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ABSTRACT: Meropenem (MER) is an effective broad-spectrum antibiotic currently
only available in the parenteral form requiring frequent drug preparation and
administration due to its extremely poor stability. The unavailability of oral Meropenem
is primarily due to its ultrapoor handling and processing stability, hydrophilic nature
that inhibits the passive diffusion across the gastrointestinal (GI) epithelium,
degradation in the harsh gastric environment, and GI expulsion through enterocyte
efflux glycoproteins. In this regard, we have developed an oral drug delivery system that
confines MER into mesoporous silica nanoparticles (MSNs i.e, MCM-41 ~141 nm)
using a novel liquid carbon dioxide (CO,) method. MER was efficiently encapsulated
within pristine, phosphonate (negatively charged MSN), and amine (positively charged
MSN) modified MSNs with loading capacity ranging between 25 wt % and 31 wt %.
Next, the MER-MCM-NH, particles were electrostatically coated with Eudragit S100
enteric polymer that protected MER against gastric pH (pH 1.9) and enabled site-
specific delivery in the small intestine (pH 6.8). Cellular uptake results in RAW 264.7
macrophage, Caco-2, and LS174T cells confirming the efficient cellular uptake of nanoparticles in all three cell lines. More
importantly, the bidirectional transport (absorptive and secretory) of MER across Caco-2 monolayer was significantly improved for
both MSN-based formulations, particularly MSNs coated with a polymer (Eud-MER-MCM-NH,) where permeability was
significantly enhanced (~2.4-fold) for absorptive transport and significantly reduced (~1.8-fold) for secretory transport. Finally, in
vitro antibacterial activity [minimum inhibitory concentration (MIC)] and time-kill assay against S. aureus and P. aeruginosa showed
that drug-loaded nanoparticles were able to retain antibacterial activity comparable to that of free MER in a solution at equivalent
dose. Thus, Eudragit-coated silica nanoparticles could offer a promising and novel solution for oral delivery of Meropenem and other

such drugs.
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1. INTRODUCTION molecular instability, low bacterial uptake, and low perme-
ability resulting in poor bioavailability.’

The carbapenem family of antibiotics that include
Meropenem, imipenem, and others are structurally related to
p-lactam antibiotics (penicillin and cephalosporin) and
considered unique because of their resistance against
extended-spectrum beta-lactamases (ESBLs). Meropenem

Antimicrobial resistance (AMR) is a major threat to global
health because increasing infectious pathogens are developing
resistance to known antimicrobial agents. It is predicted that
antibiotic-resistant pathogens will affect nearly 230 million
people every year by 2050 and cumulatively cost the US $100

trillion to the world economy between 2.014 and 2050. At (MER) is slightly soluble (5.63 mg/mL) in water with a logP
present, globally, around 700,000 people die each year due to lue of —0.6.45 MER h llent bactericidal activi st
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discovery of new antibiotics for a range of pathogens is a action of MER is inhibition of bacterial cell wall synthesis like

priority of the global healthcare industry and supported by the other beta-lactams; however, MER is more resistant to
World Health Organization (WHO). However, the drug

discovery process is excessively expansive and enormously Special Issue: Nanomedicine Advances in Infectious
time-consuming. In this regard, advanced formulation Diseases
approaches to improve the efficacy of existing antibiotics to Received:  August 31, 2020
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improving key properties of current antibiotics including
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Scheme 1. Schematic Summary of the Preparation of the Liquid CO, Processed Eud-MER-MCM-NH, Formulation and Their

Systematic Testing”
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“First, MER was loaded into MCM-41 nanoparticles using a novel liquid CO, process as outlined in the top section of the scheme. 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 6-8 °C using an ice-bath, and the overhead stirrer rotating at 200 rpm ensures homogenous loading of MER into MCM-41 nanoparticles.
After loading MER into MCM, Eudragit S100 was coated to achieve pH-responsive release. Later, MER 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.

degradation caused by beta-lactamases.® It also lacks
susceptibility to dehydropeptidase-1 (DHP-1), which hydro-
lyzes other carbapenems, and exhibits superior activity against
Pseudomonas aeruginosa and all Enterobacteria compared to
other carbapenems; thus, it is known as a broad-spectrum
antibiotic.”' Therefore, the heterogeneous activity of MER
makes it an ideal candidate to work against serious infections
caused by drug-resistant bacteria."’

Currently, MER is administered parentally via intermittent
bolus infusion or continuous infusion to minimize the drug
degradation in aqueous solution over time and to achieve
maximum therapeutic drug concentration in patients to treat
infections, respectively.'” However, intermittent bolus infusion
results in drug concentration falling below the minimum
inhibitory concentration (MIC)."""* Further, short circulation
half-life and fluctuation in plasma concentrations of MER are
the possible reasons for its frequent high doses of 0.5-2 g
thrice a day. Patients, even with normal renal functions,
showed extremely low plasma protein binding (2%) and short

1837

elimination halflife of 1 h.'"” It is also investigated that
approximately 70% of MER dose is excreted from the kidney in
unchanged form after 12 h, and 28% is recovered as inactive
metabolites."* Moreover, continuous infusion of Meropenem
demands frequent drug preparation and administration due to
its short stability in an aqueous solution. MER undergoes
hydrolysis, which results in the opening of the S-lactam ring to
produce degradation products, which could cause anaphylactic
reaction and loss of antibacterial activity.*'>'¢

A study by Fawaz et al. illustrated that Meropenem could be
continuously administered to patients for at least 7 or 5 h at 22
or 33 °C, respectively.'® Also, solid-state stability studies
showed that carbapenems such as MER and tebipenem are also
unstable at 40 °C after S h and undergo thermolysis, which
could also produce toxic degradation products.'”"*
the low thermal stability, intermittent bolus administration is
preferred, which requires frequent drug preparation by a
registered pharmacist and intermittent dose administration by
a nurse. MER dosage compounding in hospitals without

Because of
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temperature monitoring systems can lead to subog;timal MER
dose administration with compromised activity."” Also, after
successful MER (IV) 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 formulations of antimicrobials such as MER is
urgently warranted.

Unfortunately, MER suffers from poor oral bioavailability
due to its hydrophilicity—inhibiting the passive diffusion across
the GI epithelium, instability in the gastric environment, and
GI expulsion through enterocyte efflux glycoproteins (MDRI,
ABCB1).”° One strategy to improve the poor oral bioavail-
ability and chemical stability of carbapenems is to design MER
prodrugs. Prodrugs of Meropenem and other carbapenems
such as ertapenem and tebipenem have been developed and
show improved bioavailability without losing their antibacterial
effects.””** Currently, available MER prodrugs are susceptible
to acid—base hydrolysis and produce large amounts of toxic
metabolites during this process, while the thermolysis of the
drug in the solid-state remains a problem.””** Consequently,
the cost associated with these prodrug development and long
regulatory approval processes makes prodrug development
financially nonviable.

Encapsulation of drugs into nanoparticle has proven to be a
promising way to improve the therapeutic efficacy of many
drugs including antibacterial agents.”*"** Recently, many new
formulation approaches have been used for targeted oral drug
delivery. Among these, polymer—lipid hybrid systems,
mucoadhesive dendrimers, lipid-based delivery systems (nano-
emulsions, nanostructured lipid carriers, and solid lipid
nanoparticles), polymeric systems, and miscellaneous nano-
carriers (nanocrystals, carbon nanotubes, and metallic nano-
carriers) are mostly used to achieve targeted oral drug delivery
via im?roving solubility and dissolution of hydrophobic
drugs.” Different types of nanocarriers are commonly used
for oral antimicrobial drug delivery such as polymeric and lipid
nanocarrier (solid lipid nanoparticles, liposomes, and poly-
meric micelles, etc.) and inor§anic nanocarriers (i.e, meso-
porous silica nanoparticles).zg’z( However, conventional nano-
carriers suffer from many disadvantages such as poor loading
capacity (especially important for high dose antibiotics), poor
stability, and complex manufacturing methods.

Previously, MER loaded liposomes,” synthetic polymeric
nanoparticles,””" and lipid-based nanocarriers®> have been
reported. However, high cost, low drug encapsulation
efficiency (e.g,, 3.7—7.2% for liposomal-MER*’) and loading
capacity (e.g,, 3—4% for MER-loaded poly(e-caprolactone®),
low shelf-lifetime, instability (e.g., liposomes are highly liable to
gastric acid, bile salts, and enzymes, while polymer-based
systems are unstable in water), and premature drug release are
key issues associated with these carriers.””*"** To overcome
these limitations, mesoporous silica nanoparticles (MSNs)
(MCM-41, MCM-48, and SBA-15) appear as promising
candidates for oral drug delivery.”>~** Several advantages of
MSNs, such as easy synthesis procedure, tunable pore and
particle sizes, efficient and simple functionalization, high
surface area (>1000 m’/g), and large pore volume adequate
for high drug loading, make them appropriate candidates for
oral delivery of MER.”> Moreover, MSNs have been shown to
enhance the stability of drugs in the GI tract, improve
thermostability, and enhance oral bioavailability and ther-
apeutic efficacy of both hydrophilic and hydrophobic
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drugs.3'7’3’8”44 In addition, surface-functionalized MSNs could
also provide high drug loading and slow drug release.”**® Due
to the thermolability of MER, the conventional method of drug
loading such as the solvent evaporation method, immersion
method (high temperature), and hot-melt extrusion are not
suitable. To achieve bioactive MER loading into MCM-41, an
effective new method is required. Supercritical CO, (scCO,)
and liquid CO, usually work at mild conditions (low
temperature and pressure) and are widely used for the
extraction of thermolabile compounds.*” Moreover, CO, is
cost-effective, nontoxic, and nonflammable and is recognized
as a safe solvent by the US-FDA, relative to commonly used
organic solvents used in pharmaceutical processing, and does
not require the multistep process of conventional methods
(drying and grinding/milling, etc.).***” Therefore, scCO, and
liquid CO, have been successfully used as an alternative to
conventional methods for drug loading into different nano-
carriers4é2ﬂgding polymeric, lipid, and inorganic (e.g.,
MSNEs).

In this study, liquid CO, was used for the first time to load
MER into functionalized MCM-41 nanoparticles to achieve
ultrahigh drug loading capacity (Scheme 1, top) and coated
with Eudragit S100 enteric polymer to develop a novel pH-
sensitive oral formulation of MER (Scheme 1, bottom).
Eudragit S100 coating performs a multifaceted role in this
formulation by protecting MER from gastric pH, enables
targeted delivery in the small intestine and colon, and enhances
the intestinal permeation.’”®' Using this unique green
technique, we achieved close to 25 wt % MER loading
capacity which is considerably higher compared to previously
reported MER formulations.””*° The presented novel
formulation showed no drug release at gastric pH and
controlled-release at small intestinal pH after coating.
Furthermore, amine-modified MSNs with Eudragit S-100
coating were taken up by both macrophages (RAW 264.7)
and intestinal epithelial cancer cells (LS 174T and Caco-2),
demonstrating the potential of this system to deliver MER
intracellularly. Finally, we demonstrated that coated MSNs
could improve the permeability of MER while retaining its
antibacterial effects.

2. MATERIALS AND METHODS

2.1. Materials. Cetyltrimethylammonium bromide (CTAB),
tetraethyl orthosilicate (TEOS), (3-aminopropyl) triethoxysilane
(APTES), 3-(trihydroxy silyl) propyl methyl phosphonate (THMP),
dimethyl sulfoxide (DMSO), glacial acetic acid (CH;COOH), and
toluene were purchased from MERK, Frenchs Forest, Australia.
Sodium hydroxide (NaOH), phosphoric acid (H;PO,), hydrochloric
acid (HCl, 32% w/w), acetonitrile (HPLC grade), dichloromethane
(DCM), and dipotassium hydrogen orthophosphate anhydrous were
purchased from Chem-Supply (Gillman, SA, Australia). Meropenem
trihydrate of analytical standard >98% (Fujifilm Wako Pure Chemical
Corporation, China) was used. MTT (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide) reagent and cyanineS NHS
ester (Cy-S) were purchased from Tocris Bioscience, Australia.
Dulbecco’s modified eagle medium (DMEM) with phenol red
(D6556 and DS5796) and without phenol red (D8537), Dulbecco’s
phosphate-buffered saline (PBS), fetal bovine serum (FBS), Triton X-
100, paraformaldehyde, MEM nonessential amino acid solution
(100X), phalloidin-FITC (fluorescein isothiocyanate), and DAPI
(4',6-diamidino-2-phenylindole) were purchased 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

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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Scheme 2. Schematic Illustration for Surface Functionalization of MCM-41 with (a) Silane with an Amine Terminal
(Aminopropyl Triethoxysilane; APTES) and (b) Silane with Phosphonate Terminal (3-(trihydroxy silyl) propyl methyl

phosphonate; THMP)“"”
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“The APTES was added dropwise into MCM-41 particles, and the reaction mixture was then refluxed overnight at 110 °C and stirred at S00 rpm.
PMCM-41 particles dispersed in 20 mL of DI water using a bath sonicator for 3 min. THMP [3-(trihydroxysilyl)propylmethyl phosphonate] was
added into another 45 mL of DI water, and the pH was adjusted to ~pH 5—6 to avoid hydroxylation and condensation of silanol groups on MCM-
41 during the functionalization. This mixture was added into a particle dispersion, refluxed overnight at 100 °C, and stirred at 500 rpm.

CO, cylinder was purchased from BOC Australia. Ultrapure deionized
water with a resistivity of 18 MQ was (Millipore Milli-Q) used for the
preparation of all the aqueous solutions.

2.2. Synthesis of MCM-41. MCM-41 particles were prepared by
following the protocol of Abbarajuu et al. with slight changes.’
Briefly, we measured out 480 mL of deionized (DI) water into a clean
1 L glass bottle with a magnetic stirrer in it and placed this glass bottle
on a magnetic stir/heating ensemble. One gram of CTAB was
weighed and dissolved completely (clear solution) in the glass bottle
at 500 rpm and room temperature. Then, 2 M NaOH (3.5 mL) was
added to the CTAB solution and the temperature of the oil bath was
increased to 80 °C. Once at 80 °C, a Pasteur Pipette was used to add
(slowly) 6.7 mL of TEOS straight into the eye of the whirlpool of the
mixture. This mixture was stirred at 700 rpm for 2 h at 80 °C. The
resulting suspension was then vacuum filtered and washed thrice with
DI water. The filtrate was dried overnight in an oven at 60 °C. The
dried filtrate was then crushed into a fine powder and added to the
crucible. The crucible was placed in a muffle furnace, and filtrate was
calcined at a maximum temperature of 550 °C over a S h period (It
was slowly heated up to S50 °C in 2 h (S °C/min) and then heated
for S h at 550 °C and then slowly return (10 °C/min) to ambient
temperature).

2.3. Surface Functionalization of MCM-41. Amino (NH,) and
phosphonate (PO;) terminal functional groups were grafted onto the
MCM-41 particles through well-established silane chemistry using the
previously described methods with slight modification.”>** For NH,
functionalization (Scheme 2a), MCM-41 particles (400 mg) were
dispersed in 60 mL of toluene using a bath sonicator for 3 min and
stirred (500 rpm) at S0 °C for 30 min. The APTES (0.4 mL) was
then added dropwise, and the reaction mixture was then refluxed
overnight at 110 °C and stirred at 500 rpm. MCM-NH, particles were
separated from the reaction mixture by centrifugation at 14,000 rpm
for 10 min. The MCM-NH, particles were washed twice with ethanol
and once with water and dried overnight at 60 °C. For POj;
functionalization (Scheme 2b), MCM-41 particles (400 mg) were
dispersed in 20 mL of DI water using a bath sonicator for 3 min.
THMP (0.4 mL) was added into another 45 mL of DI water, and the
pH was adjusted to a value between 5—6 to avoid hydroxylation and
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condensation of silanol groups on MCM-41 during the functionaliza-
tion. This mixture was added into the particle dispersion and refluxed
overnight at 100 °C and stirred at 500 rpm. The functionalized
particles were collected through centrifugation at 14,000 rpm for 10
min. These particles were then washed twice with acetone and once
with water before drying overnight at 60 °C.

2.4. Loading of MER into MCM-41 Using Immersion and
Liquid CO, Methods. MER was loaded into the pristine and
functionalized MCM-41 particles using immersion and liquid CO,
methods.

2.4.1. Immersion Method. To obtain 30% mass loading, MER (30
mg) and pristine or functionalized MCM-41 (70 mg) were added in 8
mL of water for the preparation of nanoparticles. The solution was
magnetically stirred at 4 °C for 24 h. Drug loaded particles were
freeze-dried overnight and stored at 4 °C.

2.4.2. Liquid CO, Method. A high-pressure stainless steel vessel
(Nottingham, UK) (Scheme 1) was used to load MER into pristine or
functionalized MCM-41 (i.e., MCM-NH, and MCM-PO;). To obtain
30% mass loading, MER (30 mg) and pristine or functionalized
MCM-41 (70 mg) were added into the vessel in the presence of 1 mL
of water as cosolvent. After that, liquid CO, 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 was controlled using an
overhead stirrer fitted in the vessel top. At the end of the experiment
(4 h), the system was slowly depressurized, and this pressure drop was
responsible to change liquid CO, into CO, gas, which was released
back into the air. Loaded particles were later collected and stored at 4
°C until further analysis.

2.5. Cy-5 Grafting on MCM-NH,. For covalent attachment of
Cy-$S to aminated MCM, 30 mg of MCM-NH, was dispersed into 3
mL of DMSO and sonicated for S min. A solution of Cy-S (3 mg/
mL) was also prepared in DMSO. Then, 1 mL of Cy-S solution was
added into 3 mL of MCM-NH, and stirred (500 rpm) for 24 h at 4
°C. This reaction was covered with Al foil to protect Cy-5 from light.
After 24 h, loaded particles were centrifuged at 10,000 rpm for S min
and washed thrice with ethanol and water (3:1). Later, the pellet was

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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vacuum-dried for 24 h, and dried loaded particles were stored at —20
°C in the dark.

2.6. Coating with Eudragit S100. For electrostatic enteric
coating on MCM-NH,, 30 mg of Eudragit S100 was dissolved into 3
mL of ethanol. Then 30 mg of MER-MCM-NH, orCyS-MCM-NH,
was dispersed into 3 mL of the polymeric solution and stirred (500
rpm) for 4 h at 4 °C. The dispersed particles were centrifuged at
10,000 rpm for 5 min to collect nanoparticles which were washed
thrice with ethanol and water (3:1) to remove the uncoated Eudragit
S100, ungrafted CyS, and MER that may have leached during the
coating process. Nanoparticles obtained after centrifugation were
freeze-dried for 24 h. Unloaded MCM-NH, nanoparticles (i.e.,
without MER) were also coated similarly and labeled as Eud-MCM-
NH, for determining the amount of Eudragit S100 coated on
nanoparticles using TGA. Dried coated particles (Eud-MCM-NH,,
Eud-MER-MCM-NH, and Eud-CyS-MCM) were stored at 4 °C.

2.7. Characterization of Nanoparticles. TEM images of MSNs
were acquired by an Hitachi 7700 (Hitachi, Japan) electron
microscope at an acceleration voltage of 80 kV. Sample preparation
for SEM was performed in a few steps, including (i) putting the
carbon tapes on aluminum stubs, (ii) mounting the empty silicon
wafers on carbon tapes, (iii) mounting samples on silicon wafers and
labeling them at the back of the stubs, (iv) plasma cleaning (Evactron
25, Japan) of samples for 10 min, and (v) carbon coating [(Quorum
QISO0-TES, UK), 20 nm thickness))] of samples. For SEM images, a
JEOL-JSM-7100F (Jeol, Japan) microscope was used at 10 kV that
was fitted with an Energy-dispersive X-ray spectroscopy (EDXS)
detector to perform elemental analysis of the samples.

Nitrogen adsorption Brunauer—Emmett—Teller (N,-BET) (Tris-
tar, Micromeritics-II, Norcross, GA, USA) was operated to measure
the pore size, volume, and surface area of MSNs. The particle size and
surface charge were calculated in water (solvent) by dynamic light
scattering (DLS) and zeta potential measurements (Malvern, Nano-
ZS, ATA Scientific, Taren Point, Australia). Thermogravimetric
analysis (TGA) (Mettler Toledo, TGA/DSC 2, Columbus, OH,
USA) was performed with a heating rate of 10 °C/min. X-ray
diffractograms and wide-angle XRD were recorded using a Bruker X-
ray diffractometer (Bruker D8 Advance MKII XRD, Germany) with
Cu radiation (4 = 1.54 A). MER concentrations were determined
using the UHPLC (Agilent 1290 Infinity, USA) method based on
existing literature with slight modification.” Dipotassium hydrogen
orthophosphate buffer (30 mM) was prepared in distilled water, and
the pH was adjusted to 3 by orthophosphoric acid. A Kinetex C18
column was used (LC 250 X 4.6 mm, 5 ym (Phenomenex, USA) for
quantification analysis. MER was eluted isocratically with mobile
phase [acetonitrile (A)/30 mM phosphate buffer (B) at the ratio of
10/90%] at a flow rate of 0.7 mL/min, column temperature of 10 °C,
and 10 L 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.

2.8. In Vitro Release Study. First, we investigated the effect of
simulated gastric fluid (pH 1.2) and simulated intestinal fluid (pH
6.8) with enzymes [United States Pharmacopeia (USP)]*® on the
stability of MER. After thatt MCM-MER, MCM-PO;-MER, and
MCM-NH,-MER (800 ug equivalent MER) were dispersed in S mL
of simulated gastric fluid (pH 1.2) and simulated intestinal fluid (pH
6.8) without enzymes [United States Pharmacopeia (USP)]*® and
stirred at 100 rpm and 37 °C. Aliquots (0.2 mL) were taken at 0.25,
0.5, 1, 1.5, 2, 4, 6, and 8 h and centrifuged at 14,000 rpm for 4 min.
An equal volume of fresh buffers (pH 1.2 and 6.8) was added to rinse
the pellet and put back the suspension to the total volume of release
buffer. However, the pH-dependent release of MER from MER-
MCM-NH, with Eudragit S100 coating was investigated using a
“universal” buffer. Aqueous solutions of 0.05 M H;PO, and 0.05 M
CH,COOH 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. Eud-MER-MCM-NH, (765 pug MER equivalent) was dispersed
into S mL of universal buffer (S mL of the universal buffer with pH
1.2 contained 2.5 mL of 0.05 M H;PO, and 2.5 mL of 0.05 M
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CH,COOH) 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 uL of aqueous 8
M NaOH. Samples (200 uL) 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 MSNs was
quantified with reference to a standard curve.

2.9. In Vitro Biocompatibility of MCM-NH, and Eud-MCM-
NH,. MCM-NH, and Eud-MCM-NH, were tested for their potential
cytotoxic effect on RAW 264.7 macrophages (ATCC) and intestinal
epithelial cancer cells [(Caco-2 and LS174T cells), ATCC] using the
MTT assay. RAW 264.7 macrophages and LS174T cells were cultured
in DMEM medium (D6546), containing 1% each of pen-strep and L-
glutamine and 10% FBS. Caco-2 cells were cultured using DMEM
(D5796) with 1% v/v each of sodium pyruvate, pen-strep, L-
glutamine, MEM nonessential amino acids, and 10% FBS. The cells
were grown at 37 °C in a humidified incubator with 5% CO,. RAW
264.7 macrophages (1.5 X 10* cells/well), Caco-2 cells (2 X 10* cells/
well), and LS 174T cells (2 X 10* cells/well) were seeded into 96-well
plates and grown for 24 h. The weighed masses of MCM-NH, and
Eud-MCM-NH, were adjusted to give equivalent concentrations of
25, 50, 100, 250, 500, and 1000 ug/mL of silica in 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 yL/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 yL/well DMSO. The absorbance signal
of formazan was measured at 570 nm using a microplate reader. Three
independent experiments (n = 3) were conducted with triplicate wells
per treatment for each cell line and concentration.

2.10. Cellular Uptake of Silica Nanoparticles. 2.70.1. Visual-
ization of Cellular Uptake Using Laser Scanning Confocal
Microscopy. RAW 264.7 macrophage (2 X 10° cells/well), Caco-2
(2 x 10° cells/well), and LS 174T (2 X 10° cells/well) cells were
seeded into a Cellvis glass-bottom dish (35 mm) and grown for 24 h.
Eud-CyS-MCM (100 pug/mL) prepared in the medium was added to
the dish 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 nonspecific binding, cells were treated overnight
with 1% BSA in PBS (2 mL) at 4 °C and then the cells were washed
once with PBS. Subsequently, the filamentous actin cytoskeleton of
cells was stained with 1 mL of Phalloidin-FITC (stock concentration
50 mg/mL, then 1 yL 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 S mg/mL, then 1 L from
stock into 1 mL of PBS for staining)) was used for nuclei staining for
10 min and cells were then washed three times with chilled PBS to
remove excess DAPL Before imaging, PBS was added to avoid
dehydrating the samples and the dish was covered with Al-foil to
protect the stains 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 (A 496—516 nm; green), and DAPI was
used to label the cell nuclei (A om 358—461 nm; blue). The Cy-S
signals were recorded at Ay, 646—670 nm (red).

2.10.2. Quantitative Assay of Cellular Uptake Using Flow
Cytometry. RAW 264.7 macrophage (2 X 10° cells/well), Caco-2
(2 x 10° cells/well), and LS174T (2 X 10° cells/well) cells were
seeded into 6-well plates and grown for 24 h. Cells were incubated
with Eud-CyS-MCM (100 pg/mL) for 2 h. Cells with medium only
were used as control. After 2 h, all samples were washed five times
with PBS to remove excess nanoparticles and then trypsinized,

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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harvested, and suspended in 1 mL of PBS to measure the fluorescence
intensity using a BD Accuri C6 flow cytometer, and data were
analyzed using FlowJo FJXv10.0.8 software. To separate the debris
population from a cell population, gating was done on the scattering
gate (forward scattering: FSC-A; side scattering: SSC-A). To exclude
a doublet, a single gate was adjusted using both SSC-W and FSC-W as
well as SSC-H and FSC-H. To detect fluorescence related to Cy-S dye
(Aexcem 646—670 nm), we used an FL4 detector.

2.10.3. Cellular Uptake of Silica Nanopatrticles Studied Using
TEM and STEM/EDXS. RAW 264.7 macrophages (3 X 10° cells/well)
and LS174T cells (3 X 10° cells/well) were seeded in a 6 well plate
(Corning Costar Corp, NY, USA) and grown for 24 h. To determine
intracellular location, Eud-MCM-NH, was added into each well and
incubated for 30 min (50 ug/mL) with both RAW 264.7
macrophages and LS174T cells or 3 h (100 pug/mL) with LS174T
cells only. The sample was washed thrice with PBS to remove
nanoparticles in the extracellular environment. The sample was fixed
with 2.5% (v/v) glutaraldehyde in PBS and then postfixed with 2%
(w/v) osmium tetroxide and 1.5% (w/v) potassium ferricyanide for 1
h. The sample was treated with 1% (w/v) thiocarbohydrazide for 20
min, 2% (w/v) osmium tetroxide for 30 min, 1% (w/v) uranyl acetate
overnight at 4 °C, and lead aspartate for 1 h at 60 °C. Between each of
these steps, the samples were washed three times with type 1
ultrapure water. Then, a graded series of EtOH solutions was used to
dehydrate the sample for 5 min in each step. The sample was then
embedded in Durcupan resin, and ultrathin sections were cut on a
Leica Ultracut 6 ultramicrotome. Sections were viewed using a
HITACHI HT7700 TEM. Scanning transmission electron micros-
copy with energy-dispersive X-ray spectroscopy (STEM/EDXS)
analysis was conducted on these same sections using an
HFSOO0TEM instrument.

2.11. In Vitro Caco-2 Permeability Experiments. The in vitro
permeability of MER was determined using the Caco-2 cell monolayer
assay. Caco-2 cells (passage number P-26) were cultured in Phenol
red-free DMEM medium (D8537) with 1% v/v each of sodium
pyruvate, pen-strep, L-glutamine, MEM nonessential amino acids, and
10% of FBS and incubated under 37 °C with 5% CO,. When 90%
confluency was reached, cells were trypsinized, harvested, and
adjusted to a cell density of 2 X 10°/mL using fresh DMEM
medium. Then, a 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.

2.11.1. 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 and 1.5 mL
of fresh DMEM (preheated 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 experiments.>” The
TEER values of Caco-2 monolayers was measured and calculated as
the equation below

TEER (Q-cm”) = [TEER (Q) — TEER, g 0und ()] X A (cm?)

(1
TEER (Q) is the electrical resistance across Caco-2 monolayers,
TEERyaciground (Q) is the resistance across the insert only without
cells. A (cm?) is the surface area of the insert, 1.12 cm?

2.11.2. Bidirectional Transport Experiment. In our experiment,
Caco-2 cells with TEER > 500 Q-cm? were recorded within 6 days,
which is an indicator of monolayer development. To investigate the
permeability (A to B), the medium from each well was replaced with
preheated HBSS and equilibrated at 37 °C for 20 min. After that, the
dosing (A) chamber was replaced with 200 pg/mL of MER alone or
an equivalent concentration of MER-MCM-NH, and Eud-MER-
MCM-NH, in HBSS and 1.5 mL of HBBS only in receiving chamber
(B). Efflux study (B to A) was performed similarly; however, the
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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 1
and 2 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,,,, cm/s) was determined
according to the following equation.

Papp = (dQ/dt)/(CO X A) (2)
dQ/dt is the MER transport rate (ng/s), C, is the initial
concentration of MER on the dosing chamber (ng/mL). A is the
surface area of inserts (1.12 cm?).

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

()

P,,(B = A) and P,,(A — B) are representing the apparent
permeability of tested formulations.

2.12. In Vitro Antibacterial Assay. 2.12.1. Broth Microdilution
Method. This method was used to determine the minimum inhibitory
concentration (MICyy) 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 European Committee
on Antimicrobial Susceptibility Testing (EUCAST).***” Briefly, serial
2-fold dilutions of antibiotic samples such as MER and MER
nanoparticles (concentrations of MER in nanoparticles is equivalent
ranged from 0.0313 mg/L to 16 mg/L) were prepared in CAMHB
(cation adjusted Mueller Hinton Broth) and aliquoted (100 xL) 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 uL 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 MIC values were determined spectrophotometrically at
620 nm. This experiment for the determination of MIC values was
repeated three times.

2.12.2. Static Time-Kill Studies. Static time-kill studies were
performed to compare the pharmacodynamics (PD) activity of MER
with its nanoformulations. Bacterial growth in antibiotic media was
compared to a control, unexposed bacteria, to describe the activity of
the antibiotic. Briefly, 200 uL of a bacterial suspension (1 X 107
CFU/mL) was added to 19.8 mL of prewarmed CAMHB in sterile 50
mL polypropylene tubes resulting in an initial inoculum of 1 X 10°
CFU/mL. Antibiotic nanoformulations were added into 20 mL of
inoculated CAMHB, desired concentrations were adjusted according
to MIC of the ATCC (27853) and clinical (23) strains of P.
aeruginosa, and tubes were incubated in a shaker at 37 °C. The growth
controls in sterile antibiotic-free CAMHB were treated similarly. For
total viable counting, serial samples were collected aseptically at
different time intervals of 0, 2, 4, 6, 8, 12, and 24 h. Centrifugation of
samples was performed for S min at 15000 rpm and resuspended in
PBS. Further, 100 uL of appropriately diluted sample was then plated
on CAMH agar plates manually for total viable counting. And plates
were incubated at 37 °C for 24 h and the colonies were counted.®

2.13. Statistical Analysis. All experiments were performed in
triplicate except where otherwise stated. One-way ANOVA and
posthoc Tukey’s tests were applied to analyze the data where
applicable.

ER =P,

app(B - A)/Pa

op(A = B)

3. RESULTS AND DISCUSSION

3.1. Characterization of the Functionalized Nano-
systems. The morphology of MER loaded MCM-41 and its
functionalized MSNs was characterized using TEM. These
spherical MSNs with slightly rough outer surfaces showed a

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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Figure 1. Transmission electron microscope (TEM) images and dynamic light scattering (DLS) data. TEM images of MER loaded particles: (a)
MER-MCM, (b) MER-MCM-PO;, (c) MER-MCM-NH,, (d) MER-Eud-MCM-NH,. In the inset, the red dotted circle marks the MSN particle,
and the yellow dashed circle labels the Eud S100 coated MSN. All the particles retained their porous morphology after MER loading, and a coating
can be seen in the TEM image of MER-MCM-NH,, confirming the successful electrostatic coating of Eud $100. (e) DLS hydrodynamic diameter
of particles analyzed by suspending in water. (f) Zeta potential of the particles measured using DLS.

highly ordered mesoporous network with hexagonal pores average size (141 nm) of MCM-41 from TEM was
(Figure 1). The chemical modification of MCM-41 did not approximately similar to their hydrodynamic size (140 nm)

induce any morphological change in the shape or structure of from DLS. However, the hydrodynamic size of MCM-PO; and
both functionalized particles (MCM-NH, and MCM-PO,) MCM-NH, was significantly increased to 206 and 254 nm,
(Figure Sla—c, Supporting Information). The average respectively, when dispersed in water. Furthermore, hydro-

diameter of MER loaded particles (Figure la—c) was around dynamic diameters of Eud-MCM-NH, (549 nm) and Eud-
141 nm, which was quite similar to the average size of MER-MCM-NH, (645 nm) were almost double than

unloaded particles (Figure Sla—c, Supporting Information). uncoated (MCM-NH,, 254 nm) and uncoated drug loaded
The bridging phenomenon and thin layer of coating clearly (MER-MCM-NH,, 288 nm) particles Table S1 (Supporting
evident in Eudragit S-100 coated MER-MCM-NH, (Eud- Information). This increase in hydrodynamic diameter is

MER-MCM-NH,) (Figure 1d, Figure S1d, Supporting attributed to the low negative zeta potential of Eud-MCM-
Information) suggest that polymer is successfully coated onto NH, (—11 mV) and Eud-MER-MCM-NH, (-9 mV) that may

silica particles. After the polymer coating, the average size of lead to the agglomeration and is evident in the TEM (Figure

coated particles was only increased slightly to approximately 1d) in the form of polymer bridging.
150 nm when measured via TEM (Figure 1d, S1d). Field emission scanning electron microscopy (FE-SEM) was
Dynamic light scattering (DLS) data including number used to investigate the morphology of MSNs (Figure S2,
mean and zeta potential is shown in Figure le, f and Table S1 Supporting Information). SEM images showed that MCM-41
(Supporting Information). As Figure S1 (Supporting Informa- and its functionalized particles were spherical with a size of
tion) shows, the zeta potentials of MCM-41 and MCM-PO, approximately 140 nm. All the particles were spherical even
were —16 mV and —28 mV, respectively, while the zeta after functionalization and drug loading (Figure 2S a-,
potential of MCM-NH, was +15 mV, confirming successful Supporting Information), which confirmed our TEM results.
-PO; and -NH, functionalization. In the case of Eud-MCM- Further, EDXS spectra confirmed the presence of SiO, (Figure
NH, the zeta potential was shifted to —11 mV, showing 2S g1, Supporting Information). The pore size and BET
successful coating of negatively charged Eudragit S100. The (Brunauer—Emmett—Teller) surface area of MSNs were
1842 https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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Figure 2. (a) BJH pore size distribution of pristine and functionalized particles (MCM-NH, and MCM-PO;). (b) N,-BET plot for pristine and
chemically functionalized particles. The particles exhibit an IUPAC-type IV isotherm and retain the porous architecture after chemical
modifications. (c) Small-angle XRD peaks of MCM-41, MCM-PO;, MCM-NH,, MER-MCM-NH,, and Eud-MER-MCM-NH,. (d—f) DSC of
unloaded and drug-loaded pristine, functionalized, and polymer-coated particles.

measured by nitrogen (N,) adsorption—desorption isotherm
analysis (Figure 2a, b). IUPAC type IV isotherm was displayed
by pristine and functionalized MSNs in N, sorption analysis,
revealing the characteristics of the mesoporous nature of silica
nanoparticles. As shown in Table 1S (Supporting Informa-
tion), the BET surface area of MCM-41 was 941.35 m*/g,
which was decreased after functionalization for MCM-NH,
(636.33 m*/g) and MCM-PO; (827.15 m*/g). It was
important to note that the BET surface areas of MER loaded
MCM-41, MCM-NH,, and MCM-PO; were further reduced
to 343.26, 115.89, and 149.42 m’/g, respectively. The BJH
pore size of MCM-41 (2.21 nm) was also decreased upon -PO;
(1.58 nm) and -NH, (1.54 nm) surface functionalization.
Similarly, the pore volume of MCM-41 (0.93 cm’/g)
decreased considerably for MCM-NH,(0.51 c¢m®/g), while it
changed for MCM-PO,;(0.81 cm?/g). All these changes in the
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physical properties of MSNs upon surface modification were
similar to our previously reported results.***”°'

Small-angle X-ray scattering (SAXS) analysis was performed
to further confirm the ordered mesoporous structure of MSNs
(Figure 2c). Three well-resolved peaks with hkl values of 100,
110, and 200, respectively, confirmed two-dimensional (2D)
hexagonal mesopores of MSNs (Figure 2c). There was a slight
right shift in diffraction peaks of MCM-NH, and MCM-PO;,
which suggest a small change in pore size due to
functionalization but not in their symmetry.”’ After MER
loading, the intensity of the peaks decreased, confirming the
filling of the pores. Further, Eud-MER-MCM-NH, showed
only one diffraction peak (100) with weaker intensity,
confirming the presence of an additional polymeric layer of
Eudragit S100 (Figure 2c).

The DSC thermogram of pure MER (Figure 2d) showed a
sharp endothermic peak for water desorption at 110 °C and an

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
ACS Biomater. Sci. Eng. 2021, 7, 1836—1853



ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

1731
Eud-MPN-MCM-NH,|

d

1072

—— MCM-NH,|

—— MER

Relative Transmittance (%)

1 Il 1 1 1

4000 3500 3000 2500 2000 1500 1000 500
Wave Number (cm™)

¢ ~——— MER-MCM-NH,
S 1140 F
5 760
o
A \—'/\._
14400 —— Pure MER‘
€ 9600 |
© 4800 -
3000

1 1 1 L L 1 1 1 1

0
5 10 15 20 25 30 35 40 45 50 55 60
2 Theta (Coupled Two Theta/Theta) WL=1.54060

Figure 3. (a) Fourier transform infrared (FTIR) spectroscopy of MER, Eud S 100, MCM-NH2, and Eud-MER-MCM-NH, particles for range S00
cm™ to 4000 cm™. (b) Wide-angle X-ray diffractograms (WXRD) of MCM-NH,, MER MCM-NH,, and Eud-MER-MCM-NH, particles where
only the MER shows crystalline peaks while no crystalline peaks are observed for any other formulation.

endothermic peak, representing the melting point at 186 °C.
This analysis confirmed the crystalline nature of MER.
However, both water desorption and melting point peaks
were not observed in the DSC thermograms of MER loaded
MSNs, confirming successful loading of drug into pores of
MSNs. Whereas the physical mixture (PM) of MER and
MCM-41 showed both endothermic peaks in the DSC
thermogram, the absence of such peaks in the case of all the
drug-loaded particles proves the successful loading of MER
into particles and its amorphous state (Figure 2d—f).

Drug loading and surface functionalization of MSNs were
also analyzed using Fourier transform infrared (FTIR)
spectroscopy. As shown in Figure 3, MER displayed broad
peaks at 3568 and 3401 cm™' that are attributed to -OH and
-NH stretching, respectively. A sharp peak at 1750 cm™
corresponds to C=O0O stretching in COOH and pyrrolidine
ring. Other peaks at 1188 and 668 cm™" are ascribed to -CN
stretching in pyrrolidine ring and -OH bending in COOH,
respectively. In the case of MCM-41, a band at 3437 cm ™' is
related to the stretching vibration of -OH groups (Si—OH),
while other characteristic peaks at 1072 and 805 cm™ are
assigned to Si—O and Si—O-—Si vibrations of silanol groups.
Similar peaks were also observed after the salinization (PO,
and NH,) of MCM-41. Also, some characteristic peaks at 1640
and 1525 cm™' were attributed to NH, bending and
aminopropyl groups, respectively,62’63 confirming the success-
ful functionalization of amino groups onto MCM-41 (Figure
S3a, Supporting Information). Furthermore, IR absorption
bands of phosphonate groups were not observed from 800 to
1200 cm™ due to the overlapping of Si—O—Si vibrations in
this region (Figure S3a, Supporting Information).** A broad
band at 3442 cm™' (OH bonding) and a sharp peak at 1731
cm ™' (C=0O stretching) were observed in the FTIR spectrum
of Budragit $100.°%° It is noteworthy that a characteristic
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peak of MER at 1750 cm™" with weaker intensity could be seen
in all drug-loaded MSNs except Eud-MER-MCM-NH,, where
a characteristic band of Eudragit S100 at 1731 cm™' is more
clear and overlapping the MER band. It affirms the coating of
Eudragit $100 around MER-MCM-NH, (Figure 3a).

It is well-known that the loading of drugs into mesopores
not only changes the structure of drugs from crystalline to
amorphous but also prevents them from recrystallization.’" To
confirm this, wide-angle XRD was performed for both MER
loaded and unloaded MSNs as well as their coated particles.
MER was observed with multiple XRD peaks at 26 of 12.74,
16.85, and 25.49, etc. due to its crystalline nature (Figure 3b).
However, crystalline peaks of MER were not observed in any
drug-loaded MSNs with or without coating, confirming the
amorphization of the drug inside the pores of MSNs*"*"*
(Figure 3b, S4a and b, Supporting Information). However, the
physical mixture of MER and MCM-41 displayed the
characteristic crystalline peaks of pure MER, confirming the
need for the encapsulation or adsorption process (Figure S4a,
Supporting Information).

TGA was performed to determine the % mass grafting of
functional groups (PO; and NH,) after surface functionaliza-
tion of MCM-41. The thermograms (Figure SSa Supporting
Information) show that % mass grafting with APTES (MCM-
NH,, 12.8%) was considerably higher than THMP (MCM-
PO,, 3.3%).

3.2. MER Loading and Cy-5 Grafting. MER (around
30% w/w) was loaded into MCM-41 using liquid CO,. TGA
was used to determine the loading capacity of MER by
calculating weight loss. Figure SS b (Supporting Information)
shows a 27.5 wt % of MER loading onto MCM-41 using the
liquid CO, in 4 h. As a control, MER was also loaded onto
MCM-41 using a more traditional immersion loading method,
which resulted in a 25.3 wt % MER loading. With these

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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Figure 4. (a) MER release profile from MCM and functionalized MCM particles was conducted in S mL of simulated gastric (pH 1.2) and
intestinal (pH 6.8) media at 37 °C. The MCM-41, MCM-PO5, and MCM-NH, particles suppress the release of MER up to 46%, 60%, and 70%,
respectively, at pH 6.8 in 8 h. However, MER was degraded at gastric pH and no stable drug was detected after 30 min. (b) MER release profile
from Eud-MER-MCM-NH, particles in the universal buffer (gastric pH for 2h, intestinal pH for 6 h) at 37 °C. In the first 2 h, no MER is released
showing that polymer could protect the drug from degradation in gastric fluid. However, coated particles suppress MER release up to 25.7% at pH

68in6h (n=3 + SD).

encouraging drug loading results, the liquid CO, method was
selected for further drug loading experiments based on its high
drug loading in a shorter (4 h) duration without the need of a
further freeze-drying step.

TGA thermograms (Figure SSc, d Supporting Information)
illustrated that 25.4% and 31.2% of MER was loaded into
MCM-NH, and MCM-PO; using liquid CO,. It was worth
noting that loading capacity in all our formulation was between
25 and 31% w/w, confirming excellent loading capacity
achieved with our novel loading method in comparison to
the literature.””*" For MSNs coating, we selected negatively
charged Eudragit S100 for coating on positively charged MER-
MCM-NH,. To minimize the leaching of MER from preloaded
nanoparticles, a simple immersion method was used for the
coating process rather than liquid CO,. We used ethanol as a
solvent in a coating process where Eudragit S100 was soluble
but MER was insoluble. TGA data (Figure S 5f, Supporting
Information) showed that the loading capacity of MER was
241 wt % in Eud-MER-MCM-NH, with minimal drug
leaching of 1.3 wt %. DSC analysis was also performed in
parallel to TGA to confirm that weight loss for drug loading is
observed from the drug-loaded into the pores of MSNs rather
than drug adsorbed on the outer surface of MSNs.

To investigate the quantitative (flow cytometry) and
qualitative (confocal microscopy) intracellular uptake of
MSN, it was necessary to develop fluorescent MSNs. It has
been reported that cyanine dyes have been covalently
conjugated with APTES to successfully achieve their loading
into silica particles.””* Therefore, Eudragit $100 coated Cy5-
MCM-NH, (Eud-CyS5-MCM) was selected for fluorescence
imaging and flow cytometry studies.

The immersion method was used to covalently attach the
Cy-S dye onto MCM-NH,. TGA analysis was performed to
determine the dye loading capacity. The TGA thermogram
(Figure SSg, Supporting Information) showed that 9% (w/w)
of Cy-S dye was attached to MCM-NH,.

3.3. In Vitro Release Study of MER. MER’s poor oral
bioavailability is mainly due to the degradation in acidic gastric
pH and poor permeability due to drug efflux, which we have
tackled by our innovative formulation approach. The digestive
enzymes do not have any impact on stability or applicability of
MER.*>** To further potentiate our claim, we verified that
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there was no considerable difference in MER degradation (no
stable drug detected) in simulated gastric fluid (SGF) with and
without digestive enzymes (Figure S6a, b, Supporting
Information) after 8 h of incubation. In the case of SGF
both types of media degraded almost all of the added MER.
While in simulated intestinal fluid (SIF), 87% and 96% of
active MER were detected with and without digestive enzymes
(Figure S6¢, d, Supporting Information), respectively. There-
fore, simulated gastric and intestinal fluids without digestive
enzymes were used in our in vitro drug release studies.

As shown in Figure 4a and S7b,c (Supporting Information),
suspending uncoated MSNs in simulated gastric solution (pH
1.2) resulted in 3.24% and 3.77% of MER release (stable form)
from MCM-NH, and MCM-PO;, respectively, in the first 15
min. After that, MER was degraded at gastric pH and no stable
drug was detected. At intestinal pH (pH 6.8), burst release of
drug at 46%, 60%, and 70% could be seen from MCM-41,
MCM-NH,, and MCM-PO;, respectively, after 15 min.
Moreover, it was interesting to note that there was no
significant improvement in drug release from all MSNs after
the initial burst in which MCM-PO; displayed the highest
release. A similar pattern of drug release profile from MSNs
was reported for a hydrophilic drug (Doxorubicin), where only
about 60% of the total drug was released after 70 h.* The
study showed that this drug has more hydrogen acceptor (12)
counts as compared to hydrogen donor counts (6). Therefore,
the drug was strongly bonded with MCM-41 due to hydrogen
bonding, which resulted in incomplete drug release even after
70 h. Similarly, the Meropenem trihydrate (MER-3H,0) that
was used in this study is also identified with a 10-hydrogen
acceptor and six hydrogen donor counts.”” We believe that
hydrogen bonding between MER and MSNs could be one of
the reasons for incomplete drug release after 8 h which needs
to be further investigated.

Later, we used a universal buffer to evaluate the drug release
profile from Eudragit S-100 coated MSNs. As seen from Figure
4b and S7d (Supporting Information), there was no MER
release from Eud-MER-MCM-NH, within 2 h at simulated
gastric pH (pH 1.2). It showed that polymer could protect the
drug from degradation in gastric fluid. At the simulated
intestinal pH condition (pH 6.8), the controlled release of
drug from coated particles was observed and around 25.7% of

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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Figure S. Confocal images (a—c) of the uptake of Eud-CyS-MCM (100 ug/mL) following 2 h incubation with (a) RAW 264.7 macrophages, (b)
Caco-2 cells, and (c) LS174T. The filamentous actin cytoskeleton of cells was stained with Phalloidin-FITC and is shown in green. The cell nuclei
were stained with DAPI and are shown in blue. Cy$ loaded particles fluoresce red. Sections through the cells showed that the CyS signal was
located intracellularly rather than being adsorbed onto the cell surface. Flow cytometry histograms (d—f) showing the uptake of Eud-CyS-MCM
(100 pg/mL) following 2 h incubation at 37 °C with (d) RAW 264.7, (e) Caco-2 cells, and (f) LS174T, respectively. The fluorescence intensity of
all three cell types was increased as compared to their controls after their treatment with Eud-CyS-MCM, confirming the cellular uptake of dye

loaded nanoparticles.

the drug was released in 6 h. The drug release from coated
particles was related to the ionization of carboxyl groups of the
polymer upon a sudden increase in pH from 1.2 to 6.8.”"
Conclusively, this study revealed the pH-sensitive release of
MER at simulated intestinal pH as well as its protection from
degradation at stimulated gastric pH (Figure S7, Supporting
Information).

3.4. In Vitro Cytocompatibility of MCM-NH, and Eud-
MCM-NH,. In this assay, three cell lines including Raw 264.7
macrophages and two intestinal epithelial adenocarcinoma cell
lines (enterocyte-like Caco-2 and goblet cell-like LS174T)
were used to evaluate the in vitro cytocompatibility of MCM-
NH, and Eud-MCM-NH,. To investigate the influence of the
coating on amine-functionalized silica particles, these cells were
treated with six different concentrations (25 pg/mL to 1000
ug/mL) of particles for an incubation time of 24 h. As seen
from Figure S8 (Supporting Information), no significant
difference in cytoviability for both of these particles was
observed in all three cell lines up to the concentration of 100
ug/mL. However, at higher concentrations (250—1000 ug/
mL), Eud-MCM-NH, was found to be less cytotoxic as
compared to uncoated MCM-NH, in both the intestinal
cancer cell lines. Overall, the highest tested concentrations of
coated silica particles were relatively nontoxic, which is in
agreement with previous studies.’>””

3.5. Cell Uptake and Intracellular Distribution of
Nanoparticles. 3.5.1. Qualitative Intracellular Uptake
Measure by Confocal Microscopy. Trans- and paracellular
are the two most common pathways for the drugs to permeate
through the intestinal epithelium. Cellular internalization of
the drugs via nanoparticles is a promising strategy to provide
valuable information about the transcellular uptake of drugs.
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To investigate this phenomenon, the Eudragit coated Cy-S
grafted silica particles (MCM-NH,) were used. Briefly, Eud-
CyS-MCM particles were incubated for 4 h with different cells
including RAW 264.7 macrophages and 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 cytoskeleton of the cells,
respectively. To confirm whether Eud-Cy5-MCM is internal-
ized 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 Sa—c, red
fluorescent Eud-CyS-MCM nanoparticles were observed to be
distributed throughout the cytoplasm of all cell types tested
here, indicating that our nanoparticles could have the potential
to carry any drug to internalize into the cells.

3.5.2. Quantitative Cellular Uptake Measured by Flow
Cytometry. To confirm the results of confocal microscopy
quantitatively, all three cell types were incubated (2 h) with
Eud-CyS-MCM to calculate the cellular uptake of nano-
particles using flow cytometry. As shown in the histograms
(Figure Sd—f), the fluorescence intensity of all three cell types
was increased as compared to their controls after their
treatment with Eud-Cy5-MCM, confirming the cellular uptake
of dye loaded nanoparticles. Importantly, Raw 264.7 macro-
phages were identified with high cellular uptake (over 400000
arbitrary units, 89.7%) based on their median fluorescence
intensity followed by LS174T (over 250000 arbitrary unit,
86.8%) and Caco-2 cells (over 60000 arbitrary unit, 73.9%)
(Figure S9). Overall, this data indicated that Eud-CyS-MCM
was internalized in all three cell lines within 2 h.

3.5.3. TEM and STEM-EDXS Based Visual and Molecular
Cellular Uptake. We further evaluated the cellular uptake of

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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Figure 6. STEM mapping of Eud-MCM-NH, nanoparticles inside (a) RAW 264.7 macrophage (30 min incubation) and (b) LS174T (3 h
incubation). The location of nanoparticles, detected by STEM, appeared as bright white dots as shown in the red box. Elemental mapping of C,
shown in green; O, shown in blue; and Si, shown in red. Merged images of O, C, and Si (shown in purple) confirmed the identity of the silica drug
delivery system in the cell. EDXS spectrum showing each elemental peak of intracellular Eud-MCM-NH, nanoparticles.

coated nanoparticles (Eud-MCM-NH,) using TEM and
STEM-EDXS (Figure 6). Raw 264.7 macrophages and
LS174T were selected for further investigation of drug-loaded
particles. Thin sections of cells obtained by ultramicrotome
were mounted onto TEM grids and examined to investigate
the location of particles. Interestingly, different cell organelles
such as the nucleus, mitochondria, and vacuole were also
clearly identified. As shown in Figure S10 (Supporting
Information), black dots were visually identified as particles
in bright field TEM that could be seen inside and outside the
cells. After 30 min of incubation of nanoparticles (50 ug/mL),
nanoparticles were observed in macrophages but particles were
not detected inside LS174T. Therefore, LS174T cells were
further incubated with Eud-MCM-NH, (100 pg/mL) for 3 h,
resulting in the penetration of particles (Figure Sl1I,
Supporting Information). To confirm that these black dots
were not artifact or resin embedded cellular debris, these thin
sections were further examined under dark field STEM-EDXS.
It is worth noting that these black dots were identified as white
dots in the dark field and their elemental composition was
determined using EDXS (Figure 5). Elemental mapping results
showed that these white dots are composed of carbon (C),
oxygen (O), and silicon (Si), confirming them as silica particles
as well as their cellular internalization. Conclusively, Eud-
MCM-NH, nanoparticles have the potential to provide
intracellular drug delivery.
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3.6. In Vitro Permeability Assay. To predict the
permeability profile of MER and its nanoparticles, 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 bidirectional
transport of MER and its nanoparticles (MER equivalent
concentration of 200 yg/mL) was performed across the Caco-
2 monolayer at different time points (1 and 2 h). As shown in
Figure 7, MER-MCM-NH, and Eud-MER-MCM-NH, were
observed to significantly enhance the absorptive transport of
MER as compared to MER solution at different time points of
1 and 2 h. This improved permeation of MER using MER-
MCM-NH, and Eud-MER-MCM-NH, was around 1.9-fold
and 2.4-fold, respectively. For drug secretory transport, it was
worth noting that Eud-MER-MCM-NH, was able to
significantly reduce (~1.8-fold) the MER secretion across
the Caco-2 monolayer, confirming the potential of Eudragit S-
100 and silica particles to reduce drug efflux. According to
Figure 7¢, the apparent permeability coefficient (P,,,) (A to B)
values are 0.96 X 107% cm/s, 1.46 X 10~ cm/s, and 1.82 X
107® cm/s for MER, MER-MCM-NH,, and Eud-MER-MCM-
NH,, respectively. For secretory transport, the Papp (B to A)
values were 2.63 X 107 cm/s, 1.68 X 107® cm/s, and 1.19 X
107 cm/s for MER, MER-MCM-NH,, and Eud-MER-MCM-
NH,, respectively. It is reported in different studies that drugs

with Py > 107 cm/s presented excellent oral bioavail-
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Figure 7. Cumulative amount of MER transported (a) A to B and (b) B to A through the Caco-2 monolayer at 1 and 2 h, where monolayers were
incubated with MPM, MER-MCM-NH,, and Eud- MER-MCM-NH, solutions (MER equivalent concentration of 200 yg/mL) (all data are n = 3,
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of MER from MER-MCM-NH, and Eud- MER-MCM-NH, at 2 h in the Caco-2 monolayer (all data are n = 3, mean

+ SD, and analyzed by one-way ANOVA, posthoc Tukey’s test, * p < 0.05, ** p < 0.0036, *** p < 0.0006, **** p < 0.0001). (d) Efflux ratio for

MER, MER-MCM-NH,, and Eud- MER-MCM-NH,.

ability;73’74 therefore, Eud-MER-MCM-NH, could be a
suitable candidate for further oral drug absorption evaluation.
In addition, the efflux ratio (ER) values (Figure 7d) were 2.72,
1.15, and 0.65 for MER, MER-MCM-NH,, and Eud-MER-
MCM-NH,, respectively, indicating a marked decrease in the
efflux of MER using uncoated and coated functionalized
nanoparticles. However, other studies with complex in vitro
and in vivo models are still required to investigate the exact
mechanism of drug transport (absorptive and secretory) across
the Caco-2 monolayer.”

Next, a recovery experiment based on TEER values was
performed to evaluate the integrity of the Caco-2 monolayer
after treatment with our formulations. After 2 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, 2, 4, 8, and 24 h).
Figure S12 (Supporting Information) illustrates that the
integrity of the Caco-2 monolayer was recovered within 24
h, confirming TEER decrease at the 2 h time point was
transient and our formulations were nontoxic.

The increase in permeability of MER could be due to the
following reasons: including (i) transient opening of tight
junctions by silica nanoparticles or drug-loaded silica nano-
particles and (ii) permeation of drug across the cell monolayer
via cellular endocytosis and exocytosis of nanoparticles.” Also,
many studies have shown that the energy-dependent
endocytosis of MSNs could inhibit or downregulate the P-
efflux pump, resulting in a bypass from efflux.””~"°
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Furthermore, it is well reported that polymethacrylate
polymers (Eudragit S100, RS100, L50-100, etc.) have the
ability to downregulate the P-gp efflux pump®>*'~** or could
help the drug to escape from P-gp because the pump does not
recognize drug due to polymer coating.*”** Therefore, the
improvement in permeation and decrease in secretory
transport of MER across the Caco-2 monolayer could be
attributed to the following reasons: (1) The efficient cellular
uptake of Eudragit coated particles which is evident from
confocal microscopy, flow cytometry, and STEM-EDXS
demonstrated that MER could be efficiently delivered into
Caco-2 cells and may help in transcellular drug transport. (2)
The pH-responsive release of MER could reduce the drug
degradation outside the cells and increase the intracellular drug
concentration. (3) The sustained intracellular release ability of
MER could reduce drug efflux by P-gp because the free MER
was the substrate of P-gp rather than the nanoparticles. (4)
The inhibitory or downregulatory effects of Eudragit on the P-
gp efflux pump could further suppress drug efflux, which might
be responsible for enhanced paracellular drug transport.
Nevertheless, other studies with complex in vitro and in vivo
models are still required to investigate the exact mechanism of
Eudragit to suppress the P-gp efflux pump in Caco-2
cells 50778285

3.7. In Vitro Antibacterial Activity of MER-Loaded
Nanoparticles. The minimum inhibitory concentration
(MICy) of MER-loaded nanoparticles was investigated using
broth microdilution followed by EUCAST guidelines. We used

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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both Gram-positive (S. aureus) and Gram-negative (P.
aeruginosa) species of bacteria to determine the antibacterial
effect of MER formulations. According to EUCAST guidelines,
the MIC ranges of MER against AT CC strains of P. aeruginosa
and S. aureus are 0.125—1 mg/L86 and 0.03-0.12 mg/mL,87
respectively. As summarized in Table 1, MIC values for MER

Table 1. Values of MIC (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)

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

clinical strain clinical strain

Formulations ATCC 23 ATCC 54
MER 1 0.5 0.125 0.0625
MER-MCM-41 0.5 0.25 0.0625 0.0625
MER-MCM-NH, 0.5 0.25 0.125 0.0625
MER-MCM-PO; 0.5 0.25 0.0625 0.0625
MER-MCM-NH,— 0.5 0.5 0.125 0.125

Eud

free drug against reference and clinical strains of P. aeruginosa
are 1 and 0.5 mg/L, respectively. However, all of our MER
nanoformulations showed half of the MIC against ATCC and
clinical strains of P. aeruginosa as compared to free MER,
which is 0.5 and 0.25 mg/L, respectively. For ATCC and
clinical strains of S. aureus, the MIC values of free MER are
0.125 and 0.0625 mg/L, respectively. In the case of
nanoformulations, the MIC values of MER-MCM-NH, and
Eud-MER-MCM-NH, are similar to free drug against the
ATCC strain of S. aureus. However, half of the MIC values of
MER-MCM and MER-MCM-PO; as compared to MER were
noticed against the ATCC strain of S. aureus. Interestingly,
MIC values of all nanoformulation against the clinical strain of
S. aureus were similar to MER except Eud-MER-MCM-41
(0.125 mg/L). The above results show that our nanoparticles
showed the potential to significantly decrease the MIC values
of the pure MER. However, drug-free nanoparticles did not
show any antibacterial activity (data not shown here). It has
been reported that adsorbed antibiotics 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.*®** However, based on EUCAST
guidelines, the MIC values against all bacterial strains were
within the range of free drug, concluding that our nanoparticles
were able to retain the antibacterial activity.

3.8. Time-Kill Assay. The time-kill assay was performed to
investigate the rate of killing of bacteria by MER and its
nanoformulations treatment. Herein, the viability of P.
aeruginosa (ATCC 27853 and clinical strain 23) was tracked
in the presence of free MER and its nanoformulations and
compared with controlled untreated culture. As shown in
Figure 8a, treating the ATCC strain of P. aeruginosa with MER
and its formulations resulted in a marked decrease in bacterial
growth after 2 h of incubation, and maximal bacterial killing to
an undetectable level could be seen within 8 h. Interestingly,
the rates of bacterial killing for MER and its nanoformulations
were quite similar. However, the count of P. aeruginosa (23)
significantly reduced from 1 X 10° to 1 X 10> CFU/mL after 2
h of incubation with MER and its nanoformulations and
decline to 0 within 4 h, resulting in complete bacterial killing
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Figure 8. Representative time-kill curves for MER and MER loaded
particles against (a) ATCC and (b) clinical isolates of P. aeruginosa.
As shown in part a, treating the ATCC strain of P. aeruginosa with
MER and its formulations resulted in a marked decrease in bacterial
growth after 2 h of incubation, and maximal bacterial killing to an
undetectable level could be seen within 8 h. However, the count of P.
aeruginosa (23) significantly reduced from 1 X 10° to 1 X 10* CFU/
mL after 2 h of incubation with MER and its nanoformulations and
declined to 0 within 4 h, resulting in complete bacterial killing (part
b).

(Figure 8b). Overall, the rate of killing of MER and its
nanoformulations were observed more rapidly against the
clinical strain of P. aeruginosa as compared to its ATCC strain.

4. CONCLUSION

Designing modern oral formulations and finding new methods
to develop efficient antibiotic systems in the current era of
antibiotic resistance is extremely important. To the best of our
knowledge, this is the very first study to develop oral MER
formulations with pH-responsive mesoporous silica nano-
particles. To summarize, MSNs such as MCM-41 were
successfully synthesized and functionalized with phosphonate
and amine terminals. MCM-PO; showed the highest drug
loading of 31.2% using liquid CO,, while positively charged
drug-loaded amine-functionalized particles with 25.1% loading
were selected for coating with negatively charged Eudragit S-
100 to create electrostatic interaction which led to 24.1% final
drug loading. In vitro release study showed that both pristine
and functionalized MSNs showed fast release in basic pH with
immediate drug degradation in acidic pH. However, coated
cargo loaded particles showed promising potential to protect
the drug from gastric degradation with controlled release of
drug at simulated intestinal pH. This work also demonstrates

https://dx.doi.org/10.1021/acsbiomaterials.0c01284
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the significant potential of particles for intracellular uptake
through macrophages and intestinal cancer cells. Our study
offers improved permeability of the drug as well as a reduced
rate of drug efflux in the Caco-2 cell monolayer model for both
drug-loaded uncoated and coated amine-functionalized silica
particles. Finally, we show that the encapsulation of
Meropenem with pristine, functionalized, and coated silica
particles retained MER’s antibacterial activities against two
bacterial strains. Our proof of concept study paves the way for
further comprehensive in vivo studies to explore the exact
mechanism of improved drug permeation with reduced drug
efflux and the interaction of drug-loaded silica particles with
the bacterial cell membrane which could change the way we
deliver MER in the clinic.
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