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Abstract: Cefixime (CEF) is a cephalosporin included in the WHO Model List of Essential Medicines
for Children. Liquid formulations are considered the best choice for pediatric use, due to their
great ease of administration and dose-adaptability. Owing to its very low aqueous solubility and
poor stability, CEF is only available as a powder for oral suspensions, which can lead to reduced
compliance by children, due to its unpleasant texture and taste, and possible non-homogeneous
dosage. The aim of this work was to develop an oral pediatric CEF solution endowed with good
palatability, exploiting the solubilizing and taste-masking properties of cyclodextrins (CDs), joined to
the use of amino acids as an auxiliary third component. Solubility studies indicated sulfobutylether-
-cyclodextrin (SBERCD) and Histidine (His) as the most effective CD and amino acid, respectively,
even though no synergistic effect on drug solubility improvement by their combined use was found.
Molecular Dynamic and 'H-NMR studies provided insight into the interactions of binary CEF:His
and ternary CEF:His:SBEBCD systems used to prepare CEF solutions, which resulted stable and
maintained unchanged antimicrobial activity during the two-weeks-use in therapy. The ternary
solution was superior in terms of more tolerable pH (5.6 vs. 4.7) and better palatability, being resulted
completely odorless by a panel test.

Keywords: cefixime; amino acids; pediatric oral formulation; sulfobutylether-f-cyclodextrin; histidine;
molecular dynamic studies

1. Introduction

Cefixime (CEF) (Figure 1) is a third-generation cephalosporin considered essential for
children up to 12-years old, being included in the WHO Model List of Essential Medicines
for Children among the ‘Watch group antibiotics’ and recommended as essential second
choice treatment for gastroenteritis and colitis without specification of infectious agent [1].
CEF is also active against 3-lactamase-producing bacterial strains that provoke respiratory
tract infections (e.g., acute bronchitis, pharyngitis and tonsillitis), otitis media, uncompli-
cated urinary tract infections and gonorrhea [2].

In the European market, CEF-based formulations are present as powders for oral
suspensions (100 mg/5 mL) and tablets (200 and 400 mg). In order to meet the needs
of the pediatric population and obtain acceptable formulation in the appropriate dose,
dosage forms intended for adults such as tablets, capsules or concentrated suspensions
are usually extemporaneously manipulated by crashing, opening or diluting, respectively.
However, these operations can be harmful in pediatric patients: in fact, particularly when

Pharmaceutics 2021, 13, 1923. https:/ /doi.org/10.3390/pharmaceutics13111923

https:/ /www.mdpi.com/journal /pharmaceutics


https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0003-3643-6888
https://orcid.org/0000-0002-2439-2251
https://orcid.org/0000-0002-7732-7381
https://orcid.org/0000-0001-9755-0911
https://doi.org/10.3390/pharmaceutics13111923
https://doi.org/10.3390/pharmaceutics13111923
https://doi.org/10.3390/pharmaceutics13111923
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pharmaceutics13111923
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics13111923?type=check_update&version=3

Pharmaceutics 2021, 13, 1923

20f19

very low dosages are needed, a poor or uncontrolled dosing accuracy is the most frequent
medication mistake [3].
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Figure 1. Chemical structure of CEF.

Moreover, the impact of the above manipulations on the drug bioavailability is often
unknown, and these extemporaneous formulations can have limited and unknown physi-
cal, chemical and microbiological stability, leading to enhanced risks of medication errors,
and the appearance of adverse reactions [4-7].

Furthermore, extemporaneous preparations often have poor palatability and/or un-
pleasant taste that can heavily reduce the young patient’s compliance, and, consequently,
the effectiveness of the therapy [8]. Liquid formulations are considered the best choice
for pediatric use, as also reported by European Medicinal Agency (EMA), mainly due to
their ease of dose- and weight-adaptability [9]. Moreover, liquid formulations are easier
to swallow, thus improving the young patient’s compliance. Among liquid formulations,
solutions are preferable to suspensions, due to the absence of the sediment that can produce
choking risks, dosing errors and problems in enteral feeding administration. Oral solutions
of drugs such as amlodipine [10-12] have been recently successfully developed, adapting
the formulation to the pediatric use of these drugs.

The very low aqueous solubility of CEF contributes to its low absorption (40-50%)
from the gastrointestinal tract [13] and makes it difficult the development of liquid formula-
tions. Several efforts have been performed to overcome this important drawback, including
preparation of CEF amorphous nanoparticles [14,15] or cocrystals with different coform-
ers [16], as well as the use of solid dispersions with different hydrophilic carriers [17-19] or
of cyclodextrins, alone or in combination with other solubilizing agents [20,21].

Cyclodextrins (CDs) are cyclic oligosaccharides with a hydrophilic outer surface and a
lipophilic central cavity. Due to the hydrophobic properties of their interiors, CDs can form
inclusion complexes in aqueous solvent with several molecules, which has been widely
exploited in the pharmaceutical field for various purposes, such as solubility enhancement,
chemical or physical stability improvement and taste-masking of drugs [12,22-25].

Orally disintegrating tablets (ODT) and orodispersible films based on CEF--CD
binary systems have been successfully realized to enhance the drug dissolution rate and
mask its bitter taste [26,27].

On the contrary, no favorable effect on the stability of CEF aqueous suspensions was
observed by (3-CD addition and the authors attributed this result to the increased amount
of drug in solution, due to the carrier solubilizing effect, coupled with the low complexing
effect of 3-CD towards the drug [28]. However, in all of the above cases, no evidence of the
actual formation of the CEF-$3-CD inclusion complex is given, and no data on the stability
constant of the complex are provided.

On the other hand, it has been shown that the use of a third component can increase
the CD-drug complexing power improving their effectiveness in use [24]. In fact, the
addition of suitable auxiliary substances such as water-soluble polymers, organic acids
and bases, or amino acids (AA) can have a synergistic effect in the drug solubility increase,
allowing a reduction in the amount of CD required [29]. A strong stabilizing effect against
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CEF hydrolytic degradation was found by complexation with Captisol, alone or in the
presence of the hydrophilic polymer Hypromellose, despite the very low stability constant
of the complex (11.5 M~1) [30]. AA can be favorably employed for pharmaceutical applica-
tions, presenting different molecular structures, due to a large variety of functional groups,
thus leading to different physicochemical properties. AA are generally recognized as safe
excipients, also for pediatric patients, and their use as auxiliary substances for multicompo-
nent complexation with CDs to improve the solubility and dissolution properties of drugs
is having a growing interest [31-35]. In fact, AA can interact at the same time with both
CDs, by hydrogen bond formation, and with drugs, by electrostatic interactions and salt
formation. Jadhav et al. [36] evidenced a synergistic effect of Arginine in improving the
solubilizing effect of fCD and hydroxypropyl-f3-cyclodextrin (HP3CD) toward CEF.

Considering these findings, the aim of this work was the development of an oral solu-
tion of CEF suitable for pediatric use, exploiting complexation with CDs to improve drug
solubility and taste masking in association with different AA. With this purpose, the com-
plexation ability toward CEF of three different CDs, i.e., gamma CD (y-CD) hydroxypropyl-
B-cyclodextrin (HPBCD) and sulfobutylether-3-cyclodextrin (SBEBCD), selected as the
safest CDs, being the only ones authorized also for parenteral use, was investigated. At
the same time, the solubilizing effect of different kinds of AA on CEF solubility was also
evaluated. Once selected the most effective CD and AA, the effect of their combined use, at
different mol:mol ratios, on the drug solubility was investigated. The pH of all solutions
was monitored, being another parameter to be checked for a well-tolerated pediatric oral
solution. 'H-NMR spectroscopy was used to gain insight about the interaction in solution
among the components in binary (drug-CD or drug-AA) or ternary (drug:AA:CD) systems.
The best combinations were selected to prepare CEF solutions, in the presence or not of
a suitable preservative, and subject to stability studies at three different temperatures.
Finally, microbiological studies and odor assessment test were performed on the developed
solutions in comparison with the commercial formulation to evaluate their antimicrobial
activity and their actual ability to mask the unpleasant smell of the drug.

2. Materials and Methods
2.1. Materials

Cefixime trihydrate (CEF) was a gift from Menarini (Florence, Italy); hydroxypropyl-
B-cyclodextrin (HPBCD, average molar substitution 0.62) was kindly donated by Roquette
(Lestrem, France), sulfobutylether-3-cyclodextrin (SBEBCD, Captisol®, average substitu-
tion degree 6.8) by CyDex Pharmaceuticals Inc. (San Diego, CA, USA) and y—cyclodextrin
(v-CD) from Cyclolab (Budapest, Hungary); L-Arginine (Arg), L-Histidine (His), L-Lysine
(Lys), L-Glycine (Gly), L-Alanine (Ala), L-Proline (Pro), L-Serine (Ser), L-Leucine (Leu),
L-Threonine (Thr), L-Glutamic Acid (Glu), L-Aspartic Acid (Asp) and sodium benzoate
were provided from Merck KGaA (Darmstad, Germany). Purified water from Elix® (Milli-
pore, Burlington, MA, USA) and reagents of analytical grade were used.

2.2. Phase-Solubility Studies

Phase solubility studies were carried out in triplicate according to the Higuchi and
Connors method [37] by adding an excess amount of CEF to 10 mL of purified water
containing increasing concentrations of HP3CD or SBEBCD or yCD (0-25 mM) at a constant
temperature of 25 £ 0.5 °C under magnetic stirring at 500 rpm up to equilibrium (72 h).
Every 24 h an aliquot was withdrawn, filtered (0.45 um pore size) and properly diluted
for UV assay (Shimadzu UV /Vis 1601, Tokyo, Japan) at the drug Amax of 287.2 nm. The
analytical method was validated according to the ICH guidance Q2(R1) [38]. The linearity
was assessed by a five-point calibration curve in the 4-20 mg/L concentration range.
The linear regression equation was y = 0.0469x + 0.0072, with a correlation coefficient
(R?) = 0.9995. Accuracy was determined by assaying three known concentration levels of
the drug, corresponding to minimum, medium and maximum concentration values of the
calibration curve, respectively. The precision of the analytical method was determined by
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using three drug concentration levels and three replications for each sample, to evaluate
both repeatability and intermediate precision.

The LOQ and LOD value resulted 1.5 mg/L and 0.5 mg/L, respectively. No inter-
ferences due to the presence of CDs on the spectrophotometric measurements of CEF
were noted (UV spectra of pure CD and His together with that of CEF are reported as
Supplementary Material). The pH of suspensions was also constantly monitored using a
Basic 20 pH-meter (Crison Instruments, Barcelona, Spain).

The apparent stability constant (Kj.1) of the CEF-CD complexes was calculated from
the slope of the phase-solubility diagrams and the CEF solubility in the medium in the
absence of CDs (Sp), according to Equation (1):

slope

Ke= - -OP°
¢ Sp x (1 —slope)

)

The complexation efficiencies (CE) of CDs were also calculated by Equation (2) [39]:
slope
CE= ——— 2
(1 — slope) @
The solubilizing efficiency (SE) was determined by the ratio of drug solubility in the

presence of the highest CD concentration used and that of the drug alone.

2.3. Solubility Studies

Solubility studies of CEF, alone or in binary mixtures with 11 different AA in the 1:1
and 1:2 molar ratios or in ternary 1:2:1 mol/mol CEF:aa:CD systems were performed in
triplicate by adding an excess of the drug (alone or as binary or ternary system) to 10 mL of
purified water. The suspensions were kept under magnetic stirring (500 rpm) at 25 + 0.5 °C
up to equilibrium (24 h). Aliquots of samples were withdrawn with a syringe-filter (pore
size 0.45 um), and suitably diluted for drug concentration assay at 287.2 nm (as described
in Section 2.2). The absence of interferences due to other components was assessed. The
pH of each sample was also measured.

H NMR Studies

All NMR spectra were recorded in DO solution. The 2-D ROESY spectra were
recorded by a Bruker Avance 400 spectrometer (400 MHz for 'H NMR) (Bruker Italia,
Milan, Italy) at 300 K using a 5 mm probe and the pulse-sequence ROESYPH.2.

Two-dimensional ROESY spectra (rotating frame Owerhauser effect spectroscopy)
were acquired with an acquisition time of 0.25 s, a spectral width of 10.2 ppm, a recycling
delay of 2 s and a mixing time of 250 ms.

2.4. Molecular Dynamic (MD) Simulation

Molecular dynamics (MD) simulations of binary and ternary systems were performed
using the GROMACS 5.0 package [40]. MD simulations were carried out in water under
Periodic Boundary Conditions (PBC) to avoid problems with boundary effects caused
by finite size, and make the system more like an infinite one, at the cost of possible
periodicity effects. The visualization program DS ViewerPro 6.0 was used to build the
initial systems conformations.

The partial atomic charge of the structures was calculated using the AM1-BCC method
according to Pettersen et al. [41]. The OPLS All-Atom force field was applied to all
structures [42]. All free molecules and complexes were solvated with water according to
the Simple Point Charge (SPC) method [43]. In the simulation model, the molecules were
placed in a cubic box of 4.1 x 4.1 x 4.1 nm® with the sides of the box at a distance of about

10 A from the structures and solvated with 6800-7000 water molecules. The structures were
relaxed by minimizing energy with the steepest descent algorithm (50.000 steps) and after
two stage pre-equilibrations, the first one at constant Volume and Temperature (NVT) and
the second at constant Pressure and Temperature (NPT), a 10 ns simulation was performed
in the NPT ensembles at T = 300 K and P = 1 bar with a time step of 2 fs. The MD trajectories
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were registered every 0.1 ns. Long-range electrostatic interactions were calculated by the
Ewald particle-mesh (PME) method [44], while the LINCS algorithm [42-45] was used to
constrain the bond lengths.

The complexes were built “by hand” using the DS ViewerPro 6.0 program. Only the
two most dissimilar conformations have been built: the guest has been introduced into
the cavity in two symmetrically opposite ways. The task of exploring the permissible
conformational space was left to the molecular dynamic simulation.

2.5. Preparation of Binary and Ternary CEF Liquid Formulations

Aqueous solutions of binary CEF:aa (1:2 mol/mol) or ternary CEF:aa:CD (1:2:1 mol/mol)
containing 17 mg/mL of drug were prepared in the presence or absence of 0.5% w/v sodium
benzoate as preservative.

2.6. Stability Studies during Storage

Stability studies from the chemical, physical and microbiological point of view of all
the prepared solutions, in the presence or not of Na benzoate, were performed at 4 °C,
40 °C and room temperature up to 4 weeks. Chemical stability was weekly monitored by
determining the residual drug concentration by spectrophotometric assay at A = 287.2 nm
(see Section 2.1). Stability was considered acceptable if drug concentration remained
above 90% of the initial concentration. Physical and microbiological stability was weekly
evaluated by visual inspection to check possible changes in organoleptic properties such as
smell and color, precipitation or cloudiness phenomena, or mold formation, respectively.
pH measurements were also weekly performed in order to detect possible modifications of
the solutions (see Section 2.1).

2.7. Microbiological Studies

Microbiological tests were performed on Escherichia coli ATCC 35,218 grown in Luria
Bertani (LB) broth.

2.7.1. Minimal Inhibitory Concentration (MIC) Determination

Susceptibility tests were performed by a twofold standard broth microdilution method
following the Clinical and Laboratory Standards Institute recommendations [46]. Overnight
cultures of E. coli were diluted to reach ODgpgnm values of 0.2; further 1:100 (v/v) dilutions
were prepared to get inocula containing approximately 2 x 10° colony forming units
(CFU)/mL. More accurate back-calculation of viable titres of the inocula were performed
by plate count method. Aliquots of 50 uL of inoculum were transferred in 96-well round
bottom polystyrene Microtiter® plates (Corning, NY, USA) containing 50 uL of preformed
gradients of cefixime, cefixoral and binary and ternary oral formulations (stored at 4 °C and
room temperature), to obtain approximately 1 x 10° CFU/well in a final volume of 100 L.
For each antimicrobial, the minimum inhibitory concentration (MIC) value was detected
in an Infinite M200 PRO Tecan microplate reader (Tecan® France, SA-Lyon, France) by
spectrophotometric determination of microbial growth at wavelength 600 nm (ODgponm)
after 24 h incubation. MIC was the lowest concentration which prevents bacterial growth.
Each assay was carried out at least in duplicate.

2.7.2. Time Kill Test

Time-kill kinetics of Cefixoral, CEF-His and CEF-His-SBE =+ CD solutions were eval-
uated in duplicate in LB broth against E. coli by the spot dilution method. Bacterial
suspensions (approximately 1.0 x 10° cell/mL) were incubated at 37 °C in the absence
and presence of each sample at the corresponding MIC. Bacterial suspensions were serially
diluted 1:10 and 5 pL aliquots of the dilutions were taken at 0, 1, 2, 3, 4 and 5 h and spotted
on LB agar plates. After an incubation time of 24 h, single colonies in the spots were
counted, and back-calculations are performed to determine the CFU/mL of the original
sample. Values of CFU/mL showing a logjo reduction > 3, compared to control without
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antimicrobial, were interpreted as bactericidal activity, whereas 0 < log;g reduction < 3
was interpreted as bacteriostatic activity.

2.8. Odor Assessment Test

A group of ten (N = 10) healthy volunteers aged between 18 and 28 years
(mean age = 22 years) were recruited as adult sensory panelists in a study aimed to
evaluate the odor perception of CEF formulations. Each panelist was previously informed
on what to do, i.e., test the odor of the solutions and all ones gave their consent Each
participant was asked to fill a questionnaire according to the satisfaction rating, evaluated
according to the ‘facial expressions scale’ or Facial Affective Scale, FAS [47] normally used
for taste evaluation, just adapted to odor perception.

3. Results and Discussion
3.1. Phase-Solubility Studies

Figure 2 shows the phase-solubility diagrams of CEF in aqueous CDs solutions.
CEF solubility slightly increased linearly only in the presence of increasing SBERCD
concentration, giving rise to an Ay -type phase solubility diagram [37] with K¢ ~ 20 M~ 1,
indicative of the formation of weak water-soluble complexes with possible 1:1 stoichiometry
(Table 1). The low value of the K¢, as well as the limited CEF solubility increase (about
1.5 times), were in perfect agreement with that reported in literature [30].

2.00

1.50

1.00 $ ———9

Conc CEF (mM)

0.50

0.00
0 > 10 15 20 25
Conc CD (mM)
gammaCD e HPBCD mSBEBCD

Figure 2. Phase-solubility diagrams of CEF in the presence of increasing concentrations (0-25 mM)
of YCD (A), HPBCD (4) and SBERCD (M) in water at 25 °C.

Table 1. Stability constant (Kst), complexation efficiency (CE) and solubilizing efficiency (SE) of CEF
complexes with yCD, HPRCD or SBEACD in water at 25 °C.

K M) CE SE

yCD 1.8 0.002 1.03
HPBRCD 2.3 0.002 1.04
SBERCD 19.7 0.021 1.53

On the contrary, no drug solubility variations were observed in the presence of both
vCD and HPBCD, indicating the absence of host-guest interactions, as confirmed also by
the near to zero values of both Complexation Efficiency (CE) and Solubilizing Efficiency
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(SE) [48] (Table 1). To explain these findings, in the case of yCD it could be hypothesized
that its cavity was unsuitable to effectively accommodate the CEF molecule. On the other
hand, the unexpected result obtained when using HPBCD could be attributed to a steric
effect of the hydroxypropyl substituents, which can hamper the drug access to the CD
cavity [49].

On the other hand, in the case of SBECD, the steric hindrance due to the sul-
fobuthylether substituents was partly counterbalanced by electrostatic interactions between
this polyanionic CD and the nitrogen-containing moieties of CEF, thus explaining its better
complexing and solubilizing efficiency towards the drug [50].

The acidic pH of drug suspension (pH ~ 3) remained almost constant also in the
presence of each CD, up to the end of the experiment.

Thus, SBEBCD was selected for further studies, due to its, albeit weak, solubilizing
power towards the drug, leading to a 1.5-fold increase of CEF aqueous solubility. The
choice of this CD was further supported by literature data proving its wide, effective and
safe use in various types of formulations, including parenteral and oral ones [50-52].

3.2. Solubility Studies

Considering the poor drug solubility improvement obtained by complexation with
SBERCD, the influence of different kinds of AA on CEF solubility was also investigated
with the aim to develop an aqueous solution of CEF at a concentration as close as possible
to that of the commercial suspension (20 mg/mL). Solubility studies of binary systems
of CEF with AA in the 1:1 and 1:2 molar ratios were performed. AA were chosen based
on their different properties in terms of basicity, acidity or polarity, in order to evaluate a
possible different effect towards the drug due to their different nature. L-Arg, L-Lys and
L-His were selected as basic AA; L-Gly, L-Ala, L-Pro and L-Leu as non-polar aliphatic AA,
whereas L-Ser and L-Threo as polar ones. Finally, Asp and Glu were chosen as acid AA. As
can be seen in Figure 3, among the examined AA, the basic ones were the most effective,
in the order L-His > L-Lys > L-Arg, and their equimolar mixtures with the drug led to an
about 22-, 20- and 17-fold increase, respectively, in CEF solubility. Their 1:2 binary mixtures
allowed to increase drug solubility further significantly, achieving values higher than
30 mM. The best results were obtained in the presence of L-His, which enabled reaching
a CEF saturation solubility of 35 mM, i.e., 35 times higher than the drug solubility and
corresponding to 17.5 mg/mL, very close to the target value.

It should be highlighted that the achieved drug solubility value in the presence of His
was much higher than that previously obtained by amorphous nanoparticles formation,
where a maximum drug saturation solubility of 0.951 mg/mL was obtained [14] or about
3.5 mg/mL at 37 °C [15]. Moreover, the maximum CEF solubility increase obtained by
the most effective co-crystal system (CEF:sodium acetate 1:1 mol:mol) was only about
18.5 times [16], i.e., about half of that obtained in the present work in the presence of His.

This finding can be reasonably ascribed to the acidic nature of the drug and the basic
properties of such AA, and thus to a CEF salt formation, clearly more soluble than the
drug as such. The improved solubility of various acidic drugs by the use of basic AAs as
counterions has been already reported [32,53] A concomitant pH increase from the initial
value of 3 (for the drug alone suspension) up to values of 4.1, 4.3 and 4.7 in the presence of
L-Arg, L-Lys and L-His, respectively, was also pointed out.

On the other hand, the simple increase in pH (for example by NaOH addition and
formation of CEF sodium salt) was not considered as a possible option, due to the low
stability of CEF in basic solutions [30], which in fact until now prevented the development
of aqueous solutions of this drug. No appreciable solubilizing effects were observed for all
other examined AA, even when used at the 1:2 drug:AA mol/mol ratio.

Based on these results, solubility studies of ternary mixtures CEF:basic AA:SBERCD
(1:2:1 mol/mol) were then carried out, in order to evaluate if their combined use could
have a synergistic effect on CEF solubility enhancement. In fact, it has been shown that
the addition of suitable auxiliary substances can improve the cyclodextrin solubilizing and
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complexing properties due to the formation of a multicomponent complex [54,55]. Unlike
that expected, CEF solubility in ternary mixtures was very similar to that obtained in the
presence of the basic AA alone, showing no additional effects due to the joined presence
of CD and resulting even lower than the theoretical one calculated as the sum of CEF
solubility in the presence of SBEBCD and amino acid separately (Figure 4).

T
35 .
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- ] ] B
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% 5
€15 1
8 - 2
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0 - e B S R
CEF C-Arg C-Lys C-His C-Gly C-Asp C-Glu C-Ser C-Pro C-Thr C-Leu C-Ala

Figure 3. Aqueous solubility in water at 25 °C of CEEF, alone or as a binary mixture with the different AA in the 1:1 (dotted
bars) and 1:2 (full bars) molar ratios.
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Figure 4. Solubility in water at 25 °C of CEF in binary (full bars) and ternary (dotted bars) mixtures
with basic AA (Arg, Lys and His) and SBEACD in the 1:2 and 1:2:1 molar ratios.
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It was not considered necessary to perform X-Ray Powder Diffraction studies on the
end solids from solubility studies, in order to obtain data about possible CEF solid state
modifications that occurred during the text, which could be responsible for the observed
changes in its saturation solubility. In fact, a possible increase in drug solubility as a
consequence of some solid-state change, due to the formation of a more soluble hydrate
or polymorphic form, or to its partial amorphization can be excluded on the basis of the
obtained results. Indeed, the CEF solubility increase was obtained only in the presence
of the basic AA, and it was reasonably attributed, as above discussed, to the CEF salt
formation. In addition, no further increase in drug solubility was observed in the ternary
CEF:basic AA:CD system, despite the presence of the amorphous SBEBCD, thus allowing
to exclude also in this case any contribute of possible changes in drug solid state properties
to its solubility increase.

A possible competitive effect of basic AA with the drug in the interaction with the CD
can be hypothesized. In fact, cyclodextrin complexation with AA has been reported [55,56].
However, interestingly, the pH of the solutions containing the ternary system was higher
than that of the binary CEF:His solution (5.6 vs. 4.7) resulting in a more tolerable pediatric
oral liquid formulation.

Based on such results, His was selected among basic AA due to not only its highest
solubilizing power towards the drug, as emerged by solubility studies, but also to its
essential role in the protein formation, whose deficiency can lead to growth problems in
children [57,58].

The use of SBEBCD was also investigated, to evaluate any possible stabilizing and
taste-masking effects, in addition to its observed positive role in enhancing the solution pH.

In fact, the stabilizing effect of SBERCD against hydrolytic degradation of CEF [30],
as well as the very successful use of SBEBCD as a taste-masking agent in pediatric oral
formulations [59] have been previously reported.

3.3. Molecular Dynamic (MD) Simulation

MD simulations were performed to get more insight about the possible interactions be-
tween CEF, His and SBERCD molecules. In MD simulations, CEF and His were introduced
from both sides of the SBEBCD cavity, in two symmetrically opposite ways. In all the
simulations SBERCD was considered in anionic form (SBERCD’ ™ total charge 7), CEF was
considered both in neutral (CEF’) and in anionic form (CEF?>~) and His as neutral (HIS),
zwitterionic (HIS*") or protonated zwitterionic form (HIS*"!*). The stability of the CD
complexes was evaluated by the gain of potential energy of the complex (EPgain) compared
to the sum of the potential energy of the free components, according to Equation (3):

EPgain = EPcomplex - (EPhost + EPguest) (3)

The potential energy is reported as the average of the potential energy calculated
for each conformation recorded during the MD simulation. The conformations collected
were 100.

The MD simulation results are collected in Table 2.

For each pair of conformers, the most favorable EPg,i, has been reported. As can be
observed the complex formed by SBEBCD’~ and the ionized form of CEF (CEF?~) showed
an EPgain not consistent with its actual existence (238 KJ/mol), while the complex between
CD and neutral CEF (SBEBCD’~-CEF0) would be quite stable, achieving an EPgain of
—313 KJ/mol. From the NMR spectra (see below) the SBECD-CEF complex does not seem
to exist in detectable quantities, therefore it is reasonable to assume that CEF is mainly
present in the deprotonated form. Such a result could be attributed to the lower affinity
of the ionized form of the drug for the inclusion into the apolar CD cavity, due to its less
hydrophobic properties.

A strong interaction, probably of electrostatic nature, occurred also between SBERCD’ ~
and the His protonated zwitterionic form (HIS?"1*) as demonstrated by the corresponding
EPgain of —301 KJ/mol. On the other hand, His strongly interacted, by salt formation, also
with CEF, when they were both in the charged form, as HIS?"1* and CEF?~ The EPgain
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of their interaction was of the same order of magnitude of that related to the SBERCD’ "~ -
HIS*"1* interaction (—317 KJ/mol vs. —301 KJ/mol). This result seems to confirm the
hypothesized competition between CEF and His for interacting with SBERCD, resulting in
absence of synergism between SBEBCD and His in drug solubilization.

Table 2. Potential Energy gain (EPg,i,) of the different binary systems CEF:SBERCD and CEF:His
calculated by MD simulation.

Complex EPg,in (KJ/mol)
SBERCD’~-CEFY —313
SBERCD’-CEF? —238
SBERCD’~-HIS? —101
SBERCD”—-HIS#W —161

SBERCD’ ~-HIS*W1* —301
2HIS?-CEF? —43
2HIS?W -CEF? —125
2HIS?W-CEF2~ —163
2HIS?W1+_CEF? —317

3.4. H NMR

2-D ROESY experiments were performed in order to gain further insight into the
possible interactions between the components in binary and ternary systems. Figure 5A,B
shows the spectra related to the ternary CEF:His:SBERCD system, where intermolecular
cross peaks, due to nuclear Overhauser effect (nOe) between the protons of CEF and the
o and (3 protons of His were observed, thus demonstrating the interactions between the
two molecules. On the contrary, no interactions between His and SBERCD or CEF and
SBERCD were detected in the ROESY spectrum of the ternary system. An interaction was
instead observed in the ROESY spectrum of the solution containing only SBEBCD and His,
as proved by a nOe signal between the protons of the amino acid heterocycle (1 and 2) and
the butyl protons of SBEACD (Figure 5C), thus confirming the MD findings.
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Figure 5. 2D ROESY spectra of ternary CEF:His:SBEBCD (A,B) and binary His:SBECD (C) solutions.

Therefore, from these results it can be concluded that, when all three components are
simultaneously present in solution, only salt formation of CEF with the basic His occurs,
without any complex formation between CEF?>~ and SBEBCD’~ or detectable interaction
between HIS?"1* and SBERCD”". In fact, in such conditions, CEF is almost totally in its
ionized form, and thus unable to interact with the CD, as shown by MD experiments,
while in the case of the basic amino acid, evidently, the interaction with the acidic drug is
prevalent with respect to that with the anionic CD.
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3.5. Preparations of Oral Liquid CEF Formulations

According to the results obtained from solubility studies, four different aqueous
solutions of CEF at 17 mg/mL were prepared, containing the drug as a binary system with
His or as ternary system CEF:His:SBEBCD at the 1:2 and 1:2:1 molar ratios, respectively, in
the presence or not of Sodium Benzoate (0.5% w/v) as a preservative, whose safe use for oral
daily administration in pediatric patients has been demonstrated by Embrechts et al. [60].

3.6. Stability Studies of CEF Solutions

Stability studies were performed on the developed CEF solutions stored at room
temperature, at 40 °C and at 4 °C, protected from light, by weekly monitoring the drug
concentration, possible pH variations, organoleptic properties modifications or mold
formation. Samples stored at 40 °C showed a marked color change from colorless to orange
just within the first week of storage, together with a drastic reduction in CEF concentration
up to about 75% of the initial value (data not shown). Figure 6 shows the results expressed
as residual CEF% of samples stored at room T (Figure 6A) and 4 °C (Figure 6B) without
Na Benzoate. Similar results were obtained for the corresponding preserved samples, thus
indicating no effects exerted by the preservative Na benzoate on samples’ stability.

A 105

100 100

100

95

90

% residual CEF

85

80
t=0 1 week 2 weeks
H BIN CEF:His 1:2 mol/mol H TER CEF:His:SBEbCD 1:2:1 mol/mol

B 105

100 100
100 99.0

% residual CEF

t=0 1 week 2 weeks
B BIN CEF:His 1:2 mol/mol  mTER CEF:His:SBEbCD 1:2:1 mol/mol

Figure 6. Stability studies on the binary CEF:His and CEF:His:SBEBCD ternary solutions stored at
room temperature (A) or at 4 °C (B) in light-protected glass vials.
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All the prepared formulations remained stable during the two weeks in terms of
residual drug%: in fact, it was in all cases higher than 90%, which is the limit of drug
labeled potency currently accepted for pharmaceutical dosage forms. Storage at 4 °C
slightly, but not significantly (p > 0.05), delayed the CEF degradation rate if compared
to room temperature. Moreover, ternary systems-based formulations always showed %
residual concentration values a little, even if not significantly (p > 0.05) higher than the
corresponding binary system-formulations, thus indicating a certain stabilizing power of
SBERCD. In fact, the ternary system formulation stored at 4 °C was the only one whose
residual drug content was not significantly different from ¢ = 0 after two weeks of storage.

The pH of all the solutions did not change during storage, remaining at values
of 4.7 and 5.6 for the binary and ternary formulations, respectively, only registering a
0.1 pH unit change during the second week of storage for both the solutions stored at
room temperature.

Different behavior for the color change of the solutions was observed during the
second storage week between formulations stored at room temperature and in refrigerated
conditions. The latter started to change from transparent to pale yellow whereas the first
ones became a bright yellow color.

Thus, it seemed to be worthy of interest to investigate if the color variation could be
related to a loss of the drug activity. Controversial opinions are reported in the literature
concerning the reason for such a color modification. Some authors state that the presence of
sulfur can play an important role in the yellowing process, whereas other authors attribute
the change in color to the beta-lactam ring hydrolysis, thus leading to loss of activity [61,62].

3.7. Antimicrobial Activity

To evaluate the actual maintenance of antibacterial activity of CEF in the selected drug
formulations, the MICs of CEF-His (1:2 mol/mol) and CEF-His-SBEACD (1:2:1 mol/mol)
systems were measured after solution reconstitution and up to 14 days (spanning the usual
therapy period). MICs of binary and ternary systems were compared to those of fresh
suspensions of commercial Cefixoral® formulation (CEF 100 mg/5 mL) and of pure CEF. A
binary CEF-SBEBCD (1:1 mol/mol) sample was also tested to investigate the role of CD
alone on drug stability.

The results of these studies showed a trend towards a slight increase of MIC values
over time, indicative of some loss of efficacy, for all samples, with the only exception of
Cefixoral® suspension (Figure 7). Furthermore, no benefits were observed for samples
stored under refrigerated conditions (4 °C) with respect to those kept at room temperature.
The greater stability of the antibacterial activity of Cefixoral® could be attributed to the
gradual dissolving of the drug in the commercial suspension; as known, only the soluble
form of CEF is sensitive to hydrolytic degradation, while not yet solubilized drug is
preserved. Among the binary and ternary CEF systems evaluated, CEF-SBEBCD always
showed the highest MIC values. However, the observed increases of MIC were non-
statistically significant (p > 0.05). The lack of statistical significance should be mainly
attributed to the inherently experimental variability of the method used; in fact, it is
generally accepted that broth MIC tests are reproducible to within one doubling dilution of
the real end point (i.e., Zone well or tube in a dilution series) [63]. Overall, the binary and
ternary CEF systems have been shown to maintain their antibiotic activity over 14 days,
that is the time of the intended use in therapy.

The results of the time-kill kinetics showed that both Cefixoral® suspension and binary
(CEF-His) and ternary (CEF-His-SBEBCD) solutions gave rise to similar killing kinetics
that reach a complete killing (Log10 CFU/mL reduction > 3) after 5 h (Figure 8), confirming
the bactericidal activity of CEF in E. coli [63].

Microbiological studies enabled to support the results of stability studies and the
conclusion that the yellowing of the binary and ternary CEF solutions, observed during
the storage, was not correlated to a significant loss of antimicrobial activity. Further
reinforcing this conclusion is the observation that yellowing over time was also observed



Pharmaceutics 2021, 13, 1923 14 of 19

in the Cefixoral® suspension, despite its MIC values remaining almost constant during the
whole storage period considered.

MIC (ug/mL)

i il o

CEF Cefixoral® CEF-SBEBCD CEF-His CEF-His-SBEBCD

0.5 i
0

mt=0(RT) W1w(RT) ®2w(RT) m1w(4°C) =2w (4°C)

Figure 7. Minimum Inhibitory Concentration (MIC) values of CEF and its different formulations against E. coli at ) and
after 1 and 2 weeks of storage at room temperature (RT) or at 4 °C.

3.5

2.5

1.5

Logl0 CFU/mL Reduction

0 1h 2h 3h 4h 5h

B Cefixoral® ™ CEF-His ™ CEF-His-SBEBCD

Figure 8. Time kill assay for the evaluation of antimicrobial effectiveness of Cefixoral® suspension, and CEF-His 1:2 mol/mol
and, CEF-His-SBEBCD 1:2:1 mol/mol solutions against E. coli expressed as Logjg CFU/mL reduction at different times.

3.8. Adult Sensory Panel Test

An unpleasant taste or odor can hinder children’s acceptance of medicine. Authorities
recommend palatability assessments involving children whenever possible but when not
possible adult panels for taste-screening can provide an alternative method to be examined
for result transferability to children [64].
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A group of ten healthy adult volunteers was recruited as adult sensory panelists in
the evaluation of the odor perception of the binary and ternary solutions.

Each volunteer was asked to evaluate its odor perception using a rating scale called
‘facial expression scale” or ‘Facial Affective Scale” (FAS), typically used for taste evaluation
in children, just adapted for the odor evaluation of the formulations. The FAS is designed
to capture the emotional (affective) reaction of panelists and includes both happy and sad
facial expressions, ranging from the happiest feeling possible to the saddest feeling possible,
depicting decreasing gradations of acceptability. All subjects showed their strongest dislike
for the binary CEF:His solution, judged to have a really bad smell. On the contrary, no
sensation was revealed from volunteers for the ternary CEF:His: SBECD solution, which
was found to be odorless (Table 3).

Table 3. ‘Facial Affective Scale’ (FAS) rating for the odor evaluation carried out by 10 healthy volunteers.

Extremely good odor 0/10 0/10
Very good odor 0/10 0/10
@ Pleasant odor 0/10 0/10
@ Odorless 0/10 10/10
Unpleasant odor 0/10 0/10
@ Very bad odor 0/10 0/10
Extremely bad odor 10/10 0/10

These results proved that the presence of SBEBCD was successful as an unpleasant-
odor-masking agent. This could appear an unexpected effect, considering the low stability
constant of its complex with CEF. However, it should be taken into account that the olfactory
perception threshold, especially in the case of sulphurated compounds, is extremely low,
in the order of ppb. Therefore, even if the fraction of complexed drug molecules is limited,
it was probably enough to bring down the concentration of free drug molecules below the
olfactory perception threshold.

Moreover, an effective masking effect of the bitter taste of CEF has been also obtained
in the presence of BCD [26] despite its even lower complexing power towards the drug, has
emerged in our preliminary phase-solubility studies (data not shown). Evidently, besides
drug complexation, other mechanisms can play a role in the masking effect of CDs against
unpleasant odors or tastes [65].

The obtained masking effect of the unpleasant drug organoleptic properties represents
an actual advantage for its oral administration, particularly in pediatrics, allowing to
improve children’s compliance.

4. Conclusions

Preliminary phase-solubility and solubility studies enabled the selection of SBERCD
and His as the most effective CD and amino acid, respectively, to be used in combination
for the development of a CEF oral solution suitable for pediatric use.

In fact, His showed the highest solubilizing power towards the drug compared to
all tested AA (including the basic ones Arg and Lys), allowing to increase CEF solubility
from 0.76 mg/mL up to 17.5 mg/mL, very near to the concentration of the commercial
CEEF suspension (100 mg/5 mL), thus eliminating the possible problems of poor dosage
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accuracy, in virtue of its complete homogeneity, and of unpleasant texture sensation in the
mouth of pediatric patients.

On the other hand, the presence of SBEBCD, while not giving rise to a further im-
provement in CEF solubility, was essential in improving the formulation performance. In
fact, the ternary CEF-His-SBEBCD solution resulted superior to the binary CEF-His one
in terms of better tolerability, due to its higher pH (5.6 vs. 4.7) and better acceptability by
pediatric patients, due to the ability of SBERCD to completely mask the unpleasant drug
odor, as assessed by a sensory panel test. This resulted in improved patient compliance,
which is one of the most important issues influencing the adherence to the therapy and its
effectiveness, especially in the case of pediatric patients.

MD and NMR studies were useful to gain further insight about the possible interac-
tions between the components in binary and ternary systems. Interactions between the
CEF and His were observed, while no interactions between His and SBERCD or CEF and
SBERCD were detected for the ternary system. An interaction was instead observed for the
solution containing only SBEBCD and His.

Moreover, stability and microbiological studies proved that the developed solu-
tion was stable during the common two-weeks-use in therapy, without the need of
adding any preservative, without the need of adding any preservative or other excip-
ients potentially harmful for pediatric patients and maintained almost unchanged the drug
antimicrobial activity.

Thus, the developed CEF-His-SBEBCD solution can be proposed as a valid alternative
to the commercial CEF oral suspension, avoiding problems of unpleasant texture and taste
and thus improving patient compliance, and also allowing an easier administration and a
more accurate dosing and dose-adaptability, in virtue of its complete homogeneity.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pharmaceutics13111923/s1, Figure S1: UV spectra.

Author Contributions: Conceptualization, M.C.; Data curation, M.C., N.M., E.C., EM. (Fabrizio
Melani) and EM. (Francesca Maestrelli); Formal analysis, G.N. and J.R.; Investigation, N.M., E.C.
and FM. (Fabrizio Melani); Methodology, N.M., G.N., E.C. and EM. (Fabrizio Melani); Project
administration, M.C.; Supervision, M.C., E.C., EM. (Fabrizio Melani) and P.M.; Writing—original
draft, M.C.; Writing—review & editing, E.C., EM. (Francesca Maestrelli) and P.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  WHO (World Health Organization). WHO AWaRe Antibiotic Categorization. 2021. Available online: https://aware.
essentialmeds.org/list?query=cefixime (accessed on 14 July 2021).

2. Wisher, D. Martindale: The Complete Drug Reference. 37th ed. Journal of the Medical Library Association. J. Med. Libr. Assoc.
2012, 100, 75-76. [CrossRef]

3.  Chua, SS,; Chua, HM.; Omar, A. Drug administration errors in paediatric wards: A direct observation approach. Eur. |. Pediatr.
2010, 169, 603-611. [CrossRef] [PubMed]

4.  Glass, B.D.; Haywood, A. Stability considerations in liquid dosage forms extemporaneously prepared from commercially available
products. J. Pharm. Pharm. Sci. 2006, 9, 398—426. [PubMed]

5. Skwierczynski, C.; Conroy, S. How long does it take to administer oral medicines to children? Paediatr. Perinat. Drug Ther. 2008, 8,
145-149. [CrossRef]

6.  Mason, J.; Pirmohamed, M.; Nunn, T. Off-label and unlicensed medicine use and adverse drug reactions in children: A narrative

review of the literature. Eur. J. Clin. Pharmacol. 2012, 68, 21-28. [CrossRef]


https://www.mdpi.com/article/10.3390/pharmaceutics13111923/s1
https://www.mdpi.com/article/10.3390/pharmaceutics13111923/s1
https://aware.essentialmeds.org/list?query=cefixime
https://aware.essentialmeds.org/list?query=cefixime
http://doi.org/10.3163/1536-5050.100.1.018
http://doi.org/10.1007/s00431-009-1084-z
http://www.ncbi.nlm.nih.gov/pubmed/19823870
http://www.ncbi.nlm.nih.gov/pubmed/17207422
http://doi.org/10.1185/146300908X254206
http://doi.org/10.1007/s00228-011-1097-1

Pharmaceutics 2021, 13, 1923 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bellis, J.R.; Kirkham, ]J.]J.; Thiesen, S.; Conroy, E.J.; Bracken, L.E.; Mannix, H.L.; Bird, K.A.; Duncan, J.C.; Peak, M.; Turner, M.A.
Adverse drug reactions and off-label and unlicensed medicines in children: A nested case-control study of inpatients in a pediatric
hospital. BMC Med. 2013, 1, 238.

Mennella, J.A.; Beauchamp, K.G. Optimizing oral medications for children. Clin. Ther. 2008, 30, 2120-2132. [CrossRef]

EMA (European Medicines Agency). Pre-authorisation of Medicines for Human USE. Reflection Paper: Formulations of Choice
for the Paediatric Population. 28 July 2006. Available online: https://www.ema.europa.eu/en/formulations-choice-paediatric-
population (accessed on 15 July 2021).

Van der Vossen, A.C.; van der Velde, I.; Smeets, O.S.N.M.; Postma, D.].; Vermes, A.; Koch, B.C.P; Hanff, L.M. Design and stability
study of an oral solution of amlodipine besylate for pediatric patients. Eur. ]. Pharm. Sci. 2016, 92, 220-223. [CrossRef]

Van der Vossen, A.C.; van der Velde, I.; Smeets, O.S.N.M.; Postma, D.J.; Eckhardt, M.; Vermes, A.; Hanff, L.M. Formulating a
poorly water soluble drug into an oral solution suitable for paediatric patients; lorazepam as a model drug. Eur. J. Pharm. Sci.
2017, 100, 205-210. [CrossRef]

Cirri, M.; Maestrelli, F; Mennini, M.; Di Cesare Mannelli, L.; Micheli, L.; Ghelardini, C.; Mura, P. Development of a stable oral
pediatric solution of hydrochlorothiazide by the combined use of cyclodextrins and hydrophilic polymers. Int. J. Pharm. 2020,
587,119692. [CrossRef]

Genvresse, I; Carbon, C. Cefixime. Int. . Antimicr. Agents 1993, 3, 1-16. [CrossRef]

Kuang, Y.Y.;; Zhang, Z.B.; Xie, M.L.; Wang, ].X.; Le, Y.; Chen, ].F. Large-Scale Preparation of Amorphous Cefixime Nanoparticles
by Antisolvent Precipitation in a High-Gravity Rotating Packed Bed. Ind. Eng. Chem. Res. 2015, 54, 8157-8165. [CrossRef]
Zhang, Z.B.; Xie, M.L.; Wang, ] X,; Le, Y.; Zeng, X.F,; Chen, ].F. Preparation of amorphous drug nanoparticles by high-gravity
reactive precipitation technique. Chem. Eng. Proc. 2021, 104, 253-261. [CrossRef]

Kumar, D. Development of Novel Cefixime Cocrystal with Different Coformers for the Enhancement of Solubility. Int. ]. Pharm.
Pharm. Res. Hum. 2021, 21, 385-409.

Arora, S.C.; Sharma, PK,; Irchhaiya, R.; Khatkar, A.; Singh, N.; Gagoria, ]. Development, characterization and solubility study of
solid dispersions of cefixime trihydrate by solvent evaporation method. Int. J. Drug. Dev. 2010, 2, 424-430.

Lavanya, M.; Deevan, A.P. Improvement of solubility of cefixime and omeprazole by solid dispersion and slugging method.
Indo-Am. J. Pharm. Sci. 2017, 4, 2036-2041.

Obaidat, R.M.; Khanfar, M.; Ghanma, R. A Comparative Solubility Enhancement Study of Cefixime Trihydrate Using Different
Dispersion Techniques. AAPS PharmSciTech 2019, 20, 194. [CrossRef] [PubMed]

Mehta, P.; More, A.; Kulkarni, A. Effect of hydrophilic polymers on cefixime complexation with 3-cyclodextrin. Int. J. Curr. Pharm.
Res. 2013, 5, 66-70.

Jaiswal, A.; Patel, A; Patel, S.; Kaurav, N.; Devedi, N. Development of dry syrup formulation. World J. Pharm. Res. 2017, 6,
512-523.

Szejtli, J.; Szente, L. Elimination of Bitter, Disgusting Tastes of Drugs and Foods by Cyclodextrins. Eur. |. Pharm. Biopharm. 2005,
61, 115-125. [CrossRef]

Patel, A.R.; Vavia, PR. Preparation and Evaluation of Taste Masked Famotidine Formulation Using Drug/ 3-cyclodextrin/Polymer
Ternary Complexation Approach. AAPS PharmSciTech 2008, 9, 544-550. [CrossRef] [PubMed]

Kurkov, S.V.; Loftsson, T. Cyclodextrins. Int. . Pharm. 2013, 453, 167-180. [CrossRef] [PubMed]

Jansook, P.; Ogawa, N.; Loftsson, T. Cyclodextrins: Structure, physico-chemical properties and pharmaceutical applications. Int. J.
Pharm. 2018, 535, 272-284. [CrossRef] [PubMed]

Madhavi, B.R.; Murthy, V.S.N.; Rani, A.P.; Kumar, Y.M. Formulation and evaluation of taste masked oral Disintegrating tablet of
cefixime based on cyclodextrin binary systems. J. Glob. Trends Pharm. Sci. 2014, 5, 1738-1746.

Khan, Q.U,; Siddique, M.I; Rasool, F; Naeem, M.; Usman, M.; Zaman, M. Development and characterization of orodispersible
film containing cefixime trihydrate. Drug Dev. Ind. Pharm. 2020, 46, 2070-2080. [CrossRef]

Pamudji, J.S.; Nurhabibah, R.M. Influence of 3-cyclodextrin on Cefixime Stability in Liquid Suspension Dosage Form. Procedia
Chem. 2014, 13, 119-127. [CrossRef]

Aiassa, V.; Garnero, C.; Longhi, M.R.; Zoppi, A. Cyclodextrin Multicomponent Complexes: Pharmaceutical Applications.
Pharmaceutics 2021, 13, 1099. [CrossRef]

Mallick, S.; Mondal, A.; Sannigrahi, S. Kinetic measurements of the hydrolytic degradation of cefixime: Effect of Captisol
complexation and water-soluble polymers. J. Pharm. Pharmacol. 2008, 60, 833-841. [CrossRef]

Corvi Mora, P; Cirri, M.; Guenther, S.; Allolio, B.; Carli, F.; Mura, P. Enhancement of dehydroepiandrosterone solubility and
bioavailability by ternary complexation with a-cyclodextrin and glycine. J. Pharm. Sci. 2003, 92, 2177-2184. [CrossRef]

Mura, P; Bettinetti, G.P; Cirri, M.; Maestrelli, E; Sorrenti, M.; Catenacci, L. Solid-state characterization and dissolution properties
of Naproxen-Arginine-Hydroxypropyl-B-cyclodextrin ternary system. Eur. J. Pharm. Biopharm. 2005, 59, 99-106. [CrossRef]
Delrivo, A.; Zoppi, A.; Granero, G.; Longhi, M. Studies of ternary systems of sulfadiazine with f3-cyclodextrin and amino acids.
Ars Pharm. 2016, 57, 167-176.

Mura, P; Mennini, N.; Maestrelli, F,; Cirri, M. Analysis of physicochemical properties of ternary systems of oxaprozin with
randomly methylated-3-cyclodextrin and L-arginine aimed to improve the drug solubility. J. Pharm. Biomed. Anal. 2016, 129,
350-358.


http://doi.org/10.1016/j.clinthera.2008.11.018
https://www.ema.europa.eu/en/formulations-choice-paediatric-population
https://www.ema.europa.eu/en/formulations-choice-paediatric-population
http://doi.org/10.1016/j.ejps.2016.05.019
http://doi.org/10.1016/j.ejps.2017.01.025
http://doi.org/10.1016/j.ijpharm.2020.119692
http://doi.org/10.1016/0924-8579(93)90002-M
http://doi.org/10.1021/acs.iecr.5b01584
http://doi.org/10.1016/j.cep.2016.03.015
http://doi.org/10.1208/s12249-019-1395-y
http://www.ncbi.nlm.nih.gov/pubmed/31119496
http://doi.org/10.1016/j.ejpb.2005.05.006
http://doi.org/10.1208/s12249-008-9078-0
http://www.ncbi.nlm.nih.gov/pubmed/18431648
http://doi.org/10.1016/j.ijpharm.2012.06.055
http://www.ncbi.nlm.nih.gov/pubmed/22771733
http://doi.org/10.1016/j.ijpharm.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29138045
http://doi.org/10.1080/03639045.2020.1843477
http://doi.org/10.1016/j.proche.2014.12.015
http://doi.org/10.3390/pharmaceutics13071099
http://doi.org/10.1211/jpp.60.7.0004
http://doi.org/10.1002/jps.10485
http://doi.org/10.1016/j.ejpb.2004.05.005

Pharmaceutics 2021, 13, 1923 18 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Sneha, J.; Chandrakant, M. Enhanced dissolution and solubility of Epalrestat with 3-Cyclodextrin ternary complex using Arginine.
J. Drug Deliv. Ther. 2018, 8, 62-67.

Jadhav, P,; Petkar, B.; Pore, Y.; Kulkarni, A.; Burade, K. Physicochemical and molecular modeling studies of cefixime-l-arginine—
cyclodextrin ternary inclusion compounds. Carbohydr. Pol. 2013, 98, 1317-1325. [CrossRef]

Higuchi, T.; Connors, K. Phase-solubility techniques. Adv. Anal. Chem. Instrum. 1965, 4, 117-212.

CPMP /ICH/381/95—ICH Harmonised Tripartite Guideline—Validation of Analytical Procedures: Text and Methodology
Q2(R1). 2014. Available online: https://www.ema.europa.eu/en/ich-q2-rl-validation-analytical-procedures-text-methodology
(accessed on 4 November 2021).

Brewster, M.E.; Loftsson, T. Cyclodextrins as pharmaceutical solubilizers. Adv. Drug Deliv. Rev. 2007, 59, 645-666. [CrossRef]
[PubMed]

Pronk, S.; P4ll, S.; Schulz, R; Larsson, P; Bjelkmar, P.; Apostolov, R.; Shirts, M.R.; Smith, ].C.; Kasson, PM.; van der Spoel, D.; et al.
GROMACS 4.5: A hight-throughput and highly parallel open source molecular simulation toolkit. Bioinformatics 2013, 29, 845-854.
[CrossRef] [PubMed]

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. ] UCSF Chimera—A
visualization system for exploratory research and analysis. Comput. Chem. 2004, 25, 1605-1612. [CrossRef]

Jorgensen, W.L.; Maxwell, D.S.; Tirado-Rives, J. Development and Testing of the OPLS All-Atom Force Field on Conformational
Energetics and Properties of Organic Liquids. J. Am. Chem. Soc. 1996, 118, 11225-11236. [CrossRef]

Berendsen, H.J.C.; Postma, ].P.M.; van Gunsteren, W.F; Hermans, J. Interaction models for water in relation to protein hydration.
In Intermolecular Forces. Pullman; Reidel, D., Ed.; Publishing Company: Dordrecht, The Netherlands, 1981; pp. 331-342.
Hockney, R.W.; Eastwood, ].W. Computer Simulation Using Particles; McGraw-Hill: New York, NY, USA, 1981.

Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, ].G.E.; Fraaije, ].G.E.M. LINCS: A linear constraint solver for molecular simulations.
J. Comput. Chem. 1997, 18, 1463-1472. [CrossRef]

Clinical and Laboratory Standard Institute (CLSI). Methods for Dilutions Antimicrobial Susceptibility Tests for Bacteria That Growth
Aerobically; Approved Standard (9th Edition) (M07-A9) CLSI; Clinical and Laboratory Standard Institute: Pittsburgh, PA, USA,
2010; Available online: https:/ /clsi.org/media/1928/m07ed11_sample.pdf (accessed on 29 September 2021).

McGrath, P.A.; de Veber, L.L.; Hearn, M.]. Multidimensional Pain Assessment in Children. In Advances in Pain Research and
Therapy; Fields, H.L., Dubner, R., Cervero, F.,, Eds.; Raven Press: New York, NY, USA, 1985; Volume 9.

Najib, N.M.; Suleiman, M.S. Characterization of diflunisal-polyethylene glycol solid dispersions systems. Int. J. Pharm. 1989, 51,
225-232. [CrossRef]

El-Kemary, M.; Sobhy, S.; El-Daly, S.; Abdel-Shafi, A. Inclusion of Paracetamol into cyclodextrin nanocavities in solution and in
the solid state. Spectrochim Acta A Mol. Biomol. Spectrosc. 2011, 79, 1904-1908. [CrossRef]

Puskas, I; Varga, E.; Tuza, K.; Szemdn, ].; Fenyvesi, E.; Sohajd, T.; Szente, L. Sulfobutylether-cyclodextrins: Structure, degree of
substitution and functional performance. In Cyclodextrins; Ramirez, F.G., Ed.; Nova Science Publishers Inc.: Hauppauge, NY,
USA, 2015; Chapter 10, ISBN 978-1-63482-788-1.

Luke, D.R.; Tomaszewski, K.; Damle, B.; Schlamm, H.T. Review of the basic and clinical pharmacology of sulfobutylether-beta-
cyclodextrin (SBECD). J. Pharm. Sci. 2010, 99, 3291-3301. [CrossRef] [PubMed]

Das, O.; Ghate, V.M.; Lewis, S. Utility of Sulfobutyl Ether 3-Cyclodextrin Inclusion Complexes in Drug Delivery: A Review.
Indian J. Pharm. Sci. 2019, 81, 589-600. [CrossRef]

ElShaer, A.; Khan, S.; Perumal, D.; Hanson, P.; Mohammed, A.R. Use of amino acids as counterions improves the solubility of the
BCS II model drug, indomethacin. Curr. Drug. Deliv. 2011, 8, 363-372. [CrossRef] [PubMed]

Loftsson, T.; Brewster, M. Pharmaceutical applications of cyclodextrins. 1. Drug solubilization and stabilization. J. Pharm. Sci.
1996, 85, 1017-1025. [CrossRef] [PubMed]

Mura, P.; Maestrelli, F,; Cirri, M. Ternary systems of naproxen with hydroxypropyl-p-cyclodextrin and amino acids. Int. J. Pharm.
2003, 260, 293-302. [CrossRef]

Bao-Yun, X.; Wen-Sheng, C.; Xue-Guang, S.; Qing-Xiang, G.; Maigret, B.; Zhong-Xiao, P. Chiral recognition for the inclusion
complexes of amino acids with a-cyclodextrin using a fast annealing evolutionary algorithm. J. Mol. Struct. 2001, 546, 33-38.
Kessler, A.T.; Raja, A. Biochemistry, histidine. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020.

Snyderman, S.E.; Boyer, A.; Roitman, E.; Holt, L.E.; Prose, PH. The histidine requirement of the infant. Pediatrics 1963, 31, 786-801.
Preis, M.; Pein, M.; Breitkreutz, ]. Development of a Taste-Masked Orodispersible Film Containing Dimenhydrinate. Pharmaceutics
2012, 4, 551-562. [CrossRef]

Embrechts, R.; Van Assche, I.; De Schaepdrijver, L.; Arien, A. Use and safety of benzoic acid and sodium benzoate as antimi-
crobial preservative in oral pediatric formulations. In Proceedings of the 3rd Annual Conference, EuPFi, Berlin, Germany,
21-22 September 2010.

Payne, D.J.; Cramp, R.; Winstanley, D.J.; Knowles, D.]. Comparative activities of clavulanic acid, sulbactam, and tazobactam
against clinically important beta-lactamases. Antimicrob. Agents Chemother. 1994, 38, 767-772. [CrossRef]

Then, R. Beta-Lactamase. In xPharm: The Comprehensive Pharmacology Reference; Enna, S.J., Bylund, D.B., Eds.; Elsevier: Amsterdam,
The Netherlands, 2007; pp. 1-9.


http://doi.org/10.1016/j.carbpol.2013.07.070
https://www.ema.europa.eu/en/ich-q2-r1-validation-analytical-procedures-text-methodology
http://doi.org/10.1016/j.addr.2007.05.012
http://www.ncbi.nlm.nih.gov/pubmed/17601630
http://doi.org/10.1093/bioinformatics/btt055
http://www.ncbi.nlm.nih.gov/pubmed/23407358
http://doi.org/10.1002/jcc.20084
http://doi.org/10.1021/ja9621760
http://doi.org/10.1002/(SICI)1096-987X(199709)18:12&lt;1463::AID-JCC4&gt;3.0.CO;2-H
https://clsi.org/media/1928/m07ed11_sample.pdf
http://doi.org/10.1016/0378-5173(89)90195-6
http://doi.org/10.1016/j.saa.2011.05.084
http://doi.org/10.1002/jps.22109
http://www.ncbi.nlm.nih.gov/pubmed/20213839
http://doi.org/10.36468/pharmaceutical-sciences.549
http://doi.org/10.2174/156720111795767924
http://www.ncbi.nlm.nih.gov/pubmed/21453261
http://doi.org/10.1021/js950534b
http://www.ncbi.nlm.nih.gov/pubmed/8897265
http://doi.org/10.1016/S0378-5173(03)00265-5
http://doi.org/10.3390/pharmaceutics4040551
http://doi.org/10.1128/AAC.38.4.767

Pharmaceutics 2021, 13, 1923 19 of 19

63. European Committee for Antimicrobial Susceptibility Testing (EUCAST) of the European Society of Clinical Microbiology and
Infectious Diseases (ESCMID). Determination of minimum inhibitory concentrations (MICs) of antibacterial agents by broth
dilution. EUCAST Discussion Document E. Dis 5.1. Clin. Microbiol. Infect. 2000, 6, 509-515. [CrossRef] [PubMed]

64. Mennella, J.A.; Mathew, P.S.; Lowenthal, E.D. Use of Adult Sensory Panel to Study Individual Differences in the Palatability of a
Pediatric HIV Treatment Drug. Clin. Ther. 2017, 39, 2038-2048. [CrossRef] [PubMed]

65. Arima, H.; Higashi, T.; Motoyama, K. Improvement of the bitter taste of drugs by complexation with cyclodextrins: Applications,
evaluations and mechanisms. Ther. Deliv. 2012, 3, 633-644. [CrossRef] [PubMed]


http://doi.org/10.1046/j.1469-0691.2000.00142.x
http://www.ncbi.nlm.nih.gov/pubmed/11168187
http://doi.org/10.1016/j.clinthera.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28923290
http://doi.org/10.4155/tde.12.28
http://www.ncbi.nlm.nih.gov/pubmed/22834407

	Introduction 
	Materials and Methods 
	Materials 
	Phase-Solubility Studies 
	Solubility Studies 
	Molecular Dynamic (MD) Simulation 
	Preparation of Binary and Ternary CEF Liquid Formulations 
	Stability Studies during Storage 
	Microbiological Studies 
	Minimal Inhibitory Concentration (MIC) Determination 
	Time Kill Test 

	Odor Assessment Test 

	Results and Discussion 
	Phase-Solubility Studies 
	Solubility Studies 
	Molecular Dynamic (MD) Simulation 
	H NMR 
	Preparations of Oral Liquid CEF Formulations 
	Stability Studies of CEF Solutions 
	Antimicrobial Activity 
	Adult Sensory Panel Test 

	Conclusions 
	References

