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ABSTRACT
Purpose To elucidate the mechanisms of construction and per-
formance of a porosity controlled, multi-elemental transbuccal
system employing experimental and computational approaches.
Methods The production of the formulation was guided through
a Box-Benkhen design employing homogenization coupled with
lyophilization. The physicochemical and physicomechanical prop-
erties of the experimental design formulations were quantified
with relevant analytical techniques. The influence of changes in
porosity measures on the magnitude of these physical properties
were explored mathematically. Furthermore, experimental out-
puts from the Box-Behnken design formulations were fitted into
set limits and optimized using the response surface method. The
optimized porosity-controlled formulation was subjected to
mechanistic experimental and computational elucidations.
Results In general, the changes in magnitudes of studied porosity
quantities had significant impact on formulation physicochemical
and physicomechanical properties. The generation of an opti-
mized formulation validated the stability and accuracy of the
Box-Behnken experimental design. Experimental investigations
revealed that the construction of this formulation is as a result of
non-destructive physical interactions amongst its make-up com-
pounds while its mechanism of performance is anchored mainly
upon a gradual collapse of its ordered porous structure.
Furthermore, the molecule mechanics simulations quantitatively
predicted the molecular interactions inherent to multicomponent
matrix formation and the mucoadhesion mechanism.
Conclusions The fabrication and performance mechanisms of
the porosity-controlled transbuccal system was successfully
explored.
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ABBREVIATIONS
ANOVA A one-way analysis of variance
CARB 974 Carbopol 974P NF
C-DSC Cconventional differential scanning

calorimetry
CHTS Chitosan
CPD Cumulative drug permeation
DLE Drug loading efficiency
EMD Ethanol-based multi-elemental

dispersion
ETH 10 Ethylcellulose
EtOH Ethanol
Fdet Peak detachment force
FTIR Fourier Transform Infrared
GEL Gelatin
HEC Hydroxyethylcellulose
Js Drug flux
MDT50% Mean dissolution time for 50%

drug release
MF Matrix firmness
MR Matrix resilience
MS Magnesium stearate
MTH Menthol
PBS Phosphate buffered saline
PCMS Porosity-controlled multi-elemental

system
PS-Na Phenytoin sodium
PVA Polyvinyl alcohol
R2 Correlation coefficient
SEM Scanning electron microscopy
SP 80 Span 80
Tg Glass transition
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þD Average pore diameter
þSA Cumulative pore surface area
þV Cumulative pore volume
Tm Melting temperature
TM-DSC Temperature modulated differential

scanning calorimetry
W0 W1, W2, W3, W4, W5, Weights of dry

mixture before addition of ethanol and
water, homogenous blend, cured blend,
pre-frozen blend post curing, blend after
24 h lyophilization cycle and completely
lyophilized PCMS

WMD Water-based multi-elemental dispersion
X0hr Unhydrated PCMS
X1h, X2h, X4h, X8h Hydrated PCMS at 1, 2, 4 and 8 h

respectively
γ Deformation
ΔCp Reversible heat flow due to changes in

the magnitude of the heat capacity complex
η Mean viscosity
λmax Lambda Max
ωadh Work of adhesion
ЄD Energy of matrix distortion
кp Permeability coefficient

INTRODUCTION

Porosity-controlled delivery systems have found benefi-
cial drug delivery applications as multi-unit matrices
(1,2), biological scaffolds (3–7), xerogels (8), osmotic
pumps (9–12), tablets (13,14), nanoparticles (15,16),
nanotubes (17) implants (18,19), tissue engineering ce-
ments (20), granules (21), pellets (22) and optical devices
(23). Solid materials employed as single entities or com-
binations with either solids or liquids when subjected to
physical processes such as grinding, dry or wet mixing,
crystallization, lyophilization usually resulted in charac-
teristic cracks or hole structures described as pores (24).
A porous structured matrix can be described as a sta-
ble, flexible mono- or multi-component system charac-
terized by distinctive aperture/hole structures or void
spaces and interconnectors which influence their overall
performances (25) while porosity entails the measure-
ment and characterization of void spaces (pore struc-
tures) in a materials (26,27). Pores present within a
matrix possess the capability to contribute to its exhib-
ited physicochemical and physicomechanical properties
and the evaluation of characteristic pore structures of a
material can provide salient information about mecha-
nisms of disintegration, dissolution, adsorption and dif-
fusion of drug molecules (24,26,28).

An exponential increase in the applications of porosity-
controlled systems for modulating chronological or distri-
butional drug release through viable routes of administra-
tion have been observed (25,28,29). They possess outstand-
ing intrinsic characteristics such as stable porous network,
high surface area, flexible pore sizes arranged in various
distribution patterns, well defined surface properties and
their capability to externally and internally interact with
biomolecules or cells which make them useful in the con-
struction of any form of delivery system (25,28,30). These
unique qualities allow them to adsorb and release drug in
a reproducible and predictable manner as well as to load
high drug concentrations relative to pore volume, enhance
mucoadhesion and augment transmucosal permeation and
systemic absorption of biomolecules (25,28). Thus, the con-
figuration and performance of these specialized delivery
systems is based on their characteristic porous structure
which greatly influences their usefulness and remains an
interesting and intellectually challenging subject for system-
atic exploration (29).

This investigation is centered on delineating the mecha-
nisms of formation and performance of a novel porosity-
controlled multi-elemental system (PCMS) fabricated for
transbuccal drug delivery utilizing phenytoin sodium (PS-
Na) as a model drug. A typical porosity-enabled matrix has
been previously employed in loading and controlling the re-
lease of PS-Na via the transbuccal route (25). The transbuccal
route is easily reachable and well vascularized; allows non-
invasive, painless self-administration, controlled absorption
of bioactives and the use of retentive dosage forms; has short
recovery times after formulation application and an expanse
of smooth muscles; easy removal of formulation when
required as well as capable to release drug molecules
into circulation thereby avoiding pre-systemic metabo-
lism (25,30,31). However, to date, no scientific outputs
have reported to elucidate the mechanisms involved in
the formation and performance of this unique formula-
tion. Furthermore, porosity-controlled formulations are
of great value as they have demonstrated highly valu-
able biomedical and pharmaco-therapeutic efficacy as
mentioned earlier. Consequently, a closer look into their
underlying mechanisms explored in this investigation
may provide valuable information for improving and/
or expanding their medical applicability. The PCMS
under study was fabricated and optimized using multi-
ple polymeric and non-polymeric molecules by homog-
enization and lyophilization guided through a high per-
formance Box-Behnken experimental design. The im-
pact of porosity parameters on the magnitude of salient
physical and mechanical textural properties was evaluated
mathematically whereas the mechanisms of construction and
performance were elucidated utilizing experimental and com-
putational modeling approaches.
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MATERIALS AND METHODS

Materials

Phenytoin sodium (PS-Na), potassium dihydrogenphosphate
monobasic buffer salt, phosphoric acid (85%), methanol
(HPLC grade), gelatin (GEL), polyvinyl alcohol (PVA) (molec-
ular weight=72,000), magnesium stearate (MS) were pur-
chased from Sigma Chemical Company (St. Louis, USA).
Chitosan (CHTS) (medium molecular weight, 75–85%
deacetylated) and menthol (MTH) were obtained from
Warren Chem Specialties, Johannesburg, South Africa.
Hydroxyethylcellulose (HHX 250 Pharm) (HEC) was
purchased from Hercules, Aqualon (Germany). Span
80 (SP 80) and 95% ethanol (EtOH) were procured from
Merck Chemicals (Darmstadt, Germany) and Saarchem
(Johannesburg, Gauteng, South Africa) respectively.
Carbopol 974P NF (CARB 974) and Ethylcellulose
(Ethocel® 10) (ETH 10) were acquired from Noveon, Inc,
(Cleveland, Ohio, USA) and Protea Industrial Chemicals
(Pty) Ltd (Wadesville, South Africa) respectively. All other re-
agents utilized were of analytical grade and used as received.

Fabrication of the PCMS Guided
Through a Box-Behnken Statistical Design

Variant PCMS formulations were fabricated utilizing inter-
phase, co-particulate, co-solvent, homogenization, pre-
freezing and lyophilization (25) employing 15 combinations
of independent variables generated using a 2-level, 3 factor
and 3 centre points Box-Behnken quadratic design (Minitab
Statistical Software, Version 16, Minitab Inc., State College,
PA, USA). Three categories of independent variables
highlighted below were employed in fabricating the PCMS:

(i) The water-based multi-elemental dispersion (WMD)
composed of PVA, HEC, CARB 974, GEL and DW

(ii) The ethanol-based multi-elemental dispersion (EMD)
made up of ETH 10, MS, MTH, CHTS and EtOH and

(iii) SP 80.

Tables I and II present the 2 levels of the independent vari-
ables employed and the experimental design template for the 15
experimental runs respectively. The lower and upper limits for
the factors were set based on their ability to form stable PS-Na
loaded PCMS using minimal quantities of each component.

Combinations of solutes according to specifications in
Table II were separately dispersed in water and ethanol to
form the WMD and EMD respectively. Each batch of formu-
lation produced an average of 25 PCMSs and each contained
50 mg PS-Na which was dispersed in the WMD. Specific
quantities of SP 80 were first mixed with WMD and then
the mixture with the EMD (Table II) to form a stable,

continuous-phased blend. Overall, the formation of the ho-
mogenous multi-elemental blend was aided with a laboratory
scale homogenizer (Polytron® 2000, Kinematica AG,
Switzerland) for 10 min and cured in the dark for 30 min.
Each PCMSs was produced by pipetting 1 mL of the blend
into specialized, pre-oiled (using liquid paraffin) polystyrene
moulds (10 mm×10 mm), pre-freezing at −72°C for 24 h and
lyophilizing using a freeze dryer (Bench Top 2 K, Virtis, New
York, USA) set at −55±2°C and 0.42 mBar for 48 h. After
lyophilization, fabricated PCMSs were weighed on a

Table I Independent Variables Employed in the Box-Behnken Design
Template

Independent Levels Units

Variables Low High

WMD 0 2 mg/20, 25,30 mL of water

EMD 3 5 mg/13, 11,7 mL of ethanol

SP 80 0.3 0.7 mL

Table II Box-Behnken Template for the Preparation of the PCMS
Formulations

Formulation Composition

WMD (mg/20,
25,30 mL)

EMD (mg/13,
11,7 mL)

SP 80 (mL)

1 0 5 0.5

2 0 3 0.5

3* 1 4 0.5

4 0 4 0.7

5* 1 4 0.5

6 1 3 0.3

7 1 5 0.7

8 2 3 0.5

9 1 5 0.7

10 2 4 0.3

11* 1 4 0.5

12 2 5 0.5

13 2 4 0.7

14 1 5 0.3

15 0 4 0.3

WMD: 0 - PVA (800 mg)+HEC (350 mg)+GEL (400 mg)+CARB
(100 mg)+DW (30 mL);1 - PVA (550 mg)+HEC (525 mg)+GEL
(350 mg)+CARB (150 mg)+DW (25 mL);2 - PVA (300 mg)+HEC
(700 mg)+GEL (300 mg)+CARB (200 mg)+DW (20 mL). EMD: 3 -
CHTS (550 mg)+MS (350 mg)+MTH (200 mg)+ETH 10 (400 mg)+
EtOH (13 mL); 4 - CHTS (425 mg)+MS (325 mg)+MTH (250 mg)+ETH
10 (500 mg)+EtOH (10 mL); 5 - CHTS (300 mg)+MS (300 mg)+MTH
(300 mg)+ETH 10 (600 mg)+EtOH (7 mL)
* Centre points
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laboratory scale balance (Mettler Toledo, AB104-S, Microsep
Pty Ltd, Switzerland) and stored under controlled humidity in
closed glass jars for further testing.

Measurement of Salient Physicochemical
and Physicomechanical Parameters of the 15
Experimental Design PCMS Formulations

Evaluation of In Vitro Drug Release Performance of the PCMS
Variants

Drug release was evaluated in triplicate by submerging every
formulation into 25 mL simulated saliva with a pH of 6.8 (32)
contained in a closed 50 mL capacity glass jars at 37±0.5°C
and 20 rpm in a shaking incubator (Orbital Shaker Incubator,
LM-530, Lasec Scientific Equipment, Johannesburg, South
Africa). 3 mL samples were manually withdrawn from the
dissolution medium at specific time intervals over 8 h (30,
60, 120, 240, 360, and 480 min) and filtered through a
0.45 μm pore size Cameo Acetate membrane filter
(Millipore Corporation, Bedford, MA, USA). The sink condi-
tions were maintained by replacing withdrawn volume with
freshly prepared simulated saliva at each sampling time. The
amount of PS-Na released was determined utilizing the
Ultraviolet Spectrophotometer (Cecil CE 3021, 3000 Series,
Cecil Instruments, Cambridge, England) at λmax=206 nm. In
some instances, drug release evaluation outputs were comput-
ed as mean dissolution time (MDT50%) which is determined as
the sum of the individual periods of time during which a spe-
cific fraction of the total drug dose (50% was selected in this
case) is released (33,34) (Eq. 1).

MDTx% ¼
Xn

i¼1

ti
Μt

Μ∞
ð1Þ

Where Mt is the fraction of dose released in time ti,ti=(ti+
ti−1)/2 and M∞ corresponds to the loading dose.

Determination of Drug-Loading Efficiency

Drug loading efficiency (DLE) of each PCMS was computed
in triplicate utilizing Eq. 2.

%DLE ¼ Ad

Td
� 100 ð2Þ

Where DLE = drug loading efficiency (% w/w), Ad =
actual amount of drug loaded (mg) and Td = theoretical
amount of drug loaded (mg).

For each assay, 100 mL of simulated saliva was used to
completely dissolve each PCMS with the aid of the Polytron®
2000 laboratory homogenizer (Kinematica AG, Switzerland).

Afterwards, 2 mL sample was manually collected, appropriately
diluted, filtered through a 0.45 μm pore size Cameo Acetate
membrane filter (Millipore Corporation, Bedford, MA, USA)
and analyzed utilizing the Ultraviolet Spectrophotometer (Cecil
CE 3021, 3000 Series, Cecil Instruments, Cambridge, England)
at 206 nm. Generated absorbance values (y) were fitted into the
linear polynomial equation (y=16.516x;R2=0.995) of the PS-Na
calibration curve to generate Ad which was substituted into Eq. 2
to give the %DLE values.

Assessment of Ex Vivo Drug Permeation Properties With Porcine
Buccal Mucosa

Fresh porcine buccal mucosa was harvested from the
cheek region of slaughtered domestic large white pigs from a
regional abattoir (Mintko Meat Packers, Krugersdorp,
Johannesburg, South Africa). Excess surrounding tissues were
surgically dissected from the harvested buccal mucosal speci-
mens to an average thickness was 0.9±0.1 mm measured
using a manually operated vernier caliper (25×0.01 mm ca-
pacity). Subsequently, ready mucosal specimens were snap
frozen in liquid nitrogen and stored at −70°C for up to
2months as reported in previous research outputs (35,36) until
analysis. With each permeation experiment, frozen mucosal
specimens were thawed and re-hydrated to regain elasticity by
immersing them in 100 mL phosphate buffered saline (PBS,
pH 7.4) at 37±0.5°C for 20 min. After re-hydration, mucosal
disks (diameter =1.5±0.1 cm and surface area =2.27±
0.81 cm2) were surgically dissected from the harvested speci-
men and immediately carefully mounted onto the flow
through Franz type diffusion cells (Membrane transport sys-
tems, V3, Permegear, Amie Systems, USA) connected to a
water bath with a circulating heating system (CPE 100,
Labcon, Maraisburg, Gauteng, South Africa) set at 37±
0.5°C. The receiver compartment contained 10mL simulated
plasma of pH 7.4 (36) while the donor compartment
contained a 2 mL solution of the PCMS in simulated saliva.
The content of the receiver was continuously magnetically
stirred to achieve uniform mixing and samples were collected
at preset time intervals over 30, 60, 120, 240, 360, 480 min.
2 mL sample was withdrawn from the receiver compartment
and replaced with the same volume of fresh simulated plasma.
Withdrawn samples were spectrophotometrically assayed for
PS-Na at 206 nm and the cumulative drug permeation (CPD)
was calculated. All assays were carried out in triplicate.

In addition, drug flux ( Js) through the membrane was cal-
culated at the steady state per unit area by linear regression
analysis of permeation data following Eq. 3 while the perme-
ability coefficient (кp) was computed using Eq. 4 (36,37).

Js ¼
Qr

A � t
ð3Þ
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Where Js is the drug flux (mg cm−2 min−1), Q r is the quan-
tity of PS-Na that diffused through the porcine buccal mucosa
into the receptor compartment (mg), A is the active cross-
sectional area accessible for diffusion (cm2) and t is the time
of exposure in minutes.

κp ¼ Js
Cd

ð4Þ

Where Js is the flux calculated at steady state (Eq. 3), Cd is
the drug concentration in the donor compartment (mg cm−3).

Measurement of Ex Vivo Mucoadhesivity Using Porcine Buccal
Mucosa as a Model

The ex vivomucoadhesive strength of the PCMSwas evaluated
in triplicate using a calibrated Texture Analyzer (TA.XTplus,
Stablemicro Systems, Surrey, England) fitted with a 10 mm
diameter cylindrical stainless steel probe. Freshly isolated por-
cine buccal mucosa (diameter=1.5±0.1 cm and surface ar-
ea=2.27±0.81 cm2) was affixed unto the cylindrical probe
whilst the PCMS was placed on the stage of the machine.
Both surfaces were well aligned to ensure that they came into
contact during measurements. Measurement settings were:
contact force (0.1 g), pre-test speed (2 mm/s), test speed
(0.5 mm/s), post-test speed (10 mm/s), applied force (1 N),
return distance (8 mm), contact time (10 s), trigger type
(auto) and trigger force (0.049 N). For each PCMS variant
assessed, the surface of the mucosa was hydrated uniformly
by soaking it in 2 mL simulated saliva placed in a glass petri
dish for 5 min. Thereafter, the mucosa was lowered towards
the stage to make contact with the PCMS. Mucoadhesive
capacity quantified as peak detachment force (Fdet) and work
of adhesion (ωadh) were calculated from the generated force-
distance graphical outputs as the maximum force needed to
separate the PCMS from the tissue and the area under the
force-distance curve, respectively.

Quantitative Determination of Porosimetric Parameters

The average pore diameter (þD), cumulative pore volume (þV)
and cumulative pore surface area (þSA) were quantified in trip-
licate using the surface area and porosity analyzer equipped
with the ASAP 2020 V3.01 software (Micromeritics, ASAP
2020, Norcross, GA, USA). The Barrett, Joyner and Halenda
(BJH) method which is based on the Kelvin equation (Eq. 5)
was employed for these computations (24).

ln
P
P0

¼ 2γγcosθ
RTrm

ð5Þ

Where P = the critical condensation pressure, γ = liquid
surface tension, v = molar volume of the condensed

adsorptive, θ = contact angle between the solid and con-
densed phase (taken to be zero when adsorptive gas is ni-
trogen, hence cos θ = 1), rm = mean radius of curvature
of the liquid meniscus, P/P0 = relative pressure, R = universal
gas constant and T = absolute temperature.

This investigation was conducted in the degassing
and analysis stages using a dry sample weight of 130±
10 mg for all 15 formulations. Samples were degassed
to remove air, gases and other adsorbed atmospheric
vapor and species from the sample surface. The operat-
ing settings were temperature ramp rate (10°C/min),
target temperature (30°C), evacuation rate (50 mmHg/s),
unrestricted evacuation (30 mmHg), vacuum set point
(500 μmHg), evacuation time (60 min), heating hold
temperature (35°C), hold time (900 min), evacuation
and heating hold pressure (100 mmHg) and analysis time
(400 min).

Rheological Investigations of the Homogenous Blends

The rheological characteristics in terms of mean viscosity (η)
and deformation (γ) of the un-lyophilized homogenous blends
used in preparing the PCMS and their overall influence on the
matrix integrity were investigated in triplicate utilizing a
Modular Advanced Rheometer System equipped with the
Haake Rheowin software (ThermoHaake MARS, Thermo
Fischer Scientific, Karlsuhe, Germany). The rheometer stage
was filled with 1 mL of homogenous blend for each formula-
tion. The rotor C35/1° Titan sensor type was employed and
measurement was conducted at an operational temperature of
25°C, analytical contact time of 180 s, controlled rate ranging
from 0 to 5 s−1 and constant shear rate of 0 to 500 s−1. Mean
viscosity (η) and deformation (γ) values were computed at an
average, constant shear rate of 250 s−1.

Measurement of the Physicomechanical Strength of the PCMS
Variants

The physicomechanical characteristics of the PCMS vari-
ants were quantified as matrix resilience (MR), energy of
matrix distortion (ЄD) and matrix firmness (MF). These
parameters were chosen for this evaluation because they
have been reported to noticeably influence formulation
integrity, extent of polymeric chain entanglement and dis-
entanglement as well as drug release trends (25,38). A
calibrated TA.XTplus Texture Analyzer (load cell=5 kg
trigger and force=0.5 N) fitted with a cylindrical steel
probe (50 mm diameter) was employed for the determina-
tion of MR (compression strain=50%) while the ЄD and
MF (compression force=40 N) were measured using a flat-
tipped steel probe (2 mm diameter). All measurements
were performed in triplicate at a pre-test, test and post-
test speed of 1 mm/s, 0.5 mm/s and 10 mm/s
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respectively. ЄD ( J) and MF (N/mm) were computed
employing generated force-distance profile as the area un-
der the curve (AUC) and gradient between the initial and
maximum force attained respectively. On the other hand,
MR (%) was calculated as a ratio between the two AUCs
from the force-time graph.

Evaluation of the Impact of Porosity Regulation on Relevant
Physical Quantities Using a Mathematical Approach

The influences of porosity parametrical changes on the mag-
nitude of specific quantifiable physical properties which are
paramount to the performance of the PCMS were evaluated.
In this regard, þD and þSA were selected as measures of
porosity and the physical quantities selected were
MDT50%, DLE, Fdet and CPD, η and MR. A polynomial
mathematical expression was employed to visualize the
existing relationships by assessing the linearity/non-
linearity of graphical outputs which were validated with
the correlation coefficient, R2. The Sigma Plot, Version
11 software (Systat Software Inc. California, USA) was
employed for this purpose.

Optimization of Experimental Design PCMS Formulations

Experimental outputs from the Box-Behnken template were
fitted within set limits for predicting the optimal PCMS for-
mulation. Optimization was simultaneously approached using
a Response Surface Optimizer (Minitab software, Version 16,
USA) to set constraints to obtain levels of independent vari-
ables that will concurrently manipulate relevant response pa-
rameters to yield the desired statistically optimal levels. On
this basis, a target level was set for the MDT50% while the
DLE, Fdet and CPD were maximized with respect to the ex-
pected optimal behaviour. A desirability function of 0.96
which is indicative of the accuracy and efficiency of the statis-
tical optimizer was obtained. A one-way analysis of variance
(ANOVA) was applied to estimate the significance and reli-
ability of the statistical model. The model-dependent terms
employed in this study included p-values set at 95% confi-
dence level (p≤0.05) and correlation coefficient (R2>0.90)
(Table III).

An Experimental Approach to Elucidating
the Mechanisms of Configuration and Function
of the Optimized PCMS

Assessment of Possible Structural Transitions During PCMS
Preparation

The Fourier Transform Infrared (FTIR) spectra for the un-
lyophilized optimized homogenous blend and lyophilized
PCMS were recorded on the Perkin Elmer 100 Series FTIR
Spectrophotometer (Beaconsfield, UK) equipped with the
Spectrum V 6.2.0 software. 10 mg sample was placed on the
sample holder situated on the machine stage. The instrument
stage was cleaned with methanol before each sample (10 mg)
was placed upon it for analysis. Blank background scans were
taken before sample analysis which was performed at
wavenumbers ranging from 4000 to 600 cm−1, scan time=
32 scans and resolution of 4 cm−1. All recorded output scans
were computed as an average of five repeated scans.

Determination of Thermal Behavior Using Differential Scanning
Calorimetry

The thermal properties of the optimized un-lyophilized
blend, lyophilized PCMS and each additive employed in
its fabrication were analyzed using the conventional differ-
ential scanning calorimetry (C-DSC). Thereafter, tempera-
ture modulated differential scanning calorimetry (TM-
DSC) was applied to the un-lyophilized blend and lyoph-
ilized PCMS to visualize important hidden transitions. All
DSC curves were recorded on a DSC1, STARe System
equipped with computational software for analysis (Mettler
Toledo, Switzerland). Respective samples (5 mg) were
placed in crimped aluminium pans. For the C-DSC de-
terminations, the un-lyophilized blend was heated within
the range of −35 to 500°C while the constituting com-
pounds and lyophilized PCMS were heated from −35 to
350°C at a rate of 10°C/min under inert nitrogen as a
purging gas. TM-DSC measurements were conducted
using heating rate of 1°C/min for a period of 60 s, mod-
ulation amplitude of 0.8°C, loop increment and segment
of 0.8 and 1 respectively and an automatically computed
count of 212 over a selected temperature ranges. The

Table III Numerical Values and
Levels of Statistical Significance of the
Response Parameters Employing
ANOVA

Parameters Statistical goal Lower limit Upper limit p-values R2 Optimization goal

MDT50% (minutes) Target 80.000 100.000 0.031 0.907 90.000

DLE (%) Maximum 90.000 100.000 0.013 0.948 100.000

Fdet (N) Maximum 1.100 1.200 0.048 0.905 1.200

CPD (%) Maximum 80.000 90.000 0.011 0.991 90.000
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curves generated were smoothed at an order of 1 to 200
points and all experiments were carried out in triplicate.
The temperature ranges employed for the respective sam-
ples are: un-lyophilized homogenous blend: −35–55°C,
60–140°C, 145–300°C and 305–450°C; lyophilized
PCMS: 0–120°C, 150–260°C. These temperature ranges
were selected as these were the segments within which
salient thermal activities had occurred.

Evaluation of Changes in Sample Weight
Before and After Lyophilization

Samples were weighed at different phases in the preparation
of the PCMS. This included dry mixture before addition of
ethanol and water for homogenization (W0), homogenous
blend (W1), cured blend (W2), pre-frozen blend post curing
(W3), blend after 24 h lyophilization cycle (W4) and completely
lyophilized PCMS (W5). All measurements were done in trip-
licate employing a laboratory weighing balance (Mettler
Toledo, AB104-S, Microsep Pty Ltd, Switzerland).

Evaluation of Changes in Physicomechanical Texture

Textural analysis was used to quantify the variations in
physicomechanical strength of measurable samples which
were a mixture of the unhydrated ingredients, WMD,
EMD, un-lyophilized homogenous blend before and after
curing and the lyophilized PCMS. The values obtained from
these samples were compared to dry mixture of the constitut-
ing compounds. For easy and relatively accurate measure-
ment, this dry mixture was placed in a plastic tub and subject-
ed to physicomechanical testing. The parameters measured
were MF and ЄD. Other experimental stipulations undertaken
were the same as those described earlier within the
manuscript.

Mechanism of Performance

In an attempt to visualize and elucidate the possible mecha-
nisms guiding the action of the PSCM, formulations were
separately placed into 25 mL of simulated saliva contained
in closed 100 mL capacity glass jars maintained at 37±
0.5°C and 20 rpm in a shaking incubator (Orbital Shaker
Incubator, LM-530, Lasec Scienti f ic Equipment,
Johannesburg, South Africa). At specified time intervals (1,
2, 4, 8 h), remnants of dissolved PCMS were removed, dried
at 35±0.5°C (Memmert 854, Schwabach,Western Germany)
to a constant weight, analysed and compared with the
unhydrated PCMS formulation. Each tested sample were rep-
resented as X0h – unhydrated PCMS, X1h – hydrated PCMS
at 1 h, X2h – hydrated PCMS at 2 h, X4h – hydrated PCMS at
4 h and X8h – hydrated PCMS at 8 h. These samples were
analysed in triplicate employing the following techniques:

Infrared Spectrophotometry

About 10 mg sample (X0h X1h X2h X4h X8h) size was analysed
with the Perkin Elmer FTIR Spectrophotometer following the
procedure described earlier.

Scanning Electron Microscopy

The changes in the porous surface architecture of both hy-
drated and unhydrated PCMS samples (X0h X1h X2h X4h

X8h) were viewed and characterized employing scanning elec-
tron microscopy (SEM). Samples (2 mm diameter×2 mm
thickness) were sputter-coated with gold-palladium and
viewed six times from different angles under a JSM-840
Scanning Electron Microscope (JEOL 840, Tokyo, Japan) at
a voltage of 20 keV and a magnification of 1000×.

Gravimetric Analysis

In vitro matrix erosion patterns were assessed by separately
weighing (Mettler Toledo, AB104-S, Microsep Pty Ltd,
Switzerland) each experimental sample (X0h X1h X2h X4h

X8h). All determinations were done in triplicate and Eq. 6
was employed to determine the fractional mass loss in w/w.

FractionalMassLoss ¼ OriginalMass−Residual dryð ÞMass
OriginalMass

ð6Þ

Analysis of Changes in Physicomechanical Texture

Changes in matrix physicomechanical textural strength were
measured in terms of matrix firmness (MF) and energy of
matrix distortion (ЄD) using textural profiling analysis. The
methodology for measuring physicomechanical strength men-
tioned earlier was utilized.

Prediction of the underlying mechanisms of configu-
ration and performance of the PCMS by computational
modeling

The overall performance of the PCMS formulation is
dependent on complex mechanisms of configuration and
performance of its three-dimensional porous structure.
Consequently, chemometric and structural computation-
al modeling methods were employed to evaluate and
predict these underlying mechanisms as well as substan-
tiate the experimental outputs. In addition, semi-
empirical quantum mechanics were employed to gener-
ate molecular interactions and computational energy
paradigms of the PCMS components based on inherent
interfacial homogenization and lyophilization phenome-
na underlying the mechanisms of configuration and per-
formance as provided by the multi-elemental blend and
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solid state PCMS.Models and graphics supported on the step-
wise mechanistic molecular transitions were generated in our
laboratory using the ACD/I-Lab, V5.11 (Add-on) software
(Advanced Chemistry Development Inc., Toronto, Canada,
2000).

All modeling procedures and computations, including
energy minimizations in Molecular Mechanics, were per-
formed using HyperChem™ 8.0.8 Molecular Modeling
Software (Hypercube Inc., Gainesville, FL, USA) and
ChemBio3D Ultra 11.0 (CambridgeSoft Corporation,
Cambridge, UK). The 3D structures of polyvinyl alcohol
(PVA) and Carbopol 974P NF (polyacrylic acid; PAA)
were archetyped using ChemBio3D Ultra in their
syndiotactic stereochemistry as 3D models, whereas the
structures of ethylcellulose (EC), Hydroxyethylcellulose
(HEC) and chitosan (CHT) were built from standard bond
lengths and angles using the Sugar Builder Module on
HyperChem 8.0.8. The structures gelatin (GEL; Glycine-
Proline-Hydroxyroline) and glycosylated mucopeptide ana-
logue (MUC) mucin was generated using the sequence
editor module on HyperChem 8.0.8. The glycosylation
was performed at the threonine amino acid residues.
The models were primarily energy-minimized using the
MM+ Force Field algorithm and the resulting structures
were once again energy-minimized using the AMBER 3
(Assisted Model Building and Energy Refinements) Force
Field algorithm. The conformer having the lowest energy
was used to develop the polymer-polymer and polymer-
mucin complexes. A complex of one polymer molecule
with another was assembled by parallel disposition and
the energy-minimization was repeated to generate the final
models: EMD (CHT-EC), WMD (PAA-PVA-HEC-GEL),
EMD-WMD, and EMD-WMD/MUC. Full geometrical
optimization was conducted in vacuum employing the
Polak–Ribiere Conjugate Gradient method until an RMS
gradient of 0.001 kcal/mol was reached [39].

RESULTS AND DISCUSSION

Quantification of Relevant Physicochemical
and Physicomechanical Properties of the Experimental
Design PCMS Formulations

Overall the 15 formulations were hemispherical in geometry
with weights ranging between 133.95 mg and 178.75 mg
(Table IV) with a diameter and breadth of 8 mm and 4 mm
respectively. Each experimental design PCMS formulation
exhibited diverse drug release behaviours attributable to the
differences in their composition, variations in porous struc-
tures, degrees of homogenization and lyophilization. Drug
release behaviour was quantified employing the MDT50%

values (Eq. 1, Table IV) which were categorized as low
(MDT50%<110.00 min) and high (MDT50%>110.00 min)
which represented rapid and prolonged drug release trends
respectively for these formulations. The quantity of co-
particles contained in each formulation had considerable mul-
tifaceted effects on the drug release pattern. Generally, formu-
lations that comprised of higher levels of hydrophobic solutes
than the hydrophilic components displayed more controlled
release patterns (MDT50%>110.00 min) while those with
higher concentration of the hydrophilic components relative
to the hydrophobic solutes showed less controlled drug release
behaviours (MDT50%<110.00 min). Also, the volume ratio of
the pore formers, DW and EtOH, can be included as one of
the factors which impacted the differences in the MDT50%

values because of the differences in their boiling points
(EtOH=78.30°C and DW=100.00°C) and densities
(EtOH=0.70 g/mL and DW=1.00 g/mL) which can influ-
ence the processes of pre-freezing and sublimation. Therefore,
EtOH with lower boiling point and density can solidify and
sublime quicker than DW thereby allowing the formation of a
more open porous structure while DW on the other hand can
congeal and sublime at slower rate resulting in the formation
of closer knitted porous configuration.

On the whole, the differences in the pore-forming capaci-
ties of DW and EtOH can influence processes of matrix hy-
dration and drug release for each formulation. Effective drug
loading ranging between 53.14% and 99.10% was achieved.
No particularly unique trend was noticed amongst the formula-
tions but the concentration of PVA appeared to distinctly impact
drug loading capacities as formulation 4 (800mg PVA) displayed
a higher DLE value (99.10%) than formulation 13 (300 mg
PVA) with DLE of 53.14%.Obtained%DLE values are present-
ed in Table IV. The PCMSs initiated and sustained the perme-
ation of the PS-Namolecules through the porcine buccalmucosa
at different levels as indicated by the values of the CPD, Js and кp
(Table IV). The different concentrations of permeation en-
hancers (SP 80, CHTS, MTH) employed in the fabrication of
the PCMS displayed extensive synergistic and efficient perme-
ation effects at mid to low factor levels (Table I and II) while at
higher factor levels (Tables I and II), permeation impacts were
lower based on measured CPD values (Table IV). Js, a measure
of rate of drug penetration over themucosa surface area, differed
for the formulations. In other word, drug flux determines that
quantity of drug molecules that permeated through the sample
tissue. кp, a measure of the distance traveled by the drug mole-
cules per minute also varied slightly for each formulation
(Table IV). The minimal differences observed with the values
obtained for each formulation can indicate that the tissue perme-
ation velocity is dependent on the concentration of drug
contained in the donor compartment, the composition of each
PCMS as well as the drug flux. The measures of matrix porosity,
þD, þV and þSA, yielded values of 40–100 Å, 6.5×10−4–5×
10−3 cm3/g and 28–800 cm2/g respectively (Tables IV and V).
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These numerical measures show that the overall performance of
the PCMSs is subject to their pore structure, diameter and dis-
tribution which also signify the integrity and configuration of the
interconnectors as well as the surface area of the porous
formulation.

Based on the values of þD, all 15 PCMS formulation can be
described as mesoporous in nature (24). The PCMSs

demonstrated quantifiable capabilities to adhere to a typical
buccal mucosal tissue based on the varying magnitudes of Fdet
(0.964–1.042 N) and ωadh (0.0014–0.0028 J) (Table V). No
specific mucoadhesive trend was observed indicating that the
mucoadhesive agents, gelatin and carbopol 974 employed
during formulation preparation reinforced each other in
influencing the overall mucoadhesive potency which explains

Tables V Values of Measured Physicochemical and Physicomechanical Parameters for the Experimental Design PCMS Formulations

PCMS þV (cm
3/g) Fdet (N) ωadh (J)×10−3 η(Pa.s)×104 γ×104 MR (%) ∈D (J) MF (N/mm)

1 0.001 0.964 1.673 7.893 1.488 2.975 0.052 4.430

2 0.004 1.011 2.821 86.580 1.514 2.230 0.033 5.214

3 0.007 1.010 2.363 52.710 1.509 2.080 0.014 5.449

4 0.008 1.020 1.873 8.540 1.487 2.221 0.049 5.168

5 0.007 1.014 1.765 51.990 1.514 2.065 0.018 5.518

6 0.004 1.025 1.634 14.840 1.516 2.195 0.053 4.991

7 0.005 1.022 1.489 22.600 1.492 2.288 0.058 4.904

8 0.006 1.012 2.807 12.570 1.499 2.101 0.034 4.671

9 0.006 1.023 1.833 10.120 1.501 1.590 0.052 3.404

10 0.005 1.042 2.202 35.170 1.502 2.067 0.034 4.889

11 0.007 1.013 1.836 54.810 1.507 2.069 0.015 5.550

12 0.004 1.008 1.743 11.850 1.508 2.142 0.042 5.006

13 0.005 1.014 2.022 26.760 1.488 2.253 0.035 4.824

14 0.007 1.023 1.436 55.080 1.488 1.024 0.046 4.082

15 0.010 1.013 2.224 51.150 1.510 1.922 0.023 4.998

Standard deviations (SD) : Fdet; SD≤0.025 N, ωadh; SD≤2.830×10−4 J, η; SD≤0.002×104 Pa.s, γ; SD≤0.041, MR; SD≤0.407%, ∈D; SD≤0.015 J, MF;
SD≤0.566 N, þV; SD≤7.7400×10−4 cm3 /g in all cases (N=3)

Table IV Values of Measured Physicochemical and Physicomechanical Parameters for the Experimental Design PCMS Formulations

PCMS Weight (mg) MDT50% (min) DLE (%) CPD (%) Js (mgcm−2 min−1)×10−4 κp (mgcm
−3)×10−4 þD (Å) þSA (cm

2/g)

1 124.701 104.000 58.601 65.633 34.451 12.051 44.141 28.380

2 128.351 85.000 80.544 78.271 48.940 14.922 71.566 245.740

3 128.754 98.000 95.142 74.871 50.571 14.291 92.407 395.150

4 121.953 105.000 99.100 39.065 26.950 7.170 45.279 714.654

5 130.004 104.500 94.647 75.192 60.310 13.801 85.123 445.475

6 126.203 220.000 99.023 44.941 40.841 8.254 79.462 213.330

7 133.754 225.000 97.543 25.021 24.640 4.590 67.778 315.540

8 129.102 88.500 66.830 70.463 36.571 12.932 62.777 396.595

9 123.254 15.000 83.270 64.933 38.991 11.921 64.694 346.470

10 129.703 185.000 79.282 26.711 16.452 4.902 74.419 244.680

11 127.252 100.000 94.851 79.440 58.491 14.584 89.822 421.795

12 132.854 210.000 98.643 55.470 39.453 10.181 70.784 236.605

13 126.755 90.000 53.140 62.513 25.790 11.471 73.814 220.150

14 132.408 161.000 81.380 76.020 57.161 14.691 48.402 590.485

15 131.607 22.500 79.181 82.211 40.751 16.381 50.413 758.245

Standard deviations (SD): Weight; SD≤1.8000 mg, MDT50%; SD≤5.0800 min, DLE; SD≤3.7700%, CPD; SD≤1.4100%, Js; SD≤1.9900×10−4

mgcm−2 min−1 , κp; SD≤1.020×10−4 cmmin−1 , þD; SD≤5.000 Å, þSA; SD≤20.970 cm2/g in all cases (N=3)
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why all 15 formulations demonstrated a level of mucoadhesive
competencies. With reference to this investigation, viscosity
can be described as quantifying the resistance of the respective
homogenous blend to flow with the application of an external
compressive force. Generally, the behaviour of these blends
was non-Newtonian because their viscosities were dependent
upon shear conditions. Computed η values differed amongst
formulations but ranged from 0.7893×104 to 8.6580×
104 Pa.s) (Table V). Relating the variations in values of viscos-
ity to measures of porosity per formulation as described earli-
er, it can be inferred that the degree of blend viscosity has an
effect on the process of pre-freezing and sublimation during
lyophilization which eventually impacts the nature of the final
porous structure. Rheological deformation (γ) on the other
hand describes magnitude of change in internal structure of
the homogenous blend due to an applied compressive external
force and this was relatively consistent for all 15 blends
(1.4880×104 and 1.5140×104) (Table V). This outcome sig-
nifies that the blends are robust and stable which can indicate
the absence of irreversible, destructive chemical interactions
amongst chemical components during formulation fabrica-
tion. The physicomechanical parameters MR, ЄD and MF

(Table V), are measures of matrix integrity and strength.
Specific to this set of formulations, a direct relationship was
observed to exist between the values of MR and MF while ЄD

showed an indirect correlation. It was noticed that the pres-
ence of higher levels of PVA, MS and ETH 10 (matrix stiff-
eners) produced formulations with elevated MR and MF and
reduced ЄD relative to others containing lower levels of the
matrix stiffeners. The enlisted numerical magnitudes of these
parameters suggest that the PCMSs have relatively low elas-
ticity and resistance to mechanical strain which may be asso-
ciated with their porous nature.

Construction and Testing of the Optimized PCMS

An optimized PCMS formulation that weighed 175.49±
3.98 mg was developed based on the statistical procedure de-
scribed earlier (Table VI). Statistical analysis further confirmed
the impact of formulation variables on measured response pa-
rameters (MDT50%, DLE, Fdet and CPD). Experimental and

statistically fitted outputs were well correlated depicting the suit-
ability and stability of the quadratic design (Table VII).

Determination of the Relationship
Between the Porosimetric Parameters and Measured
Physical Quantities Using the Experimental Design
PCMS Formulations

Generally, the direct and indirect mathematical linear fitting
approach employed revealed the nature of relationship be-
tween selected measures of porosity (þD and þSA) and the
selected physicochemical and physicomechanical parameters.
Figures 2(a–f) and 3(a–f) illustrate the graphical representa-
tions of the outcomes of this set of computations while the
correlation coefficient (R2) values specified the type of rela-
tionship which exists between each set of compared parame-
ter. In this regard, R2<0.5 indicate an indirect/inverse corre-
lation while R2>0.5 signify a direct/dependent relationship.
Overall, þD and þSA influenced the magnitude of the investi-
gated response parameters either directly or indirectly. A di-
rect relationship was observed between þD and MDT50%

(R2=0.861), CPD (R2=0.915), Fdet (R
2=0.605),%DLE (R2=

0.922) and η (R2=0.827) while a reverse trend was observed
with MR (R2=−0.692) (Fig. 1). This indicates that with the
PCMS formulations having relatively larger pore sizes en-
hances transbuccal permeation of drug molecules,
mucoadhesion and drug loading while a more viscous homog-
enous blend employed in their preparation produces formu-
lations with appropriately larger pores. With drug release, it is
observed that an increase in þD results in an increase in the
mean dissolution time which is indicative of prolonged drug
release. This shows that the pores present within the PCMS
possess unique capabilities of modulating the release of PS-Na
molecules. An increase or decrease in þD was noticed to
reduce or elevate the magnitude of MR respectively.
This behaviour can be associated with the presence of
more or less air pockets within the system resulting in a
reduction or increase in internal elasticity on the appli-
cation of an external force.

The þSA had a direct relationship with the CPD (R2=
0.716) and Fdet (R

2=0.699) while an inverse association was
observed with MDT50% (R2=−0.511),%DLE (R2=−0.541),

Table VI Levels of Formulation Variables Utilized for the Fabrication of the
Optimized PCMS

Composition Optimized Level

WMD 0.00 mg/30 mL of water

EMD 4.50 mg/9 mL of ethanol

SP 80 0.50 mL

WMD: 0 - PVA (800 mg)+HEC (350 mg)+GEL (400 mg)+CARB974
(100 mg)+DW (30 mL); EMD: 4.5 - CHTS (362.5 mg)+MS
(312.5 mg)+MTH (275 mg)+ETH 10 (550 mg)+EtOH (9 mL)

Table VII Comparison of the Fitted and Experimental Values of the Re-
sponse Parameters

Response parameters Fitted response Experimental response

MDT50% (minutes) 90.00 94.10±2.90

DLE (%) 100.00 99.72±3.56

Fdet (N) 1.20 1.18±0.05

CPD (%) 90.00 85.68±3.33
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MR (R2=−0.794) and η (R2=−0.498) (Fig. 2). The total for-
mulation area which is occupied by pores is measured by the
þSA. Therefore, an increase in the magnitude of þSA directly
amplifies the degree of drug permeation andmucoadhesion to
themucosal site. On the contrary, a decline or elevation in þSA
can result in a respective increase or decrease in MDT50%,
%DLE, MR and η. Focusing on drug release measured with
the MDT50%, it can be proposed that the release of drug
molecules from the PCMS is not solely dependent on the þD

but also on the þSA. This explains why the trend observed for
the comparison of þSA with the mean dissolution is opposite to
the observed pattern for the þD. Thus, a higher surface area of
pore structures will result in lower MDT50% indicative of rap-
id drug release and vice versa. Furthermore,%DLE appears to
be more influenced by diameter of the pores than their surface
area while with MR, the impacts of both þD and þSA are
similar. In addition, the viscosity of the blend seems to impact
þSA more than the þD such that a decrease in blend thickness

Fig. 1 Graphical representation showing direct and indirect linear mathematical relationships between þD and (a) MDT50%, (b) CPD, (c) Fdet, (d)%DLE, (e) MR

and (f ) η.
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generates a more porous formulation than its more viscous
counterpart.

Experimental Techniques for the Explication
of Fundamental Mechanisms of Formation and Action
Utilizing the Optimized PCMS

Mechanism of Formation

Examination of Probable Shifts in Frequency Bands of Pertinent
Functional Moieties. Distinctive vibrational frequencies of

unique functional moieties of the pure polymeric, non-
polymeric compounds and PS-Na were identified from gen-
erated FTIR spectra. Considered bands are enlisted in Fig. 3c
(40–42). Subsequently, possible changes in band frequencies
of these salient structural measures were compared between
the FTIR spectra of the un-lyophilized blend and lyophilized
PCMS (Figs. 3a and b with reference to that measured for the
individual pure constituents (Fig. 3c). These spectra showed
that both matrices are composed of multiple molecules as
common bands overlapped while some shifted in terms of
their frequencies and transmittance intensities. The spectra

Fig. 2 Graphical representation showing the positive and negative linear mathematical relationships between þSA and (a) MDT50%, (b) CPD, (c) Fdet, (d)%DLE,
(e) MR and (f ) η.
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of the un-lyophilized blend (Fig. 3a) displayed a broad band at
3272 cm−1 attributable to the overlap of OH and NH2/NH
orC-OH stretching vibrations present in all components and/
or the influence of multiple intra- and intermolecular hydro-
gen bonds due to the introduction of the EtOH and DW for
the dispersions of the solutes. This can also be as a result of
hydration of the component compounds or hydrolysis of the
C-O−Na+ bond from PS-Na. The bands at 2981–2920 cm−1

could be related to C-H stretching from the methylene
(−CH2-) or ethoxide (−O-C2H5) functional groups and C-H
stretching/bending of alkyl groups respectively. The peak at
2158 cm−1 can be an extension of the effects of the C-H and
O-C2H5 vibrations which was influenced by the introduction
of EtOH and DW. The peaks recorded at 1641–1413 cm−1

are characteristic of overlapping vibrations from C-OH and
N-H bending; NH2 and NH3

+ deformations; C=O, C-N,
C=C, C-O-C, COO− and O−Na+ stretches as well as weak
phenyl C=C overtones from the different compounds.
Furthermore, the bands recorded at 1084–1044 cm−1 are
notable for interactions of C-O, C-N, C-OH (acyclic), C-
OH and C-O-C (linear) stretching vibrations as well as C-H
(out-of-plane) deformations. Finally, the band recorded at

877 cm−1 could be associated with non-destructive, reversible,
physical perturbations of the structural backbones of some
components due to solvation with functional group vibrations
such as N-H and C-OHdeformation, O-C=O andN-C =O
bending occurring (38–41).

Several peaks were observed with the spectra generated for
the lyophilized PCMS due to the contributive influences of its
components. Notable peaks were at 3510–3232 cm−1 associ-
ated with OH, NH and NH2 stretches; 3064–2854 cm−1 at-
tributable to interactive C-H (cyclic or linear), intramolecular
hydrogen bonded NH2 and OH stretch, O-C2H5 bending;
2155 cm−1 due to weak C-H combinatorial overtones within
the benzene ring; 1780–1724 cm−1 due to C = O, C = C
stretching, −NH3

+ and NH2 deformations, N-H bending vi-
brations; 1557–1445 cm−1 consequent to COO−, C-O-C (lin-
ear/acyclic), C-N stretching, C-OH in-plane bend, C-O− and
CH deformation; 1291–1082 cm−1 resulting from C-OH
(acyclic and cyclic), C-O-C (acyclic), C-N stretching; 915–
677 cm−1 associated with C-OH, NH deformations, O-C =
O, N-C = O and C-OH (out-of plane) bending (38–41).
Furthermore, the absence of the conspicuous broad band ob-
served for the un-lyophilized blend (Fig. 3a) between

Fig. 3 A presentation of the (a) optimized, un-lyophilized homogenous blend FTIR spectra, (b) optimized, lyophilized PCMS FTIR spectra and (c) vibrational
frequencies of functional moieties of the pure individual compounds constituting the PCMS.

2396 Adeleke et al.



3200 cm−1 and 3600 cm−1 reflects the absence of OH and
NH2 from the presence of water molecules due to
lyophilization.

The spectral patterns the blend and PCMS highlight that
structural transitions were physical in nature and that the shifts
recorded for characteristic peaks were due to the reversible
interactions among the constituting compounds. Also, forma-
tion of reversible, non-destructive hydrogen bonds during
the solute dispersion process with EtOH/DW combina-
tion can influence the shifts in measured peak frequencies.
Furthermore, the process of lyophilization may have initiated
physical interactive intra- and intermolecular forces such as
the van derWaals, electrostatic, ionic which may also instigate
observed frequency shifts. Overall, the processes of homoge-
nization, pre-freezing and lyophilization employed in the fab-
rication of the PCMS formulation did not irreversibly distort
the chemical structure of the constituting compounds. In other
words, each constituting compounds retained their original
physical qualities during the construction of the PCMS.

Changes in Thermal Quantities Due to the Application of Heat
Energy. The thermal transitions which occurred within the
blend and PCMS lattices were measured in terms of the glass
transition (Tg), the reversible heat flow due to changes in the
magnitude of the heat capacity complex (Cp-complex) (ΔCp)
and melting (Tm) which is related to irreversible heat flow
corresponding to total readings. The Tg and Tm of each ex-
cipient and PS-Na were separately determined utilizing C-
DSC to enhance logical comparative examination. Tg values
in°C were 55.08, 44.11, 60.99, 48.56, 80.04, 60.01, 67.96,
101.02, 87.97, 85.99 while Tm in°C were 222.54, 212.89,
228.87, 210.12, 202.12, 260.33, 218.47, 228.68, 234.55,
200.05 for CHT, MTH, GEL, PVA, MS, SP 80, CARB
974, ETH 10, HEC, PS-Na respectively. TM-DSC revealed
and distinguished important hidden and overlapping thermal
events not identified with C-DSC. Figure 4 shows typical C-
DSC and TM-DSC profiles for the blend and PCMS respec-
tively displaying multi-transitional thermal behaviours as sev-
eral Tg (endothermic) and Tm (exothermic) peaks were re-
corded (Table VIII) indicating the presence of multiple com-
pounds within the matrix and the absence of any irreversible
chemical transformations during PCMS preparation. However,
a comparison of Tg and Tm values for each compound men-
tioned earlier with that of the blend and/or PCMS revealed that
the combination of the compounds and the inclusion of DW and
EtOH resulted in shifts in the Tg and Tm (Table VIII). This can
be attributed to the fact that the presence of multiple compounds
and additionally water/ethanol within the PCMS and blend
matrices respectively influenced the physical processes governing
non-destructive structural mobility related to changes in heat
magnitude. The presence of interactive intra- and inter-
molecular hydrogen bonds can also be a contributing feature.
Thus, these factors can influence the extent of polymeric/non-

polymeric chain mobility due to endothermic (Tg) or exothermic
(Tm) responses and changes in randomness within each lattice
which can then impact dynamic dimensional changes as a result
of chain realignments (glass transition), bond breakages and
chain deformations (melting) affecting PCMS or blend thermo-
dynamic stability resulting in the variations in magnitudes of
thermal quantities (Table VIII). Furthermore, the total heat en-
ergy required for the observed Tg and Tm transitions weremath-
ematical integrated and the blend had higher values (200.16 mJ)
than the PCMS (10.08 mJ) implicating the intensity of the mul-
tiple hydrogen bonds (due to solvation) within the blend as ex-
plained earlier which have to dissociated before anymacroscopic
dimensional entropic changes could be realized.

Gravimetric Changes in Samples During the Fabrication Process of
the PCMS. The changes in weight at the different phases (W0–
W5) of designing the PCMS are illustrated with Fig. 5. Weight
transitions were four phased namely an initial increase: W0-
W1, a moderately steady segment: W1 - W2, a slight increase:
W2 - W3 followed by a sharp decrease at W4-W5. An increase
in weight observed from W0 (181.50±3.45 mg) to W1

(1010.51±7.06 mg) was due to changes in densities/masses/
volumes of the employed additives - span 80, DW and EtOH
introduced to form the homogenous blend. It was observed
thatW1 was relatively maintained over the blend curing phase
which yieldedW2: 1109.89±5.11 mg. This slight mass chang-
es between W1 and W2 can indicate that some level of poly-
meric swelling and enhanced physical homogenization oc-
curred but did not result in any chemical transitions as no
drastic changes in weight was notable. The minor increment
in weight observed from W2 (1109.89±5.11 mg) to W3

(1112.69±4.89 mg) could be associated with the effects of
freezing on the homogenous blend. Freezing can initiate sol-
ute-solute/solute-solvent/solvent-solvent intermolecular coa-
lescence which can result in molecular packing and volumetric
shrinkage leading to the generation of an orderly crystalline
structure and a possible change in mass and density of the
frozen blend. Weight reduction from W3 (1112.69±
4.89 mg) to W4 (568.50±2.22 mg) and finally W5 (175.30±
4.01 mg) is related to the process of sublimation of the frozen
solvent molecules leaving behind pores within the matrix. A
close relationship existed between the starting mass (W0) and
the final mass of the PCMS (W5) suggesting that the whole
process of PCMS fabrication was physical in nature and that
matter was neither created nor destroyed (absence of chemical
transitions) as no noteworthy changes in weight magnitude
was observed.

Changes in Matrix Physicomechanical Texture. Transitions in
matrix textural properties were measured with MF and ЄD

which showed that the different phases of the PCMS produc-
tion involved significant changes in physicomechanical quan-
tities. In this case, MF can be related to the PCMS matrix
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Fig. 4 Typical illustrations showing: (a) C-DSC, (b) TM-DSC thermograms of the un-lyophilized blend and (c) C-DSC, (d) TM-DSC thermograms of the
lyophilized PCMS.
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resistance to the penetration of an external stress while ЄD can
be described as energy dissipated during this process. An in-
verse relationship between MF and ЄD was noted implying
that firmer matrices required higher energy quantities
to overcome intrinsic interactions responsible for matrix
stiffness during the penetration of an external force
resulting in the external dissipation of reduced energy
levels. The unhydrated blend of PS-Na and additives
used for the production of the PCMS had the lowest
MF (1.029±0.051 N/mm) and highest ЄD (0.062±
0.007 J) which suggests that the inherent resistance of
the dried samples to penetration of the externally ap-
plied force was minimal resulting in the dissipation of
higher energy quantity showing that molecular interac-
tions amongst the constituents of this sample were nom-
inal and that the system was in a disordered state. With
the introduction of DW (WMD) and EtOH (EMD), sig-
nificant increases in MF (WMD: 15.887±1.101 N/mm;
EMD: 9.087±0.593 N/mm) and ЄD (WMD: 0.022±
0.001 J; EMD: 0.031±0.003 J) compared to the dry
mix were observed indicating that dried components were
significantly hydrated resulting in physical interactions be-
tween solvent and solute molecules, co-particulate dispersion
and distension to generate a gel-like, inter-tangled, solute-
solvent network which posed as a barrier to the externally
applied force. The combination of WMD and EMD with
the inclusion of the surfactant, span 80, which formed the
un-lyophilized homogenous blend before curing had a higher
MF (20.591±1.224 N/mm) and lower ЄD (0.014±0.001 J)
relative toWMDor EMD individually. This can be associated
with the fact that span 80 enhanced interfacial homogeniza-
tion resulting in the formation of a stable, colloidal homoge-
nate prior to curing. Furthermore, curing of the homogenous
blend appears to have some positive impact on blend thickness
as an increase inMF (22.616±0.897N/mm) and a decrease in
ЄD (0.012±0.004 J) compared with the uncured blend was
observed.

Therefore, the curing process can be said to enhance
multi-particulate swelling and inter-tangling and eventu-
ally facilitate the formation of an ordered porous matrix
template. Furthermore, a sharp decline in MF (4.192±
0.548 N/mm) and increase in ЄD (0.048±0.001 J)
values were obtained for the lyophilized PCMS imply-
ing that the sublimation process that took place during
lyophilization returned the matrix into its dry state but
with some changes which occurred within its internal
matrix structure evidenced by relating the MF (1.029±
0.051 N/mm) and ЄD (0.062±0.007 J) values of the
unhydrated dried blend of PS-Na and excipients. These no-
table changes can be attributed to the introduction of a stable
porous structure comprising of the pores and interconnectors
which could serve as relevant barriers to mechanical penetra-
tion resulting in higher MF and lower ЄD values compared

Fig. 5 Quantification of gravimetric changes at strategic points during the
fabrication of the PCMS (n=3 and Standard Deviation ≤8.95 mg in all cases).

Table VIII Temperature Changes Revealing Salient Multi-Transitional Ther-
mal Events Evidenced by Diverse Endothermic and Exothermic Inflection Peaks

Thermal events Homogenous blend PCMS

Glass transition temperature (°C) −17.54 24.11

−14.25 28.49

30.44 33.00

64.55 39.61

71.52 56.04

89.59 61.00

190.50 65.42

202.00 83.00

210.11 94.01

215.98 161.54

218.00 177.22

221.15 182.00

262.02 205.11

264.08 227.00

307.59 –

310.09 –

Melting temperature (°C) −14.09 23.15

30.55 45.50

36.00 –

63.00 59.91

69.00 80.05

73.11 180.22

81.50 218.04

89.84 –

173.30 –

238.52 –

252.99 –

264.00 –

342.01 –
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with the unprocessed mixture of the dry components. Overall,
the stages involved in the construction of the PCMS involved
salient physicomechanical textural transitions.

Mechanism of Action

FTIR Frequency Transitions During the PCMS Performance

Comparatively, each test samples (X0h, X1h, X2h, X4h and X8h)
generated varied trends of vibrational frequencies based on com-
paring the unhydrated PCMS to the hydrated samples over a
specified period. Table IX presents the measured bands showing
the shifts (with respect to the unhydrated PCMS, X0h) which
occurred during the dissolution processes of the tested formula-
tions over time (X1h, X2h, X4h and X8h). The observed band
shifts presented in Table IX may indicate that hydration of the
PCMS in simulated saliva perturbed its backbone but did not
bring aboutmajor cut off transitions. Band changes in this regard
can refer to shifts of existing ones such as OH, NH, NH2, C-H,
H-bonded NH2 and OH stretching and O-C2H5 bending
(3510–2854 cm−1: X0h) bands gradually shifted to 3449–
2852 cm−1 (X1h), 3275–2852 cm−1 (X2h), 3269–2852 cm−1

(X4h) and then 3268–2852 cm−1 (X8h). The immobilization of
the weak C-H overtones present within the benzene ring of PS-

Na (2325–1982 cm−1) was also observed. The band shifts
displayed by all hydrated samples (X1h, X2h, X4h and X8h) in
comparison to the unhydrated reference (X0h) can be linked to
the formation of intra- and inter-molecular hydrogen bonding
with water molecules aiding the process of solvation. Also, the
presence of electrolytes within the buffered dissolution medium
may initiate some level of reversible ionic bonding which poten-
tially destabilizes the matrix stable network bringing about ob-
served shifts in vibrational frequencies. In addition, it was noted
that the stretching frequency was essentially the same forX4h and
X8h indicating that the process of solvation was complete be-
tween the 4th and 8th hour. Overall, the PCMS can be de-
scribed as stable and sturdy because despite the progressive pro-
cess of matrix hydration and dissolution, each specimen retained
its original, unhydrated chemical composition. In other words,
the additives and PS-Na remained chemically intact through the
process of wetting, dissolution and disintegration as all analyzed
samples generally retained the key functional moieties.

Viewing of Matrix Surface Morphology Over Exposure Time

The scanning electron micrographs (Fig. 6) obtained for each
hydrated sample in comparison with the unhydrated one
changed steadily as exposure time increased. Obtained

Table IX Shifts in the Vibrational
Frequencies of Relevant Functional
Moieties of the Hydrated Samples
with the Unhydrated PCMS For-
mulation as a Reference Point

Key functional groups vibrational frequencies Formulation description

X0h X1h X2h X4h X8h

OH, NH, NH2, stretching 3510 3449 – – –

3252 3261 3275 3269 3268

C-H (cyclic or linear), H-bonded NH2

and OH stretching and O-C2H5 bending
3064 – – – –

2924 2920 2920 2916 2918

2854 2852 2852 2852 2852

Weak C-H overtones 2155 2162 2162 2165 –

– 1982 1982 1982 1982

C=O, C=C stretching, −NH3
+ and NH2 1780 1741 1738 1741 1738

deformation and N-H bending 1724 1635 1640 1640 1640

COO−, C-O-C, C-N stretching, C- OH bend, 1557 1539 1540 1540 1542

C-O− and CH deformations 1445 1463 1463 1463 1455

– 1413 1415 1415 1413

C-OH, C-O-C (acyclic), C-N stretching 1291 1374 1376 1376 1377
1351

– – 1314 1312 1310

– 1245 1240 1242 1240

1082 1072 1054 1057 1056

C-OH, NH deformations, O-C=O, N-C=O and 915 919 919 915 921

C-OH bending 789 882 883 879 887

733 818 818 816 848

– 723 717 723 713

677 663 668 667 –
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micrographs show that the porous network collapsed as the
duration of exposure to the dissolution media increased. At
the first hour (X1h), the well-structured unhydrated porous
structure (X0h) began to open up, the collapse of pore
interconnectors was initiated and larger undefined pores were
formed. As hydration progressed to 2 h post-exposure (X2h),
the porous network collapsed gradually and interconnectors
merged and got less visible and more formless. Also, the for-
mation of undefined globules due to the interactive influx of
water molecules is notable at 2 (X2h) and 4 h (X4h).
Furthermore, structures that can be denoted as gullies due
to matrix erosion and collapse of the structured porous net-
work was evident for X2h, X4h and X8h. At the 8 h (X8h), a
near complete collapse of porous structure was observed.
Therefore, an inference that the hydration of the PCMS re-
sulted in the collapse of its ordered porous network due to
matrix loosening that gradually will lead to progressive drug
release and erosion.

Matrix Gravimetric Changes Due to Hydration

Matrix mass loss was consistent with time post exposure to the
dissolution media. Alternatively, the residual matrix reduced
in weight as the duration of hydration increased (Fig. 7a). This
implies that the process of matrix hydration which activated
and conserved the collapse of the ordered porous network
(Fig. 6) led to matrix solvation and overall mass loss as the
time of exposure to the dissolution media increased. The re-
lationship between matrix erosion and drug release was math-
ematically explored and interestingly, a linear relationship
(R2=0.938) indicating a direct dependence of these twomech-
anisms on each other was noted (Fig. 7b). Furthermore, it can

be proposed that the PS-Na molecules were entrapped and
well distributed within the pores and interconnectors of the
PCMS such that they are only be liberated once the porous
network was disrupted.

Matrix Textural Alterations

The graphical representation of the changes in the nu-
merical values of MF and ЄD for each sample is illus-
trated with Fig. 8a and b respectively. In addition,
Fig. 9 depicts the changes in the quantities of the mea-
sures of physicochemical texture which occurred for
each sample over time.

MF, measuring the matrix resistance to external force
penetration increased for X1h (22.790±1.223 N/mm)
relative to unhydrated X0h (4.264±0.500 N/mm) and
as hydration progressed with time it decreased consistently
(X2h=14.376±0.980 N/mm; X4h=11.912±0.775 N/mm;
X8h=9.4820±1.014 N/mm) but all values were higher than
that of dry X0h. Based on the observed increase in MF from
X1h to X8h compared to the dry X0h, an inference that a level
of swelling occurred coupled with the plasticizing effects of
water coming to play giving rise to a matrix with increased
tortuosity and resistance to external force penetration can be
put forward. Furthermore, the notable subsequent decline in
the magnitude of MF for X2h, X4h and X8h with reference to
X1h can be due to matrix loosening, collapse of ordered po-
rous structure and gradual erosion occurring concomitantly as
wetting progressed. Consequently, the magnitude of the force
of penetration reduces as the matrix barrier capacity and pen-
etration distances are minimized. This proposition is further
fortified by the illustration in Fig. 9 as the magnitude of the

Fig. 6 Scanning electron micrographs showing the time dependent changes in the matrix surface topography (magnification 1000×).
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penetration force and distance decreased as hydration time in-
creased fromX1h to X8h. With ЄD, a measure of energy dissipat-
ed to the environment, a decrease was observed for all hydrated
samples: X1h=0.0230±0.0010 J; X2h=0.0290±0.0002 J; X4h=
0.0350±0.0004 J and X8h=0.0420±0.0001 J compared to the
dry X0h=0.0489±0.0003 J. This noteworthy trend indicates
that less energy was externally liberated during the ap-
plication of an external force due to the fact that more
energy is being used up within each matrix to overcome
internal barriers introduced by the presence of plasticiz-
ing water and swellable polymeric molecules. Comparing
X0h to X1h, ЄD decreased sharply due to the initiation of
matrix wetting and swelling but as hydration progressed, ЄD

gradually increased and was highest for X8h which can be
explained by the processed of system disentanglement and
disintegration setting in. The magnitude of ЄD for unhydrated
X0h was highest (0.0489±0.0003 J) showing that it presented
with minimal hindrances to penetration resulting in a reduc-
tion in the magnitude of performed work and an elevation in
the level of energy dissipated to the environment.

Furthermore, the changes in matrix porosity depicted by
the undulating peaks in Fig. 9 were computed as a textural
quantity described as Baverage drop offs^ (red and green ar-
rows). It was observed that these values dropped from 15.48

(X0h) to 2.58 (X1h), 0.89 (X2h), 0.16 (X4h) and 0.08 (X8h)
showing a decrease in the orderliness of the matrix
structure. This further substantiates the relationship be-
tween matrix hydration, porous structure configuration
and physicomechanical textural transitions.

The Application of an In Silico Approach to Elucidate
the Mechanisms of Configuration and Function
of the PCMS Formulation

Prediction of the Mechanism of PCMS Configuration

Generated computational models showed that the formation
of the homogenous blend was initiated by solute (CHTS,
MTH, GEL, PVA, CARB 974, SP 80, ETH 10, HEC, MS,
PS-Na) and solvent (EtOH and DW represented as stars in
Fig. 10) interactive dispersions which gave rise to hydrophilic
pockets with different polymeric and non-polymeric multi-
molecular strand associations as well as dispersed DW (free
space) (Fig. 10a–i), EtOH (free space) and PS-Na molecules
(represented by square dots) within the mixed matrix
(Fig. 10a). The PS-Na molecules were located in close prox-
imity to the hydrophilic pockets and in close association with
other solute-solvent components. Also, the PS-Na molecules

Fig. 8 Plots depicting changes in
matrix physicomechanical texture
due to hydration measured as: (a)
matrix firmness and (b) energy of
matrix distortion.

Fig. 7 Graphs showing: (a)
Gravimetric changes in PCMS
matrix for the duration of exposure
to the dissolution medium (n=3
and Standard Deviation ≤0.02 in all
cases) and (b) Linear relationship
between fractional drug release and
fractional mass loss.
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displayed particular interactions with GEL molecules (eccen-
tric circular dots) which may be attributed to its high level of
hydrophilicity (Fig. 10a(ii)). Fig. 10a(iii) models a PS-Na-
loaded homogenous blend prior to lyophilization.
Interactions between the solute particles and DW-EtOH sol-
vent medium were prominent and mainly of the hydrophilic
type. This resulted in the formation of solute-solvent disper-
sions due to layering of the solvent components. Hydrophilic-
natured pockets developed around carboxyl and hydroxyl en-
tities of the polymeric and non-polymeric solute components
without strand twisting which are indicative of physical, non-
destructive transitions (Fig. 10b). It was noted that solute-
solvent interactions occurred in different orientations with
some areas showing higher solvent clusters than some other
regions due to the varying affinities of the solute centres and
PS-Na molecules for the solvent functional groups (Fig. 10c).
The generated model was able to visualize the formation of
single andmultiple cavities resulting from the associative phys-
ical interactions between the solute and solvent molecules
within the homogenous blend milieu (Fig. 10d). These cavities
appear to be prerequisites to the formation of the stable

porous structures as well as possibly functioning as interfaces
for the attachment of drug molecules.

Furthermore, the multiple cavities were observed to be
associated with the multiple solute strand interaction giving
rise to inter-strand cavities (Fig. 10e): (i) drug-loaded, homog-
enized blend, (ii) multiple strands undergoing physicochemical
interactions along with drug molecules (as squared dots),
(iii) physicochemical interactive associations (represented
as broken and solid lines) between solute-solute strands
interconnectors, (iv) a foot-print view of the associations
and channel cavity and (v) a three-dimensional view of inter-
strand networked channels (ordered porous structure) with
drugmolecules loaded unto thematrix. In addition, themodel
showed that interconnection of the multiple cavities occurred
and this resulted from the multiple solute strands under-
going multi-link physical interactions along with the
drug molecules to form channels (in the angstrom size range)
indicative of the ordered porous structure (including the pores
and interconnectors) of the PCMS matrix (Fig. 10f).

Overall, the schematic in Fig. 10g depicts the computation-
ally modelled phases of fabrication of the PS-Na-loaded

Fig. 9 Profiles showing the
changes in matrix texture over time
due to hydration.
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PCMS: (i) drug loaded water-based co-particulate dispersion
showing several solute strands, drug molecules (grey circles)

undergoing hydrophilic physicochemical interactions (white
circles) and molecules of the water (star-shaped entities)

Fig. 10 In silicomodels displaying the: (a) processes of formation of the drug-loaded homogenous blend, (b) interaction between solvent centres (red circles) and
solute strands (greenish circles) forming hydrophilic-natured pockets (off-white spaces), (c) layering due to strong hydrophilic solute-solvent interactions (Region A)
and scattered solvent molecules (Region B) around lesser affinity moieties, (d) solute-solvent interactions resulting in the formation of cavities (portions labeled ‘c’),
(e) multiple solute strands in interaction with solvent molecules resulting in the evolution of inter-strand multiple cavities (‘c’), (f ) formation of interconnected
cavities forming the channels, (g) summary of the stages involved in the fabrication of the ordered porosity-controlled matrix.
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scattered within the matrix, (ii) the ethanol based co-
particulate dispersion with the solutes depicted as broken lines
and elongated double lines, ethanol molecules as y-shaped
figurines scattered in the preparatory matrix, (iii) a mixture
of (i) and (ii) with span 80 (reduction of interfacial tension) to
form the homogenous co-particulate blend characterized
by as increased volume density of the constituents, (iv)
the freeze-dried or lyophilized matrix devoid of free
floating water, water pockets, ethanol and ethanol-
water associative entities which gave rise to a homoge-
nized and ordered porous matrix showing solute strands
from both the water-based and ethanol-based co-partic-
ulate dispersions origins as well as evenly distributed
drug molecules and other associated adds-up of the
blend (physical interaction).

Paradigms Validating the Mechanism of Performance

Computational modeling predicted that the PCMS matrix
functioned basically by undergoing a compressive break-up
of the ordered porous structure illustrated with Fig. 11a.
Significant changes in energy levels during the construction
and performance of the PCMS formulation were observed
employing the in silico models. The modeled internal energy
(E) was higher for the lyophilized PCMS than for the
unlyophilized homogenous blend. This is indicative of a sta-
ble, less perturbed PCMS milieu with minimal entropy
changes. The process of matrix breakdown was charac-
terized by regressive energy decay over time which can
be related to a reduction in system internal stability due
to extrication and an upsurge in system entropy levels
(Fig. 11b and c).

Molecular Mechanics Assisted Model Building
and Energy Refinements

Molecular mechanics energy relationship (MMER), a method
for analytico-mathematical representation of potential energy
surfaces, was used to provide information about the contribu-
tions of valence terms, noncovalent Coulombic terms, and
noncovalent van der Waals interactions for the polymer-
polymer and polymer-mucin interactions. TheMMERmodel
for potential energy factor in various molecular complexes can
be written as:

Emolecule=complex ¼ V ∑ ¼ V b þ V θ þ V φ þ V i j þ V hb þ V el ð7Þ

where, V∑ = total steric energy for an optimized structure, Vb =
bond stretching contributions, Vθ = bond angle contributions,
Vφ = torsional contributions, Vij = van der Waals interactions
due to non-bonded interatomic distances, Vhb = hydrogen-bond
energy function and Vel = 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=Bð Þ ¼ ETotal A=Bð Þ− ETotal Að Þ þ ETotal Bð Þ
� � ð8Þ

The molecular 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 mole-
cules in the same conformation, the complexed form is more
stable and its formation is favored [43].

Fig. 11 Computationally modeled
illustrations showing: (a)
compressive disruption of the
ordered porous structured matrix,
(b) averaged typical energy, E
against time, Tof the porous matrix
(solid line) and energy of the
homogenized blend (broken lines)
and (c) energy decay over time in a
regressive pattern.
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Polymeric Co-Blending to Achieve Optimized PCMs Configuration

To assess the interaction and performance profile of the ma-
trix components, the modeling paradigm was divided into
three sub-groups viz. 1) EMD consisting of CHT and EC
represented by Eqs. 9–11; 2) WMD consisting of PVA,
PAA, HEC and GEL represented by Eqs. 12–16; and 3) fi-
nalized PCMS configuration consisting of combined EMD
and WMD components represented by Eqs. 9–17.

ECHT ¼ 11:410 V ∑ ¼ 1:293 V b þ 7:265 V θ þ 9:796 V φ

þ 7:211 V i j−14:155 V el

ð9Þ

EEC ¼ 51:310 V ∑ ¼ 2:172 V b þ 13:373 V θ

þ 9:05 V φ þ 3:696 V i j þ 23:01 V el

ð10Þ

EEMD ¼ 9:424 V ∑ ¼ 2:172 V b þ 13:373 V θ

þ 9:05 V φ þ 3:696 V i j þ 23:01 V el ;

ΔE ¼ −53:296kcal=mol

ð11Þ

In case of ethanol-based multi-elemental dispersion (EMD)
in silico architecture, the polymeric components, chitosan and
ethylcellulose, displayed favourable interaction profile with a
–ve energy of binding (ΔE=−53.296 kcal/mol). The

Fig. 12 Visualization of geometrical preferences of (a) EMD: CHT (tube rendering) in molecular complexation with EC (stick rendering); (b) WMD molecular
complex consisting of GEL (yellow secondary structure), PVA (ball-and-cylinder rendering), HEC (tube rendering), and PAA (stick rendering); and (c) PCMS molecular
complex, after molecular simulations in vacuum. Color coded molecular structure of (d) EMD; (e) WMD; and (f ) PCMS for easy identification of the molecular
architecture. Solvent accessible molecular surfaces in translucent mode corresponding to (g) EMD; (h) WMD; and (i) PCMS. Standard element color codes: C
(cyan), O (red), H (white), and N (blue). Molecule color codes: CHT (yellow), EC (violet), GEL (brown), PVA (red), PAA (blue), HEC (green). Secondary structure of
GEL is shown in yellow tube rendering.
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stabilization in the energy profile of the bipolymeric
EMD can be attributed to the non-bonding energy
components – van der Waal’s forces and electrostatic
contributions. Geometrically, the formation of EMD
was strengthened by both inter- and intra-molecular bonding
comprising of –NH…OH- (CHT-CHT) and –NH…C-O-C
(CHT-EC) H-bonds (Fig. 12a and d).

EGEL ¼ 17:160 V ∑ ¼ 0:769 V b þ 17:418 V θ

þ 15:777 V φ−1:503 V i j−0:429 V hb−14:870 V el

ð12Þ

EHEC ¼ 17:765 V ∑ ¼ 1:704 V b þ 12:709 V θ þ 12:532 V φ

þ 5:913 V i j−0:944 V hb−14:148 V el

ð13Þ

EPAA ¼ 5:661 V ∑ ¼ 1:099 V b þ 4:981 V θ

þ 2:547 V φ−2:852 V i j−0:114 V hb

ð14Þ

EPVA ¼ 5:173 V ∑ ¼ 0:615 V b þ 1:652 V θ

þ 0:881 V φ þ 4:895 V i j−2:871 V hb

ð15Þ

EWMD ¼ 4:627 V ∑ ¼ 3:985 V b þ 37:300 V θ

þ 33:331 V φ−32:879 V i j−4:368 V hb

−32:742 V el ;ΔE ¼ −45:759 kcal=mol

ð16Þ

The formulation and formation of water-based multi-ele-
mental dispersion (WMD) presented a complexmodeling par-
adigm with sequential reactional profiling achieved through
step-by-step addition of polymeric components. The finalized
tetrapolymeric PVA-PAA-HEC-GEL archetype is shown in
Fig. 12b and e and the formation of a loosely interconnected
polymeric network is evident from the partial intermolecular
H-bonding involving HEC-PVA (O-H…C-O-C) and PAA-
GEL (C = O…N-H). The finalized energy terms, however,
confirmed the formation of a favourable polymeric complex
with a –ve free energy of binding (ΔE=−45.759 kcal/mol)
wherein the major contributors were the non-bonding hydro-
phobic interactions (van derWaals forces) accounting for 80%
of the total interaction energy.

EPCMS ¼ 8:425 V ∑ ¼ 7:420 V b þ 64:021 V θ

þ 62:107 V φ−39:277 V i j−3:480 V hb

−82:365 V el ;ΔE ¼ −100:054kcal=mol

ð17Þ

The finalizedmultipolymeric platform – PCMS – consisted of
co-blended ethanolic and aqueous dispersions and hence was
even more complicated architecture as compared to its bi- and

tetra-polymeric components. Interestingly, the partial bonding
interactions observed in EMD and WMD provided a perfect
rationale for the above mentioned co-blending as the finalized
EMD-WMD (Fig. 12c and f) displayed extensive hydrogen
bonding interactions involving GEL-PAA, EC-PVA, EC-
CHT, CHT-HEC, and HEC-PAA leading to the formation of
a well-connected polymeric network. However, no polyelectro-
lyte formation between CHT and PAA was observed which can
be attributed to the steric hindrance caused by the multi-
component character of PCMS. Correspondingly, the final op-
timized energy for the hexa-polymeric EMD-WMD complex
displayed a –ve stabilization energy of ≈100 kcal/mol—much
higher than the individual components. More importantly, the
energy stabilization can be attributed to both bonding as well as
non-bonding interaction energies wherein the bonding contribu-
tions—bond, angle and torsional energies—providedmuch need
geometrical adjustments for the sustained release performance of
the PCMS. The solvent accessible 3days-geometrical surfaces
generated for EMD, WMD, and PCMS (Fig. 12g–i) further
demonstrate that the PCMS provided a better distribution of
solid and porous volumes inside the matrix structure as com-
pared to EMD and WMD—hence proving the porosity modu-
lated performance behavior of PCMS. The unique stabilized

Fig. 13 Visualization of geometrical preferences of PCMS (CHT, EC, PVA,
PAA, HEC, and GEL) in complexation with MUC, after molecular simulations
in vacuum. Color codes for HPMC and EUD: C (cyan), O (red), H (white),
and P (yellow). Standard element color codes: C (cyan), O (red), H (white), and
N (blue). Molecule color codes: MUC (green). Secondary structure of MUC
and GEL is shown in yellow tube rendering.
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geometry corresponding to the solvent accessible area, torsional
constraints, andmatrix distribution described abovemay explain
the abovementioned relationship between matrix hydration, po-
rous structure configuration and physicomechanical textural
transitions.

Muco-Adhesivity of PCMS Configuration

To ascertain the mucoadhesion mechanism of PCMS, the
finally optimized EMD-WMD molecular complex was
modeled with a glycosylated mucin derivative (MUC). As ev-
ident from Eqs. 17–19, the MUC-PCMS interaction was sta-
bilized by a binding energy of−73.268 kcal/mol with the non-
bonding interactions – van der Waals forces (≈−55 kcal/mol),
and electrostatic interactions (≈−25 kcal/mol) - playing a ma-
jor role in in silicomucoadhesion. A close observation of Fig. 13
reveals that chitosan (CHT) and Carbopol 974P NF (PAA)
demonstrated H-bonding with the MUC molecule. The
non-formation of CHT-PAA polyelectrolyte complex in
PCMS further assisted in the availability of these molecules
for mucoadhesion. Additionally, the involvement of atleast
one component each fromEMD andWMD inmucoadhesion
confirms the importance of combining EMD andWMD com-
ponents to obtain the PCMS configuration.

EMUC ¼ −166:812 V ∑ ¼ 5:474 V b þ 70:351 V θ

þ 55:173 V φ−29:066 V i j−7:096 V hb

−261:649 V el

ð18Þ

EMUC−PCMS ¼ −231:655 V ∑ ¼ 13:735 V b

þ 151:349 V θ þ 115:696 V φ−126:563 V i j

−11:270 V hb−374:602 V el ;

ΔE ¼ −73:268kcal=mol

ð19Þ

CONCLUSIONS

The high performance Box-Behnken experimental design was
statistically and mathematically efficient in developing, evalu-
ating and optimizing the novel PCMS formulations. This qua-
dratic design as well as polynomial mathematical equations
exposed the significant (p≤0.05) direct or indirect (R2values=
− or +) controlling impact of measures of porosity investigated
in this study (average pore diameter and cumulative surface
area of pores) on the magnitude of relevant physicochemical
and physicomechanical properties (mean dissolution time,
mucoadhesion, matrix resilience, viscosity, ex vivo permeation
and drug loading capacity) which impacted the overall perfor-
mance of the PCMS. Additionally, the potential mechanisms

guiding the construction and function of the optimized PCMS
were elucidated and validated utilizing experimental and
computational processes respectively. The experimental ap-
proach revealed that the methodical phases executed during
themanufacture of the PCMSwere based on structurally non-
destructive physical and mechanical procedural transitions
and that the overall performance of the formulation was due
to the combinative properties of the employed excipients.
Furthermore, the mechanism of action of the PCMS was as-
sociated with the disruption of its specifically ordered porous
structure by physical processes such as extrication, distension,
plasticization and dissolution due to aqueous medium diffu-
sion capabilities. These processes also had significant impacts
on the quality of the PCMS physicomechanical texture but
retained its fundamental chemical nature as hydration
progressed. Furthermore, the outcome of the in silico analysis
correlated and verified the findings of the in vitro and ex vivo
experimental procedures. Overall, the preparation and per-
formance of the PCMS was successfully mechanistically
established and outcomes can be beneficial for investigating
similar porosity-dependent formulations. The outcomes real-
ized from this extensive investigation can be extrapolated and
applied to the elucidation of the controlling/underlyingmech-
anisms of other polymer-based, porosity-controlled drug
delivery systems.
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