normalization procedure based on the signal-to-noise ratio

was used to determine the quantitation limit of impurities (Fig. S1).

Determination of total drug content, drug loading and entrapment efficiency (EE)



The determination of the total drug content was done by transferring 500 pL of the NLC
suspension to a 50 mL volumetric flask, and then adding 1 mL of THF to partially dissolve the
matrix. The resulting suspension was vortex mixed in a Quimis mixer, model Q220M (Brazil),
for 2 minutes, to which 30 mL of the mobile phase was added, and the flask was sonicated in
an ultrasonic bath for 5 minutes, with vigorous shaking every two minutes. After cooling down
to room temperature, the volume of the liquid was made up to 50 mL in a volumetric flask, and
the resulting solution was filtered through a PVDF membrane syringe filter Sartorius Minisart®,

25 mm in diameter and 0.45 um pore size, discarding the first 2 mL of the filtrate.

EE was determined indirectly by the ultrafiltration method, using centrifugal filter tubes (Millex,
Millipore, USA) with a 30 kDa molecular weight cut-off (Beraldo-de-Araujo et al., 2019). A
volume of 500 pL of NLC suspensions were centrifuged at 4100 x g for 20 min in an
Eppendorf 5418 centrifuge (Germany). Free LV in the supernatant was diluted 25x in the
mobile phase and quantified according the HPLC method. EE was calculated based on the
difference between the drug content in the formulations and the amount detected in the filtrate,

applying Equation 1:

Total amount of drug — free drug
EE (%) =

Total amount of drug *100 (Eq.1)

Drug loading was calculated using Equation 2 (Papadimitriou and Bikiaris, 2009):

weight of entrapped drug in nanoparticles

DL (%) = * 100 (Eq.2)

weight of nanoparticles (drug + excipients)
Formulation stability

The stability of the optimized formulation with and without LV was evaluated at pre-determined
time points. The samples were stored in a stability chamber (40 °C and 75% RH) and
parameters measured by DLS (z-average, Pdl and zeta potential) in triplicate and results
presented as mean + standard deviation. Drug recovery, EE and total impurities were also
evaluated by HPLC.

Dynamic vapor sorption (DVS)

First, 1 — 2 mL of the optimized nanosuspensions NLC_LV (with LV) and NLC_BL (blank,
without LV) were poured into 20 mL open glass tubes. They were dried at room temperature
inside a desiccator with silica gel for approximately 60 days before DVS studies. DVS analyses
were performed using an Advantage-1 automated gravimetric vapor sorption analyzer
(Surface Measurement Systems Ltd., UK) at 25.0£0.1 °C, with nitrogen as a dry carrier gas.
Approximately 20 mg of the sample in the sample basket was placed in the instrument and

equilibrated at 0% relative humidity (RH) overnight. The reference mass was recorded, and



sorption—desorption analysis was then carried out between 0 and 90% RH, in steps of 10%
RH. At each stage, the sample mass was equilibrated (dm/dt < 0.002 mg/min for at least 10
min and the maximum equilibration time was set as 480 min) before the RH was changed. An
isotherm was calculated from the complete sorption and desorption profile (Mesallati et al.,
2017). Water distribution within the samples was evaluated by Young-Nelson model as

described previously (Mesallati et al., 2019).
Drug release profiles

Drug release was assessed by two methods, since there is no consensus about the most
appropriate approach for nanoparticulates. Therefore, release studies were performed using
Franz cells and carried out in 7 mL static vertical diffusion cells with automatic sampling
(Microette Plus®, Hanson Research, USA). The receptor chamber was filled with PBS pH 7.4,
covered with the cellulose membrane and the donor chamber was filled with 1 mL sample in
PBS. The available diffusion surface area was 1.76 cm? and a clamp was used to hold the
compartments together. Two diffusion cells were prepared for each sample tested. The
receptor medium, maintained at 37 + 1 °C, was constantly mixed (magnetic stirring at 700
rpm), except during the periods of sample collection. Aliquots of 2.5 mL (with 1 mL accounting
for purging and 1.5 mL used for analysis) were withdrawn at specific time intervals and
collected into HPLC vials. The aliquots withdrawn from the receptor chamber were
immediately replaced with the blank receptor medium at the same temperature. The LV
concentrations were accordingly corrected considering the replenished volumes. The

collected samples were analyzed by HPLC as already described above.

A non-membrane release method was adapted from (Magenheim et al., 1993) without the use
of a membrane that separates the colloidal formulation from the release medium. The
optimized LV-loaded NLC (100 uL) was poured into 2 mL-capped plastic tubes containing 900
uL of PBS 0.01 M pH = 7.4. The samples were placed in a shaking water bath (100 rpm, 37
°C) and every time point was run in quadruplicate. Every 0.08, 0.25, 0.5, 0.75 1.0, 1.5, 2, 2.5,
3,4, 6 and 24 h, 500 uL of the samples were withdrawn and centrifuged immediately using 30
kDa Amicon centrifuge filters (4100 x g, 15 min, 21 °C). The supernatant was diluted 4x with
the mobile phase and LV quantified by HPLC. There was one sample tube for each time point,
avoiding the withdrawal of aliquots of LV together with nanoparticles from the samples and
interfering with results of the next time points. Samples with the same concentration of free
LV (0.5 mg/mL) were prepared by adding 20 mL of PBS into 10 mg of LV in 50 mL-capped
plastic tubes at the same conditions as NLCs and analyzed by HPLC at the same time points

to evaluate drug dissolution rate.
Statistical Analysis
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Samples were evaluated as mean t standard deviation. The statistical significance in the
differences between samples was determined using a one-way analysis of variance (ANOVA).
The differences were considered significant at p < 0.05. DoE analysis was made with the help

of software Minitab® 17.1.0.

3. Results and discussion

3.1 Preformulation studies on NLC formulation components

We previously described the importance on evaluating critical formulation parameters (CQASs)
to reach a good NLC, such as lipid type and amount, crystallinity and drug properties (Beraldo-
de-Araujo et al., 2019). For this reason, we started with a preliminary visual evaluation of LV
solubility in different lipids. The qualitative results are given in Table 1. It was expected that
the lipids, in which LV dissolved better, can incorporate more the drug in the lipidic core
(Bhalekar et al., 2017).

Table 1. Solubility of LV in lipids. (“-“ did not dissolve; “t” partially dissolved; “+” completely
dissolved).

Lipid type + Drug (%) 15 min 30 min 45 min 60 min

Beeswax + LV 1 - + + +
Beeswax + LV 5 - - - -
Dynasan 116 + LV 1 - - - -
Dynasan 116 + LV 5 - - - -

Gelucire 50/13 + LV 1 - - + +
Gelucire 50/13 + LV 5 - - - -
Geleol mono and diglycerides + LV 1 - + + +
Geleol mono and diglycerides + LV 5 - - + +
Cetyl Palmitate + LV 1 - - + +
Cetyl Palmitate + LV 5 - - - -
Precirol® ATO 5 + LV 1 + + + +
Precirol® ATO5 + LV 2.5 + + + +
Precirol® ATO5 + LV 5 - - + +
Tego care 450 (Stearyl glucoside) + LV 1 - - - +
Tego care 450 (Stearyl glucoside) + LV 5 - - - -
Dynasan 118 + LV 1 - + + +
Dynasan 118 + LV 5 - - + +
Biogapress vegetal BM297 ATO + LV 1 - + + +
Biogapress vegetal BM297 ATO + LV 5 - - + +
Compritol® 888 ATO + LV 1 + + + +
Compritol® 888 ATO + LV 5 - + + +
Stearic acid + LV 1 + + + +
Stearic acid + LV 5 - - - -
Oleic acid + LV 1 + + + +
Oleic acid + LV 5 - + + +

11



It was noticed that LV at the higher loading (5% w/w) was not completely soluble at any of the
lipids, with incomplete solubilization in Geleol, Precirol, Dynasan, Biogapress, Compritol and
oleic acid, typically achieved after at least of 30 minutes of thermal treatment. However, LV,
at 1% w/w level, dissolved entirely in Precirol and stearic acid after 15 min, followed by
Compritol and oleic acid, with a partial solubilization at the same time point, but a complete
dissolution after 30 min, as well as Biogapress. As the other lipids did not dissolve LV
completely, they were therefore not included in further studies going forward. Since this test
allows us to predict the success of drug incorporated in lipid carriers, we considered that it
would be better to embedded LV in the lipids that solubilized the drug the most. Therefore, we
have decided to prepare nanostructured lipid carriers (NLCs) with Precirol and/or stearic acid
as solid lipids, and oleic acid as a liquid lipid. Compritol was dismissed because of its high
melting point, which could impair the production by the proposed method, due to evaporation

of the aqueous phase.

Thermal properties of the bulk ingredients and physical mixtures of excipients with 5% LV
were determined using DSC and TGA (Fig. 1A and B). Since the chosen method of NLC
production involves heat, we also evaluated the binary mixtures with thermal treatment at the
condition of NLC production (58 °C, 30 min).
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Figure 1. DSC (A), TGA (B), XRD (C) and FTIR (D) data of levofloxacin (LV), the chosen
excipients to produce NLCs and their mixtures (5% LV + excipient), at room temperature or
after thermal treatment (58 °C, 30 min), and the optimized NLC with and without LV (NLC_LV
and NLC_BL, respectively). Yellow rectangles indicate areas characteristic of LV and/or
excipients (DSC). Black arrows indicate the presence of LV and stars disappearance of the
LV Bragg peak in the heated samples; the red arrow shows the peak position suggesting a
liquid crystalline arrangement of the NPs (XRD).

TGA presents decomposition of the samples on heating. Clearly, oleic acid and its mixture

with LV have the lower decomposition temperatures, starting at 195-200 °C and being the
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least thermally stable mixtures (Fig. 1B and Table 2). Degradation also appears in the DSC
mixture LV-oleic acid (~275 °C, Fig. 1A). All the physical mixtures have the onset of the

decomposition temperature (at 5% weight loss) higher than for the ingredients alone.

DSC thermograms present the melting points of each component in accordance with the
literature (Table 2). Specifically, LV has an endothermic transition due to dehydration with an
onset at 48.6 °C and a broad temperature range (40-75 °C) (Fig. 1A). It can also be seen in
TGA (~3% weight loss until 50-55 °C, in agreement with the stoichiometric amount of water
loss in hemihydrate LV molecules, 2.43% w/w) (Gorman et al., 2012) (Fig. 1B). Melting, at
app. 224.6 °C, followed by extensive decomposition was then observed, with a possible
underlying polymorphic transformation (Gorman et al., 2012; Nisar et al., 2020). XRD analysis
showed that LV hemihydrate was crystalline in accordance with literature (Wei et al., 2019)

and it maintained crystallinity after heating (Fig. 1C).

Precirol presents only one endothermic melting event at 51.6 °C (Table 2) in agreement with
the values published before (Hamdani et al., 2003). The same transition occurred in both pure
sample and mixture with LV 5% (Fig. 1A), but no event due to LV melting, was found,
suggesting that LV may dissolved in the lipid matrix (Abdel Hady et al., 2020). XRD presented
that Precirol had a semi-crystalline structure with a Bragg peak at app. 5.3 °26 and a broad
“halo” between 20-23 °20. The diffractogram of the physical mixture of this excipient with 5%
w/w LV displayed weak intensity peaks characteristic of the drug, which reduced in intensity
following heating to 58 °C and cooling to RT. Thus, LV partially dissolved in this lipid as
expected from the qualitative solubility studies. Oleic acid had two endothermic events,
corresponding to the solid—solid transition from y to a form (-21.9 °C) and then the a form
melting (7.0 °C). The solid-solid transition temperature is lower than that found in the literature
for pure and dry oleic acid (between -3 to -5.7 and 12.2 to 13 °C, respectively) (Inoue et al.,
2004; Wartewig et al., 1998), maybe because we used the super refined grade of this
excipient. Mixing oleic acid with LV 5% did not change its transitions on heating and no LV
melting event was seen, suggesting that the drug dissolved in the liquid (Fig. 1A). XRD
confirmed that oleic acid was a good solvent for LV, as no peaks of the drug were seen in the
mixtures that was heated and then cooled to RT (Fig. 1C). LV at this concentration was
detected by XRD as seen for the Precirol system. Polysorbate 80 presented a broad melting
range temperature with an onset at -15.4 °C and a broader event when mixed with 5% LV
starting at 17.0 °C, which could be dehydration. Again, no peaks of LV were found. From XRD
analysis, we can conclude that the LV did not completely dissolve in the surfactant, but there

was evidence of partial solubility (Fig. 1C).
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Table 2. Thermal characterization of levofloxacin (LV), the excipients, physical mixtures and
optimized NLC (placebo and with LV). Degradation temperature is the temperature at which
up to 5% weigh loss occurred.

DSC
Ingredient Degradation Tonset AH Probable event
temperature (°C) normalized
(°C) (J/g)
Levofloxacin 145-150 48.6 -76.4 dehydration’
224.6 N/A y form melting’
229.5 N/A B form melting'
2323 N/A a form melting’
Precirol 220-225 51.6 -137.4 melting?
Oleic acid 185-190 -21.9 -271 y to a polymorph3
7.0 -135.6 o form melting?®
Polysorbate 80 235-240 -15.4 -57.2
225.8 -3.2
LV-Precirol 235-240 54.2 -122.6 Precirol melting
282.0 29 possible LV
degradation
LV-Oleic acid 195-200 -19,5 -24.0 y to a polymorph
6,6 -126.9
LV-Polysorbate 80 275-280 -16.2 -23.8
17.0 -53.9
NLC_LV 190-195 -20.9 -39.2
(dried at RT) 41.2 -80.7 Precirol melting
NLC_BL (dried at 190-195 -6.7 -29.2
RT) 48.9 -102.5 Precirol melting

* Events based on the literature reports: ' from (Kitaoka et al., 1995); 2 from (Jannin et al., 2006); 3 from (Inoue et
al., 2004)

Supporting thermal analysis and XRD studies, IR clearly showed the presence of LV in the
mixtures with excipients. The most characteristic were stretching vibrations of the ring carbonyl
group v(C=0) at 1620 cm-' and v(C=C) of the ring at 1541 cm-". These principal LV absorptions
shifted slightly following heating with oleic acid and Polysorbate 80, to 1623 and 1539 cm™' as
well as 1624 and 1550 cm-, respectively, with larger deviations seen for the mix with
Polysorbate 80. It could suggest weak intermolecular interactions between the components.
There were no band shifts for LV in Precirol. Collectively, based on the above studies, LV
showed the ability of not only solubilize in the selected excipients, but also to interact with
them at molecular level, potentially affecting the NLC formation and their structure. This finding
is supported by the work of Ortiz-Collazos et al. showing that LV was able to increase the
thickness of the acyl tails in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine monolayers (Ortiz-
Collazos et al., 2019). A related molecule, ciprofloxacin, has been asserted to interact with
oleic acid via ionic chemical interactions and/or hydrogen bonds (Torge et al., 2017). As a

result of preformulation studies presented in this section, the key CMAs were determined.
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3.2 Optimization of NLCs

Based on our previous experience and reports published by other groups (Beraldo-de-Araujo
et al., 2019; Ferreira et al., 2015; Hejri et al., 2013; Kelidari et al., 2017; Subramaniam et al.,
2020), optimization of the NLC process and formulation aspects was carried out. Several
attributes were investigated: the key excipients and their proportion as well as the process
parameters. Following on preformulation studies, pilot NLCs were fabricated with Precirol and
stearic acid as prospective solid lipids and oleic acid as a liquid lipid. While both preliminary
NLCs showed good LV incorporation and parameters (NLC with stearic acid: 589 * 22 nm
mean particle size, Pdl 0.32 + 0.01, EE 62%; NLC with Precirol: 180 £ 30 nm mean size, PdI
0.23 + 0.03 and EE 57%), the formulation containing stearic acid became very viscous after
24 h, therefore this formulation prototype was excluded from further studies. A similar behavior
was observed by Umerska and co-workers when the nanocapsules with stearic acid solidified

after preparation (Umerska et al., 2016).

Having determined the NLC composition, a full factorial design of experiments 23 was
performed to choose the proportion of excipients, which would ensure the optimum formulation
in terms of physicochemical properties. The following targets were determined: z-average of
around 200 nm, to avoid reticule-endothelial rejection (Martins et al., 2012; Wang et al., 2020),
Pdl < 0.3 to reduce e.g. Ostwald ripening (Wooster et al., 2008), high absolute zeta potential
values to ensure physical stability and high EE. The inputs (factors) for each of the
formulations and the obtained responses are presented in Table 3. Theoretical drug loading

(TDL) was also provided for comparisons.

Table 3. Full factorial 23 design of experiment with triplicate of the center point. TDL: theoretical
drug loading. Factors: total lipids (TL), amount of surfactant (% w/v) and total proportion of
solid lipid (SL) compared to liquid lipid (% w/w). Responses: z-average, polydispersity index
(Pdl), zeta potential (ZP, measured using milliQ water as the diluent) and EE.

Formulation composition Factors Responses

Code IO'Z ')‘ Lm:g Tatio (;;) Szf,zav‘;}\f;t Io(/)til /fv'; avezr:age Pdl ZP (mV) (Eof)

(g/9) ° (nm)

s1 | 386 0.5/10 500 2 7030 | 144x2 | O28F | 40507 | 733
s2 | 295 110 1000 2 7030 | 1994 | O317E | a4x1 | 56
s3 | 299 0.5110 500 4 7030 | 71x3 | 0500F | 43:4 | 568
s4 | 276 110 1000 4 7030 | 162£03 | O2%% | 40408 | 80.1
s5 | 221 0.5/110 500 2 90_10 | 126404 | 0202% | 4212 | 419
s6 | 227 110 1000 2 9010 | 23ax1 | 02955 | 41:2 | 659
s7 | 123 0.5/10 500 4 90_10 | 8706 | O27E | 31511 233
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s8 | 228 110 1000 90_10 | 143206 | 0202 | 38107 | 662
S9 1| 250 0.75/10 750 8020 | 15242 O(fg ?1’-' 40+07 | 59.9
s9 2| 286 0.75/10 750 80 20 | 141£0.6 0555; 42+05 | 687
s9 3| 270 | 07510 | 750 8020 | 1501 | 0200% | 41:2 | 647

The linear model provided a good explanation of the z-average parameter (r?=0.996). The

contour z-average plot (Fig. 2A) shows the positive and negative influence of TL and

surfactant, respectively, on nanoparticle size indicating that the higher amount of TL and the

lower amount of surfactant, the greater nanoparticle size. Pareto charts show that TL has a

significant influence on z-average (Fig. 2E), which is reasonable, because of the abundant

availability of excipients in the formulation, which allows the constitution of bigger

nanoparticles (Das et al., 2011; Martins et al.,, 2012). On the other hand, the amount of

surfactant has a negative influence, which means that the highest the surfactant concentration,

the smaller nanoparticle size (Martins et al., 2012). This may be due to the coating effect of

the surfactant, as the more surfactant available, the more lipid nanodroplets would be coated

and be smaller and/or lowering surface tension.
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Figure 2. Contour plots (A-D) and Pareto charts (E-G) with outputs under the significant
influence of DoE factors (a = 0.05). The contour plots illustrate how two factors may affected
the outputs (z-average (A), zeta potential (B) and EE (C and D)). Pareto charts show the
factors that have influenced the outputs (bars that exceed the threshold red lines for z-average
(E), EE (F) and zeta potential (G).

Determination of zeta potential depends on the surface charge and it is important when comes
to predicting the colloidal stability of nanoparticles in a suspension (Rasmussen et al., 2020).
This response was influenced by all the factors in the DoE (r?=0.9647), except by TL alone
(Fig. 2B and 2G). The difference in the total amount of lipids did not change, on its own, the
surface charge of nanoparticles, which occurred when we varied the concentrations of each
excipient. To illustrate, Fig. 2B presents that the increased amount of total SL and surfactant

lead to an increase in zeta potential (less negative). On the other hand, the interaction of the
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three factors has a negative effect, resulting on the zeta potential values being more negative.

There was no factor with a significant influence on Pdl.

Finally, an increasing amount of TL resulted in an increase in EE (Fig. 2C, 2D, 2F), most likely
due to greater amount of lipids able to entrap more LV (Das et al., 2011). But increasing the
quantity of solid lipid had the opposite impact, the EE values decreased, most likely because
LV has more affinity to the liquid lipid, as suggested by DSC, XRD and FTIR results (Fig. 1 A,
C and D, respectively). When there was more liquid lipid (30% of LL) in the formulation, more
LV got incorporated in the NLCs and with lower quantities of LL (10%), lower EE values were
obtained. The surfactant led to a decrease in EE, probably because it increased LV solubility
in the aqueous phase. However, at the higher amounts of TL, the higher concentration of
surfactant did not affect the EE (r>=0.9784).

The formulation S1 presented the highest theoretical drug loading (3.86%, Table 3), but its EE
was not the highest, as expected for formulations with a low TL level. On the other hand, S2
had the highest EE, but solidified on storage, perhaps due to its low level of surfactant (2%).
For these reasons, the subsequent experiments with performed using the composition of the
formulation S4 due to its high EE (high levels of TL and the liquid lipid) and the physical stability
of the dispersion (high surfactant concentration, 4%). Preliminary stability tests on the S4
dispersion carried out at room temperature showed that this system was stable for 15 days.
The formulation on day 15 had the following characteristics: z-average 176 + 2 nm; Pdl 0.188
+ 0.010; zeta potential -44.8 £ 0.7 mV, and no visual changes in viscosity or homogeneity
were noticed. A replicate was produced, and its zeta potential was evaluated after dilution in
10 mM NaCl instead of milliQ water. The change of the dilution medium was introduced as it
is more physiological than ultrapure water. This protocol changed the zeta potential value of
the samples from around -40 to nearly -20 mV, expected due to screening of the surface
charge by NaCl (Skoglund et al., 2017).

The initial process parameters used in the above DoE were based on our previous
experiments (Beraldo-de-Araujo et al., 2019) (30 minutes of sonication at 50% amplitude) and
selecting the process temperature of 58 °C to ensure full melting of the solid lipid. However,
after optimizing the proportion of excipients to ensure the best physicochemical properties of
LV formulation, we discovered an indication of drug degradation, of around 4% of total
impurities, when performing HPLC analysis for EE. Since the limit of total impurities for LV
according to United States Pharmacopeia is 0.5% (“Levofloxacin,” 2017), a new full factorial
23 design was designed and performed, introducing process variations to improve NPs with
acceptable values of total impurities (Table 4). The analytical grade oleic acid was replaced

by Super Refined™ oleic acid, as this change was related with the decrease of LV impuirities,
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mainly LNO, in further tests of LV-excipients compatibility (data not shown). The level of
peroxides in pharmaceutical excipients has been known to affect the purity levels of drugs,

such as disulfiram (Chen et al., 2015) and others (Khanum and Thevanayagam, 2017).

Table 4. Full factorial 23 design of experiment with triplicate in center point, containing the
inputs: temperature (T), sonication time and sonication amplitude. TDL: Theoretical drug
loading. The outputs are z-average (measured using 10 mM NaCl as the diluent),
polydispersity index (Pdl), zeta potential (ZP), entrapment efficiency (EE) and total impurities
(SD = standard deviation; n = 3).

Formulation Factors Responses
Formulation | TDL T Sonic. Sonic. avezr;ge ZP *SD EE Total
# (%) (°C) time | amplitude +SD Pdl £ SD (n:V) % impurities
° (min) | (%) p (%) (%)
(nm)
F1 348 | 38 | 10 30 168 + 2 0(5333?61 24+08 | 759 0.37
F2 346 | 78 10 30 183+ 4 06339?31 22+08 | 775 0.75
F3 351 | 38 | 30 30 156 + 3 0'(%11 | 2441 | 755 0.43
F4 348 | 78 | 30 30 169 + 6 06352291 24+09 | 754 1.09
F5 347 | 38 | 10 70 1381 | 02%0F | 2107 | 739 | 056
0.256 *
F6 342 | 78 | 10 70 16361 | 02%0% | 2011 | 722 0.74
F7 352 | 38 | 30 70 132+ 1 0(')2517 | 21207 | 747 0.53
F8 347 | 78 | 30 70 164 + 1 o(.)zgget 21+04 | 789 113
F9_1 349 | 58 | 20 50 1402 | 0285 | 21504 | 777 0.48
F9 2 343 | 58 | 20 50 138 + 2 06281551 21+08 | 719 0.53
42t | 0.281¢
F9 3 345 | 58 | 20 50 o O | 21206 | 752 0.63

After analyzing the outcomes, we were able to determine that temperature and sonication
amplitude had the most impact on the z-average values, with the highest values of
temperature resulting in larger NP sizes, while the highest amplitude gave smaller NP sizes,
followed by the sonication time (longer sonication gave smaller nanoparticles) (r2 = 0.9917)
(Fig. 3A). The sonication amplitude was the only factor affecting Pdl (lower Pdl values were
obtained with higher sonication amplitude, r2 = 0.5072) (Fig. 3B). Zeta potential appeared to
be dependent on a multitude of factors and their interactions (r2= 1), but, from a practical point
of view, the values of zeta potential were all acceptable (around -20 mV) and, in addition,
polysorbate 80 is a nonionic surfactant providing steric stabilization to the nanoparticles. The
backward elimination (a = 0.05) removed all terms from the model pertaining to EE, thus it
was not possible to determine the significant factors impacting the EE values. Importantly, the
highest content of total impurities was related to the highest levels of temperature and
sonication time (r>= 0.9641) (Fig. 3D).
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Regarding the process parameters, we focused on total impurities and Pdl, since all the
particle size values were < 200 nm, zeta potential below -20 mV and EE was not statistically
influenced by any DoE factor. Therefore, it was decided to avoid the highest temperature and
longest sonication time to prevent LV degradation. However, working with these two
parameters at the lowest levels lead to formulations with higher apparent viscosity, thus it was
decided to work with their intermediate levels (68 °C and 20 min, respectively). As there was
a weak correlation (r?= 0.5072) between high amplitude of sonication and low Pdl, then this
value was fixed it at 50%. In summary, the only change introduced to the process conditions

was the duration of the sonication process, reduced from 30 to 20 minutes.

Term 2,262

0 2 4 6 8 10 2 “ 00 05 10 15 20 25 30
Standardized Effect on z-average (« = 0,05) A Standardized Effect on PdI (« = 0,05) B

0 20 40 60 80 100 Y 2 4 6 8 10
Standardized Effect on Zeta potential (o = 0,05) C Standardized Effect on total impurities (a = 0,05) D

Figure 3. Pareto charts of the effect of the factors on the dependent variables z-average (A),
Pdl (B), zeta potential (C) and total impurities (D). The bars correspond to the factors or their
interactions. The bars that surpassed the Bonferroni limits have a relevant interference on the
respective outputs.

Overall, superior formulations were designed as guided by the DoEs, with greater EE values
than those published for lipid nanocarriers. There is only one account that reports on the
maximum of entrapped LV of ~ 56% that could be incorporated in NLCs (Islan et al., 2016).
Another study loaded almost the same amount of LV on solid lipid nanoparticles (SLN) as that
reported in the Islan et al. study (Islan et al., 2016), however, SLNs are known as not an
optimum option for an entrapped drug in terms of the long term stability (Abdel Hady et al.,

2020). Polymeric nanoparticles were the most chosen carriers to deliver LV, including the
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PLGA-based systems. The success in terms of obtaining high EE values seems to depend on
the type of polymer and the method of nanoparticle production, and could reach between ~
3% with chitosan (Ameeduzzafar et al., 2018) and ~ 91% with PLGA (Shah et al., 2020).
Although polymeric and lipid nanoparticles have been applied to carry LV, the natural and
biological source of lipids yield nanoparticles potentially less toxic than polymeric NPs,
depending on the polymer (natural, semisynthetic or synthetic origin), and easier to scale up
(Muller et al., 2000; Rezigue, 2020).

3.3 Solid state properties of optimized NLCs

Following the optimization of the composition and process condition, thermal properties of the
LV loaded NLC (NLC_LV) were compared to the unloaded carrier equivalent (NLC_BL). The
thermograms of both were comparable, showing a range of endothermal peaks up to 25 °C,
as the ones of oleic acid and Polysorbate 80. The melting peaks of Precirol were broader and
shifted to lower temperatures, being affected by the liquid oleic acid and Polysorbate 80
(highlighted on Fig. 1A). In addition, a very low intensity endotherm at around 250 °C was
noted for NLC_LV, most likely of LV. The heating improved LV solubilization in the excipient
mixture, and in the optimized NLC_LV one could see the presence of a faint crystalline LV
peak at ~18-20° 26 that may be due to the non-solubilized drug (Fig. 1(c)). This peak was
absent in NLC_BL. This is in accordance with the further EE determination and the presence
of ~25% free LV (Table 3). Interestingly, in both NLC samples an extra, low intensity peak was
seen at 3.7° 20, absent from diffraction patterns of the components and it was not caused by
a polymorphic transformation of LV occurring on heating. It might be due to the liquid
crystalline arrangements of NLC components and this periodicity was estimated to be

approximately 2 nm (Nonomura et al., 2009).

The partial solubility of LV in the NLC mixture along with the possible intriguing lamellar
structure of the NLC prompted further investigations by DVS. The isotherm plots of NLC_LV
and NLC_BL were similar (Fig. 4 A). The desorption data followed sorption data. At the end of
the sorption cycle both NLC_LV and NLC_BL sorbed the same amount of water
(approximately 9%). At the end of the desorption cycle, the mass was similar to the initial mass
(change in mass was smaller than 0.05%). Both samples sorbed approximately 5.7% of water
at 80% RH, so they can be considered as moderately hygroscopic, considering their lipidic
constitution (2-15% w/w of water uptake at 25 °C/80 RH, (Newman et al., 2008)).

The only difference between the loaded and unloaded NLCs was seen in the kinetic DVS plots
(Fig. 4B), indicating that after exposure to 0-90% RH at all RH steps the equilibrium was
established, and that moisture sorption and desorption occurred rapidly at low RH and became

slower at higher RH (80-90%). The incorporation of LV shortened both, sorption and

23



desorption cycles: the sorption cycle lasted approximately 13 hours and 15.5 hours for
NLC_LV and NLC_BL, respectively, whereas the completion of both, sorption and desorption
cycles (0-90-0% RH) took approximately 23.5 and 28.5 hours, respectively.
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Figure 4. (A) Moisture sorption and desorption isotherm plots of NLCs at 25 °C, (B) Moisture
sorption and desorption kinetic plots of NLCs at 25 °C. Broken lines show RH variations during
sorption (0 — 90% RH) and desorption (90 — 0% RH), while solid lines show mass change (%)
during the same conditions of sorption and desorption, (C) Water distribution patterns
according to the Young-Nelson model in NLCs (mono fit refers to a monomolecular adsorption
layer; multi fit refers to an adsorption as a multilayer and adsorbed fit refers to adsorption into
the interior of nanoparticles) with parameters estimated from the Young-Nelson model for
dried NLCs presented in the table: A - fraction of adsorbed water (mol/g), B - fraction of
absorbed water (mol/g), E - Young-Nelson equilibrium constant, R: regression coefficient.
NLC_BL: blank lipid NPs and NLC_LV: levofloxacin-loaded lipid NPs.

Considering the very similar isotherms for NLC_LV and NLC_BL, it was of no surprise that the
water distribution patterns, according to the Young-Nelson model (Mesallati et al., 2019), were
also alike (Fig. 4C). According to this model, water can be taken up by a sample in three

different ways: adsorbed as a monomolecular layer, adsorbed as a multilayer, or absorbed
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into the interior of the sample (James H. Young and G. L. Nelson, 1967). Most water taken up
by the NLCs was bound to their exterior surfaces as a multilayer (Fig. 4C). A small part of
water taken up by the particles was adsorbed as a monolayer. The water did not penetrate to
the interior of the nanoparticles, as reflected by the value of fraction of absorbed water, which
was 4-5 orders of magnitude lower than the fraction of adsorbed water (Fig. 4C). This is
consistent with the hydrophobic nature of the NLC core, which does not allow water

penetration.

Therefore, this analysis showed that NLCs has a lipidic core with part of LV solubilized in this
lipidic core, while the outside possibly had a more hydrophilic, lamellar-like construction with

the remaining LV molecules dispersed throughout.
3.4 Drug release

The dissolution of free LV was carried out for 24 h and compared to the drug release profile
from NLC_LV at the same conditions (Fig. 5). The free LV had a fast and complete dissolution
in the PBS medium, as expected of a class | BCS drug (high solubility and high permeability)
(Koeppe et al., 2011). Around 85% of the entrapped drug released after 15 min with the
remaining LV amount contained in the nanoparticles within the timeframe of the experiment
(24 h). The entrapped LV may be bound to the lipids, as hypothesized above, since no
degradation was detected by HPLC. We also performed a release experiment using the Franz
cell apparatus, which has a cellulose membrane separating the donor from the acceptor
compartments. Free LV presented a slow permeation rate through the membrane with a longer
release time when compared to the results of the test with no membrane. The drug from
NLC_LV had a delayed release profile in the Franz cell method when compared to the free
drug in the same setup, resulting in nearly 50% release after 5 h. At the end of the test,

approximately 10% was also retained in NLC.
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Figure 5. LV release profiles. Free LV dissolution (black filled squares, n=4), LV from NLC_LV
using the direct method (red filled circles, n=4), free LV in the Franz cell apparatus (black open
squares, n=2) and LV from NLC_LV in the Franz cell apparatus (red open circles, n=2), The
medium in the direct method and the acceptor compartment in the Franz cell method was PBS
0.1 M, pH 7.4.

Abdel Hady and co-workers incorporated LV and doxycycline in SLNs and performed drug
release by the dialysis bag method (Abdel Hady et al., 2020). They found that 50% of LV
released after 5 h from the SLN with the intermediate amount of surfactant (2.125% of Span
60), which is in line with our results. Other researchers produced NLCs of LV with DNAse and
also assessed the release profile by the dialysis method. They found nearly 60% release after
5 h, close to our results, at the same timepoint (Islan et al., 2016). Noteworthy, both studies
did not present the corresponding release profiles of free LV, therefore we cannot compare

the differences in the LV permeation rate based on the literature data.

The rapid LV release from NLC_LV upon direct dilution in PBS could indicate a fast release in
an intravenous application. In contrast, the cellulose membrane studies showed a slower
release. The membrane test is closer to a mucosal application, such as nasal and pulmonary
routes of administration, where the local fluids have a small volume suggesting that these
NLCs with modified release might be valuable for LV administration on mucosal surfaces. In

addition, the non-released amount of LV from the NLCs corresponds to approximately 400
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nug/mL, which is sufficient to inhibit bacteria that are susceptible to this drug (Grillon et al.,
2016). Since NLCs have been shown to enhance internalization of several drugs (Barbosa et
al., 2016; Garbuzenko et al., 2019) and LV has a limited efficacy of intracellular bacterial killing
(Nguyen et al., 2006), our formulation has potential to enhance LV activity against intracellular

bacteria, regardless of the administration route.
3.5 Accelerated stability test

Accelerated stability tests with both free and LV-loaded optimized samples (NLC_LV and
NLC_BL) were performed. The samples were kept in a stability chamber for 30 days at 40 °C
and 75% RH, which might correspond to 4 months of long-term stability, according to the
Arrhenius equation (Nicoletti et al., 2009). The parameters evaluated before and after the

incubation were z-average, Pdl, zeta potential, EE, drug recovery and total impurities.

NLC_BL increases in size and Pdl, followed by an increase in zeta potential. After 30 days of
incubation, the apparent viscosity considerably increased, probably related to the strength of
the interfacial film (Fang et al., 2008). On the other hand, NLC LV presented acceptable
physical stability, keeping the size constant between 138 and 145 nm, which is in a range
required to avoid reticule-endothelial rejection (100-300 nm) (Wang et al., 2020). The Pdl
(0.241-0.223) and zeta potential (-18.1 to -15.9 mV) values presented slight fluctuations which
did not impact on the stability or the formulation dispersity. The particles in the mentioned size
range and negatively charged are adequate, for example, for a pulmonary route of
administration, being able to penetrate lung mucus barrier (Finbloom et al., 2020). EE and
drug recovery values were also maintained (1.2% and 2% variation, respectively), while total
impurities increased by a 1.7-fold in relation to the initial amount. But, as the greatest amount
of impurities were detected outside the NPs (the filtrate), the carrier probably protected the

incorporated drug from degradation.

These findings have shown the significance of performing formulation and process studies
with a drug stability indicating method. To avoid LV degradation, NPs could be dried following
the formulation process suing a secondary pharmaceutical process. The complexation of LV
to cations could help to stabilize LV, as suggested by Brillaut et al., for another fluoroquinolone,
ciprofloxacin, which resulted in decrease in drug permeability, a desirable feature for
pulmonary administration and local action (Brillault et al., 2017). Noteworthy, Seedher and
Agarwal reported that this complex with LV may reduce antibiotic activity due to altered
albumin-binding rates, which should be considered when planning intravenous or oral
administrations, but it would not be an issue to a non-systemic route of delivery such as
pulmonary (Seedher and Agarwal, 2010). Thus, the incorporation of LV in NLC enhances drug

stability, protects the drug from degradation and have adequate characteristics for various
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routes of administration (Ghasemiyeh and Mohammadi-Samani, 2018; Thapa et al., 2021),

including the inhalation route (Gelperina et al., 2005).
4. Conclusions

In this study, we investigated the CMAs for the levofloxacin lipid-based nanoparticles,
selecting biodegradable and non-toxic excipients. Further, we optimized the excipient
composition for compatibility and solubility, incorporating higher amounts of levofloxacin in
NLC than that described for lipid nanoparticles in the published literature. Solid state analysis
indicated that the NLCs had a lipid core with most LV solubilized in it, and the outside was
more hydrophilic, containing the remaining LV molecules dispersed in a lamellar-like
construction. From the process DoE we found that LV impurities, mainly LNO, could be
present in different concentrations in the NLCs depending on the CPPs (sonication time,
amplitude and temperature). The LNO degradation product has no antimicrobial activity and
could affect the final drug dose, which highlights the need for stability indicating methods when

formulating LV.

We prepared an optimized NLC with the adjusted process parameters (58 °C, 20 min
sonication time and 50% sonication amplitude) and accelerated studies revealed that LV-
loaded NLC was stable according to the preset CQAs for 30 days (40 °C/75% RH) with no
significant changes in the particle size, polydispersibility, zeta potential and EE. Total
impurities increased 1.7-fold after 30 days at accelerated stability conditions, but it was mainly
LV degradation from non-entrapped drug, indicating the drug-protective action of NLC. LV
presented a fast release from NLC upon dilution in buffer, but sustained release by the Franz
cell method, indicating a preferential use in mucous membranes, such as administration by
pulmonary or nasal routes. Independent of the release method, approximately 10-15% of LV
remained in the NLCs, which can boost LV internalization and consequently improve

intracellular bacterial killing.
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