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ARTICLE INFO ABSTRACT

Keywords: Meropenem (MER) is one of the last resort antibiotics used to treat resistant bacterial infections. However, the

C_Ydf’de’m'i"s clinical effectiveness of MER is hindered due to chemical instability in aqueous solution and gastric pH, and short

lh";q“'d €O, plasma half-life. Herein, a novel multi-material delivery system based on y-cyclodextrin (y-CD) and poly lactic-
eropenem

co-glycolic acid (PLGA) is demonstrated to overcome these challenges. MER showed a saturated solubility of 14
mg/100 mL in liquid CO, and later it was loaded into y-CD to form the inclusion complex using the liquid CO,
method. The y-CD and MER inclusion complex (MER-y-CD) was encapsulated into PLGA by the well-established
double emulsion solvent evaporation method. The formation of the inclusion complex was confirmed using FTIR,
XRD, DSC, SEM, and 'H NMR and docking study. Further, MER-y-CD loaded PLGA nanoparticles (MER-y-CD NPs)
were characterized by SEM, DLS, and FTIR. The drug loading and entrapment efficiency for MER-y-CD were 21.9
and 92. 2% w/w, respectively. However, drug loading and entrapment efficiency of MER-y-CD NPs was signif-
icantly lower at up to 3.6 and 42.1% w/w, respectively. In vitro release study showed that 23.6 and 27.4% of
active (non-degraded drug) and total drug (both degraded and non-degraded drug) were released from MER-
y-CD NPs in 8 h, respectively. The apparent permeability coefficient (Papp) (A to B) for MER, MER-y-CD, and
MER-y-CD NPs were 2.63 x 107% cm/s, 2.81 x 10°° em/s, and 2.92 x 10°° cm/s, respectively. For secretory
transport, the Papp (B to A) were 1.47 x 10 ® em/s, 1.53 x 10°° cm/s, and 1.58 x 10® em/s for MER, MER-
v-CD and MER-y-CD NPs, respectively. Finally, the MER-y-CD inclusion complex and MER-y-CD NPs retained
MER'’s antibacterial activities against Staphylococcus aureus and Pseudomonas aeruginosa. Overall, this work
demonstrates the significance of MER-y-CD NPs to protect MER from gastric pH with controlled drug release,
while retaining MER's antibacterial activity.

Oral antibiotics
Oral drug delivery
PLGA nanoparticles

1. Introduction infections (Craig, 1997 Nicolau, 2008). Like other carbapenems, MER
also undergoes hydrolysis resulting in p-lactam ring-opening and

Meropenem (MER) belongs to the carbapenem group of the f-lactam consequent loss of its bactericidal properties (Fawaz et al., 2019). Thus,

class of antibiotics and is only parenterally administered for treatment of
an ultrabroad spectrum of Gram-negative and Gram-positive bacteria
(Baldwin et al., 2008; Craig, 1997). MER inhibits bacterial wall syn-
thesis, similar to other p-lactams, however, its resistance against
degradation by beta-lactamases or cephalosporinases is uncommon in
p-lactams (Raza et al., 2020). Moreover, carbapenems are now powerful
antibiotic drugs of last resort to treat many multidrug-resistant bacterial

MER is only marketed as a powder for the preparation of the parenteral
solution. A study by Fawaz et al. illustrated that MER could be contin-
uously infused to patients for at least 7 h or 5 h at 22 °C or 33 °C,
respectively (Fawaz et al., 2019). Also, solid-state stability studies
showed that carbapenems such as MER and tebipenem are also unstable
at 40 °C after 5 h and undergo thermolysis, which could also produce
toxic degradation products (Cielecka-Piontek et al., 2013; Talaczyniska
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et al., 2016). This chemical instability coupled with fast renal elimina-
tion (i.e. short half-life of around 1 h) necessitates short-term intrave-
nous bolus injections (typically 5 min) after dosage preparation (<1.0 h)
(Craig, 1997; Mendez et al., 2006). These challenges demand frequent
administration of MER with other healthcare facilities such as
temperature-controlled environment to minimize MER degradation, and
pharmacy and nursing staff for frequent preparation and administration
of MER, respectively. Therefore, after IV MER administration, once the
health of the patient improves, switching to oral treatment has multiple
advantages, including short inpatient admission with lower nursing cost
and increased patient compliance. Therefore, developing oral formula-
tions of such antimicrobials including MER is warranted for IV to oral
antimicrobial switch therapies for outpatients. Unfortunately, MER
suffers from poor oral bioavailability due to its hydrophilicity - inhib-
iting the passive diffusion across the GI epithelium, instability in the
gastric environment, and GI expulsion through enterocyte efflux gly-
coproteins (MDR1, ABCB1) (Saito et al., 2012).

To overcome the above-mentioned limitations of MER, there have
been efforts to stabilize the MER by incorporating it into cyclodextrins
(CDs), such as -CD and hydroxypropyl- f-CD(HP- $-CD) (Paczkowska
etal., 2016; Wong et al., 2014). However, all of these were intended for
parenteral dosing. Naturally occurring CDs comprise of oligosaccharides
consisting of 6, 7, or 8 rings of D-glucopyranose to form a-CD, -CD, and
y-CD, respectively. Guest-host complexes involving CDs are currently
applied in therapeutic systems for parenteral drug delivery (e.g. pacli-
taxel) and for oral drug administration (e.g. salbutamol, diltiazem)
(Rasheed, 2008; Raza et al., 2017b). Among these, y-CD is considered
most suitable for oral drug delivery due to its higher water solubility and
susceptibility to hydrolysis by a-amylase, reducing the chances of
gastrointestinal disturbance. Comparatively, «-CD (Carrier et al., 2007;
Rasheed, 2008) cause sub chronic oral toxicity including diarrhoea, and
less food consumption (Lina and Bar, 2004), while the Joint Food and
Agriculture Organization of the United Nations and World Health Or-
ganization (FAO/WHO) Expert Committee on Food Additives (JECFA)
has placed restrictions on the daily intake of -CD as a food additive
(Joint et al., 2005).

Different conventional techniques such as kneading and freeze-
drying have been extensively employed to produce pharmaceutical
formulation containing CDs. Nevertheless, various drawbacks of these
methods including long processing time, low loading efficiency, and
presence of residual organic solvents in the final formulation demand for
an alternative method (Lee et al., 2008). It is reported that carbon di-
oxide in its supercritical or liquid state can be used as an alternative
solvent because of its ability to evacuate after depressurization and
produce a solvent-free formulation (Kankala et al., 2017; Raza Aun and
Popat, 2020). Also, scCOy/liquid CO, works at low temperatures
therefore, this solvent is suitable for temperature-sensitive compounds
(Pasquali and Bettini, 2008).

Studies showed that poly (lactic-co-glycolic acid) (PLGA) nano-
particles (NPs) have been widely used as a nano-carrier in drug delivery
because of its clinically proven biodegradability and biocompatibility
(Avgoustakis, 2004; Blanco and Alonso, 1997; Ghaferi et al., 2020a;
Raza et al., 2017a; Sarti et al., 2011). In addition, encapsulation of
antimicrobial agents into biodegradable and biocompatible nano-
particles potentially allows controlled drug release over time, thus
prolonging the drug circulation half-life and maintaining the therapeutic
concentration of the drug at the site of infection (Lim et al., 2016).
Furthermore, nano-encapsulation reduces the dose and frequency of
administration, minimize side effects, and enhance the pharmacokinetic
profile of the drug, in addition to overcoming potential solubility and
stability issues. Antimicrobial-loaded nanoparticles have also been
shown to contribute to overcoming antimicrobial resistance via
increasing intracellular uptake, reducing the efflux of drugs (Ghaferi
et al., 2020b; Pelgrift and Friedman, 2013; Raza Aun and Popat, 2020;
Zhang et al., 2010).

In this work, as none of the previously presented studies has explored
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the combination of y-CD and PLGA for oral delivery of MER, we
formulated MER with y-CD using the liquid CO2 method and encapsu-
lated the MER-y-CD inclusion complex into PLGA NPs using the double
emulsion method. The rationale behind using PLGA NPs was to protect
MER from gastric pH with controlled drug release. For this, we sys-
tematically investigated the solubility of MER in liquid CO2 before
preparing the MER-y-CD inclusion complex. The present work aimed to
prepare and characterize PLGA nanoparticles loaded with the MER-y-CD
complex to achieve changes in drug release, Caco-2 permeability, and
antibacterial activity.

2. Materials and methods
2.1. Materials

Meropenem trihydrate of analytical standard >98% was purchased
from Fujifilm Wako Pure Chemical Corporation, China. The y-cyclo-
dextrin (CD) was from TCI (Tokyo Chemical Industry, Japan). Poly(D,L-
lactide-co-glycolide) (PLGA, acid terminated, lactide:glycolide 50:50,
M,, 24,000-38,000) was purchased from Sigma-Aldrich (Australia).
Sodium hydroxide (NaOH), phosphoric acid (H3PO4), hydrochloric acid
(HCl, 32% w/w), acetonitrile (HPLC grade), dichloromethane (DCM),
and dipotassium hydrogen orthophosphate anhydrous was purchased
from Chem-Supply (Gillman, SA, Australia). Polyvinyl alcohol pur-
chased from Sigma-Aldrich (Australia) was 87-89% hydrolyzed with a
molecular weight of 13,000-23,000. MTT (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide) reagent and cyanine5 NHS ester
(Cy-5) were purchased from Tocris Bioscience, Australia. Dulbecco’s
modified eagle medium (DMEM) with phenol red (D6556 and D5796)
and without phenol red (D8537), Dulbecco’s phosphate-buffered saline
(PBS), fetal bovine serum (FBS), Triton X-100, paraformaldehyde, MEM
non-essential amino acid solution (100X), phalloidin-FITC (fluorescein
isothiocyanate) and DAPI (4,6-diamidino-2-phenylindole) were pur-
chased from Sigma-Aldrich, Australia. Pen-Strep (Penicillin 10,000 U/
mL and Streptomycin 10,000 pg/mL), Hank’s balanced salt solution
(HBSS), 0.25% Trypsin-EDTA (1X), L-glutamine (100X) and sodium
pyruvate (100 mM) from Gibco; Thermo Fisher Scientific, Australia. A
liquid CO2 cylinder was purchased from BOC Australia. Ultrapure
deionized water with a resistivity of 18.2 MQ was (Millipore Milli-Q)
used for the preparation of all the aqueous solutions.

2.2. Determination of MER solubility in liquid CO2

A gravimetric method by Sherman, et al. (Sherman et al., 2000) was
used as the basis and adapted to determine the solubility of MER in
liquid COy. Briefly, stainless steel (SS) sample holder having an internal
diameter of 19 mm was used to weigh 50 mg of MER (as a starting point)
and covered with SS mesh (210 pm pore size) and clamp (Figure S1,
Supporting information). The sample holder was placed into a 60 mL
marine-grade 316-SS vessel (Nottingham, UK) and a syringe pump
(Teledyne Isco Series 260 D with a controller, Lincoln, USA) was used to
pump liquid CO; into the SS vessel at a pressure of 60 bar and the vessel
was placed in an ice bath to maintain the temperature at 6-8 °C. Stirring
set to 200 RPM, with a small paddle (Parr Systems, USA) was used to
agitate the bulk volume (at the top of the 60 mL solvent vessel, to not be
directly above the sample holder using an overhead motor. A set of MER
solubility experiments were carried out on separate samples for each
time point (up to 18 h or to where 3 data points were similar i.e. flat-
tening of the curve. At the end of each experiment, the vessel was
allowed to depressurize completely then opened to remove the sample
holder and weighed. The difference between the weight of the sample
holder containing MER before and after the experiment was used as an
indirect way to determine the MER solubility.

To investigate the effect of cosolvent (water) on MER solubility, the
solubility of MER (30 mg) was also determined in liquid CO2 (4 h).
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2.3. Stoichiometry determination: Job’s method

Job’s method (Job, 1928) (also called continuous variation method)
was employed to investigate the stoichiometry of the host-guest inclu-
sion complexes using Cary 60 UV-Vis spectrophotometer (Agilent
Technologies, USA) in the range of 200-400 nm. A series of solutions
(0-30 uM) for MER and y -CD were generated with the different mole
fraction of the MER in the range 0-1 and their absorbance values were
measured at 298 nm. Job’s plot was established by plotting AA x R
against R, representing AA as a difference in absorbance of the MER
without and with y-CD and R = [MER]/([MER] + [y -CD]). The
maximum deviation value of R provides the stoichiometry of the in-
clusion complex.

2.4. Effects of y-CD on the UV-vis absorption spectra of MER

The UV-vis spectrophotometric studies of the interactions of host
with guest molecule can be used to determine the effect of host on guest
molecule through the spectral changes related to the formation of the
inclusion complexes. In this study, the absorption spectra of MER (0.1
mM) was observed with increasing the concentration of y-CD (0.2-0.5
mM) to find out the effects of y-CD on MER.

2.5. Preparation of MER-y-CD inclusion complex

A high-pressure stainless steel vessel (Nottingham, UK) was used to
incorporate MER into y-CD. Using a 1:1 mol ratio (0.07 mM) of the MER

\‘-&
Meropenem.3H,0 L |

R
(1:1 molar ratio) wj=

Only Washing

(4 h liquid €02 ether
processing at 6-8 °C)

=
y-CD

Overnight

So— with diethyl  =e—) MER using

| MER-y-CD

International Journal of Pharmaceutics 597 (2021) 120280

to y-CD, MER (30 mg) and y-CD (90 mg) were added into the vessel in
the presence of 1 mL of water as cosolvent. After that, liquid CO2 was
pumped into the vessel using a syringe pump (Nottingham, UK) with a
pressure of 60 bar. The vessel was placed in an ice bath to maintain its
temperature at 6-8 °C. The stirring rate of 200 rpm with an entrainment
paddle (Parr Systems, USA) was controlled using an overhead stirrer
fitted in the vessel top. At the end of the experiment, the system was
slowly depressurized and this pressure drop was responsible to change
liquid CO; into CO4 gas, which was released back into the air. The in-
clusion complex was later collected, washed with diethyl ether and,
stored at 4 °C until further analysis (Scheme 1).

2.6. Preparation of MER-y-CD loaded PLGA nanoparticles (MER-y-CD
NPs)

MER-y-CD NPs were prepared using PLGA and MER-y-CD by water/
oil/water (W/O/W) emulsion solvent evaporation method with slight
modifications (Guo et al., 2017). Briefly, 3 mL of the aqueous solution
containing MER-y-CD (50 mg, corresponding to 10.95 mg MER) was
added slowly into 7 mL of 1% w/v PLGA solution (70 mg of PLGA into 7
mL of DCM) and sonicated for 3 min at 40 W in an iced water bath with a
5 sec on/off cycle to form uniform droplets by using a probe sonicator
(Vibra Cell™ Sonicator). This primary emulsion (W/0) was added into
MER-saturated PVA aqueous solution (2% w/v, 15 mL) with a glass
syringe and sonicated for 5 min (10 sec on/off cycle) in an iced water
bath to produce the final W/O/W emulsion. The final emulsion was left
on the magnetic stirrer (4 °C) for overnight stirring to evaporate DCM.

1%W/N
Quantify PLGA in DCM
UPLC MER-y-CD in
water (10.9 mg

MER equivalent)

stirring at 4 °C it M > .
to remove DCM s PLGA+ DCM W/0 emulsion [ [ g MER-y-CD in water
o —— & & it .
MER-7-CD Freeze drying — 2% PVA Probe e PLGA in DCM
- sonication in
W/0, s 5
,,,,f,,,’,‘:,, 15mL 2% PVA ice bath W/0 emulsion

Alive bacteria

Dead bacteria

In vitro release study

In vitro permeability study

In vitro antibacterial study

Scheme 1. Schematic illustration for the preparation of a novel delivery system of meropenem-in-cyclodextrin-in-PLGA nanoparticles and their systematic testing.
First, MER was loaded into y-CD using a novel Liquid CO, process. The setup includes a high-pressure stainless steel vessel maintained at a pressure of 60 bar using a
syringe pump. The temperature of the vessel is maintained between 6 and 8 °C using an ice-bath and the overhead stirrer rotating at 200 rpm ensures homogenous
loading of MER into y-CD to make MER-y-CD inclusion complex. Then, the MER-y-CD inclusion complex was encapsulated into PLGA by the well-established double
emulsion solvent evaporation method to make MER-y-CD nanoparticles (NPs). Later, in vitro release study of MER-y-CD NPs was performed in a universal buffer. Also,
permeability studies were carried out using a Caco-2 monolayer culture model to analyze the transport of MER across the intestinal barrier. Lastly, the efficacy of the
prepared oral MER formulations was carried out against P. aeruginosa and S. aureus using antibacterial assays.
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Developed nanoparticles were collected by centrifuging (4 °C) the
dispersion at 12,000 rpm (16,000 rcf) for 10 min and washing with
water three times (Scheme 1).

Drug loading (DL) and Entrapment efficiency (EE) was calculated by
measuring the unentrapped drug in the supernatant using UPLC analysis
using equation (1) and (2).

Weight of entrapped drug (Drug added — unentrapped drug)

DL% =
: Weight (drug) + Weight (PLGA particles)

x 100
(1)

_ Weight of entrapped drug y

EE%
& Weight (drug added)

100 (2)

Cy5 loaded nanoparticles (Cy5-y-CD NPs) were prepared as
described above with the exception that 3 mg Cy5 was also dissolved
into 3 mL of DCM with PLGA and 50 mg of y-CD was used instead of
MER-y-CD.

2.7. Physicochemical characterization of MER-y-CD complex and PLGA
nanoparticles

2.7.1. Thermogravimetric analysis (TGA)/differential scanning calorimetry
(DSC) studies

The thermograms for MER, y-CD, PM, and MER-y-CD inclusion
complex were obtained using thermogravimetric analysis (TGA)/dif-
ferential scanning calorimetry (DSC) instrument (Mettler Toledo, TGA/
DSC, Columbus, OH, USA) was performed with a heating rate of 10 °C/
min in an airy ambiance. Accurately weighed samples (3-5 mg) were
placed in alumina crucibles and analyzed over a temperature range of
25-500 °C, and compared to a sealed empty alumina crucible main-
tained as a reference. The heating rate was maintained at 10 °C/min.

2.7.2. Powder X-ray diffraction (XRD) study

X-ray diffractograms and wide-angle XRD were recorded using a
Bruker X-ray diffractometer (Bruker D8 Advance MKII XRD, Germany)
with Cu radiation (A = 1.54 A). The samples were spread uniformly on a
glass micro-sample holder and were analyzed over a 20 range of 3-60° at
a scanning rate of 2° (20) per min.

2.7.3. Fourier Transform- Infrared (FT-IR) spectroscopy

The FT-IR spectra were obtained using a Perkin Elmer ATR-FTIR
Spectrometer. A small quantity of sample, enough to cover the dia-
mond crystal, was used and the force gauge was set to 50. Number of
scans were set to 254 and resolution was set to 16. The spectra for MER,
MER-y-CD, and the physical mixture of MER and y-CD were measured
for comparison.

2.7.4. Scanning electron microscopy (SEM)

For SEM images, a JEOL-JSM-7100F (Jeol, Japan) microscope was
used at 10 kV. Sample preparation for SEM was performed in few steps,
including (i) put the carbon tapes on aluminum stubs (ii) mount the
empty silicon wafers on carbon tapes (iii) mount samples on silicon
wafers and label them at the back of the stubs (iv) plasma cleaning
(Evactron® 25, Japan) of samples for 10 mins (v) carbon coating
[(Quorum Q150-TES, UK), 20 nm thickness)] of samples.

2.7.5. Proton nuclear magnetic resonance ( 'H NMR) spectroscopy

The 'H NMR study was performed using a Bruker AV 300 MHz
spectrometer (Bruker Corporation, MA, USA). The chemical shifts were
quoted as parts per million (ppm) downfield to the reference tetrame-
thylsilane (TMS). All spectra were recorded by dissolving the samples in
deuterium oxide (D,0) as the solvent.
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2.8. In silico molecular modeling studies

Computational studies were performed using the Schrodinger Small-
Molecule Drug Discovery Suite (Schrodinger Release 2017-4:
Schrodinger, LLC, New York, NY) on a Dell workstation running the
64 bit CentOS 6.9 Linux operating system with an eight-core Intel® Xeon
3.2 GHz processor; 32 GB RAM; 4 GB ASUS GTX 980 graphics card; 512
GB primary solid-state storage drive; and a 2 TB secondary storage hard
disk drive.

2.8.1. Structure preparation

The two-dimensional chemical structure of MER was drawn using
ChemDraw Professional (version 19.0) and then imported into Maestro.
The LigPrep module was used to prepare the optimized three-
dimensional structure of MER. This preparation includes the addition
of explicit hydrogen atoms, generation of potential ionization states at
pH 7.0 + 2.0 using Epik, assessment of three-dimensional tautomers,
and final energy minimization of the structure using the OPLS3 force
field.

Meropenem contains two ionizable groups, a carboxylic acid (pKa
2.3) and a pyrrolidinyl amino group (pKa 7.4) (AstraZeneca). LigPrep
yielded two MER structures, differing in the ionization of the amino
group. Zwitterionic meropenem (MER-ZW) contained an anionic
carboxylate group and a cationic pyrrolidinium group, whereas anionic
meropenem (MER-A) contained the anionic carboxylate group and a
unionized pyrrolidine group.

The crystal structure of y-CD was acquired from a complex with
maltodextrin binding protein MalE1 (PDB ID 5MKA). The complete
crystal structure was imported from the Protein Data Bank (www.rcsb.
org) into Maestro and then prepared using the Phase Protein Prepara-
tion Wizard. This preparation adds missing hydrogens, removes water
molecules, optimizes hydrogen-bonding, and energy minimizes the
structures using the OPLS3 force field. After preparation, y-CD was
separated from MalE1 in Maestro.

2.8.2. Molecular docking

A grid file for docking studies was created using the Glide module to
position a 30 x 30 x 30 A cube around the centroid of the y-CD struc-
ture. This grid was used for Glide extra precision (XP) docking of the
prepared meropenem structures.

2.8.3. Binding affinity prediction

The docked MER-ZW-y-CD inclusion complex matched closely with
the predicted inclusion complex from 'H NMR studies and was investi-
gated further to predict binding affinity using Prime MM-GBSA. This
module estimates the binding free energy of the complex based on the
change in the solvent-accessible surface area compared to the ligand and
receptor alone. The Macromodel Embrace module was also used to
predict binding free energy using two different methods: energy differ-
ence mode and interaction energy mode. The energy difference mode
calculates the energies of the ligand, receptor, and complex separately
and then determines the net change in energy. The interaction energy
model predicts the binding energy based solely on the interactions of
ligand and receptor.

2.8.4. Molecular dynamics

The docked MER-ZW-y-CD inclusion complex was prepared for mo-
lecular dynamics (MD) using the Desmond System Builder (Maestro-
Desmond Interoperability Tools, Schrodinger, New York, NY, 2017). The
system was solvated using the TIP3P model, neutralized by adding so-
dium ions, and the ionic strength was set to 0.15 M using sodium and
chloride ions. The OPLS3 force field was utilized for all calculations, and
the system was relaxed using the default protocol. MD simulations were
performed in the NPT ensemble at 300 K and 1.01325 bar pressure using
Desmond Molecular Dynamics System (D.E. Shaw Research, New York,
NY, 2017). Van der Waals and short-range electrostatic interactions
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were cut off at 9 A and the smooth particle mesh Ewald (PME) method
was employed for the calculation of long-range electrostatic in-
teractions. The reversible reference system propagation algorithm
(RESPA) was used to integrate multiple time-step approaches, with a
time step of 2 fs and long-range electrostatic interactions were computed
every 6 fs. The temperature was controlled using a Nosé-Hoover chain
thermostat, and the pressure using a Martyna-Tobias-Klein barostat.
Simulations were performed for 5 ns each, with coordinates saved every
1.2 ps, and trajectories every 5 ps. These were analyzed using the inte-
grated Simulation Interaction Diagram within SSMDDS and viewed in
Maestro.

2.9. UHPLC method for MER

MER concentrations were determined using the UHPLC (Agilent
1290 Infinity, USA) method based on existing literature with slight
modification (Mendez et al., 2003). Phosphate buffer was prepared by
adjusting a solution of K;HPO4 (30 mM in distilled water) to pH 3 with
orthophosphoric acid. Kinetex® C18 column was used (LC 250 x 4.6
mm, 5 pm (Phenomenex, USA) for quantification analysis. MER was
eluted isocratically with mobile phase [30 mM phosphate buffer (A) /
acetonitrile (B) at the ratio of 90/10%] at a flow rate of 0.7 mL/min,
column temperature of 10 °C, 10 uL injection volume, and monitored
with a UV detector at 220 nm. The concentration of MER was calculated
using a standard calibration curve with a linear regression fitting factor
(R?) of 0.999.

2.10. In vitro drug release study

MER-y-CD NPs (800 ug equivalent MER) were dispersed in 5 mL of
universal buffer. Aqueous solutions of 0.05 M H3PO4 and 0.05 M
CH3COOH were mixed in a 1:1 (v/v) ratio to form a solution with a pH of
1.2. This solution was titrated at defined time points during the release
experiment using 8 M NaOH to produce buffers with a pH of 6.8. MER-
v-CD NPs (800 ug MER equivalent), was dispersed into 5 mL of universal
buffer (5 mL of a universal buffer with pH 1.2 contained 2.5 mL of 0.05
M H3PO4 and 2.5 mL of 0.05 M CH3COOH) and stirred at 100 rpm at
37 °C under sink conditions. After 2 h, the pH was titrated to pH 6.8 by
adding 25 pL of aqueous 8 M NaOH. Samples (200 puL) were withdrawn
at predetermined time intervals and immediately replaced with an equal
volume of fresh buffer solution of equivalent pH to maintain a constant
volume. The withdrawn samples were centrifuged (14,000 rpm for 4
min) and run in UHPLC. The calculation of MER released from MER-
v-CD NPs was quantified with reference to a standard curve.

The possibility of using smaller sample sizes and smaller volumes of
media offers many advantages in terms of material utilization. There-
fore, the idea of small volume dissolution appeared recently that can
serve as a valuable tool for dosage form screening or formulation se-
lection in animals. Since there is no approved oral dosage form for MER
we utilized this approach to make the process high throughput while
keeping the drug at the detectable level using UPLC. Also, USP Appa-
ratus 7 can accommodate a dissolution environment as low as 5 mL
(Crist, 2009). Therefore, 5 mL of release media was used in this study.

2.11. In vitro biocompatibility of y-CD and PLGA NPs

The potential cytotoxic effects of y-CD and PLGA NPs on intestinal
epithelial cancer cells (Caco-2, ATCC HTB-37, and LS174T cells, ATCC
CL-188), were tested using the MTT assay. Caco-2 cells were cultured
using DMEM (D5796) with 1% v/v each of sodium pyruvate, pen-strep,
L-glutamine, MEM non-essential amino acids, and 10% FBS. LS174T
cells were cultured in DMEM medium (D6546), containing 1% each of
pen-strep and L-glutamine and 10% FBS. The cells were grown at 37 °C
in a humidified incubator with 5% CO,. Caco-2 cells (2 x 104 cells/
well), and LS174T cells (2 x 10* cells/well) were seeded into 96-well
plates and grown for 24 h. The weighed masses of y-CD and PLGA NPs
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(25, 50, 100, 250, 500, and 1000 pg/mL) were added to the media and
incubated with cells for 24 h. Cells with medium only were used as
negative controls and cells with solubilizing buffer (10% SDS in 0.1 N
HCI) were used as positive controls for each plate. After incubation (24
h), the cell culture medium (with nanoparticles) was then aspirated and
100 pL/well of MTT reagent (0.5 mg/mL in PBS) was added for a further
4 h incubation at 37 °C. The formazan crystals were dissolved by adding
100 pL/well DMSO. The absorbance signal of formazan was measured at
570 nm using a microplate reader. Experiments were conducted with
triplicate wells per treatment for each cell line and concentration.

2.12. Visualization of cellular uptake using laser scanning confocal
microscopy

Caco-2 (2 x 10° cells/ well), and LS 174 T (4 x 10° cells/well) cells
were seeded into Cellvis glass-bottom 12 well plate and grown for 24 h.
Cy5-y-CD NPs (100 pg/mL) prepared in the media was added to the plate
and incubated for 4 h at 37 °C. Cells with medium only were used as
control. After 4 h of incubation, the medium was removed, and the cells
were washed thrice with chilled PBS (pH 7.4). Afterward, the cells were
fixed with chilled 4% paraformaldehyde at room temperature for 20 min
and washed thrice with chilled PBS with gentle rocking. Then cells were
permeabilized with 0.2% Triton X-100 in PBS for 30 min and washed
thrice with chilled PBS with gentle rocking. To block non-specific
binding, cells were treated overnight with 1% BSA in PBS (2 mL) at
4 °C and then washed the cells once with PBS. Subsequently, the fila-
mentous actin cytoskeleton of cells was stained with 1 mL of Phalloidin-
FITC (stock concentration 50 mg/mL, then 1 pL from the stock into 1 mL
of PBS for staining) for 20 min and washed thrice with chilled PBS to
remove excess dye. Then 0.5 mL of DAPI (stock concentration 5 mg/mL,
then 1 pL from the stock into 1 mL of chilled PBS for staining)) was used
for nuclei staining for 10 min and cells were then washed three times
with chilled PBS to remove excess DAPI. Before imaging, PBS was added
to avoid dehydrating the samples and the dish was covered with Al-foil
to protect the dye from light. Cell imaging was performed using a Laser
Scanning Confocal Microscope Olympus FV3000 with a 60X objective
lens immersed in oil. Phalloidin-FITC was used to label the cytoskeleton
of the cell (Aex-em 496-516 nm; green), and DAPI was used to label the
cell nuclei (hex-em 358-461 nm; blue). The Cy-5 signals were recorded
at Aex-em 646-670 nm (red).

2.13. In vitro Caco-2 permeability experiments

The in vitro permeability of MER formulations were determined using
the Caco-2 cell monolayer assay. Caco-2 cells (passage number P-9) were
cultured in Phenol red-free DMEM medium (D8537) with 1% v/v each
of sodium pyruvate, pen-strep, L-glutamine, MEM non-essential amino
acids, and 10% of FBS and incubated under 37 °C with 5% CO2. When
reached 90% confluency, cells were trypsinized, harvested, and adjusted
to cells density of 2 x 10°/mL using fresh DMEM medium. Then, 0.5 mL
cell suspension (1 x 10°/mL) was seeded into the apical chamber (A) of
12 trans-well inserts (0.4 um pore diameter, 1.12 cm? area) (Corning
Inc., Kennebunk, ME, USA) plates. However, 1.5 mL of fresh medium
was added into the basolateral chamber (B) of each insert.

2.13.1. Determination of TEER

First, the electrode of the EVOM volt-ohmmeter (World Precision
Instruments, Sarasota, FL, USA) was pre-equilibrated in DMEM for 20
min. Meanwhile, the medium was changed from the transwell every
second day, and 0.5 mL and 1.5 mL of fresh DMEM (pre-heated at 37 °C)
were added to each well in A and B, respectively. After equilibrated at 37
°C for 20 min, Transepithelial Electrical Resistance (TEER) values were
recorded. As a criterion, a monolayer with a Transepithelial Electrical
Resistance (TEER) value >500 Q.cm? was used for transport experi-
ments (Kigen and Edwards, 2017). The TEER values of Caco-2 mono-
layers was measured and calculated as the equation below
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TEER(Q.cm’) = [TEER(Q) — TEERbackground(Q)] x A(cm?) 3)

TEER (Q) is the electrical resistance across Caco-2 monolayers, TEER
background (Q) is the resistance across the insert only without cells. A
(cm2) is the surface area of the insert, 1.12 cm?

2.13.2. Bi-directional transport experiment

In our experiment, Caco-2 cells with TEER > 500 Q.cm? were
recorded within 6 days, which is an indicator of monolayer develop-
ment. To investigate the permeability (A to B), the medium from each
well was replaced with preheated HBSS (washing of monolayer) and
equilibrated at 37 °C for 20 min. HBSS solution on both sides of the cell
monolayer was removed by decanting (transwell insert) and aspiration
(bottom of plate well). After that, the dosing (A) chamber was replaced
with 500 pg/mL of MER alone or equivalent concentration of MER-y-CD,
and MER-y-CD NPs in HBSS and 1.5 mL of HBBS only in receiving
chamber (B). Efflux study (B to A) was performed similarly, however,
the dosing and receiving sides were B and A, respectively. Plates were
placed in a shaking incubator (John Morris Scientific, Australia) at 37 °C
and 100 rpm to simulate the small intestine motility. In each study,
samples (0.2 mL) were taken out from the receiving chamber after 3 and
6 h. The volume of the receiving chamber was maintained constant by
replacing the withdrawn samples with a similar volume of HBSS.

The apparent permeability coefficient (P,pp, cm/s) was determined
according to the following equation.

Py = (dQ/dt)/(Co x A) (4)

dQ/dt is the MER transport rate (ng/s), Co is the initial concentration
of MER on the dosing chamber (ng/mL). A is the surface area of inserts
(1.12 cmz).

The efflux ratio (ER) was determined using following equation:

ER = P,,,(B—A)/Papp(A—B) (5)

Papp (B — A) and Papp (A — B) are representing the apparent
permeability of tested formulations.

2.14. Invitro antibacterial assay

Broth microdilution method was used to determine the minimum
inhibitory concentration (MICqg) of antimicrobial agent that inhibits
visible growth of a microorganism such as P. aeruginosa (ATCC 27853
and clinical strain 23) and S. aureus (ATCC 29213 and clinical strain 54)
according to the procedure established by the Furopean Committee on
Antimicrobial Susceptibility Testing (EUCAST) (2019). Briefly, serial
two-fold dilutions of antibiotic samples such as MER, MER-y-CD, and
MER-y-CD NPs (concentrations of MER in formulations is equivalent
ranged from 0.0313 mg/L to 16 mg /L) were prepared in CAMHB (cation
adjusted Mueller Hinton Broth) and aliquoted (100 pL) into flat-bottom
microtiter plates. McFarland 0.5 standardized inoculum suspension (1
x 10° CFU/mL) prepared in sterile distilled water was added into cation
adjusted Mueller Hinton Broth (CAMHB) to give rise to approximately 1
x 10° CFU/mL. Then 100 pL of inoculum suspension prepared in
CAMHB was added to the drug samples containing microtiter plates to
give rise to approximately 5 x 10° CFU/mL. After that, inoculated plates
were incubated at 37 °C for 16 to 20 h and MICy, values were deter-
mined spectrophotometrically at 620 nm. This experiment for the
determination of MICqq values was repeated three times.

3. Statistical analysis
All experiments were performed in triplicate except where otherwise

stated so that one-way ANOVA and post-hoc Tukey’s tests could be
applied to analyze the data.
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4. Results and discussions
4.1. MER solubility in liquid CO2

MER solubility was investigated in a cold process (under 8 °C), a
liquid CO2 method. Solubility data of MER in liquid CO3 is shown in
Fig. 1. The mass of MER (mg) dissolved in liquid CO3 is plotted against
time (h). A thin solid layer of MER attached to the wall of a high-pressure
SS vessel showed that MER was solubilized during processing and re-
crystallized on the wall during decompression. The results showed
that the solubility of MER in liquid CO, reached saturation after 12 h
(~8.9 mg/60 mL) indicating MER is slightly soluble in CO2 (14 mg/100
mL) at the conditions specified (6-8 °C, 60 bar). The solubility of MER
after 15 and 18 h was similar to that obtained after 12 h. It is worth to
note that there was no colour change in liquid CO, processed MER
(Figure S2, Supporting Information). Later, we also run another
experiment (d), where the solubility of MER (30 mg) was determined in
liquid CO in the presence of cosolvent; water (1 mL). It was worth
noting that MER was completely dissolved in the presence of cosolvent.

4.2. Solid-state characterization of MER processed in liquid CO2

4.2.1. FTIR

The FTIR spectra of the commercial and liquid CO3 processed MER
showed characteristic bands at similar positions (Fig. 2a). MER dis-
played broad bands at 3568 cm ™! and 3401 cm ! that are attributed to
—OH and —NH stretching, respectively. A sharp band at 1748 cm™!
corresponds to C=0 stretching in COOH. Other bands at 1188 cm ' and
668 cm ! are ascribed to —CN stretching in pyrrolidine ring and —OH
bending in COOH, respectively.

4.2.2. X-Ray diffraction

The XRD spectra of both commercial and liquid CO; processed MER
showing peak intensities at 20 of 12.74, 16.85, and 25.49, etc. were
overlapped on each other (Figure b). This shows that both samples are
crystalline.

4.2.3. Thermoanalysis

DSC thermograms of commercial and liquid CO2-processed MER are
shown in (Fig. 2¢). The water desorption (110 °C) and melting point
peaks (186 °C) overlapped with each other and showed no change,
indicating that no polymorphism was observed in the commercially
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Fig. 1. Saturation solubility curve of MER in liquid CO at 60 bar and 6-8 °C (n
= 10). This data explained that the thickness of the thin layer of recrystallized
MER in the vessel increases over time up until (b) 12 h and (c¢) 18 h. The black
dotted curve is the best fit line (y = —0.0396x> + 1.2159x) and the red dashed
line is saturation solubility. Each data point is obtained from 10 separate ex-
periments. A single experiment was also performed to find the solubility of MER
(30 mg) in liquid CO, in the presence of cosolvent; water (1 mL) for 4 h,
showing that meropenem was completely dissolved in the presence
of cosolvent.
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Fig. 2. Fourier Transform Infrared (FTIR) Spectra of commercial MER
compared with liquid CO, (a) processed MER, showing that MER was stable in
liquid CO,. X-ray diffraction (XRD) spectra of commercial MER compared with
liquid CO2 (b) processed MER, confirming that liquid CO; processed MER was
stable with its crystalline peaks, DSC (c¢) and TGA (d) thermograms of com-
mercial MER compared with liquid CO, processed MER further confirmed that
MER was stable in the cold process.

available form of MER. Also, the TGA thermograms (Fig. 2fd confirmed
no change in the polymorphic state of commercially available form of
MER after processing with liquid CO,.

4.2.4. UPLC analysis

The UPLC data (Figure S3, Supporting Information) for commer-
cial MER and liquid CO, processed MER, showing retention time at 9.6
min. All these results showed that the cold liquid CO2 method is suitable
for MER loading into different nano-carriers.

4.3. Job’s plot reveals the stoichiometry of the host-guest inclusion
complex

One of the best methods used to recognize the stoichiometry of the
host-guest inclusion complexes is Job’s method, also known as the
continuous variation method (Job, 1928), which has been applied here
by using UV-visible spectroscopy. A series of solutions (0-30 uM) for
MER and y-CD were prepared with their different mole fractions in the
range 0-1 (Tables S1, Supporting information). In the present work,
the maximum value of change in ultraviolet absorption was found at R
= 0.5, which suggests 1:1 stoichiometry of the MER-y-CD (Figure S4a,
Supporting Information).

Moreover, the effects of y-CD on the UV-vis absorption spectra of
MER are illustrated in Figure S4b (Supporting Information). The ab-
sorption spectra of MER (0.1 mM) showed an obvious decrease in the
absorbance with increasing the concentration of y-CD (0.2-0.5 mM).
Due to the inclusion of MER by the y-CD cavity, the substituent or
conjugated structure of the electron delocalization was restricted, which
led to the decrease in the absorbance (Huang et al., 2017; Yanez et al.,
2012).
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4.4. Preparation and characterization of MER-y-CD inclusion complex

Drug loading and encapsulation efficiency are the two most impor-
tant parameters for evaluating the quality of the preparation method
and its product such as the inclusion complex. The results of these two
parameters for MER-y-CD as prepared by the liquid CO, method are
shown in Table S2 (Supporting Information). The inclusion complex
obtained via the liquid CO2 method gave higher drug loading (21.9%)
and encapsulation efficiency (92.2%) values, which confirms the effi-
ciency of our method.

4.4.1. FT-IR analysis

The FTIR spectra of MER, y-CD, physical mixture (PM), and MER-
y-CD are presented in Fig. 3a. The IR spectrum of MER displayed broad
bands at 3568 cm~! and 3401 cm™! that are attributed to —OH and
—NH stretching, respectively. A sharp peak at 1750 cm ™ corresponds to
C=O0 stretching in COOH. Other peaks at 1188 cm ™! and 668 cm™! are
ascribed to —CN stretching in pyrrolidine ring and —OH bending in
COOH, respectively. The FT-IR spectrum of y-CD exhibited character-
istic bands at 3305 cm™! (O—H stretching vibration), 2917 em ™! (C—H
stretching vibration), 1633 em ! (H—O—H bending), and 1020 em!
(C—O—C stretching vibration) (Xiao et al., 2014). The spectrum of the
physical mixture (PM) showed less intense bands of MER (1750 em ™)
and y-CD (1633 cm ! and 1020 cm ') demonstrated some interaction
between MER and y-CD during the formation of PM. However, the FT-IR
spectrum of MER-y-CD complex clearly showed that characteristic peaks
of MER are disappeared or some less intense peaks are observed at 1750
em™!, and 1188 cm™!. These results depicted that some functional
groups of MER are included in the cavity of y-CD to form a molecular
complex.

4.4.2. XRD

Powder XRD (P-XRD) studies were performed to detect the crystal-
linity of the pure drug and inclusion complex. As shown in Fig. 3b, MER
(26 = 12.74, 16.85 and 25.49°) and y-CD (20 = 7.9, 15.4, and 22.2°)
exhibited several intense and sharp peaks, which confirm their crystal-
line nature. XRD spectrum of PM was equivalent to the simple combi-
nation of MER and y-CD, where fewer sharp peaks of both MER and y-CD
were observed. However, XRD spectra of the MER-y-CD inclusion com-
plex showed that no sharp peaks are corresponding to the MER and
y-CD, which depicted that MER might be incorporated in the cavity of
y-CD and changed to the amorphous state during the complexation
process.

4.4.3. Thermogravimetric analysis (TGA)/differential scanning calorimetry
(DSC) studies

The thermal properties of the MER-y-CD inclusion complex were
investigated by-TGA and DSC methods. A systematic analysis of the TGA
curves (Figure S5a, Supporting Information) showed that 50% of MER
decomposes at 338 °C. However, the thermal stability of the inclusion
complex was different; that is, 50% of the MER-y-CD inclusion complex
was decomposed at 404 °C, showing that MER is more stable when
incorporated into y-CD. The DSC thermogram gave further information
about the thermal properties of the MER-y-CD inclusion complex. As
shown in Figure S5b (Supporting Information), the DSC curve of MER
has sharp peaks at 110 °C (water desorption) and 186 °C (melting point).
However, in the DSC curve of MER-y-CD, both sharp peaks disappeared,
predicting the incorporation of MER into the y-CD cavity.

4.4.4. SEM analysis

The SEM images of MER, y-CD, PM, and MER-y-CD inclusion com-
plex are shown in Fig. 4. Pure MER (Fig. 4a) existed as irregularly
shaped crystals, whereas y-CD (Fig. 4b) crystallized as bulk crystals. The
physical mixture of MER/ y-CD (Fig. 4c) revealed both crystalline
components. In contrast, the inclusion complex (Fig. 4d) appeared as
irregular particles, in which the original morphology of both
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Fig. 3. (a) FTIR spectra of MER, y-CD, PM and MER, y-CD inclusion complex. The results showing that some functional groups of MER are included in the cavity of
¥-CD to form a molecular complex. (b) XRD spectra of MER, y-CD, PM, and MER, y-CD inclusion complex It showed that MER might be incorporated in the cavity of
y-CD and changed to the amorphous state during the complexation process.

Fig. 4. SEM images for MER (a), y-CD (b), PM (¢) and MER, y-CD inclusion complex (d). It showed that MER and y-CD have existed in sharp and bulk crystals,
respectively. However, when solutions of MER and y-CD were mixed, a close association resulted in the inclusion complex, where MER and y-CD have no longer
existed in its crystalline state.

components disappeared and tiny aggregates of amorphous, irregular- association, probably forming the inclusion complex, in which MER and
sized pieces were present. These images further demonstrated that, ¥-CD have no longer existed in its crystalline state.

when the powders of MER and y-CD were simply mixed physically, they

continued to exist in their original, individual forms, whereas, when the 4.4.5. 'H NMR spectra analysis

solutions of the two compounds were mixed, they formed a close The molecular interaction of host-guest molecules in inclusion
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complexes is most commonly investigated using 'H NMR (Singh et al.,
2010). Normally, 'H NMR is used to obtain information regarding
chemical shift displacement of host and guest molecules. These chemical
shifts are easily observed for protons located at the inner surface (H-3
and H-5), and the outer surface (H-1, H-2, H-4, H-6) of the CDs. It was
observed that the chemical shift displacements were the changes in the
chemical shifts due to complexation and not because of the non-specific
correlation between host-guest molecules (Butkus et al., 1996).

The possible interaction mode between MER and y-CD for inclusion
complex formation was investigated by comparing the 'H NMR spectra
of MER, y-CD, and the MER-y-CD inclusion complex in D,0 (Figure S6,
Supporting Information). The chemical shifts of y-CD protons with or
without MER are compared in Table S3a (Supporting Information).
The chemical shift variations were calculated by the equation:

AS = 8(complex) — 5(free) (6)

The positive and negative signs represented a downfield and upfield
shift, respectively. In Table S3a (Supporting Information), evident
upfield shifts (—0.007 and —0.002 ppm) could be observed for the H-3
and H-5 protons that are located inside the cavity of y-CD. But
comparatively smaller shifts of H-2 and H-4 protons (0.003 and —0.002
ppm) could be observed that are located outside the cavity. These
findings could represent the correlation between the guest molecule and
the interior of the host cavity. It is known that H-5 protons are near the
narrow side while H-3 protons are near the wide side of the cavity of
y-CD, as shown in Figure S5f (Supporting Information). In our study of
inclusion complex formation, H-3 possessed a larger chemical shift
variation (—0.007 ppm) than H-5 (—0.002 ppm). So it could be proposed
that MER was inserted from the wide side of the y-CD cavity (Yang et al.,
2011). Moreover, the H-3 and H-5 protons are masked with dense
electronic clouds; this cloud shields the protons and results in upfield
shifts (Tang et al., 2015).

The inclusion mode of the MER-y-CD was further investigated by
comparing the 'H NMR spectrum of MER in the absence and presence of
v-CD. As illustrated in Figure S6¢ (Supporting Information), mostly
MER signals appeared at 1.121-4.702 ppm, which were probably similar
to the y-CD protons (3.481-5.040 ppm). Therefore, a lot of MER proton
signals overlapped in the spectra of the MER-y-CD complex (Figure S6e,
Supporting Information). It was observed that MER proton signals
were weaker as compared to y-CD due to the less percentage of MER in

a "
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the inclusion complex. Moreover, y-CD induced chemical shift changes
were also reported for MER protons signals between the free and com-
plexed state (Table S3b, Supporting Information). From Table S3b
(Supporting Information, we can see that y-CD induced variations
occurred in most of the protons such as H-2 (pyrrolidine ring), H-14
(p-lactam ringside), and H-15 (pyrolline ring). These findings proposed
that p-lactam, pyrolline, and pyrrolidine ring (partially) sides of MER
were deeply penetrated into the cavity of y-CD. The possible inclusion
mode for the MER-y-CD inclusion complex is demonstrated in
Figure S6f (Supporting Information).

4.5. In silico MER-y-CD docking

4.5.1. Molecular docking

The three-dimensional structures of MER-ZW (Fig. 5a) and MER-A
(Figure S7a, Supporting Information) were docked into y-CD using
Glide XP docking. Both structures were predicted to form favorable in-
clusion complexes based on the XP Glide score (MER-ZW: —2.851, MER-
A: —2.875). The docking pose of MER-ZW in y-CD (Fig. 5B) closely
matched the proposed inclusion complex from the H NMR studies
(Figure S5f). This binding pose predicts MER-ZW to have two hydrogen-
bond interactions with hydroxyethyl groups of y-CD: the hydroxyethyl
tail of MER-ZW as a hydrogen-bond donor, and the beta-lactam carbonyl
group. The docking pose of MER-A in y-CD is also available in Sup-
porting information (Figure S7)

4.5.2. Binding affinity predictions

The binding affinities of the Glide XP docked inclusion complexes
were predicted using three different methods (Table S4, Supporting
Information). Prime MM-GBSA calculates binding affinity based on the
net difference in the solvent-accessible surface area between the inclu-
sion complex and meropenem and y-CD separately. The MER-A-y-CD
complex is predicted to have a slightly stronger binding with y-CD
compared to the MER-ZW-y-CD (-45.141 kcal/mol vs —37.731 kcal/
mol). The majority of this energy results from Coulomb and Van der
Waals energy, followed by lipophilic energy.

The MacroModel Embrace module was also used to predict binding
free energy using two different modes. Energy difference mode calcu-
lates the net difference in energy between the inclusion complex and
individual components of the system. Interestingly this mode predicted
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Fig. 5. LigPrep three-dimensional structure of MER-ZW (a) and MER-A (b). (c) Top and side views of the Glide XP docked MER complex with y-CD (grey with the
electrostatic potential surface). A purple dashed lines indicate hydrogen bonds. (d) RMSD of MER-ZW and y-CD over a 5 ns MS simulation.
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MER-ZW to have stronger binding than MER-A (-77.915 kcal/mol
compared to —65.564 kcal/mol). This was primarily due to the differ-
ence in predicted electrostatic energy of the MER-ZW inclusion complex
(-177.045 kcal/mol compared to —96.247 kcal/mol for MER-A). The
interaction energy mode of MacroModel Embrace calculates binding
free energy solely from the interactions of the inclusion complex. This
mode predicted a slightly stronger binding of MER-A with y-CD than
MER-ZW (—352 kcal/mol compared to —339 kcal/mol).

4.5.3. Molecular dynamics simulations

To analyze the stability of the docked MER-ZW-y-CD inclusion
complex, the predicted binding pose was entered into a 5 ns MD simu-
lation. MD solvates the inclusion complex system, simulating solvent
interactions, and also the transfer of energy and subsequent positional
changes across the entire system. The RMSD of the MER-ZW and y-CD
structures were tracked over the MD simulation, showing an initial
change in pose to form a more stable inclusion complex, as indicated by
the low fluctuation in RMSD after approximately 1 ns of simulation
(Fig. 5¢). Comparatively, MER-A was less stable and the y-CD did not
stabilize over the simulation (Figure S7b, Supporting Information).

4.6. Characterization of MER-y-CD loaded PLGA nanoparticles (MER-
y-CD NPs)

MER-y-CD NPs were prepared using a double emulsion solvent
evaporation method. The FTIR spectra of MER, y-CD, PLGA NPs, and
MER-y-CD NPs are presented in Figure S8 (Supporting Information).
The IR spectra of MER and y-CD with their characteristic bands is
explained in inclusion complex section. The FTIR spectrum of PLGA NPs
showed characteristic band at 1753 em™! (C=0) (Basu et al., 2016).
However, the spectrum of MER-y-CD NPs clearly showed that charac-
teristic peaks of MER and y-CD are disappeared or some less intense
peaks are observed, confirming the interaction or loading of inclusion
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complex into PLGA NPs.

The average size of PLGA NPs and MER-y-CD NPs from SEM was
190.4 nm and 216.2 nm, respectively (Fig. 6a, b). The hydrodynamic
size of PLGA NPs was 164.2 nm, which was increased to 220.2 nm in the
case of MER-y-CD NPs (Fig. 6¢, Table S2, Supporting Information).
The zeta potential of PLGA NPs and MER-y-CD NPs was noticed at —22.3
and —22.8, respectively (Fig. 6d, Table $2, Supporting Information).

Drug loading and entrapment efficiency of the MER-y-CD NPs were
observed as 3.6% and 42.1%, respectively (Table S2, Supporting In-
formation). Similar findings have been reported earlier, where drug
loading and entrapment efficiency of drugs is very low with PLGA NPs
(Kashi et al., 2012; Vaidya et al., 2019). Moreover, it was also confirmed
that the major drawback of loading hydrophilic drugs into PLGA NPs is
their low drug loading and entrapment efficiency (Govender et al., 1999;
Kashi et al., 2012). Another reason for the low drug loading of hydro-
philic drugs is to rapidly diffuse to the external aqueous phase
(Govender et al., 1999). Therefore, we saturated the external aqueous
phase with MER first to minimize the diffusion of the drug.

4.7. Invitro drug release study

A universal buffer was used to evaluate the drug release profile from
MER-y-CD NPs at 37 °C. In the first 2 h, the amount of active and total
drug release was 5.1 and 7.6% in simulated gastric pH (1.2), respec-
tively. After that, pH was changed into simulated intestinal pH (6.8).
There was 23.6 and 27.4% of active and total drug (MER) released from
MER-y-CD NPs within 8 h (Fig. 6e). It is important to note here that this
experiment was performed with a universal buffer, where the impact of
physiological parameters on nanoparticle degradation and drug release
could not be seen, which is more likely to happen in an actual intra-
cellular environment.
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Fig. 6. SEM images for PLGA NPs (a) and MER-y-CD NPs (scale bar = 1 um) (b). (¢) DLS hydrodynamic diameter of particles analyzed by suspending in water. (d)
Zeta potential of the particles measured using DLS. (e) MER release profile from MER-y-CD NPs particles in the universal buffer (gastric pH for 2 h, intestinal pH for 6
h) at 37 °C. In the first 2 h, the amount of active and total drug release was 5.1 and 7.6% in simulated gastric pH, respectively. Thus, 23.6 and 27.4% of active and
total drug (MER) was released from MER-y-CD NPs in 8 h, respectively (n = 3 + SD).
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4.8. In vitro biocompatibility of y-CD and PLGA NPs

In this assay, two intestinal epithelial adenocarcinoma cell lines
(enterocyte-like Caco-2 and goblet cell-like LS174T) were used to
evaluate the in vitro biocompatibility and cytotoxicity of y-CD and PLGA
NPs_ To investigate it, these cells were treated with six different con-
centrations (25-1000 pg/mL) of y-CD and PLGA NPs for an incubation
time of 24 h. As seen from Figure S9 (Supporting Information), at
higher concentrations (250-1000 ug/mL), PLGA NPs were found to be
significantly cytotoxic in LS174T and Caco-2 cells. However, no signif-
icant cytotoxicity for y-CD was observed in both cell lines at any con-
centration, which was found more biocompatible as compared to PLGA
NPs.

4.9. Determining intracellular uptake using laser scanning confocal
microscopy

Cellular internalization of the drugs via different carriers such as
nanoparticles is a promising strategy to enhance their therapeutic effi-
cacy. To investigate this phenomenon, we loaded PLGA NPs with Cy5
dye to make them fluorescent (red color). Briefly, Cy5-y-CD NPs were
incubated for 4 h with intestinal cancer cells (Caco-2 and LS174T). After
cell fixation, fluorescent reagent such as DAPI (blue color) and
phalloidin-FITC (green color) was used to visualize the nucleus and
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cytoskeleton of the cells, respectively. To confirm whether Cy5-y-CD NPs
are internalized or simply adsorbed onto the surface of cells, images for
all cell types were taken at multiple confocal depths (z-sections) using
confocal microscopy. As depicted in Figure S10 (Supporting Infor-
mation), red fluorescent particles were observed to be distributed in the
cytoplasm of all cell types tested here, indicating that our particles could
have the potential to carry any drug to internalized into the cells.

4.10. In vitro permeability assay

To predict the permeability profile of MER, MER-y-CD inclusion
complex, and MER-y-CD NPs, the Caco-2 monolayer culture model was
used because it is known for both absorptive (A to B) and secretory (B to
A) characteristics of epithelial intestinal cells. Therefore, the bidirec-
tional transport of MER and its formulations (MER equivalent concen-
tration of 500 pg) was performed across the Caco-2 monolayer at
different time points (3 and 6 h). As shown in Fig. 7a, b, and MER-y-CD
inclusion complex and MER-y-CD NPs were observed to have similar
absorptive and secretory transport of MER as compared to MER solution
at different time points of 3 and 6 h.

According to Fig. 7¢, the apparent permeability coefficient (Papp) (A
to B) values are 2.63 x 107 ° cm/s, 2.81 x 10 cm/s, and 2.92 x 10°°
cm/s for MER, MER-y-CD inclusion complex, and MER-y-CD NPs,
respectively. For secretory transport, the Papp (B to A) values were 1.47
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Fig. 7. The cumulative amount of MER transported (a) A to B and (b) B to A through the Caco-2 monolayer at 3 and 6 h, where monolayers were incubated with
MER, MER-y-CD inclusion complex, and MER-y-CD NPs (MER equivalent concentration of 500 pg/mL) (all data are n = 3, mean + SD) (¢) Apparent permeability
coefficient (Papp) of MER from MER-y-CD inclusion complex and MER-y-CD NPs at 6 h in the Caco-2 monolayer (all data are n = 3, mean + SD (d) Efflux Ratio for
MER, MER, MER-y-CD inclusion complex and MER-y-CD NPs. Non-significant data.
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x 107% em/s, 1.53 x 107 em/s, and 1.58 x 10~® ecm/s for MER, MER-
v-CD inclusion complex and MER-y-CD NPs, respectively. It is reported
in different studies that drugs with Papp > 10~ cm/s presented excel-
lent oral bioavailability (Artursson et al., 2001; Bergeon et al., 2010),
therefore all our formulations could be a suitable candidate for further
oral drug absorption evaluation. Also, the efflux ratio (ER) values
(Fig. 7d) were 0.55, 0.53, and 0.54 for MER, MER-y-CD inclusion
complex, and MER-y-CD NPs, respectively, indicating no effect of our
drug carriers on the efflux of MER. The results also showed that the
permeability of each formulation was high even there was no significant
contribution from the carriers to enhance the permeability as expected.
It is important to note that the permeability of drugs from the Caco-2
monolayer may dependent on the passage number of Caco-2 cells and
drug concentration. It is well known that the expression of P-gp protein
is not well established in Caco-2 cells with lower passage number
(Shirasaka et al., 2008). Moreover, a study also shows that A to B
permeability of drugs increased when A concentration was increased,
showing a sigmoid-type relationship to donor (A) concentrations.
Further, at a higher concentration range, permeability reached a
maximum value, suggesting saturation of P-gp-mediated efflux, and at
the lower concentration range, permeability decreased depending on P-
gp expression level (Shirasaka et al., 2008).

Next, a recovery experiment based on TEER values was performed to
evaluate the integrity of the Caco-2 monolayer. After 6 h of permeability
experiment, the monolayer was washed thrice with DMEM media to
remove any particle on the Caco-2 monolayer. TEER values were noted
at different time points (0, 6, 10, 14, and 24 h). Figure S11 (Supporting
Information) illustrates that the integrity of the Caco-2 monolayer was
recovered within 24 h, confirming the transient decrease of TEER was
due to permeation of drug across cell monolayer via tight junctions
(Lamson et al., 2020).

4.11. In vitro antibacterial activity

The minimum inhibitory concentration (MICgp) of MER-loaded
particles was investigated using broth micro-dilution followed by
EUCAST guidelines. We used both gram-positive (S. aureus) and gram-
negative (P. aeruginosa) species of bacteria to determine the antibacte-
rial effect of MER formulations. According to EUCAST guidelines, the
MICgp range of MER against ATCC strains of P. aeruginosa and S. aureus
are 0.125-1 mg/L (2020) and 0.03-0.12 mg/mL (2010), respectively. As
summarized in Table 1, MICgy values for MER free drug against refer-
ence and clinical strains of P. aeruginosa are 0.25 mg/L. However, MER-
v-CD showed half of the MICg (0.125 mg/L) against reference strains of
P. aeruginosa as compared to free MER. In the case of MER-y-CD NPs,
MICqg values against reference and clinical strains of P. aeruginosa are
0.125 and 0.25 mg/L, respectively. For ATCC and clinical strains of
S. aureus, the MICqq values of free MER are 0.0625 mg/L. For the MER-
¥-CD inclusion complex, MICqyq values are similar to free drug against the
ATCC strain but half of the free drug against the clinical strain of
S. aureus. However, half of the MIC values of MER-y-CD NPs were
noticed against the clinical strain of S. aureus as compared to free MER.
Our formulations showed the potential to significantly decrease the
MICqgq values of the Pure MER. It has been reported that adsorbed an-
tibiotics on nanoparticles are more effective than antibiotics in solution
because antibiotic-loaded nanoparticles could act on the bacteria with
high local antibiotic concentration, which led to perforation of the
bacterial cell membrane (Azad et al., 2013; Weinstein and Lewis, 2020).
However, based on EUCAST guidelines, the MIC values against all
bacterial strains were within the range of free drug, concluding that our
formulations were able to retain the antibacterial activity.

5. Conclusion

The present study aimed to (i) determine the saturation solubility of
MER in liquid COs, (ii) loading of MER into y-CD, and then into PLGA
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Table 1

Values of MICq, (mg/L) of MER and MER loaded particles against ATCC and
clinical isolates of selected Gram-negative (P. aeruginosa) and Gram-positive
bacteria (S. aureus).

Formulations P. aeruginosa (mg/L) S. aureus (mg/L)

ATCC Clinical strain 23 ATCC Clinical strain 54
MER 0.25 0.25 0.0625 0.0625
MER-y-CD 0.25 0.125 0.0625 0.0313
MER-y-CD NPs 0.125 0.25 0.0313 0.0313

NPs (iii) protecting MER at gastric pH and (iv) increasing the intestinal
permeability and bioavailability. In summary, MER was successfully
incorporated into y-CD using a cold process (liquid CO, method) and
different spectroscopic techniques were utilized to confirm the forma-
tion of its inclusion complex. Further, the double emulsion solvent
evaporation method was used to load the MER-y-CD inclusion complex
into PLGA NPs to form MER-y-CD NPs, showing that drug loading and
entrapment efficiency was 3.6 and 42.1% w/w, respectively. In vitro
release study showed that 27.4% of total drug (MER) were released from
MER-y-CD NPs in 8 h. This work also demonstrates the significant po-
tential of dye loaded particles for intracellular uptake into intestinal
cancer cells. However, this study showed that y-CD or PLGA NPs were
not able to improve the permeability of the drug or to reduce the rate of
drug efflux in the Caco-2 cell monolayer model. Finally, it was shown
that the encapsulation of MER with y-CD and PLGA NPs retained MER’s
antibacterial activities against two bacterial strains such as S. aureus and
P. aeruginosa. Overall, our proof of concept study paves the way to
further investigate some other nano-carriers that may not only help to
protect MER from gastric pH but also improve the drug permeation with
reduced drug efflux.
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