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A nanofibrous matrix system (NFMS), consisting of a drug-loaded nanofiber layer, was electrospun directly onto a polymeric
backing film, the latter of which was formulated and optimized according to a 3-level, 3-factor Box-Behnken experimental design.
The dependent variables, fill volume, hydroxypropylmethylcellulose (HPMC) concentration, and glycerol concentration, were
assessed for their effects on measured responses, disintegration time, work of adhesion, force of adhesion, dissolution area under
curve (AUC) at 1 minute, and permeation AUC at 3 minutes. Physicochemical and physicomechanical properties of the developed
system were studied by rheology, FTIR, toughness determination, mucoadhesion, and nanotensile testing. Data obtained from the
physicomechanical characterization confirmed the suitability of NFMS for application in oramucosal drug delivery.The optimized
NFMS showed the drug entrapment of 2.3mg/1.5 cm2 with disintegration time of 12.8 seconds. Electrospinning of drug-loaded
polyvinylalcohol (PVA) fibers resulted in a matrix with an exceedingly high surface-area-to-volume ratio, which enhanced the rate
of dissolution for rapid oramucosal drug delivery. To corroborate with the experimental studies, the incorporation of glycerol with
HPMC and PVA blend was mechanistically elucidated using computer-assisted modeling of the 3D polymeric architecture of the
respective molecular complexes to envisage the likely alignment of the polymer morphologies affecting the performance of the
nanofibrous device.

1. Introduction

Electrospinning has gleaned considerable interest in the field
of drug delivery due to its proficiency in producing fiberswith
eminently small diameters. The process of electrospinning
involves applying an electrical potential to a polymer solution
in order to produce very fine fibers in the nano- andmicrom-
eter size range. When a drop of polymer solution at the end
of a capillary tube is subjected to an electrical potential, the
drop elongates, becoming conical in shape, and once the
electrical field exceeds surface tension, a fiber jet is ejected
from the tip of the cone [1–3]. As the fiber jet travels through
the atmosphere, the solvent evaporates, and solid polymer
fibers are deposited on a grounded collector, closing the gap
between the capillary and collector, and hence completing
the circuit [3, 4]. If the polymer concentration, and hence
viscosity and chain entanglements, is too low, the jet will
break up into droplets before reaching the collector [5, 6].

However, as the concentration is increased, the viscosity will
increase, and chain entanglements will become sufficient for
fiber formation, resulting in a whipping motion of the jet
and stretching and thinning of the fiber on application of
a potential. Electrospun fibers display a small diameter and
extremely high surface area to mass ratio [7, 8]. This is
advantageous in drug delivery as it results in an increase in the
total drug release from drug-loaded fibers when compared to
cast films of the same composition, which have a considerably
smaller surface area [9, 10]. Furthermore, a large exposed
surface area can greatly improve the dissolution rate, and
hence bioavailability, of a drug [11–14]. For adequate drug
absorption to occur via the buccal mucosa, it is necessary
for the drug concentration within the oral cavity to be
high. Accelerated disintegration of an orally dissolving drug
delivery system results in a high concentration of drug at
the surface of absorption and therefore rapid and extensive
absorption [15, 16]. Furthermore, rapid absorption leads to
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expeditious blood levels and hence a prompt onset of action
[17–20]. It has been demonstrated that the in vivo availability
of a drug administered via the oramucosal route is greatly
dependent on the disintegration rate of the drug delivery
system [15].

During electrospinning, the polymer chain orientation
that occurs during fiber formation has a significant effect
on the physicomechanical properties of the nanofibrous
matrix that is formed [21]. The fiber diameter has been
found to affect the mechanical properties of electrospun
materials [22], where fibers with smaller diameters displayed
a greater strength but were less pliable than larger fibers
[23]. The physicomechanical properties of a material have a
significant effect on drug release [24], patient acceptability
[25], and residence time at the site of absorption [26, 27].
Due to the relatively short residence time of an oramucosally
administered drug delivery system at the site of absorption,
mucoadhesion is often required [15]. Mucoadhesive drug
delivery systems are advantageous in that the entire system is
rendered immobile, an intimate contact between the system
and buccal mucosa is created, and a high drug concentration
at the absorption surface is achieved [15, 27]. This results in
a reduction in the required drug concentration as well as an
improved bioavailability [27]. Thin, mucoadhesive films are
favorable for oramucosal drug delivery due to the flexible
nature and high contact surface area of such films [15, 28].

Statistical optimization, by experimental design, employs
mathematical equations and graphic analysis in order to
characterize and assess the effects of independent variables
on measured responses [29] and was applied to this investi-
gation. In contrast to traditional approaches to formulation
optimization, where one variable is assessed at a time, statis-
tical optimization utilizes fewer experimental runs, which is
less time consuming and provides a true optimized formula-
tion by a systematic approach [29].

In thework outlined in this study, drug-loaded fiberswere
electrospun directly onto a statistically optimized polymeric
backing film in order to form a porous, rapidly disintegrating
nanofibrous matrix system (NFMS) for oramucosal drug
delivery.The polymeric backing filmwas produced according
to a Box-Behnken experimental design.The polyvinylalcohol
(PVA) electrospun fibers were loaded with model drug, di-
phenhydramine, in order to assess drug entrapment, release,
and permeation characteristics.Drug-loaded films, serving as
a comparison, were also prepared according to the same for-
mula as the backing film and using the same constituents as
the electrospinning solution.The effects of varying polymeric
constituents on drug release, drug permeation, mucoadhe-
sion, and disintegration were also investigated in order to
produce an optimized oramucosal drug delivery system

2. Materials and Methods

2.1. Materials. Polyvinylalcohol (PVA) (87–89% hydrolyzed,
Mw 13,000–23,000 g/moL) and diphenhydramine (DPH)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Propan-2-ol, glycerol, and citric acid were purchased from

Table 1: Polymer concentrations and volumes used in film prepara-
tion according to a Box-Behnken design.

Formulation
number

Fill
volume
(mL)

HPMC
(%w/v)

Glycerol (%w/w of
PVA + HPMC)

D1 40 0.50 12.5
D2 100 0.25 15.0
D3 40 0.25 15.0
D4 70 0.25 12.5
D5 70 0.50 10.0
D6 100 0.50 12.5
D7 40 0.25 10.0
D8 70 0.25 12.5
D9 70 0.00 10.0
D10 100 0.00 12.5
D11 70 0.00 15.0
D12 70 0.25 12.5
D13 70 0.50 15.0
D14 40 0.00 12.5
D15 100 0.25 10.0

Rochelle Chemicals (Johannesburg, South Africa). Hydrox-
ypropylmethylcellulose (HPMC) was purchased from Color-
con Limited (London, England).

2.2. Preparation of Polymeric Backing Films by Film Casting.
Films intended as backing and mucoadhesive layers for
electrospunfiberswere prepared according to aBox-Behnken
experimental design. Polymer solutions were prepared by
dissolving glycerol, PVA, and HPMC in a 4 : 1 mixture of
deionized water and propan-2-ol. The concentrations and
volumes used were as outlined in Table 1. For all the formu-
lations the PVA concentration was used at 1%w/v. Solutions
were syringed into rectangular flat-bottomedmoulds and left
under an extractor at 21∘C for 48 hours in order that complete
solvent evaporation and film formation could occur. For
comparative purposes, a DPH-loaded film (FD) containing
the samepolymeric andplasticizer constituentswas prepared.

2.2.1. Experimental Design. A 3-factor Box-Behnken experi-
mental design was generated by Minitab, V15 (Minitab Inc.,
PA, USA), in order to statistically optimize the polymeric film
layer and analyze the effect of formulation variables on system
disintegration and drug release. The independent variables
𝑋
1
, 𝑋
2
, and 𝑋

3
are outlined in Table 2. 𝑌

1
through to 𝑌

5
,

the dependent variables, were disintegration time, work of
adhesion (WA), maximum detachment force (MDF), disso-
lution area under the curve (AUC) at 1 minute (AUCD), and
permeation AUC at 3 minutes (AUCP), respectively [30–32].

2.3. Preparation of Nanofibers by Electrospinning. A drug-
loaded solution for electrospinning was produced by dissolv-
ing PVA, citric acid, DPH, and glycerol in a 2 : 1 mixture
of water and propan-2-ol at concentrations of 25%w/v,
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Table 2: Test parameters employed in biaxial extensibility testing.

Parameter Setting
Test mode Compression
Pretest speed 1mm/s
Test speed 1mm/s
Posttest speed 1mm/s
Target mode Distance
Distance 10mm
Trigger force 0.5N

2%w/v, 10%w/v
,
and 0.5% v/v, respectively.These quantities

were based on optimal fiber production, reproducibility,
and drug-loading proficiencies as will be explained later
in the paper. The solution was placed in a 5mL pipette,
which was fitted into the adjustable supporting bracket of an
electrospinning device. Electrospinning of the solution was
performed at 20 kV with a tip-to-collector distance of 11 cm,
using a custom-built electrospinning device (RGC Engineer-
ing Sales Division, Johannesburg, South Africa) equipped
with a voltmeter and MJ Series High Voltage Power Supply
(GlassmanHighVoltage Inc., NJ, USA). Fibers were collected
on the polymeric backing film secured on aluminum foil-
lined board which formed the complete NFMS. Samples
were cut into sections. For comparative purposes, a film
(FE) was prepared with the same drug/polymer ratio as the
electrospinning solution.

2.4. Characterization

2.4.1. Scanning Electron Microscopy of the Drug-Loaded Fiber
Layer. The surface structure of the electrospun fibers was
analyzed by images produced by scanning electronmicrosco-
py (SEM), using a Phenom Microscope (FEI Company,
Hillsboro, OR, USA). Samples were mounted on stubs and
sputter-coated with gold prior to examination.

2.4.2. FTIR Spectroscopy. FTIR spectroscopy was performed
in order to assess structural changes that may have occurred
in the polymeric backbone due to interactions of excipients,
drugs, or polymers during film or fiber formation. A Spec-
trum 100 FT-IR Spectrometer (PerkinElmer Inc., Waltham,
MA, USA) was used to assess vibration characteristics of
chemical functional groups of samples in response to reac-
tions with infrared light.

2.4.3. Rheological Studies of the Components of the NFMS.
The rheological properties of polymer solutions and hydrated
NFMS, FD, and FE samples were determinedwith the use of a
HaakeModularAdvancedRheometer System (ThermoFisher
Scientific, Karlsruhe, Germany).The stress-strain rheological
parameters of the polymer solution have an influence on drug
release, electrospinning, palatability, and effect on saliva, and
they are important factors when considering the desired
characteristics of the system. Samples were analyzed by
placing the polymer solution or NFMS/film sample, hydrated
in 1mL simulated saliva (pH 6.75), on the sample stage
and immersing the spindle in the fluid. The shear rate was

ramped from 0 to 500/s, and the shear forces and viscosities
of the samples were measured at 37∘C for the NFMS and
film samples and at 25∘C for the electrospinning solution.The
thixotropy of the 25%w/v PVA electrospinning solution was
determined by ramping the shear rate from 0 to 50/s over 60
seconds, holding for 60 seconds and then decreasing back to
0/s over 60 seconds. Oscillation studies were carried out by
subjecting samples to oscillating stresses or strains. Oscilla-
tion measurements were used to determine the storage mod-
ulus, 𝐺, and the loss modulus, 𝐺, as a function of angular
frequency,𝜔. Oscillation tests provide information on sample
elasticity and viscosity related to the applied frequency.

2.4.4. Microenvironmental Surface pH Variation Studies of
the NFMS. Extreme changes in pH on the surface of the
matrix can cause irritation to mucous membranes within the
oral cavity [33]. Measurement of the surface pH is therefore
essential. Matrices were allowed to swell in contact with 1mL
of simulated saliva (pH 6.75). The surface pH was measured
by glass microelectrode (Mettler Instruments, Giessen, Ger-
many).Measurements were taken after thematrices had been
hydrated for 20 seconds and at 1, 3, 5, 10, and 15 minutes
thereafter.

2.4.5. Toughness and Biaxial Extensibility Studies of theNFMS.
Biaxial extensibility was determined from force-distance pro-
files generated using a TA.XTplus Texture Analyser (Stable
Micro Systems, London, England) fitted with a 2mm flat
cylindrical probe and a 5 kg load cell. The method of testing
the extensibility was based on work by Sibeko and coworkers
(2009) [34]. The sample was secured onto a ring assembly
with a central hole (5mm diameter), which was attached
to a supportive, hollow, raised platform. The setup was
placed such that the cylindrical probe of the textural analyzer
was centralized over the hole. The probe was lowered and
embedded onto the sample according to the test parameters
outlined in Table 2.

2.4.6. Mucoadhesion of the Optimized NFMS and Drug-Load-
ed Films. Mucoadhesion testing was performed on NFMS
sections using a TA.XTplus Texture Analyser (Stable Micro
Systems, London, England) fitted with a cylindrical probe.
Porcine buccal mucosal tissue was attached to the probe,
using rubber bands, and exposed to simulated saliva (pH
6.75). The NFMS samples were attached to the stage directly
below the probe. Mucoadhesion was tested by measuring
the maximum detachment force (MDF) and the work of
adhesion (WA) (AUCFD) between the buccal mucosa and the
samples. The pretest, test, and posttest speeds were 2, 2, and
10mm/s, respectively. An applied force of 50 g, a trigger force
of 5 g, and contact time of 5 seconds were used for the test.

2.4.7. Tensile Studies of theOptimizedNFMSandDrug-Loaded
Films. The tensile properties of samples weremeasured using
a nanoTensile 5000 (Hysitron Incorporated, Minneapolis,
MN, USA). Samples were cut into thin strips and mounted,
with cyanoacrylate-based adhesive, onto specially designed
mounting brackets held together with rigid strips of card-
board. Once the sample had cured completely, the width,



4 Journal of Nanomaterials

length, and thickness were measured with digital calipers.
The sample and sample bracket were secured in the upper
sample gripper on the nanoTensile (NT) head, and the mass
was measured. The NT head was lowered, and the axes were
aligned in order to secure the bottom of the sample bracket in
the lower sample gripper. The rigid cardboard supports were
each cut on the marks in order to prevent the supports from
interfering with sample testing. The mounting brackets were
moved apart at a constant rate of displacement, and the tensile
properties of the sample were measured and recorded.

2.5. Disintegration Time of the Optimized NFMS and Drug-
Loaded Films. The in vitro disintegration time of NFMS
samples and drug-loaded films (FD and FE) was determined
according to a modified method based on the United States
Pharmacopoeia (USP) method for tablet disintegration test-
ing using a Type PTZ 1 basket-rack assembly disintegration
apparatus (Pharma Test, Hainburg, Germany). According
to the USP, disintegration is considered to have occurred
when there is no longer any solid residue left on the mesh
of the basket-rack assembly apparatus (USP 28, 2005). The
disintegration medium comprised 150mL simulated saliva
(pH 6.75) placed in a glass jar submerged in a water bath
maintained at 37∘C. Sampleswere cut into sections andplaced
on the mesh of the basket rack assembly, with a mesh disc
placed on top. The basket rack assembly was raised and low-
ered through a distance of 55mm at a frequency of 25 cycles
per minute, and the time taken for sample disintegration to
occur was determined by observation and recorded.

2.6. Drug Entrapment of Optimized NFMS and Drug-Loaded
Films. Samples of the NFMS and the two drug-loaded films
(FD and FE) were cut into 1.5 cm2 sections, dissolved in sim-
ulated saliva (pH 6.75), and the drug content of each section
was analyzed by UV spectrophotometer (NanoPhotometer,
Implen GmbH,Munchen, Germany) at ambient temperature
(25∘C) at lambda max of 260 nm.

2.7. In Vitro Drug Release. Standard USP tests and appara-
tuses for in vitro dissolution and drug release testing require
large volumes of fluid, which do not accurately reflect the
in vivo conditions in the oral cavity, where there is only a
small volume of fluid available for the dissolution of a drug
delivery system [35]. A modified drug release testing method
was therefore developed for the purposes of this study. In
vitro drug release was tested using a 10mm long magnet
in a 35mm diameter petri-dish, placed on a temperature-
controlled magnetic stirrer. 2mL of simulated saliva (pH
6.75) was placed in the petri-dish, maintained at 37∘C, and
stirred at a constant rate to ensure circulation of buffer.
NFMS, FD, and FE samples were cut into sections of same
dimensions and placed in the buffer. Samples were drawn
at 0.083, 0.25, 0.5, 1, 3, 5, 10, and 15 minutes, analyzed by
UV spectrophotometer, and replaced by fresh buffer. As a
branded product comparison, the in vitro dissolution testing
of Sleepeze-PM tablets was performed using a rotating paddle
apparatus (Model 7ST, Caleva, Frankfurt, Germany) and
employing 900mL phosphate buffered saline (PBS) (pH 6.8,

37∘C). Samples were drawn at 1, 3, 5, 10, 15, 30, 60, and
90 minutes, replaced with fresh buffer, and analyzed by
UV spectrophotometer (NanoPhotometer, Implen GmbH,
Munchen, Germany).

2.8. Ex Vivo Drug Permeation Studies. Ex vivo drug per-
meation testing was performed using porcine buccal tissue,
which is considered to have a closer resemblance to human
buccal mucosa than other animal tissues [36]. Porcine buccal
mucosal tissue was obtained from a certified local abattoir
and transported, on ice, to the laboratory within 1 hour.
Excess tissue was removed; specimens were flash-frozen at
−40∘Cwith liquid nitrogen and stored at−60∘Cuntil required
for use. Frozen specimens were equilibrated in phosphate
buffered saline (PBS) (pH 7.4) at room temperature to thaw.
Sections of mucosa were mounted in Franz Type Diffusion
Cells (Perme Gear, Inc., Hellertown, PA, USA) and equili-
brated for 0.5 hours at 37∘C by adding PBS (pH 7.4) to both
the acceptor and donor compartments. After equilibration,
the PBS in the donor compartment was removed and was
replaced with an NFMS, FD, or FE sample in simulated saliva
(pH 6.75). A 2mg/mL DPH in simulated saliva solution was
also tested for comparative purposes. Samples were drawn
from the acceptor compartment at 0.33, 1, 2, 3, 5, 10, 15, and
30 minutes and analyzed by UV spectrophotometry, and the
removed volume was replaced with fresh PBS. The apparent
permeability coefficient (𝑃app) and steady state flux (𝐽 ss ) val-
ues were calculated using (1) and (2), respectively, as follows:

𝑃app =
𝑄

𝐴 × 𝑐 × 𝑡
, (1)

𝐽 ss =
Δ𝑀

𝐴 × Δ𝑡
, (2)

where 𝑄 is the total amount of drug permeated during
the testing time (𝜇g), 𝐴 is the diffusional area (cm2), 𝑐 is
the initial drug concentration in the donor compartment
(𝜇g/mL), 𝑡 is the total time that the experiment was run for
(seconds), andΔ𝑀 is the amount of drug that had permeated
through the mucosal tissue during time Δ𝑡.

2.9. Atomistic Molecular Structural Mechanics Simulations.
Molecular mechanics computations in vacuum, which in-
cluded the model building of the energy-minimized struc-
tures of multipolymer complexes, were performed using
the HyperChem 8.0.8 Molecular Modeling System (Hyper-
cube Inc., Gainesville, FL, USA) and ChemBio3D Ultra
11.0 (CambridgeSoft Corporation, Cambridge, UK) [37]. The
PVA decamer was drawn using ChemBio3D Ultra in its
syndiotactic stereochemistry as a 3D model, whereas the
structure of HPMC (4 saccharide units) was built from
standard bond lengths and angles using sugar buildermodule
on HyperChem 8.0.8. The oligosaccharide length for the
polysaccharide chain was determined on the basis of equiva-
lent grid surface area covered by the polysaccharide so that
the inherent stereoelectronic factors at the interaction site
can be perfectly optimized.The set of low-energy conformers
that were in equilibrium with each other was identified and
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portrayed as the lowest energy conformational model. The
structure of glycosylated mucopeptide analogue (MUC) was
generated using sequence editor module on HyperChem
8.0.8. The glycosylation was carried out at the threonine
and serine amino acid residues. The structure of glycerol
(GLY) was built up with natural bond angles as defined in
the Hyperchem software. The models, initially minimized
using the MM+ Force Field, were energetically optimized
using the AMBER 3 (Assisted Model Building and Energy
Refinements) Force Field. The conformer having the lowest
energy was used to create the polymer-polymer complexes.
A complex of one molecule with another was assembled by
disposing them in a parallel way, and the same procedure of
energy-minimizationwas repeated to generate the finalmod-
els. Full geometry optimizations were carried out in vacuum
employing the Polak-Ribiere conjugate gradientmethod until
an RMS gradient of 0.001 kcal/moL was reached. Force field
options in the AMBER (with all hydrogen atoms explicitly
included) and MM+ (extended to incorporate nonbonded
cut-offs and restraints) methods were the HyperChem 8.0.8
defaults. For calculations of energy attributes, the force fields
were utilized with a distance-dependent dielectric constant
scaled by a factor of 1. The 1–4 scale factors are the following:
electrostatic 0.5 and van der Waals 0.5. Invariant factors
common to mathematical description of binding energy and
substituent characteristics have been ignored [37].

3. Results and Discussion

3.1. Response Optimization. All the NFMS prepared through
inclusion of 15 different formulations of polymer backing
film were analyzed in terms of disintegration time, work of
adhesion (WA), maximum detachment force (MDF), area
under the curve (AUCD) at 1minute, and area under the curve
(AUCP) at 3 minutes which are graphically represented in
Figure 1.

Response optimization was performed using Minitab,
V15 (Minitab Inc., PA, USA). The film formulation was
optimized according to the measured responses. Maximizing
and minimizing responses, where appropriate, resulted in a
low desirability for the optimized formulation, and the values
were therefore targeted within the limits of acceptability. The
final optimization plot revealed a composite desirability of
95.23%. Tables 3 and 4 display the fitted values acquired from
formulation optimization with the observed experimental
values for the various responses.

For optimized film preparation, polymer solutions were
prepared by dissolving 136.5mg of glycerol, 794mg of
polyvinylalcohol (PVA), and 116mg of hydroxypropyl-
methylcellulose (HPMC) in 79.39mL of a 4 : 1 mixture of
deionized water and propan-2-ol.

3.2. Physical Dimensions of the Films and Fiber Layer. The
films produced were even, thin, transparent, and pliable. The
fibers formed a white layer on the films. The NFMS backing
layer film was 80𝜇m thick, while the complete NFMS was
460 𝜇m thick, and hence the fiber layer was 380 𝜇m thick.The

Table 3: Targeted responses for constrained optimization of the film
formulation.

Response Lower Target Upper
Disintegration time (seconds) 12 13 20
Work of Adhesion (mJ) 0.3 0.4 0.7
Maximum detachment force (N) 0.2 0.3 0.45
AUCD at 1 minute 0.3 0.35 0.45
AUCP at 3 minutes 1.6 1.9 2

Table 4: Fitted and experimental values for the optimization
responses.

Response Fitted
value

Experimental
value Desirability

Disintegration time
(seconds) 13.2457 12.8 96.6%

Work of adhesion (mJ) 0.3885 0.335 86.2%
Maximum
Detachment force (N) 0.3043 0.2705 88.9%

AUCD at 1 minute 0.3491 0.4179 83.5%
AUCP at 3 minutes 1.8885 2.0860 90.5%

FE film was 110 𝜇m thick, and the FD film was approximately
90 𝜇m thick but was somewhat uneven in places.

3.3. Scanning Electron Microscopy. SEM analysis revealed
that the fibers produced were randomly arranged having
uniform diameters on average. The fiber diameter was
approximately 0.36 𝜇m, and the average visible pore size
ranged between approximately 0.69 and 1.91 𝜇m, as depicted
in Figure 2.

3.4. FTIR Spectroscopy. FTIR analysis was performed in
order to determine whether any chemical changes occurred
to the drug and/or polymer during the process of elec-
trospinning. The FTIR spectra for the DPH-loaded fiber
layer (DF), DPH, and non-drug-loaded PVA placebo fibers
(PF) are depicted in Figure 3. The broad O–H stretching
vibration of PVA can clearly be seen for both DF and PF at
3295 cm−1. DPHandDFboth show a small peak at 3033 cm−1,
characteristic of the phenyl groups present in the DPH
molecule (Figure 3). The phenyl groups are also identified by
the presence of large peaks at 755 cm−1 and 702 cm−1 in both
profiles where DPH was present. The peak associated with
the stretching vibration of the alkoxy substituent in the DPH
molecule at 2955 cm−1 is obscured by the slightly broader
band of the alkyl group of the PVA molecule at 2913 cm−1 in
the DF spectrum, which can also be seen in the PF spectrum.
The broad peaks at 2594 cm−1, 2524 cm−1, and 2487 cm−1
in the DPH spectrum, representative of the tertiary amine
group, are also visible in the DF spectrum, but not in the PF
spectrum. The peak at 1598 cm−1, indicating the absorption
from the phenyl groups, is visible in both the DPH and DF
spectra. From the FTIR data, it can therefore be deduced that
no significant chemical changes occurred to the drug during
solution preparation and electrospinning.
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Figure 1:The 15 experimental design formulations depicting (a) average disintegration times, (b) average work of adhesion (WA), (c) average
maximum detachment force (MDF), (d) AUCD at 1 minute, and (e) AUCP at 3 minutes.

3.5. Rheological Studies of the Components of the NFMS

3.5.1. Formulations. The rheological properties of a hydrated
sample play an important role in the retention of that sample
within the buccal cavity. The hydrated film and NFMS
samples were investigated for the effect of an increasing shear
rate ( ̇𝛾) on shear force (𝜏) and viscosity (𝜂).The average values
over the shear rate range for these parameters are outlined in
Table 5. Linear rheological profiles are depicted in Figure 4.
The FE film (Figure 4(c)) exhibited an exceedingly larger
average viscosity and shear force than theNFMS (Figure 4(a))
and FD film (Figure 4(b)), which correlates with the greater
mucoadhesive properties and slower disintegration rate

evinced by this film.However, such a high viscositymay result
in an unpleasant mouthfeel in vivo [38]. The large disparity
between the parameters of the NFMS and FE film may be
due to the more rapid disintegration rate of the former.
Nevertheless, the rheological properties of the NFMS suggest
that it would have an adequate retention time, which is in
agreement with the mucoadhesion data reported in a later
section.

3.5.2. Electrospinning Solution. The rheological properties of
a solution employed for electrospinning can have a substan-
tial effect on the process of electrospinning as well as the
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Figure 2: SEM image of the electrospun fiber layer, showing average
fiber diameter of 0.36 𝜇m and visible pore size of between 0.69 and
1.91 𝜇m.
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Figure 3: FTIR profiles of the drug-loaded fibers (DF), placebo
fibers (PF), and DPH.

Table 5: Average rheological parameters of the NFMS, FD film, and
FE film in 1mL simulated saliva (pH 6.75).

Sample Shear rate (1/s) Shear force (Pa) Viscosity (mPa⋅s)
NFMS 254.3 7.44 32.29
FD 252.3 7.39 30.49
FE 253.2 82.71 1616.67

quality and morphology of fibers that are formed.The degree
of polymer chain entanglements, and hence the polymer
concentration, has a considerable influence over the viscosity
of a solution. The actual conformation of individual polymer
chains also has a significant influence on solution viscosity,
considering that solutions containing coiled chains have a
lower viscosity than those with extended chains [39]. It is
therefore important to investigate the rheological properties

of polymeric solutions employed in electrospinning. The
25%w/v PVA solution that was electrospun to form the fiber
layer of the NFMS was analyzed for responses to rheological
stresses, both linear and oscillating. The average shear force
(𝜏) and viscosity (𝜂) were 186.40 Pa and 737.5mPa⋅s, respec-
tively, for an average shear rate ( ̇𝛾) of 252.3/s. Figure 5 displays
the rheological profile. The linear rheological properties of
the 25%w/v solution were deemed acceptable for electro-
spinning because adequate fiber formation occurred at that
polymer concentration.

Thixotropy is observed when the viscosity of a material,
that was at rest, decreases on exposure to a mechanical stress
and consequently increases again upon removal of the stress.
The thixotropy of the 25%w/v PVA electrospinning solution
was determined by calculating the difference between the
AUC values of the increasing shear and decreasing shear
rate curves and was determined to be −1.229 Pa⋅s−1. This
difference is relatively small when compared to the average
AUC, which was 757.4 Pa⋅s−1, and it was deduced that the
electrospinning solution underwent adequate thixotropic
recovery. Figure 5(b) displays the thixotropy curve for the
25% PVA solution. The curves of shear stress as a function
of shear rate (blue line) for both increasing and decreasing
rates follow an almost identical path and appear as one thick
line, suggesting a favorable recovery of the sample.

Viscoelasticity is an important factor to be considered
for the electrospinning of a polymer solution as the polymer
is required to be stretched in order to produce fibers. It
is necessary for the elastic properties of a solution to be
great enough so that the fiber jet will not break up before
reaching the collector surface. Oscillation rheology testing is
a useful tool for assessing the viscoelastic behavior of mate-
rials intended for electrospinning. The yield stress (𝜏

𝑜
) was

determined for the 25%w/v PVA electrospinning solution
at 25∘C by measuring the deformation (𝛾) over a range of
controlled stress (𝜏). The average yield stress was 0.3782 Pa
and the rheological plot is depicted in Figure 5(c). In order
to determine the viscoelastic region of the 25%w/v PVA
electrospinning solution, a stress sweep was performed at
various frequencies to ascertain the yield point. The yield
point was found to be 6.36 Pa at a frequency of 0.1 Hz. A
frequency sweep was performed in order to determine the
stability of the 25%w/v PVA solution. The frequency of
oscillations ranged from8 to 0.008Hz at a constant stress.The
resulting plot is presented in Figure 5(d).

3.6. Microenvironmental Surface pH Variation of the NFMS.
It has been observed that extreme changes in surface pH
may cause damage to mucosal surfaces [40]. The evaluation
of surface pH variation is therefore an important factor to
consider for oramucosal drug delivery system. The surface
pH values of NFMS ranged between 6.63 and 6.75 over the 15
minutes in whichmeasurements were taken (Figure 6).There
was an initial drop in pH to 6.63 at the 20 second time point,
possibly due to dissolution and subsequent solubilization of
citric acid, which was employed in the formulation as a taste-
masking component. At the 3 minute time point, the pH had
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Figure 4: Linear rheological profiles of the (a) NFMS, (b) FD film, and (c) FE film.

increased to 6.73, which may be due to the buffering effect of
the simulated saliva or the dissolving of the polymeric com-
ponents of the formulation.The variation of pHwas less than
0.5 units and was considered acceptable for an oramucosally
administered drug delivery system as it can be deduced that
minimal irritation to the buccal mucosa would occur.

3.7. Toughness and Biaxial Extensibility Studies of the NFMS.
Extensibility is the degree of extension or stretching that
a material can withstand before fracture occurs; polymer
linkages have a substantial effect on the physicomechani-
cal strength of materials. The maximum force (𝐹max) and
distance (𝐷max) values for the NFMS, optimized polymer
backing film of the NFMS (NFMS film), FD film, and FE
filmwere plotted and are presented in Figure 7.The complete

NFMS was found to be slightly stronger than the NFMS film
(𝐹max = 5.29N and 5.17N, resp.), but also less extensible
(𝐷max = 4.435 and 4.957mm, resp.). It can therefore be
deduced that the presence of electrospun fibers resulted in a
slight increase in film strength and a decrease in extensibility.
When electrospunfibers are produced, there is a thinning and
extending process that takes place, and this may result in the
fibers being less extensible than the film.The presence of drug
in the polymer backing film (FD) brought about a decrease
in both 𝐹max and 𝐷max. This may also partially explain the
reduction in extensibility with the presence of a drug-loaded
fiber layer. The FE film had a significantly larger 𝐹max and
𝐷max than the NFMS, whichmay be due to the absence of the
more rigid polymer, HPMC, and formation by film casting,
which does not result in thinning, of the former.
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Figure 5: (a) Linear rheological profile of 25%w/v PVA electrospinning solution, (b) thixotropy curve for the 25%w/v PVA solution used
for electrospinning, (c) rheology plot depicting the yield stress (at 0.3782 Pa) of a 25%w/v PVA solution intended for electrospinning, and
(d) stress sweep of 25%w/v PVA solution intended for electrospinning.

Table 6: Experimental values obtained from nanotensile analysis.

Sample
Young’s
modulus
(MPa)

Yield
stress
(MPa)

Ultimate
strength
(MPa)

Ultimate
strain

Toughness
(J/cm3)

Fiber layer 26.09 0.49 2.98 0.227 0.38
NFMS
film 36.01 1.675 3.33 0.242 0.62

NFMS 30.31 1.18 2.79 0.238 0.48
FD 56.35 1.13 2.73 0.314 0.71
FE 20.34 1.10 3.52 0.731 2.10

3.8. Tensile Properties by Nanotensile Testing. The stress-
strain relationship of a material is highly dependent on the
flexibility of the polymer chains and the strength of the
material. When only a small amount of stress is required to
produce a large amount of strain, thematerial is considered to
be flexible, and Young’smodulus, which is the slope of the lin-
ear portion of the stress-strain curve, will be relatively small.
The average experimental values for Young’s modulus (𝐸),
yield stress (𝜎

𝑦
), ultimate strength (𝜎

𝑢
), ultimate strain (𝜀

𝑢
),

and toughness (𝑢
𝑓
) are outlined inTable 6.The samples tested

were the fiber layer of theNFMS (Figure 8(a)), theNFMSfilm
(Figure 8(b)), the complete NFMS (Figure 8(c)), the FD film
(Figure 8(d)), and the FE film (Figure 8(e)).The drug-loaded
fiber layer exhibited the smallest yield stress, ultimate strain,
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Figure 7: Vertical bar chart outlining average maximum force
and distance values for the film of the nanofibrous matrix system
(NFMS), the complete NFMS, drug-loaded NFMS film (FD) and
comparator film containing the same components as the electro-
spinning solution (FE).

and toughness (Figure 8(a)). Young’s modulus of the fiber
layer was greater than that of the FE film (Figure 8(e)) but
smaller than the other tested samples, suggesting that it was
more flexible than the film onto which it was incorporated
but less flexible than the FE film. When compared to the
FE film, which was prepared using the same components at
the same ratios, the fiber layer was found to have a larger
Young’s modulus and a considerably smaller yield stress,
ultimate strength, ultimate strain, and toughness, as well as
a smaller elastic region (green portion of nanotensile profile),
which may be attributed to the elongating forces experienced
by polymer chains during electrospinning [21, 41]. When a
polymer is exposed to greater elongating forces, the fibers that
are formed will have smaller diameters, which have also been
associated with a larger Young’s modulus and hence a greater
stiffness. It can therefore be deduced that the differences
between the tensile properties of the fiber layer and the

FE film are due to polymer chain stretching during fiber
formation. The NFMS film revealed slightly larger values
than the fiber layer for the various responses determined
during nanotensile testing (Figure 8(b)). This may be due
to the presence of the more rigid polymer, HPMC, in the
film. The profile for the NFMS revealed two distinct points
of fracture—the first one being the point at which the fiber
layer fractured and the second where the film layer fractured
(Figure 8(c)). The FD film (Figure 8(d)), which is the DPH-
loaded NFMS film, featured a substantially larger Young’s
modulus than the NFMS film, suggesting that the presence
of DPH in the formulation enhanced the rigidity of the film.

The results of nanotensile testing were in agreement with
the extensibility results in the previous section. However,
the two tests were performed disparately and with varying
sensitivity. The extensibility test utilized a large sample area,
imbedded a probe into the sample until fracture, and mea-
sured the force-distance relationship, whereas the nanotensile
test employed only a small sample area, pulled the sample
apart until fracture, and measured the stress-strain relation-
ship, from which various parameters, such as Young’s mod-
ulus, yield stress, and toughness, could be calculated. While
both tests are useful, the nanotensile test was more applicable
for this particular formulation due to the method of testing,
type of results produced, and the augmented sensitivity of the
test.

3.9.Mucoadhesive Properties. Theaveragemaximumdetach-
ment force (MDF) and work of adhesion (WA) were deter-
mined from the peak and AUC, respectively, of the force-
distance profiles generated by mucoadhesive testing. Table 7
outlines the values of MDF and WA for the NFMS film,
nanofibrous layer, and the drug-loaded films (FD and FE).
The backing film of the NFMS exhibited an adequate MDF
andWA.The nanofibrous layer was observed to be somewhat
more mucoadhesive than the film; however, due to the rapid
disintegration rate of the fibers, the backing film is required
to hold the system in place and ensure that the released drug
is detained at the buccal mucosa until absorption occurs.The
FE film was found to have a considerably larger MDF than
the nanofibrous layer of the NFMS. This may be attributed
to the rapid disintegration rate of the fibers, resulting in less
of the formulation being available in its original form at the
point in time whenmucoadhesion wasmeasured, as opposed
to the slower disintegration rate of the FE film. In comparison
to the NFMS film layer, the FD film displayed an exceedingly
smaller MDF and WA. From this, it can be deduced that the
addition of drug to the film formulation resulted in a reduc-
tion in mucoadhesiveness. The disparity between the MDF
and WA values of the NFMS backing film and the FE film
may be due to the presence of HPMC in the NFMS film for-
mulation.HPMChas poorly flexible chains due to a high glass
transition temperature and is therefore poorly mucoadhesive
[42], and hence the addition ofHPMC to the film formulation
will decrease the mucoadhesive strength of the resulting film.

3.10. Disintegration Time of the Optimized NFMS and Drug-
Loaded Films. The time taken for the NFMS and the FD
and FE films to disintegrate was 12.8 seconds, 15.8 seconds,
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Table 7: MDF and WA for the matrix and different films under
study.

Formulation MDF WA
NFMS film 0.2705 0.335
NFMS nanofibrous layer 0.2982 0.601
FD 0.0468 0.041
FE 0.3867 0.599
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Figure 9: Disintegration times of the nanofibrous matrix system
(NFMS), fiber layer of the NFMS, drug-loaded optimized film (FD),
and film formed from the same components as the electrospinning
solution (FE) (𝑛 = 3, SD < 1).

and 52.6 seconds, respectively, and is depicted graphically in
Figure 9. The DPH-loaded fiber layer of the NFMS took an
average of 3.6 seconds to disintegrate, which is considerably
shorter than the time taken for the drug-loaded films or
the NFMS to disintegrate. This very short time period of
disintegration may not suffice or correlate with the optimum
time required for the absorption of the released drug through
oramucosa and may result in poor bioavailability of the
drug due to swallowing of major drug content. In order
to keep the drug at the surface of absorption and prevent
swallowing, the backing film layer in NFMS should remain
intact for a longer period of time than the fiber layer.
However, if the film remains intact for too long, it may
result in poor mouthfeel and affect patient acceptability. The
polymer backing film supports the fiber layer and retains it
for an optimum extended period of time, as seen in Figure 9,
ensuring maximum drug absorption without compromising
the patient compliance.

3.11. Drug Entrapment and InVitroDrugRelease. Theaverage
drug entrapment of the NFMS, FD, and FE films was deter-
mined as 2.3mg ± 0.44mg, 8.8mg ± 0.11mg, and 5.5mg ±
0.48mg, respectively.The optimized NFMS exhibited a rapid
dissolution rate, with an average of 63% of the loaded dose
releasing in 1 minute and 86% in 3 minutes. In comparison,
the FD and FE films released 27% and 17% of the loaded
dose in 1 minute and 48% and 46% at 3 minutes, respec-
tively. The drug release profiles are depicted in Figure 10(a).
It is apparent that the dissolution rate of the NFMS is

significantly more rapid than that of either of the drug-
loaded films, owing to the extremely high surface area of the
nanofibrous layer in comparison with films [8, 10], which
enhances the rate of disintegration and dissolution [14].
Figure 10(b) compares the drug release profiles of the NFMS
and the branded comparator product, Sleepeze-PM, the later
displaying a relatively rapid drug release, with 31% and 55% of
the loaded dose releasing after 1 and 3 minutes, respectively.
However, the optimized NFMS exhibited a superior drug
release profile in a considerably smaller volume of buffer,
which makes it preferable to the conventional system on the
market in terms of its rapid action.

The area under the curve (AUCD) at 1 minute was
calculated forthe NFMS, FD, and FE films and Sleepeze-PM
tablets, and it is illustrated in Figure 10(c). The AUCD of the
NFMS is nearly 3 times greater than that of the FD film and
Sleepeze-PM tablets and approximately 5 times greater than
the AUCD of the FE film. Hence it can be deduced that drug
release from the NFMS occurs more rapidly than from any of
the tested comparison formulations.

3.12. Ex Vivo Drug Permeation Studies. Ex vivo drug per-
meation, where conditions are as similar as possible to
in vivo circumstances, is a valuable study to conduct in
order to determine the expediency of employing a particular
drug or drug delivery system for buccal administration
[43]. Figure 11(a) depicts the flux profiles of the NFMS, a
2mg/mL DPH solution, and the drug-loaded films, FD and
FE. The DPH solution exhibited a slightly greater flux than
the NFMS, with 79% and 78% of the loaded dose permeated
at 3 minutes, respectively. The FD and FE films displayed
a lower flux than the NFMS, where 74% and 55% of the
loaded dose had permeated after 3 minutes, respectively.This
is in agreement with the in vitro dissolution data. Permeation
AUC (AUCP) at 3 minutes was calculated for the tested
formulations and plotted as in Figure 11(b). AUCP of the
2mg/mL DPH solution was slightly greater than that for the
NFMS, suggesting that the rate of permeation of drug from
solution was onlymarginally faster than that from theNFMS.
The FE film exhibited the smallest AUCP value, and the value
for the FD film was between that of the NFMS and FE film.
The rate of drug permeation from the DPH-loaded films
was somewhat slower than that from the NFMS or the drug
solution.

The apparent permeability coefficient (𝑃app) and steady
state flux (𝐽ss) values were calculated for the tested formu-
lations and are outlined in Table 8. These values were in
accordance with those for AUCP of the various formulations,
with the FE film exhibiting the smallest𝑃app and 𝐽ss values and
the DPH solution having the largest 𝑃app and 𝐽ss values.

3.13. Molecular Mechanics Assisted Model Building and Ener-
gy Refinements. Molecular mechanics energy relationship
(MMER), a method for analytico-mathematical represen-
tation of potential energy surfaces, was used to provide
information about the contributions of valence terms, non-
covalent Coulombic terms, and noncovalent van der Waals
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Figure 10: (a) Drug release profiles of the nanofibrous matrix system (NFMS) and the drug-loaded films FD and FE (𝑛 = 3, SD < 0.04).
(b) Comparative drug release profiles of the nanofibrous matrix system (NFMS) and Sleepeze-PM tablets (𝑛 = 3, SD < 0.04) and (c) AUCD
comparison between the NFMS, comparator DPH-loaded film formulations (FD and FE), and Sleepeze-PM tablets (𝑛 = 3, SD < 0.02).

interactions for the plasticizer/polysaccharide/protein mor-
phologies and interactions. TheMMERmodel for the poten-
tial/steric energy factors in various molecular complexes can
be written as

𝐸molecule/complex = 𝑉Σ = 𝑉b + 𝑉𝜃 + 𝑉𝜑 + 𝑉ij + 𝑉hb + 𝑉el, (3)

𝐸HPMC = 49.713𝑉Σ = 2.089𝑉b + 18.821 + 22.360𝑉𝜑

+ 6.776𝑉ij − 0.335𝑉hb,
(4)

𝐸PVA = 5.173𝑉Σ = 0.615𝑉b + 1.652𝑉𝜃 + 0.881𝑉𝜑

+ 4.895𝑉ij − 2.871𝑉hb,
(5)

𝐸HPMC/PVA = 44.321𝑉Σ = 2.582𝑉b + 19.911𝑉𝜃

+ 27.276𝑉
𝜑
− 2.740𝑉ij − 2.709𝑉hb,

[Δ𝐸 = −10.565 kcal/moL] ,

(6)

𝐸GLY = 2.624𝑉Σ = 0.096𝑉b + 1.121𝑉𝜃

+ 0.375𝑉
𝜑
+ 1.031𝑉ij,

(7)

𝐸HPMC/GLY = 31.891𝑉Σ = 2.261𝑉b + 21.937𝑉𝜃

+ 27.007𝑉
𝜑
− 19.097𝑉ij − 0.217𝑉hb,

[Δ𝐸 = −28.318 kcal/moL] ,

(8)

𝐸HPMC/PVA/GLY = 22.867𝑉Σ = 2.689𝑉b + 21.701𝑉𝜃

+ 30.849𝑉
𝜑
− 30.181𝑉ij − 2.192𝑉hb,

[Δ𝐸 = −42.515 kcal/moL] ,

(9)

𝐸MUC = −166.812𝑉Σ = 5.474𝑉b + 70.351𝑉𝜃 + 55.173𝑉𝜑

− 29.066𝑉ij − 7.096𝑉hb − 261.649𝑉el,

(10)
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Figure 11: (a) Drug permeation profiles of the matrix system (NFMS), the drug solution, and the drug-loaded film formulation (FD and
FE) (𝑛 = 3, SD < 0.1 in all cases) and (b) plot depicting AUCP at 3 minutes for the nanofibrous matrix system (NFMS), DPH solution, and
DPH-loaded film formulation (FD and FE) (𝑛 = 3, SD < 0.02 in all cases).

𝐸HPMC/MUC = −156.127𝑉Σ = 6.888𝑉b + 88.277𝑉𝜃

+ 84.268𝑉
𝜑
− 51.281𝑉ij − 7.555𝑉hb

− 276.724𝑉el, [Δ𝐸 = −39.028 kcal/moL] ,
(11)

𝐸PVA/MUC = −175.667𝑉Σ = 6.486𝑉b + 72.435𝑉𝜃 + 66.468𝑉𝜑

− 48.050𝑉ij − 9.266𝑉hb − 263.742𝑉el,

[Δ𝐸 = −14.028 kcal/moL] ,
(12)

𝐸HPMC/PVA/MUC = −170.567𝑉Σ = 8.098𝑉b + 91.792𝑉𝜃

+ 78.881𝑉
𝜑
− 63.968𝑉ij

− 9.755𝑉hb − 275.615𝑉el,

[Δ𝐸 = −58.641 kcal/moL] ,

(13)

where 𝑉
Σ
is related to total steric energy for an optimized

structure, 𝑉b corresponds to bond stretching contributions
(reference values were assigned to all of structure’s bond
lengths), 𝑉

𝜃
denotes bond angle contributions (reference

values were assigned to all of structure’s bond angles),𝑉
𝜑
rep-

resents torsional contribution arising from deviations from
optimum dihedral angles, 𝑉ij incorporates van der Waals
interactions due to nonbonded interatomic distances, 𝑉hb
symbolizes hydrogen-bond energy function and 𝑉el stands
for electrostatic energy. In addition, the total potential energy
deviation, Δ𝐸total, was calculated as the difference between
the total potential energy of the complex system and the sum
of the potential energies of isolated individual molecules as
follows:
Δ𝐸Total (𝐴/𝐵) = 𝐸Total (𝐴/𝐵) − (𝐸Total (𝐴) + 𝐸Total (𝐵)) . (14)

Table 8: Calculated apparent permeability coefficient (𝑃app) and
steady state flux (𝐽ss) values for the formulations under study.

Formulation 𝑃app 𝐽ss

NFMS 4.9 × 10−4 5.88
DPH solution 5.0 × 10−4 5.95
FD 4.7 × 10−4 5.60
FE 3.4 × 10−4 4.11

Themolecular stability can then be estimated by compar-
ing the total potential energies of the isolated and complexed
systems. If the total potential energy of complex is smaller
than the sum of the potential energies of isolated individual
molecules in the same conformation, the complexed form is
more stable and its formation is favoured [44].

3.13.1. Energy Computations for Polymer/Plasticizer Com-
plexes Using Atomistic Simulations. Themolecular confirma-
tions obtained from the simulation of HPMC, PVA, and glyc-
erol (GLY) are represented by Figure 12, Table 9, and (4)–(9).
The effects of blending PVA with HPMC (HPMC/PVA) and
glycerol with HPMC (HPMC/GLY) and blending all three
altogether are elucidated herein. It is evident from the energy
computations that all the three complexes are well stabilized
due to −ve Δ𝐸 ((4)–(9)). HPMC contains interactive oxygen
containing groups in the form of –C–O–C– (both in the
ring and the methyl side chain) and hydroxyl group for pos-
sible association with glycerine molecules. Specifically, the
oxofunctionalities of HPMC and the hydroxyl functionality
of glycerine may interact with directional orientation acting
at adequately short distances (Figure 12(a)), H-bonding, and
vanderWaals attractive interactions resulting in energymini-
mization of 28.318 kcal/mol. Similarly, in case ofHPMC/PVA,
the hydroxyl group of PVA interacted with –C–O–C–moiety
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Figure 12: Visualization of geometrical preferences of (a) HPMC/glycerol complex, (b) HPMC/PVA complex, and (c) HPMC/PVA/Glycerol
complex and (d) connolly molecular electrostatic potential surfaces in translucent display mode showcasing the trimolecular complex after
molecular simulation.The atoms involved in H-bonding are emphasized by space filling model (dots). Color codes for elements are C (cyan),
O (red), and H (white).

Table 9: Molecular mechanics evaluation of the surface-to-volume ratio and density of pure polymers and blends.

Molecular complex Surface area (Å2) Volume (Å3) SVR# Mass (amu) Density (amu/Å3)
HPMC 1374.70 2655.35 0.5177 993.15 0.3740
PVA 785.80 1327.24 0.5920 442.55 0.3334
Glycerol 982.04 1333.36 0.7365 368.36 0.2762
HPMC/PVA 1548.78 3476.73 0.4454 1435.69 0.4129
HPMC/GLY 1436.69 3247.83 0.4423 1361.53 0.4192
HPMC/PVA/GLY 1624.86 4052.57 0.4009 1804.07 0.4452
#SVR: surface-to-volume ratio.

of HPMC with an energy minimization of 10.565 kcal/moL
(Figure 12(b)). Furthermore, we carried out the full simula-
tion of HPMC/PVA/GLY to see whether the individual blend
interactions still persist or not. It is evident from Figure 12
that apart from all the previous H-bonding interactions, PVA
also interacted with GLY forming a GLY-HPMC-GLY-PVA-
GLY complex (Figure 12(c)) resulting in an even higher stabi-
lization of potential energy (Δ𝐸 = −42.515 kcal/moL). In all
three blend simulations, the nonbonding London dispersion

hydrophobic forces dominated the overall contribution from
all the energy terms, further explaining the vigorous geomet-
rical conformational requirements desirable for the networks
between these polymer/plasticizer fragments (Figure 12(d)).

In addition, the molecular attributes in terms of surface-
to-volume ratio (SVR) and final density corroborated with
the above findings with HPMC/PVA/GLY having lowest
SVR followed by HPMC/GLY, and HPMC/PVA (Table 9).
The lower the surface-to-volume ratio, the more stable
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Figure 13: Visualization of geometrical preferences of (a) PVA/MUC complex, (b) HPMC/MUC complex, and (c) HPMC/PVA/MUCl
complex aftermolecular simulation.The atoms involved inH-bonding are emphasized by space fillingmodel (dots). Color codes for elements:
C (cyan), O (red), N (blue) and H (white).

the structure. In this study, initial models were developed
employing a derivative approach based on average-density
function of the pure systems. Considering the polymer-
polymer/polymer-plasticizer system, a substantial increase
in the network density was detected as compared to the
average of the component individual molecules, with density
values ranging from 0.4129 through 0.4192 to 0.4452 amu/Å3
for HPMC/PVA, HPMC/GLY and HPMC/PVA/GLY,
respectively. Interestingly, these density increments are in
corroboration with the appearance of specific interchain
networking forming a miscible interphase in between the
three molecules [45]. Thus we conclude that the energy

stabilization, low SVR, and high density lead to highly
efficient plasticization of the HPMC/PVA backing film by
glycerol. The observations so obtained were in accordance
with previously reported results by Sakellariou et al., 1993
where the plasticizer’s efficiency was defined in relation to
the tendency of the polymer-plasticizer set to form polar as
well as hydrogen-bonding interactions [46].

3.13.2. Prediction of Mucoadhesive Potential of the Backing
Layer. The bioadhesive or mucoadhesive potential of the
NFMS was determined by measuring the detailed chemical
interfaces between the individual polymers (HPMC and
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PVA) or polymeric matrix (HPMC/PVA) and the glycosy-
lated oromucopeptide analogue after geometrical optimiza-
tion using energyminimizations. HPMC and PVA are known
to bemucoadhesive polymers andmay impart bioadhesion to
the drug delivery system [47].

As per the energy consideration, a collective phenome-
non comprising van der Waals forces, electrostatic interac-
tions, andH-bonding in the form of nonbonding interactions
was reported ((4), (5), and (10)–(13)). This contributed to a
stress transduction necessitating the establishment of con-
nectivity between chemically conformed regions via inter-
active surface generation. Interestingly, the inherent binding
energies of the polymer matrices with MUC were quite high
ranging from −14.028 through −39.028 to −58.641 kcal/moL
in case of PVA/MUC, HMPC/MUC, and HPMC/PVA/MUC
confirming the significant interactions among the polymer
entities and the oromucopeptide (Figure 13 and Table 9). The
minimized energy increased significantly after introducing
both the polymers together in the MUC-polymer system
leading to a comparatively stabilized conformation. Addi-
tionally, the H-bonds formed between the polymer matrix
and the MUC were increased in case of trimolecular system
(Figure 13). A deeper inspection revealed the existence of
hydrophobic interactions in the form of methyl groups (from
mucopeptide residues) networkingwith oxofunctionalities of
the constituent polymers (Figure 13).

The experimental mucoadhesion studies can be corre-
lated to these in silico findings. As explained earlier in the
paper, the mucoadhesion due to hydrophilic polymers is
usually accompanied by a “region of maximum” where it
is dependent on the concentration of the polymer, such as
HPMC in the present case. The contour plot depicted an
initial increase in mucoadhesion with increase in the amount
of polymers up to the intermediate levels and decreases there-
after. The possible explanation to this is that the HPMC/PVA
backing film may readily absorb water while in contact with
hydrated mucous membrane leading to swelling of the poly-
mer matrix and may progressively become rubbery because
of extensive uncoiling of polymeric chains. Furthermore, this
may result in an increase in the mobility of the polymer
fragments producing a wide-spread adhesive surface which
may thus present with maximum contact area for mucosa to
interact and may additionally provide flexibility to the poly-
mer chains for mucosal interpenetration [48]. On contrary, a
further increase in the amount of these hydrophilic polymers
may render the network structure too dense and less flexible
(due to high glass transition temperature as described in
mucoadhesion section) to hold the tethered mucous chains
thereby decreasing the mucoadhesion [48]. Glycerol may
further enhance the mucoadhesion by providing a stabilized
and flexible system as postulated in the polymer/plasticizer
complexes and also by providing additional hydroxyl bonds
to form H-bonds with the mucopeptide.

4. Conclusions

Mucoadhesive, drug-loaded electrospun fibers were incor-
porated directly onto polymeric backing films of PVA and
HPMC which were successfully prepared and optimized

according to a 3-level 3-factor Box-Behnken experimen-
tal design. The effects of the independent variables on
the dependent response variables were analyzed, and an
optimized formulation was mathematically produced. The
physicochemical and physicomechanical characteristics of
the optimized NFMS were assessed. The FTIR analysis eluci-
dated no significant chemical interactions occurring between
drug, polymer, and excipients during the process of formu-
lation preparation. The complete NFMS exhibited rapid and
optimum disintegration time. Although the disintegration
and drug release of the fiber matrix alone was high enough,
the backing film holds the system in place for an optimum
time length ensuring the retention of released drug at buccal
mucosa until the absorption occurs. The optimized NFMS
thus displayed rapid disintegration and drug release with
good mucoadhesion, oramucosal retention, flexibility and
minimal mucosal irritation due to pH variation. The NFMS
may therefore be deemed suitable for rapid oramucosal
drug delivery. Furthermore, molecular mechanics technique
afforded unique understanding on the miscibility profiling
and mucoadhesive properties of specific polymer/plasticizer
and polymer/mucopeptide complexes, respectively.
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