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Background and aim: The challenges with current antimicrobial drug therapy and resistance
remain a significant global health threat. Nanodrug delivery systems are playing a crucial role in
overcoming these challenges and open new avenues for effective antimicrobial therapy. While
fluticasone (FLU), a poorly water-soluble corticosteroid, has been reported to have potential
antimicrobial activity, approaches to optimize its dissolution profile and antimicrobial activity
are lacking in the literature. This study aimed to combine an experimental study with molecular
modeling to design stable FLU nanopolymeric particles with enhanced dissolution rates and
antimicrobial activity.

Methods: Six different polymers were used to prepare FLU nanopolymeric particles: hydroxyl
propyl methylcellulose (HPMC), poly (vinylpyrrolidone) (PVP), poly (vinyl alcohol) (PVA),
ethyl cellulose (EC), Eudragit (EUD), and Pluronics®. A low-energy method, nanoprecipitation,
was used to prepare the polymeric nanoparticles.

Results and conclusion: The combination of HPMC-PVP and EUD-PVP was found most
effective to produce stable FLU nanoparticles, with particle sizes of 250 nm 2.0 and 280 nm +4.2
and polydispersity indices of 0.15 nm +0.01 and 0.25 nm £0.03, respectively. The molecular
modeling studies endorsed the same results, showing highest polymer drug binding free energies
for HPMC-PVP-FLU (-35.22 kcal/mol £0.79) and EUD-PVP-FLU (-25.17 kcal/mol +1.12).
In addition, it was observed that Ethocel® favored a wrapping mechanism around the drug mol-
ecules rather than a linear conformation that was witnessed for other individual polymers. The
stability studies conducted for 90 days demonstrated that HPMC-PVP-FLU nanoparticles stored
at 2°C—8°C and 25°C were more stable. Crystallinity of the processed FLU nanoparticles was
confirmed using differential scanning calorimetry, powder X-ray diffraction analysis and TEM.
The Fourier transform infrared spectroscopy (FTIR) studies showed that there was no chemical
interaction between the drug and chosen polymer system. The HPMC-PVP-FLU nanoparticles
also showed enhanced dissolution rate (P<<0.05) compared to the unprocessed counterpart. The
in vitro antibacterial studies showed that HPMC-PVP-FLU nanoparticles displayed superior
effect against gram-positive bacteria compared to the unprocessed FLU and positive control.
Keywords: fluticasone, nanoparticles, drug delivery systems, antimicrobial, molecular modeling,

molecular dynamics

Introduction
In drug discovery, the number of poorly soluble drugs has been amplified, with nearly
70% of new drug molecules discovered in recent years with poor water solubility.! Due
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to such physicochemical properties, formulation of the drug
into an effective medicine with acceptable bioavailability and
therapeutic activity is one of the major problems encountered
with formulation development of new chemical entities (NCEs)
as well as for generic medicine development. More than 40% of
NCEs developed in the pharmaceutical industry are practically
insoluble in water.? Oral bioavailability depends on various
factors including aqueous solubility, drug permeability, disso-
lution rate, first-pass metabolism and presystemic metabolism.>
The most common causes of impaired oral bioavailability
are poor solubility and low permeability.? Therefore, in vitro
dissolution has been recognized as a key element in drug
development and thus enhancing the dissolution rate of poorly
water soluble drugs may have a significant impact on their
bioavailability and hence their therapeutic activity.>*
Fluticasone (FLU), a potent corticosteroid with high topi-
cal activity, is a member of a wide class of synthetic glu-
cocorticoids that have been extensively used to treat many
diseases, such as autoimmune disorders, inflammation, asthma
and allergies, adrenal insufficiency, cancer and many other
health-related conditions.>”’ FLU propionate (FP; Heifi
Evergreen Chemical Industry Co. Ltd, Hefei, China) is used
to treat asthma, allergic rhinitis, nasal polyps, various skin
disorders,® Crohn’s disease,’ ulcerative colitis'® and eosino-
philic esophagitis.'' FP has also been shown to have potential
antimicrobial activities and found to be effective against a wide
range of bacterial strains,'>!* and that its antimicrobial activity
was more effective than other steroids." In addition to its use
as a single entity for treating bacterial infections,'>'* it is also
being included as an adjunct with other antibiotics for enhanc-
ing antimicrobial drug therapy.'* Approaches to enhance its
dissolution profile and antimicrobial potential will contribute
in enhancing its role in treating antibacterial infection.
According to the Biopharmaceutical Drug Classifica-
tion System (BCS), Class II drugs, eg, FLU, prednisolone,
etc, have poor aqueous solubility and good permeability.
Approaches to enhance the solubility of poorly soluble drugs,
such as micronization,'® nanonization,'*!” drug polymer com-
plexation (eg, cyclodextrins),'® liposomal formulations!®-%°
and solid dispersions,”"* have been applied to improve the
dissolution profile and oral drug bioavailability. Interest
has increased considerably over the past few decades in
developing biodegradable nanoparticles as a drug delivery
system. Nanodrug delivery system (NDDS) improves drug
therapy outcomes by multiple mechanisms.?* They include:
1) targeted delivery to infected and inflamed sites, 2) inhib-
ited and competitive binding to drug efflux pumps, such as
P-gp,” 3) direct interaction with cell membranes leading to

enhanced cellular drug entry,?**” 4) promoted drug uptake via
endocytosis mechanisms,? 5) sustained drug release profiles
to decrease frequency of administration, and 6) improved
physicochemical properties.?**

Research related to nanoparticle formulations of FLU
appears to be a current gap in the literature. One study reported
the use of nanoparticle agglomerates of FLU as a unique
approach to obtain high performance aerosols for localized
treatment of lung diseases and as an alternative to systemic
drug therapy.>'*? Another study reported the design of nano-
sized FP nasal spray formulation to overcome the limited nasal
permeability.* For the topical delivery of FP, nanostructured
lipid carriers (NLCs) were developed to further improve its
safety profile and decrease the adverse side effects commonly
reported in topical corticotherapy.’* Co-nanopolymeric/
multipolymeric nanoparticles can enhance the performance of
drug-loaded nanoparticles by improving the physicochemical
features of the resulting drug—polymer complex, such as drug
release, solubility and stability profiles.*>3¢ To date, no study
has reported the design of co-nanopolymeric FLU formulations
with enhanced dissolution rate for antimicrobial potential.

The aim of the current study was to: 1) identify optimal
polymeric combinations to prepare FLU nanopolymeric parti-
cles with enhanced dissolution and release profiles for potential
antimicrobial activity, and 2) to characterize the physicochem-
ical properties of these polymeric particles in terms of their
size, surface charge, thermal profile, drug release, morphology
and antibacterial activity. Additionally, this study aimed to
investigate the antibacterial potential of the FLU nanoparticles
compared to their unprocessed form. Hybrid experimental
and molecular modeling approaches were therefore applied
in order to design stable FLU nanopolymeric particles with
enhanced dissolution rate and antimicrobial activity.

In this study, a range of polymers were used and included
hydroxyl propyl methylcellulose (HPMC; BASF, Ludwig-
shafen, Germany), Eudragit RS100® (EUD; Anhui Sunhere
Pharmaceutical Excepients Co., Ltd, Huainan, China),
ethyl cellulose (EC) and poly (vinyl alcohol) (PVA; Sigma-
Aldrich, St Louis, MO, USA), with poly (vinylpyrrolidone)
(PVP; BASF) and Pluronics® (Sigma-Aldrich) being used
to investigate the impact of polymers on the FLU proper-
ties, and the nanoparticles being fabricated with individual
polymers and combinations of polymers. The particle size
and zeta potential of various nanoparticle formulations were
determined, and the surface morphology of selected formula-
tions was determined using a scanning electron microscope
(SEM). Fourier transform infrared spectroscopy (FTIR) of
selected formulations was done to check for any drug polymer
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interaction. The crystallinity of FLU in selected formulations
was found by performing X-ray diffraction. The comparative
in vitro dissolution and antibacterial studies were carried out
to evaluate and compare the performance of unprocessed
and processed nanoparticles. Molecular modeling studies
were conducted to rationalize and investigate the structural
and dynamic features of these nanoparticles, as well as the
interactions between the drugs and polymers.

The comprehensive information gained from such extensive
combined experimental and molecular modeling approaches
will provide a deeper insight into the effect of nanop-
olymeric formulations on the antimicrobial activity of FLU.

Materials and methods

This section is divided into: 1) an experimental part, which
includes details related to the preparation and analysis of
polymeric nanoparticles, as well as the antibacterial activity,
and 2) molecular modeling.

Experimental

FLU was gifted by Valor Pharmaceuticals, Islamabad, Pakistan.
EUD, HPMC, Ethocel® (Dow Chemical Company, Midland,
MI, USA), Pluronics, PVA and PVP were gifted by Focus
and Rulz Pharmaceuticals (Pvt) Ltd., Islamabad, Pakistan.
Other materials, such as mannitol (cryoprotectants), acetone,
methanol, ethanol, n-hexane, ethyl acetate, dichloromethane,
distilled water etc, were of analytical grade.

Preparation of FLU nanoparticles

Eudragit L100 drug-loaded nanoparticles

The Eudragit L100 drug-loaded nanoparticles of FLU were
formulated by a solvent displacement or nanoprecipitation
method.>”* The drug and polymer were dissolved in a20 mL
mixture of acetone and methanol at different ratios (1:3). The
polymer—drug solutions (internal phase) were added drop-
wise into 200 mL of the aqueous solution (external phase)
and the mixtures were then stirred at 1,000 rpm for 6 hours.
Through rotary vacuum evaporation under a water bath at
32°C, the organic phase was fully evaporated.

EC drug-loaded nanoparticles

The EC drug-loaded nanoparticles of FLU were prepared
by a solvent displacement or nanoprecipitation method.**4
The drug and polymer were dissolved in a 20 mL mixture
of acetone and methanol at different ratios (1:3). The
organic internal phase was added at a slow rate drop-
wise into 200 mL of the aqueous solution as an external
phase containing 1% sodium dodecyl sulfate and 1.5%
of poloxamer, and then stirred at 1,000 rpm for 6 hours.

HPMC-EUD drug-loaded nanoparticles

Nanosuspensions of FLU were synthesized by the follow-
ing two-step procedure.*! First, the drug and polymer were
dissolved in 20 mL of a mixture of acetone and methanol
at a ratio of 1:3. Water was used as an antisolvent, with the
ratio of acetone and water being 1:20. Second, the clear drug
solution was injected slowly into 200 mL aqueous solution
containing HPMC (1% w/w) under continuous magnetic
stirring at a speed of 1,000 rpm for 3 hours. The organic phase
was completely removed using a vacuum rotary evaporator
at room temperature for 2 hours.

HPMC-PVP drug-loaded nanoparticles

Nanosuspensions of FLU were synthesized using a similar
two-stage procedure.*' First, the FLU solution was prepared
in 10 mL of acetone, with water being used as an antisolvent;
the ratio of acetone and water being 1:20. Second, the clear
drug solution was injected slowly into 200 mL aqueous solu-
tion containing HPMC and PVP K30 (1% w/w) under con-
tinuous magnetic stirring at a speed of 1,000 rpm for 3 hours.
The organic phase was completely removed using a vacuum
rotary evaporator at room temperature for 2 hours.

Eudragit (EUD)-PVA and EUD-PVP drug-loaded
nanoparticles

Nanosuspensions of FLU were also synthesized using the
following two-step procedure.*! The drug and polymer (EUD)
were dissolved in 20 mL of a mixture of acetone and methanol
(1:3), with water being used as an antisolvent; the ratio of
acetone and water being 1:20. Second, the clear drug solution
was injected slowly into 200 mL aqueous solution contain-
ing HPMC (1% w/w) and PVA under continuous magnetic
stirring at a speed of 1,000 rpm for 3 hours. For EUD-PVP,
the aqueous phase contained 1% PVP solution, and the
organic phase was completely removed using a vacuum
rotary evaporator at room temperature for 2 hours.

Pluronic, PVA, PVP and PVP-PVA-loaded nanoparticles

Likewise, the nanosuspensions of FLU were synthesized
by the following two-step procedure.*' Initially, the FLU
solution was prepared in 10 mL of acetone, with water being
used as an antisolvent; the ratio of acetone and water being
1:20. Second, the clear drug solution was injected slowly
into each 200 mL aqueous solution containing PVA, PVP
K30 and Pluronics under continuous magnetic stirring at
a speed of 1,000 rpm for 3 hours. For the PVP-PVA-FLU
nanoparticles, the antisolvent phase was composed of a
PVA and PVP solution (1% w/v). The organic phase was
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completely removed using a vacuum rotary evaporator at
room temperature for 2 hours.

Collection of nanoparticles

For each formulation, the prepared milky suspension was
centrifuged at 10,000 rpm for 15 minutes using a Sigma
1-14K, UK microcentrifuge, with the supernatant being
decanted. The sediments were redispersed in 0.5% mannitol
solution, centrifuged at 10,000 rpm for 10 minutes, and the
supernatant fluid discarded. Mannitol solution was used as
a cryoprotectant, with the final nanoparticles being frozen
at —20°C, then lyophilized at —50°C for 5 hours to obtain a
dry powder, and stored at 40°C.

Particle size and zeta potential measurements

Dynamic light scattering (DLS) (Zeta Sizer Nano-ZS90;
Malvern Instruments, Malvern, UK) was used to measure
the average particle size and zeta potential of the FLU
nanoparticles at room temperature. The nanoparticles were
dispersed in deionized water and stirred with a magnetic
stirrer at 2,000 rpm to decrease the aggregates, with all the
samples being analyzed in triplicate.

Determination of drug incorporation efficiency

A total of 10 mg of lyophilized nanoparticles was dissolved
in 20 mL dimethyl sulfoxide (a universal solvent), with the
FLU in the solution being measured by ultraviolet (UV) spec-
troscopy at 235 nm (3000 UV/Visible Spectrophotometer;
ORI, Hille Deutschland, Germany). The drug content (%
w/w) and drug encapsulation efficiency (%) were calculated
from equations (1) and (2), respectively, with the individual
values for the two replicate determinations and their mean
values being reported.

Drug content (% w/w)

_ Mass of the drug in nanoparticles x 100 (1)

Mass of nanoparticles recovered

Drug encapsulation (%)

_ Mass of drug in nanoparticles x 100 )

Mass of drug used in formulation

Scanning electron microscopy

The surface morphology of particles was imaged using an
SEM (Nova NanoSEM; FEI Company, Hillsboro, OR, USA),
after which the nanoparticles were placed on a cover glass
slide that was coated with gold, and dried in a desiccator.

The samples were examined at 10—15 kV to determine the
morphology and shape of nanoparticles of FLU.

Fourier transform infrared spectrometry (FTIS)

FTIS spectra were obtained on an IRAffinity-1S FTIR spec-
trometer (Shimadzu, Japan), and the samples for the FTIR
analysis were prepared in potassium bromide (KBr) disks
(having 2 mg sample in 200 mg KBr). The sample measure-
ment was done in the range from 500 to 4,000 cm™ using
a resolution of 1 cm™. The FTIR data were analyzed using
Origin 6.1 Software (version 6.1; OriginLab Corporation,
Northampton, MA, USA) to identify the characteristic peaks.

Differential scanning calorimetry (DSC)

The heat of fusion and melting point determinations of the
unprocessed FLU and optimized nanoparticles of the FLU
were performed using a Differential Scanning Calorimeter
(Mettler Toledo®; Columbus, OH, USA). The sample was
placed in an empty aluminum pan and sealed, and then heated
at a heating rate of 10°C min™" from 25°C to 350°C at a dry
nitrogen flow rate of 50 mL/minute, with all samples being
analyzed in triplicate.

Powder X-ray diffraction analysis (PXXRD)

The crystalline and amorphous nature of the unprocessed and
optimized nanoparticles of the FLU was identified by PXRD
studies, with the diffractometer (D8 ADVANCE; Bruker
Corporation, Billerica, MA, USA) being used to perform this
characterization. The unprocessed and processed samples
were analyzed by plastic and silicon well sample holders,
respectively. The sample and the unprocessed drug were
scanned in the range of 0° =26 =50° in triplicate by using
copper Ko as a radiation source with 1 mm slit at 1.542 A
wavelength. The step size was 0.05°, and the time lapse
between the steps was 2 seconds.

In vitro dissolution studies

In vitro drug release studies were performed using a USP
Apparatus 2 paddle method (Curio DL 2020), and the
lyophilized FLU nanoparticles (HPMC-PVP-FLU and
EUD-PVP-FLU) were added to a microdialysis tube having
(24 mg) FLU. Each sample was put into a vessel contain-
ing 500 mL dissolution medium with a temperature of
37°C%0.5°C (pH 6.8 phosphate buffer) at a paddle speed of
100 rpm, as previously reported.* Each sample (5 mL) was
processed at 5, 10, 15, 30, 45 and 60 minutes, and an equal
volume of fresh medium was added to the vessel. The samples
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were filtered and quantified using UV spectroscopy at a
wavelength of 235 nm (3000 UV/Visible Spectrophotometer;
ORI), with all samples being analyzed in triplicate.

Antibacterial testing

Preparation of bacterial and fungal cultures

Strains of gram-positive (Staphylococcus aureus and Bacillus
subtilis) and gram-negative bacteria (Escherichia coli,
Salmonella sp.) were cultured, respectively, on nutrient
agar, with Sheep Mueller—Hinton Agar media being used
for Streptococcus pneumoniae. The produced cultures were
then tested for antimicrobial effects under the standard
environmental conditions.

Antimicrobial disk diffusion assay

The culture media of nutrient agar were prepared and
microbes cultivated by a spreading technique using the
method reported by Appalasamy et al.* For the negative and
positive controls, filter paper disks, impregnated with 1 uL of
HPMC-PVP solution in water and streptomycin, were used
as a negative and positive control, respectively. HPMC-PVP-
FLU nanoparticles and unprocessed FLU were impregnated
on the filter paper disks, and the produced cultures were then
incubated under the standard environmental conditions. Dur-
ing the incubation period of 48 hours, the diameters of the
zones of inhibition were measured every 6 hours, with all
tests being performed in triplicate.

Minimum inhibition concentration (MIC) measurement
The MIC was determined for each microbe, based on the
smallest concentrations of FLU nanosuspensions (processed)
and its unprocessed form. Dilutions of FLU nanosuspensions,
and its unprocessed form, were prepared using the sample at a
concentration of 0.1-3 mg/mL. On each plate of test microbes,
six disks of all the six concentrations were impregnated, with
all tests being done in triplicate. The minimum bactericidal
concentration (MBC) value was determined by subculturing
the test dilution (which showed no visible turbidity) onto
freshly prepared nutrient agar media, after which the plates
were incubated for a further 18-42 hours at 37°C. The highest
dilution that yielded no single bacterial colony on the nutrient
agar plates was taken as the MBC.

Statistical analysis

All required tests were performed in triplicate, and the results
were expressed as mean + standard mean error. Mean values
were compared using analysis of variance (ANOVA), and the
difference was considered statistically significant at P<<0.05,

using Statistics 8.1 software (Version 8.1; SAS Institute Inc.,
Cary, NC, USA).

Molecular modeling

Polymeric structures modeling and docking
calculations

Twelve structures of FLU polymers were built up and the
energy minimized using Schrodinger’s Maestro Molecular
modeling suite.* First, pKa calculations were performed
at the experimental pH to assign the correct protona-
tion states for the studied molecules. Two different tools
were used to compute the pKa at the experimental pH
(neutral): MarvinSketch* and Maestro,*® to ensure the
validity and reliability of the results, with both tools pre-
dicting the same protonation states. AutoDock Vina was
used for docking calculation,*”” and Geister partial char-
gers were allocated during docking. Chimera modeling
suite®® was used for visualizing and analyzing the dock-
ing calculations. The grid box was set to cover the entire
polymer to ensure that all possible interactions with the
drug were searched. The Lamarckian Genetic Algorithm
in AutoDock Vina was used for the docking calculations.

Molecular dynamics (MD) and postdynamic analysis
Unrestrained all-atom MD simulations were performed
using the GPU version of the PMEMD engine in Amber14
software package.* The restrained electrostatic potential
(RESP) procedure®® was used to calculate the partial atomic
charges for the ligands at the HF/6-31G* level using the
Gaussian 09 package.’! The systems were solvated in a
cubic box of TIP3P water, such that all atoms were within
10 A of a box edge. Long-range electrostatic interactions
were treated by the Ewald method* and a van der Waals
cutoff of 12 A. Each of the systems was minimized for
5,000 steps (2,500 steepest descent followed by 2,500 steps
of the conjugate gradient). The Langevin thermostat, with a
collision frequency of 1.0 ps™ with harmonic restrained of
5 kcal/mol A on the solutes, was applied during the gradual
heating up of the systems to a temperature of 300.00 K in the
canonical ensemble for 50 ps. This was followed by 50 ps
of density equilibration in NPT ensemble and a final 500 ps
equilibration at 300.00 K, 1 bar pressure and a coupling
constant of 2 ps, and by a MD production run of 20 ns. All
the bond lengths involving hydrogen atoms were constrained
using SHAKE algorithm.>* Chimera,> VMD, Ligplus®’ and
Pymol*® packages were used for visualization and graphical
representations, while the polymers were set as a receptor
(host) and the FLU was set as a ligand drug (guest).
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Thermodynamic calculations

The molecular mechanics/generalized born surface area
(MM/GBSA) method was used to calculate the binding
affinities for ligand-receptor complexes.” > MM/GBSA
has been proven to be more computationally efficient,
hence widely used in drug design.®® The following set of
equations describes the calculation of the binding free
energy (AG):

AGbinding = Gcamplex - Greceptor - Gligand (3)
AGbinding = Egas + Gsal - TS (4)
Egax = Eint + Evdw + Eele (5)

Gsol = GGB + GSA - Gligand (6)

G,, = ySAS4 (7

where E, signifies gas-phase energy; E,  signifies internal
energyand £, and £ , represent the electrostatic and van der
Waals contributions, respectively. The E  was directly evalu-
ated from the FF12SB force field terms. The solvation energy
(G,,) is the summation of contributions from the polar states,
G, and nonpolar states, G,,. The G, is derived from solv-
ing the GB equation, whereas G, contribution is estimated
from the solvent accessible surface area (SASA) determined
using a water probe radius of 1.4 A. Tand S represented the
temperature and total solute entropy, respectively.

Results and discussion

Experimental

Preparation and characterization of various
polymeric FLU nanoparticles

Different polymeric nanoparticles of FLU were fabricated
by the antisolvent precipitation method. The polymers were
either solubilized in aqueous medium or in organic phase,
followed by infusion into a respective antisolvent phase. The
particle sizes of the FLU nanoparticles produced by single
and different combinations of polymers were determined.
The combinations of HPMC-PVP and EUD-PVP were found
to be the most suitable combinations to produce the FLU
nanoparticles, with smallest particle sizes of 250.0 nm +2.0
and 280%4.0, respectively (Table 1 and Figure 1).

This demonstrated that the combinations of HPMC-
PVP and EUD-PVP were able to be sufficiently adsorbed
onto the surface of FLU nanoparticles, which would lead
to stabilization of the nanoparticles by strong repulsion
and consequently prevent their aggregation.®* Additionally,

Table | Particle size measurements of different polymer-FLU
nanoparticles

S.no Polymer-FLU Size (nm) £ SD PDI + SD
nanoparticles
| Ethocel-FLU 325.0+2.7 0.21+0.03
2 Pluronics-FLU 420.0+2.5 0.41+0.04
3 PVP-FLU 450.0£3.3 0.40+0.03
4 PVA-FLU 600.0+4.2 0.52+0.05
5 EUD-FLU 400.0+2.0 0.21+0.03
6 HPMC-FLU 435.0+2.5 0.18+0.01
7 EUD-PVA-FLU 330.0£3.0 0.18+0.02
8 EUD-PVP-FLU 280.0+4.2 0.25+0.03
9 HPMC-PVA-FLU 360.0+5.6 0.30+0.04
10 HPMC-PVP-FLU 250.0+2.0 0.15+0.01
Il HPMC-EUD-FLU 300.0+2.2 0.18+0.02
12 PVP-PVA-FLU 350+3.5 0.35+0.05
Notes: All polymeric formulations were at a ratio of I:1 and I:1:1, for individual

and combined polymeric forms, respectively. Manufacturers’ details are as follows:
Ethocel®, Dow Chemical Company, Midland, MI, USA; EUD, Anhui Sunhere
Pharmaceutical Excepients Co., Ltd, Huainan, China; FLU, Heifi Evergreen Chemical
Industry Co. Ltd, Hefei, China; HPMC and PVP, BASF, Ludwigshafen, Germany;
Pluronics® and PVA, Sigma-Aldrich, St Louis, MO, USA.

Abbreviations: EUD, Eudragit RS100®; FLU, fluticasone; HPMC, hydroxyl propyl
methylcellulose; PDI, polydispersity index; PVA, poly (vinyl alcohol); PVP, poly
(vinylpyrrolidone); S.no, serial number.

the said combinations of polymers resulted in a narrow size
distribution of the produced FLU nanoparticles with poly-
dispersity index (PDI) values, of 0.15+0.01 and 0.2540.03,
respectively. The range of PDI value for a stable dispersion
has been reported to be <0.5.%° The zeta potential values
for the HPMC-PVP-FLU and EUD-PVP-FLU nanoparticles
were found to be —45.0 and —40.0 mV, respectively. These
values also support the stability of the produced polymeric
nanoparticles, as for stable nanosuspensions, the zeta
potential value for electrostatically stabilized nanosuspen-
sions should be over £30.0 mV, which prevents agglom-
eration of the approaching particles. In contrast to other
polymeric nanoparticles, HPMC-PVP-FLU and EUD-PVP-
FLU showed maximum encapsulation efficiency (>90.0%)
with maximum drug loading. Thus, initial screening identi-
fied HPMC-PVP-FLU and EUD-PVP-FLU as optimized
formulations for further characterization.

Morphology of HPMC-PVP-FLU and EUD-PVP-FLU
nanoparticles

Figure 2 shows the SEM micrographs of HPMC-PVP-FLU
and EUD-PVP-FLU nanoparticles.

It is evident that EUD-PVP-FLU nanoparticles were more
crystalline compared to the HPMC-PVP-FLU nanoparticles.
The EUD-PVP-FLU nanoparticles were cubic, rod, and rect-
angular in shape, while the HPMC-PVP-FLU nanoparticles
were spherical and prism shaped. This indicates that the
HPMC-PVP-FLU was less crystalline than the EUD-PVP-
FLU, which may be due to the solvent, FLU and polymer
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Figure | Particle size measurements of HPMC-PVP-FLU nanoparticles (A) and EUD-PVP-FLU nanoparticles (B).
Notes: Manufacturers’ details are as follows: EUD, Anhui Sunhere Pharmaceutical Excepients Co., Ltd, Huainan, China; FLU, Heifi Evergreen Chemical Industry Co. Ltd,

Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.

Abbreviations: d, diameter; EUD, Eudragit RS100%; FLU, fluticasone; HPMC, hydroxyl propyl methylcellulose; PVP, poly (vinylpyrrolidone).

interactions that can potentially change the morphology of
the produced nanoparticles.®*¢” Furthermore, all the particles
were found to be homogeneously distributed, and no deposi-
tion of the produced nanoparticles was observed, which is in
strong agreement with the Zetasizer data.

PXRD and DSC studies

The comparative DSC and PXRD studies showed that the
HPMC-PVP-FLU nanoparticles were crystalline in nature
and maintained their physical form. A sharp melting peak
for unprocessed FLU (287°C) was observed; however, the
melting point for HPMC-PVP-FLU (278°C) nanoparticles
was slightly reduced, with a broader peak (Figure 3). The

broadening of the melting point peaks and slight reduction for
the nanoparticles could be due to the small particle size and
lower packing density.®*® In addition, the adsorbed polymer
can also cause a broadening and a reduction of the melting
point for the nanoparticles.®” Moreover, lower chemical
potential of the drug in polymer blend leads to a lower melt-
ing point compared to the pure drug.” The melting point of
the processed drug in solid dispersion can also be reduced
due to dissolution of the drug in polymer matrix.”!

The PXRD patterns of the unprocessed and processed
FLU nanoparticles are shown in Figure 4, which clearly
indicates the crystalline nature of the produced nanoparticles.
Nevertheless, for the processed samples, the peaks were less

Figure 2 SEM micrographs of HPMC-PVP-FLU (A) and EUD-PVP-FLU (B) nanoparticles.
Notes: Manufacturers’ details are as follows: EUD, Anhui Sunhere Pharmaceutical Excepients Co., Ltd, Huainan, China; FLU, Heifi Evergreen Chemical Industry Co. Ltd,

Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.

Abbreviations: EUD, Eudragit RS100®; FLU, fluticasone; HPMC, hydroxyl propyl methylcellulose; PVP, poly (vinylpyrrolidone); SEM, scanning electron microscope.

Drug Design, Development and Therapy 2018:12

submit your manuscript 261

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Ahmed et al Dove
[0}
e
Unprocessed FLU ) HPMC-PVP-FLU nanoparticles
c [ =
2 £ , RO
o 7] N Ty
° | .
: : Iy
S
© Processed FLU - H
< —_— — [ J
w \/ o ]
8 Fluticasone (unprocessed)
v g e - il ‘--..,\I it 1r~
(2] | T L
5 I L
o |

0 50 100 150 200 250 300 350
Temperature (°C)

Figure 3 DSC studies of unprocessed FLU and processed (HPMC-PVP-FLU)
nanoparticles.

Notes: Manufacturers’ details are as follows: FLU, Heifi Evergreen Chemical
Industry Co. Ltd, Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.
Abbreviations: DSC, differential scanning calorimetry; FLU, fluticasone; HPMC,
hydroxyl propyl methylcellulose; PVP, poly (vinylpyrrolidone).

intense and some of the peaks disappeared. The reduction of
peak intensity and their disappearance have been previously
reported and are due to the small size and polymer traces.*”-%%72

FTIR

The comparative FTIR studies showed the stable nature
of the FLU, as no chemical interaction of the FLU and the
chosen polymeric system was observed (Figure 5).

The FTIR spectra of both unprocessed and processed
samples were compared and analyzed, with Figure 5 show-
ing the FTIR spectrum of FLU and the processed FLU.
The stretching of the —OH peak at 3,318.65 cm™ suggested
an external hydrogen bonding in the crystalline FLU. The
peak at 1,740.33 cm™' is attributed to the carbonyl func-
tional group (C=0) attached to the aliphatic ring, and the
carbonyl group attached to sulfur (S—C=0) showed a peak
at 1,698.29 cm™'. The peak at 1,658.25 cm™' showed the

Processed FLU

-—.M,-WWJL' A

Unprocessed FLU

L]
0 5 10 15 20 25 30 35 40 45
2 theta scale

Figure 4 XRD studies of unprocessed FLU and processed FLU (HPMC-PVP-FLU).
Notes: Manufacturers’ details are as follows: FLU, Heifi Evergreen Chemical
Industry Co. Ltd, Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.
Abbreviations: FLU, fluticasone; HPMC, hydroxyl propyl methylcellulose; PVP,
poly (vinylpyrrolidone); XRD, X-ray diffraction analysis.
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Figure 5 FTIR studies of unprocessed FLU and polymeric FLU nanoparticles.
Notes: The red circle highlights the expansion of the peak which shows hydrogen
bond formation. Manufacturers’ details are as follows: FLU, Heifi Evergreen Chemical
Industry Co. Ltd, Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.
Abbreviations: FLU, fluticasone; FTIR, Fourier transform infrared spectroscopy;
HPMC, hydroxyl propyl methylcellulose; PVP, poly (vinylpyrrolidone).

stretching of the carbonyl group (C=0), while the vibrational
stretching of the quinonoid aromatic ring was recorded at
1,608.65 cm™'. The F—C-S stretching vibrations peak was
denoted at 1,028.96 cm™, while the C—F stretching vibrations
peak was shown at 1,271.8 cm™. The aromatic deforma-
tion (OOC/CCH) could be denoted at 882.14 cm™.7* Both
spectra for the processed and unprocessed FLU are similar,
indicating no change in the structure. However, a little
broadening of the peak and shift toward lower frequency
(<3,318.65 cm™), which exhibits hydrogen bond formation,
have been observed. For hydrogen bond formation, the broad-
ening of peak and shift toward lower frequency have also
been previously reported in polymeric nanoparticles.™

Physical stability studies
Nanoparticles, due to their small size and large surface area,
have high free energies, and hence controlling their size during
nucleation and post nucleation is very challenging.”>’ Owing
to their high free energies, the nanoparticles tend to aggregate
and agglomerate, with subsequent fast particle growth due
to Ostwald ripening.”” It is still an important issue to control
the size of nanoparticles produced by the bottom-up method,
where nucleation is the key stage to manipulate the particle siz-
es.”® Suitable polymeric medium can be optimized to control
the particle size during the nucleation process,” with Table 2
showing the particle sizes of different polymeric nanoparticles
produced by a range of polymers over a period of 90 days.
The combination of HPMC-PVP was found to be the most
suitable to effectively control the particle growth of FLU
nanoparticles during the antisolvent precipitation process. The
HPMC-PVP-FLU nanoparticles remained relatively stable for
90 days when stored at room temperature (25°C) (Table 2).
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Table 2 Monitoring of particle sizes of different FLU nanoparticles for 90 days at room temperature (25°C)

FLU-polymer Average particle sizes (nm) of FLU nanoparticles + SD

Complexes Day 0 Day I5 Day 30 Day 45 Day 60 Day 75 Day 90
Ethocel-FLU 325.0+2.7 332435 345+4.5 3522+3.0 358+4.5 368+3.8 380+3.0
Pluronics-FLU 420.0£2.5 468+2.0 485£3.5 502+4.0 512442 520+3.2 525+3.5
PVP-FLU 450.0£3.3 470+4.0 480£3.0 498+3.0 515+4.0 535+3.7 570+3.0
PVA-FLU 600.0+4.2 630+3.4 670+2.7 710132 745124 780+3.5 820+5.8
EUD-FLU 400.0£2.0 415£3.7 430£3.5 445+3.7 468+2.5 475+2.0 48814.2
HPMC-FLU 435.0+2.5 470.0£2.0 495+2.5 510+2.0 545+3.0 580+3.5 588+2.5
EUD-PVA-FLU 330.0£3.0 340+4.6 350+2.8 365+3.0 378+2.0 385+2.5 392423
EUD-PVP-FLU 280.0+4.2 285+2.4 290+3.5 295+3.0 298+2.4 305+3.6 31243.0
HPMC-PVA-FLU 360.0£5.6 372125 385+2.0 397124 410£3.5 425+£2.7 43614.5
HPMC-PVP- FLU 250.0+2.0 253+2.8 257435 259+3.0 261137 264+3.0 265+3.2
HPMC-EUD-FLU 300.0+2.2 310+2.0 315+3.0 322425 328+2.8 335+3.0 3461+2.5
PVP-PVA-FLU 350+ 3.5 365+2.8 367+3.5 370+3.0 375+2.7 380+3.5 410+2.8

Notes: Manufacturers’ details are as follows: Ethocel®, Dow Chemical Company, Midland, MI, USA; EUD, Anhui Sunhere Pharmaceutical Excepients Co., Ltd, Huainan,
China; FLU, Heifi Evergreen Chemical Industry Co. Ltd, Hefei, China; HPMC and PVP, BASF, Ludwigshafen, Germany; Pluronics® and PVA, Sigma-Aldrich, St Louis, MO, USA.
Abbreviations: EUD, Eudragit RS100®; FLU, fluticasone; HPMC, hydroxyl propyl methylcellulose; PVA, poly (vinyl alcohol); PVP, poly (vinylpyrrolidone).

This study demonstrated that sufficient adsorption of
the polymers occurred on the surfaces of the produced
nanoparticles, which resulted in strong repulsion of the
particles approaching each other and subsequent stabili-
zation of the growing particles. The molecular modeling
studies also suggested that HPMC-PVP-FLU had higher
binding free energy (—35.22 kcal/mol) compared to other
complexes, which can potentially produce the stable
nanoparticles. In addition, EUD-PVP-FLU nanoparticles
were found to be stable for 90 days compared to other nano-
particles, but comparatively less stable than HPMC-PVP-FLU
nanoparticles. Owing to the little difference in binding free
energies of the EUD-PVP-FLU (-25.17 kcal/mol), the particle
size was large and unstable compared to the HPMC-PVP-FLU
nanoparticles (—35.22 kcal/mol). It has been reported that a
higher temperature can cause instability of the nanosuspen-
sions, because the Brownian motion and kinetic energies of the
suspended particles increase at an elevated temperature, which
results in the aggregation and agglomeration of the particles.*
Furthermore, at higher temperature, viscosity is decreased®
and solubility of the suspended particles increases, which
potentially leads to increase in interparticulate interaction,
when particle growth can occur. For maximum stability of
the nanosuspensions, Freitas and Miiller®' recommended stor-
ing the nanosuspensions at a temperature range of 2°C—8°C.

Dissolution studies

The comparative dissolution studies of the unprocessed,

processed and micronized FLU are presented in Figure 6.
A substantial increase in the dissolution rate was observed

in the HPMC-PVP-FLU nanoparticles when compared to the

unprocessed FLU. Moreover, due to the small particle size,

the dissolution rate of the processed FLU was also higher than

that of the FLU microsuspension (8.0+2.5 um) (Figure 6).
Additionally, it was evident from the dissolution studies that
more than approximately 70% and 68% of the FLU dissolved
from the HPMC-PVP-FLU and EUD-PVP-FLU nanopar-
ticles, respectively, in the first 2 minutes. The dissolution
rate of the FLU from HPMC-PVP-FLU nanoparticles was
slightly higher than that of the EUD-PVP-FLU nanoparticles,
which is attributed to the greater value of binding free energy
of the HPMC-PVP-FLU (-32.22 kcal/mol) compared to the
EUD-PVP-FLU (-25.17 kcal/mol) (Table 3). In a similar
study, we previously reported the relationship between
the binding energy and the drug release,* while this study
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Figure 6 Comparative dissolution studies of different forms of FLU particles.
Notes: Manufacturers’ details are as follows: EUD, Anhui Sunhere Pharmaceutical
Excepients Co., Ltd, Huainan, China; FLU, Heifi Evergreen Chemical Industry Co.
Ltd, Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.
Abbreviations: EUD, Eudragit RS100®; FLU, fluticasone; HPMC, hydroxyl propyl
methylcellulose; PVP, poly (vinylpyrrolidone).
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Table 3 MM/GBSA binding free energy calculations for different FLU polymeric complexes

Polymer-FLU AE AE

AG AG AG,

vdW ele gas sol binding

complex

Ethocel —22.79+2.32 —9.38£2.42 —32.17£3.26 11.29+1.73 —20.89+2.25
Pluronics —9.12+3.82 —1.32£1.79 —10.44+4.95 3.63+2.11 —6.81+£3.27
PVP —4.22+3.10 —0.25£1.15 —4.47+3.22 I.15+1.34 —3.324+2.87
PVA —1.55+2.15 —0.50£1.68 —2.05+3.35 1.12+1.79 —0.92+1.73
EUD —10.04+£3.53 —0.83£2.10 —10.87+4.40 2.83+2.11 —8.04+2.98
HPMC —6.6016.65 —0.98£1.73 —7.59+7.86 3.25£3.09 —4.3445.12
EUD-PVP -30.17+0.76 —0.61+0.92 —38.78+1.07 13.61+0.58 -25.17%1.12
EUD-PVA —23.60+0.63 —10.4040.99 —34.00£1.01 13.65+0.55 —20.35+0.83
HPMC-PVA —14.07+0.95 —17.19+1.42 -31.26+1.07 15.71+0.59 —15.55+0.83
HPMC-PVP —39.84+0.74 —12.88+0.85 —52.72+1.00 17.50+0.62 —35.2240.79
HPMC-EUD —26.09+1.23 —12.77£1.11 —38.86x1.53 17.09+0.56 -21.77£1.60
PVP-PVA —-21.07£0.81 —10.99+1.21 —-32.06+1.38 14.00+0.71 —18.05+1.08

Notes: Data presented as mean * standard deviation. Egas

signifies gas-phase energy; E_ signifies internal energy and E and E

represent the electrostatic and van der

ele vdw

Waals contributions, respectively. The E_was directly evaluated from the FF12SB force field terms. The solvation energy (G_) is the summation of contributions from the

polar states and nonpolar states. G,
inding

sol

signifies binding free energy. Manufacturers’ details are as follows: Ethocel®, Dow Chemical Company, Midland, MI, USA; EUD, Anhui

Sunhere Pharmaceutical Excepients Co., Ltd, Huainan, China; FLU, Heifi Evergreen Chemical Industry Co. Ltd, Hefei, China; HPMC and PVP, BASF, Ludwigshafen, Germany;

Pluronics® and PVA, Sigma-Aldrich, St Louis, MO, USA.

Abbreviations: EUD, Eudragit RS100°®; FLU, fluticasone; HPMC, hydroxyl propyl methylcellulose; MM/GBSA, molecular mechanics/generalized born surface area; PVA, poly

(vinyl alcohol); PVP, poly (vinylpyrrolidone).

showed that the polymeric nanoparticles of the FLU led to
a faster release of the drug.

Antimicrobial assay

The zone of inhibition shows that the HPMC-PVP-FLU
nanoparticles were more effective against gram-positive
bacteria than the unprocessed FLU and positive control,
whereas no significant difference was observed in the
effects of the unprocessed FLU and standard drug (Table 4).
However, both the unprocessed FLU and nanoformulation
were found to be inactive against the gram-negative bacteria
but not against the positive control. Both the unprocessed
FLU and nanoformulation showed no activity against
Escherichia coli and Shigella, while the positive control was
found active against these microorganisms. These results
clearly indicated that the processed nanoformulation was
found highly effective, and a significant difference was

observed among the values of the unprocessed FLU and its
nanoformulation.

As shown in Table 5, the MIC values of the unprocessed
FLU were found to be low at 0.62 mg/mL in the case of
gram-positive bacteria, whereas against the gram-negative
strains, both unprocessed and processed FLUs were found to
be ineffective. The produced HPMC-PVP-FLU nanoparticles
were found to be highly effective against the gram-positive
bacterial strains, including Shigella, Streptococci, Staphy-
lococci and Pneumocystis pneumonia. In the case of the
MBC, in general, significantly higher values were recorded
compared to the MIC (Table 5). It was noted that the HPMC-
PVP-FLU nanoparticles were highly effective compared to
the unprocessed FLU in terms of the MBC. Different strains
of bacteria have different cell permeability, which plays a
key role in the rate of large molecules penetration.® In addi-
tion, nanoparticles have unique physicochemical properties,

Table 4 Comparative antimicrobial activity of HPMC-PVP-FLU nanoparticles (mg/mL) and unprocessed drug using streptomycin

(mg/mL) as positive control and HPMC-PVP in water as negative control by disk diffusion assay

Microbes Zone of inhibition (mm)
Unprocessed fluticasone Nanoformulation Positive 6+0.00*
propionate fluticasone propionate control Negative control

Bacillus subtilis 1.310.71° 2.13+0.88° 1.4+0.44° -

Streptococci 2.05+0.48° 3.22+0.32° 1.75+0.36° -

Staphylococcus aureus 2.80+0.71°¢ 4.75+0.82° 2.3040.66° -

Pseudomonas aeruginosa - - 1.7110.66

Streptococcus pneumonia 2.0£0.91°¢ 3.92+0.55* 1.55+£0.71°

Escherichia coli - - 3.5+0.17 -

Salmonella sp. - - 1.6+0.33°

Notes: Data presented as mean + standard deviation. The superscript letters a, b and c represent analysis of variance. Values in each column are significantly different

“W

(P<<0.05). *The maximum value for antimicrobial activity. The “=” symbols indicate that the samples/drug showed no activity against the respective species. Manufacturers’
details are as follows: FLU, Heifi Evergreen Chemical Industry Co. Ltd, Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.
Abbreviations: FLU, fluticasone; HPMC, hydroxyl propyl methylcellulose; PVP, poly (vinylpyrrolidone).
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Table 5 MIC and MBCs of HPMC-PVP-FLU nanoparticles and unprocessed drug

Microbes MIC and MBC (mg/mL)
MIC values of fluticasone MBC values of fluticasone
Unprocessed Nanosuspension Unprocessed Nanosuspension
Bacillus subtilis 0.87 0.42 1.94 0.85
Streptococci 0.70 1.50 1.48 3.22
Staphylococcus aureus 0.62 0.24 1.27 0.55
Streptococcus pneumonia 0.75 0.20 1.70 041

Notes: Manufacturers’ details are as follows: FLU, Heifi Evergreen Chemical Industry Co. Ltd, Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.
Abbreviations: FLU, fluticasone; HPMC, hydroxyl propyl methylcellulose; MBC, minimum bactericidal concentration; MIC, minimum inhibition concentration; PVP, poly

(vinylpyrrolidone).

including large surface to mass ratio, ultra small size, high
reactivity and unique interactions with biological systems.

Molecular modeling studies

MD simulations and system stability

MD simulations provide a useful tool to study biological
systems in terms of their structural and dynamic features.
In order to understand the binding mode between the drug
and polymers used in this study and to explore the interac-
tion mechanism and complex stability, MD simulations were
performed for the docked complexes. The stability of the
simulated systems was assessed by measuring the differences
in the root mean square deviation (RMSD) in relation to the
minimized structures, as well as the potential energy fluctua-
tions of the complexes over the entire simulation time. To
ensure a thorough investigation of the stability of the simulated
structures, RMSD, kinetic energy and potential energy were
monitored along the MD trajectories. All simulated systems
under investigation were well equilibrated, and the conforma-
tional stability was observed throughout the simulations.

Binding free energy calculations and conformational
analysis

The relative binding free energies between the FLU and dif-
ferent polymeric molecules were computed using MM/GBSA,

B
¢V
Ny

and are shown in Table 3. Conformational analysis was per-
formed to identify the lowest energy conformations.

The binding affinity calculation between a polymer (host)
and a drug molecule (guest) will estimate the strength of the
interactions between them, and subsequently the drug release
rate. Generally speaking, tighter interactions between the
drug molecules and polymer might lead to a stable drug—
polymer complex and may result in a more sustained drug
release profile than when compared to looser interaction/
binding.*

As indicated in Table 3, a general observation was that
the co-polymeric forms exhibited enhanced binding affinity
to the drug when compared to monopolymeric structures
(synergistic effect). It was also evident that the inclusion
of PVP in the co-polymeric forms tends to significantly
improve the binding affinity of the drug compared to the
corresponding monopolymeric form. For instance, —35.22
versus —4.34 kcal/mol for HPMC-PVP and HPMC alone,
respectively, and —25.17 versus —8.04 kcal/mol for EUD-PVP
and EUD alone, respectively. Such significant improvement
in binding affinity may be primarily due to the hydrophobic
interactions of PVP (Figures 7 and 8). As the antibacterial
activity was assessed for the HPMC-PVP-FLU, the 3D
representation of this complex is provided in Figure 7.

-

Figure 7 The lowest energy conformation of HPMC-PVP-FLU complex from MD simulations: (A) showing how the FLU is encapsulated/wrapped within the HPMC/PVP cage

and (B) showing the hydrogen bonding interactions between FLU and PVP/HPMC.

Notes: Manufacturers’ details are as follows: FLU, Heifi Evergreen Chemical Industry Co. Ltd, Hefei, China; and HPMC and PVP, BASF, Ludwigshafen, Germany.
Abbreviations: FLU, fluticasone; HPMC, hydroxyl propyl methylcellulose; MD, molecular dynamics; PVP, poly (vinylpyrrolidone).
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Figure 8 The lowest energy conformation of EUD-PVP-FLU complex from MD simulations: (A) showing how the FLU is encapsulated/wrapped within the EUD/PVP cage

and (B) showing the hydrogen bonding interaction between FLU and PVP/EUD.

Notes: Manufacturers’ details are as follows: EUD, Anhui Sunhere Pharmaceutical Excepients Co., Ltd, Huainan, China; FLU, Heifi Evergreen Chemical Industry Co. Ltd,

Hefei, China; and PVP, BASF, Ludwigshafen, Germany.

Abbreviations: EUD, Eudragit RS100®; FLU, fluticasone; MD, molecular dynamics; PVP, poly (vinylpyrrolidone).

Among the monopolymeric structures, Ethocel exhibited
the highest binding affinity (-20.89 kcal/mol), which may
be due to the fact that the long chain of Ethocel allowed the
molecule to wrap around the drug, achieving the highest
possible binding interactions (Figure 9). On the extreme side,
the PVA showed the least binding affinity, as the molecule
was found to preserve linear conformation, which does not
allow favorable interactions with the drug.

Nevertheless, co-polymeric nanoparticles showed
enhanced physicochemical properties when compared to
monopolymeric forms, placing the focus of the antimicrobial
studies on the co-polymeric particles.

It is interesting to notice that the computational results
are in reasonable agreement with the experimental data. For

Figure 9 Ethocel®-FLU complex showing Ethocel chain wrapped around the
FLU with a hydrogen bonding interaction between the drug (ball and sticks) and
polymer (sticks).

Notes: Manufacturers’ details are as follows: Ethocel®, Dow Chemical Company,
Midland, MI, USA; and FLU, Heifi Evergreen Chemical Industry Co. Ltd, Hefei, China.
Abbreviation: FLU, fluticasone.

instance, HPMC-PVP and EUD-PVA were found to have a
relatively higher binding affinity to the drug and more able to
be sufficiently adsorbed onto the surface of the FLU, producing
more stable nanoparticles, as is evident from the zeta potential
values. Moreover, when compared to other nanopolymeric
formulations, HPMC-PVP showed maximum encapsulation
efficiency (>90%) with maximum drug loading.

Conclusion

This study concluded that the selection of suitable polymers
to produce stable polymeric nanoparticles is the key step,
which consequently led to polymeric nanoparticles with high
dissolution and enhanced antibacterial activity. The combi-
nations of HPMC-PVP and EUD-PVP were found to be the
most suitable in controlling the particle size and stability of
the produced nanoparticles. The molecular modeling studies
supported our experimental results and found high binding
free energies for the said complexes of the polymers. This
study also identified the strong antibacterial potential of FLU,
which needs to be further explored.

Molecular modeling studies confirmed that the co-
polymeric structures show better binding with the drug
compared to the individual respective polymers. Compared
to PVA, which favors a linear conformation, Ethocel was
found to wrap its chain around the drug, allowing favorable
interactions with it. The molecular level insight from the
molecular modeling studies provided a useful platform to
understand the interaction mechanisms between the drug
and the polymers, which would be useful for designing and
optimizing drug delivery systems.

Optimization of the produced FLU nanoparticles shows
potential for development into an oral solid dosage form with
subsequent improved therapeutic outcomes.
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