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Abstract. Drug release from hydrophilic matrices is regulated mainly by polymeric erosion, disentangle-
ment, dissolution, swelling front movement, drug dissolution and diffusion through the polymeric matrix.
These processes depend upon the interaction between the dissolution media, polymeric matrix and drug
molecules, which can be significantly influenced by formulation variables and excipients. This study
utilized mathematical parameters to evaluate the impacts of selected formulation variables and various
excipients on the release performance of hydrophilic polyamide 6,10 (PA 6,10) monolithic matrix.
Amitriptyline HCl and theophylline were employed as the high and low solubility model drugs, respec-
tively. The incorporation of different excipient concentrations and changes in formulation components
influenced the drug release dynamics as evidenced by computed mathematical quantities (tx%, MDTx%, f1,
f2, k1, k2, and КF). The effects of excipients on drug release from the PA 6,10 monolithic matrix was further
elucidated using static lattice atomistic simulations wherein the component energy refinements corrobo-
rates the in vitro and in silico experimental data. Consequently, the feasibility of modulating release
kinetics of drug molecules from the novel PA 6,10 monolithic matrix was well suggested.
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INTRODUCTION

The significance of hydrophilic polymer-based monolithic
matrices as carriers for rate-modulated drug release has been
on the increase as evidenced by the number of published
manuscripts, patents and their applications in producing new
commercially available drug products (1–3). To an extent, the
prevalent and successful use of hydrophilic polymeric drug
delivery systems can be associated with their ease of
manufacturing, broad acceptance by the US Food and Drug
Administration, relatively low cost of production, satisfactory
in vivo performance and flexibility in controlling the release of
drugs with a broad range of physicochemical properties (1–3).
Common hydrophilic polymers such as gelatin, hydroxy-
propylmethylcellulose, xanthan gum, hydroxpropylcellulose,
polyethyleneoxide, polyvinyl alcohols, carbopol, and alginate
that are employed in the formulation of monolithic matrices
for controlled drugdelivery havebeen extensively investigated (2–7).

Research has shown that drug release from hydrophilic
monolithic matrices is mainly controlled by polymer erosion,
disentanglement, dissolution and/or swelling front movement

as well as drug dissolution and diffusion through the polymer
matrix at the molecular level (2,3,8). These phenomena de-
pend upon the interaction between the dissolution media,
polymeric matrix and drug (3) and are influenced by several
formulation variables, which include but are not limited to the
drug concentration, drug solubility, polymer particle size (5,8–
10), drug to polymer mass ratio, polymer viscosity, polymer
molecular mass (3,4,10) and the addition of different types and
levels of formulation excipients (1,11–15).

Polyamide 6,10 (PA 6,10) is a hydrophilic even-even con-
figured, poly-condensed, synthetic aliphatic polyamide. Synthet-
ic aliphatic polyamides have found applications in drug delivery
applications as multiple-unit systems such as microcapsules
(16,17), hollow fibers (18), gelospheres (19) and monolithic
matrices (20,21). In addition, they have been known to possess
pertinent physical properties such as thermal and abrasion re-
sistance, chemical inertness, high physicomechanical strength,
hydrophilicity, a high level of purity after production and con-
trolled matrix dissolution (17,18,20–34) that makes the polyam-
ides attractive for use in drug delivery. Generally, polyamides
can be described as non-toxic and biocompatible, which stems
from their extensive clinical use as both absorbable and non-
absorbable surgical sutures (35–40).

The present study attempts to explore the effects of formu-
lation variables and excipients on the drug release dynamics of a
PA 6,10-based monolithic matrix employing a mathematical
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analytical approach. Monolithic matrices fabricated from synthe-
sized PA 6,10 have been previously investigated, and their poten-
tial to function as matrices for rate-modulated drug release was
established (20,21). Nevertheless, to the best of our knowledge,
no scientific report relating the impact of formulation variables
and excipients to the drug delivery characteristics of these unique
delivery systems have been published. This is of particular impor-
tance since changes in formulation variables may further modu-
late the established drug release performance of the matrices and
possibly broaden its drug delivery applicability. Therefore, this
investigation focuses on establishing the influences of relevant
formulation variables and excipients on the drug release perfor-
mance from a PA 6,10 monolithic matrix. Amitriptyline hydro-
chloride (100% water soluble at 25°C) (41) and theophylline
(0.85% water soluble at 25°C) (41) were respectively employed
as model high and low solubility drugs in this study.

EXPERIMENTAL SECTION

Materials

Hexamethylenediamine (Mw=116.2 g/mol), sebacoyl chlo-
ride (Mw=239.1 g/mol), cyclohexane, anhydrous n-hexane, an-
hydrous sodium hydroxide pellets, amitriptyline HCl and
theophylline were purchased from Sigma Chemical Company
(St. Louis, USA). Poly (lactide-co-glycolide) (PLGA), resomer
202 was obtained from Boehringer Ingelheim (Ingelheim, Ger-
many), hydroxypropylmethylcellulose (HPMC) K4M from
Dow Chemical Company (Midland, Michigan, USA) and poly
(ethylene oxide) (PEO) WSR-303 purchased from Union
Carbide Corporation (Danbury, USA). Aluminium sulphate
[Al2(SO4)3] and magnesium sulphate (MgSO4) were supplied
by Merck Chemicals (Darmstadt, Germany), while potassium
sulphate (K2SO4) was obtained from Rochelle Chemicals
(Johannesburg, Gauteng, South Africa). All other reagents
employed were of analytical grade and used as received.

Preparation of the PA 6,10-Based Monolithic Matrices

PA 6,10 was synthesized using modified interfacial poly-
merisation reaction previously described by Kolawole et al. (20).
Each monolithic matrix comprised of a physical mixture of
powdered PA 6,10 (300 mg) (particle size, 711–1,000 μm) and
50mg of either of themodel drugs with or without the respective
formulation excipients throughout the study unless otherwise
stated. Thorough mixing of the respective solids was carried out
for about 15 min using a laboratory scale blender (CG 100,
Kenwood Ltd., Cambridge, UK). Final blends were compressed
into flat-surfaced, cylindrical monolithicmatrices each having an
average diameter of 13±1 mm and thickness of 4±1 mm using a
Beckman hydraulic press (Beckman Instruments, Inc., Fuller-
ton, USA) under a pressure of 1 ton, except stated, for 60 s.

Influence of Variations in Formulation Variables on the Drug
Release Characteristics from the PA 6,10 Matrices

Selection of Model Drugs and Composition of Comparative
Control Formulation

For the assessment of the impact of polymer–drug ratio,
force of compaction, polymeric particle size and formulation

excipients, amitryptiline hydrochloride was selected as the
model drug because of its high water solubility, which makes
it more suitable for determining the controlled release
capability of the PA 6,10 monolithic matrix. However, the-
ophylline and amitryptiline hydrochloride were employed
as models for visualising the effects of drug solubility on
the release characteristics of the PA 6,10 monolithic matrix.
The control formulation (CF) for all the ensuing compara-
tive experiments was made up of 300 mg PA 6,10 (particle
size, 711–1,000 μm) and 50 mg of either model drug
compressed at 1 ton.

Impacts of Variations in Drug Solubility, Polymer–Drug
Ratio, Force of Compaction and Polymeric Particle Size

The impact of drug solubility on the release behaviour of
the PA 6,10 monolithic matrix was assessed using 50 and
150 mg each of either amitryptiline hydrochloride or theoph-
ylline, respectively. The composition of each formulation
employed to assess the effects of varying the polymer–drug
mass ratio on drug release behaviour are presented in Table I.
Different magnitudes of compaction forces ranging from 2.0,
3.0 and 4.0 tons were utilised for fabricating the matrices
comprising 50 mg of amitryptiline hydrochloride and 300 mg
PA 6,10. Textural analysis was used to determine the indenta-
tion hardness, which was computed as the Brinell hardness
number (BHN). The BHN was used as a measure of matrix
hardness or resistance to physicomechanical deformation due
to an external compression force applied. A calibrated Tex-
ture Analyzer (TA.XTplus, Stable MicroSystems, Surrey, En-
gland) fitted with a ball probe of diameter 3.125 mm was
employed for determining the peak force generated after
indentation. The parameter settings employed were pre-test
(2 mm/s), test (0.5 mm/s) and post-test (10 mm/s) speeds;
trigger force (2 g); load-cell (5 kg); and indentation diameter
of 1.563 mm. Data was captured at a rate of 200 points per

Table I. Composition of the Various Monolithic Matrices Utilised in
Assessing the Effects of Polymer–Drug Ratio, Alternative Polymers

and Electrolytes Using One-Variable-at-a-Time

Formulation

Composition

Amitryptiline
(mg)

PA
6,10
(mg)

Alternative
polymers
(mg)

Electrolyte
(mg)

1 50 200 – –
2 50 100 – –
3 50 50 – –
4 50 450 – –
5 50 600 – –
6 100 300 – –
7 200 300 – –
8 300 300 – –
9 25 300 – –
10 50 300 PLGA: 300
11 50 300 HPMC: 300
12 50 300 PEO: 300
13 50 300 K2SO4: 300
14 50 300 MgSO4: 300
15 50 300 Al2 (SO4)3: 300
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second with Texture Exponent Software (Version 3.2). The
BHN (N/mm2) was calculated using Eq. 1.

BHN¼ 2F

πD D−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D2−d2
p

� � ð1Þ

where F=force generated from indentation (N), D=diameter
of ball probe indenter (3.125 mm) and d=indentation diame-
ter (1.563 mm).

The impact of polymeric particle size was determined
utilising laboratory test sieves (Endecotts Ltd, London, UK)
with aperture sizes of 710 μm, 1.00 mm and 1.20 mm, which
equates to particle size ranges of 1–710 μm, 711–1,000 μm
(control) and 1,001–1,200 μm.

Effects of Alternative Polymers and Inorganic Excipients
on the Release Dynamics of the PA 6,10 Monolithic Matrices

The influence of alternative polymers on drug release
from the monolithic matrices was assessed using specific quan-
tities of a mixture of PA 6,10 with PLGA or HPMC or PEO to
prepare a monolithic matrix as stated in Table I.

The influence of inorganic electrolytes on drug release
from the PA 6,10 monolithic matrices was explored utilising
PA 6,10 blended with either K2SO4 or MgSO4 or Al2(SO4)3
(Table I).

Dissolution Studies

In vitro dissolution studies were performed on each set of
monolithic matrix to investigate the influence of the above-
mentioned modulators on release kinetics. Each formulation
was placed in a calibrated six-station dissolution testing appara-
tus (Caleva Dissolution Apparatus, model 7ST) using the stan-
dard USP 25 rotating paddle method at 50 rpm with 500 mL
phosphate-buffered saline (PBS) (pH 7.4; 37±0.5°C). Five hun-
dred milliliters PBS was used because no specific physiological
condition was explored and also both model drugs, the electro-
lytes and alternative polymers as well as PA 6,10 dissolved
sufficiently in it. The dissolution apparatus was modified by
including a stainless steel ring mesh contrivance to prevent the
hydrated formulation from floating (42). For the determination
of the model drug concentration, 5 mL samples were withdrawn
and filtered through a 0.45 μm pore size Cameo Acetate mem-
brane filter (Millipore Co., Bedford, Massachusetts, USA) at
specific time intervals over a period of 24 h. Samples were then
analyzed by ultraviolet spectroscopy (Specord 40, Analytik Je-
na, AG) at 240 nm (amtryptiline hydrochloride) or 270 nm
(theophylline).An equivalent volume to the quantity withdrawn
of drug-free PBS was replaced into the dissolution medium to
maintain sink conditions. A correction factor was appropriately
applied in all cases where dilutions of samples were required,
and all measurements were done in triplicate.

Treatment of Dissolution Data

With reference to the nature of this study, mathematical
expressions were applied to facilitate thorough comparison
and evaluation of the generated drug release data.

Model Independent Analyses

The explanation of the dissolution profiles using model
independent methods encompassed the computation of spe-
cific dissolution quantities and fit factors discussed in the
following sub-sections.

Time Point Approach

With this approach, tx% (time required to release a
specific amount of drug) values and mean dissolution
times (MDT) set at MDTx% (mean dissolution time of a
specific amount of drug released) were computed. The
application of t gives the specific time at which a certain
amount of drug is released, while the MDT provides a
more accurate view of the drug release behaviour as it is
determined as the sum of the individual periods of time
during which a specific fraction of the total drug dose is
released (42–44). Equation 2 was employed in the calcu-
lation of the MDT.

MDT ¼
X

i¼1

n

t1
Mt

M∞
ð2Þ

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

Fit Factors

Fit factors comprise of difference (f1) and similarity
components (f2) (Eqs. 3 and 4) (1,42,45–48). These pa-
rameters compare and establish similarities and differ-
ences between two dissolution curves obtained from a
set of experimental data (47). For this study, the f2 com-
ponent was utilised to evaluate selected drug release pro-
files (Eq. 3). When two profiles are similar, f2 values
range from 50 to 100 while f2<50 indicate that the profiles
are not similar (1,42).

f 2 ¼ 50 log 1þ 1
n

� �

X

t¼1

n

wt Rt−Ttð Þ
2

 !−0:5

� 100

8

<

:

9

=

;

ð3Þ

where Rt is the reference assay at time point t, Tt is the test
assay at time point t, n is the number of pull points (or time
points) and wt is an optional weight factor.

Model Dependent Analysis

Kinetic Models

Usually, drug release from hydrophilic polymer based
delivery systems have been described with the mechanisms
of matrix relaxation and Fickian diffusion, which take place
concurrently and are considered summative to the overall
release performances (2,49). The well-known Peppas and
Sahlin empirical model describes the abovementioned phe-
nomenon. It is an expanded version of the power law, which
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functions irrespective of the geometry of the drug delivery
device (Eq. 4).

Q ¼ Mt

M∞
¼ k1 tm þ k2 t2m ð4Þ

where k1 is the Fickian diffusion kinetic constant and k2 is the
relaxational or erosion rate constant, m is a kinetic constant
and Q=Mt/M∞ is the fractional or percentage drug released in
time, t (2,12,50,51). Generated dissolution data was fit into the
Peppas and Sahlin model using Guassian–Newton approach
for all least squares analyses on the WinNonlin Professional
Edition, Version 5 (Pharsight, USA) and Sigma Plot, Version
11, (Systat Software Inc., California, USA).

Application of a Second-Order Polynomial Equation

The intrinsic values of fraction of drug released obtained
at each time point was fitted into a second-order polynomial
equation from which the fractional release rate constant (КF in
fraction/hour) was computed as the summative gradient for
each profile. This parameter provided concise information as
regards the drug release performances of the respective for-
mulation under study and was useful for comparison of the
dissolution profiles. All fitted curves were validated using the
correlation coefficient, R2 (values between 0.8 and 1 were
considered relevant). In addition, the correlation factor (r),
and p values were determined when necessary to assess the
degree of relationship amongst data sets and level of linearity,
respectively. The Sigma Plot, Version 11 software (Systat
Software Inc., California, USA) was employed. Outcomes
were presented as mean±standard deviation (SD).

Establishment of the Complexation Profile and Drug Release
Mechanism via Static Lattice Atomistic Simulations

Computational modeling including energy minimisations
in Molecular Mechanics was performed using HyperChem™
8.0.8 Molecular Modeling Software (Hypercube Inc., Gaines-
v i l le , F lor ida , USA) and ChemBio3D Ultra 11.0
(CambridgeSoft Corporation, Cambridge, UK). The three-
dimensional (3D) structures of PA 6,10 (mPA), PLGA and
PEO were archetyped using ChemBio3D Ultra in their
syndiotactic stereochemistry, whereas the structure of HPMC
(4 saccharide units) was built from standard bond lengths and
angles using the Sugar Builder Module on HyperChem 8.0.8.
The models were primarily energy-minimised using the MM+
force field algorithm and resulting structures subjected to
energy minimisation using the Assisted Model Building and
Energy Refinements 3 (AMBER 3) force field algorithm. The
conformer having the lowest energy was used to develop the
mPA-excipient and mPA-electrolyte complexes. A complex of
one polymer molecule with another was assembled by parallel
disposition and energy minimisation was repeated to generate
the molecular complex models. Full geometrical optimisation
was conducted in vacuum employing the Polak–Ribiere con-
jugate gradient method until a RMS gradient of 0.001 kcal/mol
was reached (52). To generate the final models in solvated
system, mPA-PLGA, mPA-HPMC, mPA-PEO, mPA-Al,
mPA-K and mPA-Mg, simulations were performed for cubic
periodic boxes with the polymer/polymer at the center of the

cubic box and the remaining free space filled with water
molecules. Energy minimisation was repeated to generate
the solvated models except that the force fields were utilised
with a distance-independent dielectric constant with no scaling
(Table II). Additionally, the force field options in the AM-
BER (with explicit solvent) were extended to incorporate
cutoffs to inner and outer options with the nearest-image
periodic boundary conditions, which were applied to ensure
that there were no discontinuities in the potential surface
(Table II) (53).

RESULTS AND DISCUSSION

Impact of Formulation Variables on the Drug Release
Characteristics of the PA 6,10 Monolithic Matrices

Solubility of Incorporated Model Drugs

Drug release profiles generated by the PA 6,10 monolithic
matrices were comparable irrespective of the differences in solu-
bilities of the loaded model drugs (r=0.998) at a 15% (50 mg)
drug loading level (f2≥50≤100) (Table III). An increase in drug
loading to 35% (150mg) showed a significant (p<0.05) difference
(r=0.435) in the profiles in which case drug solubility had an
influence on release rate (f2<50). This was justified by determin-
ing the f2 values at five dissolution time points (t1 h, t6 h, t12 h, t18 h

and t24 h) for each formulation (Table III). The dissolution profile
generated for amitryptiline HCl was selected as reference while
that of theophylline was the test and vice versa (Fig. 1).

Drug release from the PA 6,10 monolithic matrices at
15% drug loading can be said to be comparatively indepen-
dent of drug solubility but mainly regulated by PA 6,10 matrix
hydration or disentanglement. Nevertheless, the formulation
containing amitryptiline HCl released slightly higher drug
concentrations than that with theophylline at each time point
(Table III). The influence of drug solubility on the release
behaviour of the PA 6,10 matrix was more visible with an
increase in drug loading to 35%. Overall, the release of
amitryptiline HCl from PA 6,10 was faster than that of the-
ophylline, and this pattern appeared to be more noticeable
with an increase in drug concentration. This may be attribut-
able to the higher hydrophilicity of amitryptiline HCl com-
pared with theophylline (Fig. 1). Amitryptiline HCl enhanced
outward influx of the dissolution medium resulting in the rapid
dissolution and diffusion of drug molecules from the matrix,
while theophylline possibly displayed an opposite behaviour

Table II. Typical Computational Parameters Used to Construct the
Aqueous-Phase Model Building and Simulations for MPa with its

Excipients/Electrolytes

Serial number Parameters Description

1 Periodic box dimensions 20×15×25 A°3

2 Cut-offs Switched
3 Dielectric (epsilon) Constant
4 1–4 scale factors Electrostatic=0.5,

van der Waals=0.5
5 Outer radius 7.5 A°
6 Inner radius 3.5 A°
7 Water molecules 236
8 Solvent/polymer distance 2.3 A°
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because of its lower solubility by increasing the matrix stiffness
and hydrophobicity resulting in slower drug release kinetics.

Variation in Polymer Mass and Drug Ratios

The differences in the composition of the respective formula-
tions had a considerable impact on the drug release dynamics and

the discrepancies were further substantiated with the MDTx%

values. The MDT10% and MDT30% values were selected based
on the fact that these dissolution points were common to all gen-
erated profiles (Fig. 2). An elevation or decline in theMDT values
respectively indicated an increase or decrease in the duration
required for a certain quantity of drug to be released.

A decrease in polymer concentration as exemplified with
formulations 1, 2 and 3, resulted in an increase in drug release
substantiated with the computed MDT10% (0.083, 0.051 and
0.029 h) and MDT30% (1.383, 0.951 and 0.108 h), respectively
when compared to the control (MDT10%=0.099 h; MDT30%=
1.570 h). An increase in burst levels, measured at t1 h (12%, 20%
and 35%, respectively) was observed with a decrease in PA 6,10
relative to the control (t1 h=7%). This can be attributed to the
reduction in drug diffusion path length as a result of the reduction
in polymer concentration. Consequently, the matrix is more sus-
ceptible to the impacts of hydration and disentanglement after
the absorption of water molecules resulting in a quicker rate of
drug diffusion. Formulations 4 and 5, containing a higher PA 6,10
concentration, displayed a decrease in drug release rates and
burst levels (MDT10%=0.125 and 0.194 h; MDT30%=2.25 h and
3.245 h; t1 h=6%, 4%) when compared with the control
(MDT10%=0.099 h; MDT30%=1.570 h; t1 h=7%). This may be
as a result of an extension of the diffusion path length related to
the increased polymer concentration. Furthermore, the trends
observed for the release profiles of formulations 1–5 can be
associated with their varying degrees of matrix permeability as-
sociated with the porosity levels of the respective matrices. In
instances where polymeric concentration was reduced (formula-
tions 1–3), the matrix upon hydration could be highly permeable
with a low degree of tortuosity, minimal matrix strength, rapid
erosion and quicker outward migration of drug molecules from
the matrix while the reverse is the case when polymer concentra-
tion is higher (3). The PA 6,10 matrix demonstrated the potential
to regulate drug release kinetics as formulation 3, which was
composed of the lowest polymer concentration displayed the
most rapid and irregular release pattern while formulation 5 with
the highest polymer concentration showed the slowest, most
consistent release characteristics (Fig. 2).

Profiles produced from formulations 6–9 displayed the
effects of drug concentration on the PA 6,10 matrix. General-
ly, when compared to the control (MDT10%=0.099 h;
MDT30%=1.570 h; t1 h=7%), an increase in drug concentra-
tion within the matrix amplified the release rates and burst-
effects. Formulation 8 with the highest concentration of
amitryptiline HCl elicited the most rapid drug release rate
which was quantified by a lower MDT10% andMDT30% values
(0.011 and 0.047 h, respectively). These outcomes were further
substantiated by the elevated level of burst-effects of 47%
determined at t1 h. On the contrary, formulation 9 contained
the lowest amount of drug demonstrated a slower, more reg-
ulated release rate confirmed by the higher MDT10% and
MDT30% (0.118 and 2.646 h, respectively) and a burst level
at (6%). The observed pattern may be due to the ability of the
hydrophilic amitryptiline HCl molecules to either increase or
decrease the water uptake potential within the matrix as the
drug loading levels increased or decreased respectively with
the consequential effect of intensifying or minimising the ve-
locities of matrix hydration, relaxation, dissolution and drug
diffusion. Likewise, as drug loading increased (formulations
6–8), the release performance of the PA 6,10 matrices was by

Fig. 1. The release profiles of amitryptiline HCl and theophylline
loaded PA 6,10 matrix a 15% drug loading and b 35% drug loading
(n=3 and SD≤7.137% in all cases)

Table III. Similarity Factors (F2) for Assessing the Effects of Drug
Solubility on Release Kinetics

Dissolution time
points (h)

f2 (15%
amitryptiline loaded)

f2 (35%
amitryptiline loaded)

1.00 84.01 42.91
6.00 67.13 26.31
12.00 69.39 23.80
18.00 61.19 21.85
24.00 67.94 19.50
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matrix dissolution and drug diffusion. Thus, more water mol-
ecules were absorbed into the monolithic matrices, which
probably enhanced the formation of continuous, intra-matrix
interconnections that may have resulted in the formation of
open pathways facilitating the outward diffusion of drug

molecules while an opposite trend is expected at lower drug
levels (formulation 9) (Table I, Fig. 2b).

Application of Different Forces of Compaction

Table IV outlines the changes in the magnitude of the
measured mathematical quantities resulting from varying the
applied force of compaction. A sequential increase in com-
pression force from 1, 2, 3 and 4 t decreased the quantity of
drug released over time. The observed changes in the drug
release characteristics may be associated with an increase in
the magnitude of inter- and intra-particulate electrostatic
forces of attraction/cohesion amongst the polymer–polymer,
drug–drug and/or polymer–drug particles as a result of the
increase in the force of compaction. These proposed interac-
tions can influence the packing capacity of the monolithic
matrix resulting in an increased magnitude of the particulate
cohesive interactions thereby enhancing matrix compactness
and reduction in the rate of influx of water molecules into the
matrix, thus retarding the rate of matrix wetting, extrication,
dissolution, erosion and drug release. The tx% values fixed at
common dissolution points of t10% and t25% were employed to
further corroborate the abovementioned propositions. An el-
evation in the force of compression from 1 (control) to 2–
4 tons (as 4 tons was the maximum force that could be attained
with the Beckman hydraulic press employed) of the had a
significant (p=0.0001) elevating impact on the level of matrix
hardness quantified by the BHN and tx% values (Table IV). In
other words, the differences in the BHN numerical values
were vital measures for the degree of matrix firmness depen-
dent on the magnitude of the forces of compression.

Influence of Polymeric Particle Sizes

The changes in PA 6,10 particle sizes considerably mod-
ulated release performance as an increase in particle size
decreased the amount of drug released over time, while the
reverse was the case for a decrease in particle size (Fig. 3). The
reduction in particle size appeared to increase the surface area
and wettability of the polymer and drug. Consequently, the
water-absorbing capacity was impacted, thus making the hy-
drated more porous as a result of a reduced degree of tortu-
osity related to smaller particle size. However, with larger
polymeric particle size, the extent of matrix wetting was re-
duced as the level of tortuosity may be higher leading to a
minimised rate of disentanglement and diffusion of drug and a
slower rate of drug release.

Fig. 2. Drug release profiles showing the effects of varying a polymer
(PA 6,10) or b drug concentrations (n=3 and SD≤10.015% in all cases)

Table IV. Bhn and Tx% Values Demonstrating the Impacts of Changes Force of Compaction

Force of compression (tons) BHN

tx% (h)

t10% t25%

1.00 (CF) 10.728±0.028 1.136±0.03 6.818±0.03
2.00 11.284±0.030 3.478±0.01 9.615±0.02
3.00 12.092±0.039 6.818±0.01 13.881±0.11
4.00 13.612±0.050 10.002±0.15 24.000±0.06
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Elucidating the Influence of Formulation
Excipients on Drug Release Kinetics

Alternative Hydrophobic and Hydrophilic Polymeric
Compounds

The inclusion of formulation excipients caused notewor-
thy disparities in exhibited drug release trends of the PA 6,10
matrix (Fig. 4). The most distinct release profile was that of
formulation 10, which elicited a marked decrease in the
amount of drug released over time when compared with the
control formulation. This may be associated with the hydropho-
bic nature of PLGA, which implies that the hydrophilicity of PA
6,10 within the matrix was noticeably lessened. Generally, a
slight but significant (p=0.035) dissimilarity was observed be-
tween the matrix containing HPMC and the control. However,
HPMC, due to its hydrophilic nature, minimally enhanced the

water-absorbing capacity of the matrix resulting in a slight ele-
vation in the quantity of drug released (Fig. 4). In addition, this
minimal impact of HPMC inclusion on release behaviour with
reference to the control may be due to the capability of HPMC
to undergo extensive dimensional swelling caused by an increase
in viscosity during matrix wetting. This influenced the polymeric
free volume and constituted a mechanism that HPMC employs
to modulate drug release from the matrix (4,7,13,54,55). Fur-
thermore, the matrix composed of PEO generated profiles
showing increase in the amount of drug released over time.
The hydrophilic nature of PEO as well as its minimal swelling
tendencies, which can enhance and stabilise drug release veloc-
ities, respectively, could also have served as a contributing factor
to the drug release behaviour.

Besides the above-mentioned propositions, drug release
profiles were separately fitted into the Peppas and Sahlin
mathematical model to assess the contributions of the poly-
meric additives to the diffusional and relaxational phases of
drug release from the PA 6,10 matrix by computing k1 (% h–
0.43) and k2 (% h–0.86), respectively (2,7). For this investigation
Q≤65.55% and t=24 h were employed for the respective
formulations. In addition, m=0.43 was employed as it was
the most appropriate for the geometry (aspect ratio) of
monolithic matrix systems being investigated as previously
established by Durig and Fassihi (Eq. 4) (2).

With reference to the total duration of drug release, the
profiles can be considered linear (R2>0.90≤1.00; formulations 10,
11, 12 and CF with values of 0.942, 0.902, 0.948 and 0.926,
respectively). In comparison, k1 (formulations 10=7.861% h−0.43;
11=14.267% h−0.43; 12=14.899% h−0.43 and CF=13.740% h−0.43)
had higher numerical values than k2 (formulation 10=
2.446% h−0.86; 11=4.298% h−0.86; 12=4.620% h−0.86 and CF=
4.261% h−0.86). Formulation 10 differed from the others in that
both the diffusional and relaxational contributions to the process of
drug release were reduced as was observed with the decline in
values from13.740%h−0.43 and 4.261%h−0.86 (CF) to 7.861%h−0.43

and 2.446%h−0.86, and this can still be associated with hydrophobic
tendencies of PLGA.Conversely, the presence ofHPMCandPEO
increased the diffusional and relaxational release constants. The
values generated for PEOwere slightly higher (k1=14.899% h−0.43

and k2=4.620% h−0.86) than those of HPMC (k1=14.267% h−0.43

and k2=4.298% h−0.86) in comparison to the control (k1=
13.74% h−0.43 and k2=4.261% h−0.86). Essentially, the polymeric
excipients influenced the diffusional and relaxational components
of the overall process of drug release over 24 h and therefore
modulated the release kinetics of the drug molecules from the PA
6,10 matrix.

Impact of Ionisable Inorganic Electrolytes

The inclusion of inorganic electrolytes played distinctive
roles in modulating the release of drug from the PA 6,10 matrix.
A relationship between the drug release and the valency of the
cationic and anionic components of the electrolyte was observed
(Fig. 5). The inorganic electrolytes minimised the overall quan-
tity of drug released over time compared with the control. This
was further substantiated by the computed fractional release
rate constant, КF, values. Formulation 15, containing cations
with the highest valency (Al3+), had the slowest release rate
(КF=0.009 fraction released/h) while formulation 13 containing
the electrolyte with the lowest cationic valency (K+) showed a

Fig. 3. Diverse impact of PA 6,10 particle size variation on the drug
release behaviour from the PA 6,10 monolithic matrices (n=3 and
standard deviation≤0.08 in all cases)

Fig. 4. Drug release profiles illustrating the effects of PLGA, HPMC
and PEO on the drug release characteristics of the PA 6,10-based
monolithic matrices (n=3 and SD≤5.98% in all cases)
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quicker release rate (КF=0.041 fraction released/h) in
comparison with the control without electrolytes. Formulation
14 containing the divalent cationic electrolyte (Mg2+) had a КF

value of 0.031 fraction released/h) in between those of (K+) and
(Al3+). The observed trend can be related to the degree of
hydration and hydrolysis of Al3+ in water because of its larger
charge density and smaller orbital size compared with the water
affinities of Mg2+ and K+, which are much weaker because of
their larger orbital sizes and smaller charge densities.

Furthermore, the pattern demonstrated by the electrolytes
can be related to the phenomena proposed by Durig and Fassihi
(2) as well as Pillay and Fassihi (13), which explained that a vital
competitive interaction can exists between electrolyte and water
species within a matrix system on exposure to the dissolution
media during hydration. Consequently, the unionised electrolyte
competes with the polymeric matrix for water species at the
outset of influx. Therefore, the electrolyte, if more hydrophilic
than the polymeric matrix attracts some of the water molecules
within the matrix to dissociate into ionic components. This initial
competition for water for hydration dehydrates the polymer

matrix leading to suppression of initial polymeric wetting preced-
ing drug diffusion. However, once sufficient water for hydrolysis
has been attracted by the electrolyte within matrix microenviron-
ment, the solubilised electrolyte species undergo an efflux process
that possesses the potential to create porous channels within the
hydrated matrix for the penetration of more water molecules,
which then enhances polymeric matrix hydration, progressive
matrix relaxation and outward drug diffusion.

With reference to the drug release characteristics demonstrat-
ed by the electrolytes included in the PA6,10matrix and the above-
described phenomenon, it can therefore be proposed that the
valency of the ions that constitute the test formulations influenced
the interaction between the water molecules, polymeric compo-
nents and respective electrolyte. This determined the extent of
hydration based on the amount of water molecules required by
each electrolyte for complete matrix hydrolysis into their ionic
moieties. Furthermore, a competition between PA 6,10 and the
respective electrolytes for water molecules may have occurred
within the monolithic matrix. Based on the semicrystalline nature
of PA 6,10 (28), the affinity of the electrolytes for water can
outweigh that of PA 6,10 since the electrolytes are more crystalline
and hydrophilic in nature. Therefore, the electrolytes set the pace
with regards to the velocity of water infiltration into the respective
matrices, and this subsequently influenced the rate of hydration of
the polymeric matrix and ultimately the drug release efficiencies.

Hypothetically, it canbeproposed that the higher the values of
the cationic charges/charge densities (Al3+), the greater the
quantity of water molecules required to bring about a complete
hydration and ionisation of the respective electrolyte species. This
implied that there can be more competition for water molecules
between the electrolyte and the polymeric component.
Consequently, a higher level of polymeric dehydration is expected
formatrices containing electrolyte species of this sort. This results in
the suppression of drug release, as the process of polymeric matrix
wetting which leads to breaking up of polymer chains leading to
drug release was initially deactivated. At the point when sufficient
water had been attracted by the electrolyte species for complete
hydration and ionisation, then the ionised species can migrate out
of the matrix creating considerable fissures within the matrix for
water penetration, which can enhance matrix hydration, unfolding
and drug release. For matrices containing cations with lower
valences (K+ and Mg2+), the intensity of competition with the

Table V. Inherent Energy Attributes Representing the Molecular Assemblies Modelled Using Static Lattice Atomistic Simulations in the
Solvated Phase

Molecular complex V∑
a Vb

b Vθ
c Vφ

d Vij
e Vhb

f Vel
g

mPA-PLGA −2316.51 24.54 44.03 35.89 5.27 −6.43 −2419.82
mPA-HPMC −2895.04 29.56 85.96 11.42 49.55 −5.62 −3065.91
mPA-PEO −3091.55 32.06 38.02 18.33 37.11 −2.23 −3214.84
mPA-Al −2059.99 18.37 21.38 7.63 11.40 −3.13 −2115.64
mPA-Mg −1982.99 18.19 21.27 7.59 37.46 0.00 −2067.50
mPA-K −1951.76 19.19 85.01 8.42 1.67 0.00 −2066.05

aTotal steric energy for an optimised structure
bBond stretching contributions
cBond angle contributions
dTorsional contribution associated with deviations from optimum dihedral angles
e van der Waals interactions
fHydrogen-bond energy function
gElectrostatic energy

Fig. 5. Modulation of drug release from the PA 6,10-based monolithic
matrix by inorganic electrolytes (n=3 and SD≤8.37% in all cases)

1356 Adeleke et al.



polymer for water molecules was milder because the amount of
water required for complete hydration and ionisation was less.
Therefore, the polymeric matrix was less dehydrated, and some
level of hydration, disentangling and diffusion was initiated before
the completely hydrated electrolyte species began tomigrate out of
the matrix to create more channels for water penetration that
further enhanced drug release.

Overall, aluminium sulphate [Al2(SO4)3] demonstrated
the slowest release rate, while potassium sulphate (K2SO4)
was the quickest and magnesium sulphate (MgSO4) was in
between these two extremes (i.e. K+>Mg2+>Al3+).

Outputs of Computational Modeling of the Excipient
and Electrolyte Modified PA 6,10 Matrix

Effect of Polymeric Excipients

The component energy values related to mPA-PLGA,
mPA-HPMC and mPA-PEO are shown in Table V, while the
respective geometrically stabilised 3D conformations are
displayed in Fig. 6. The mPA-PEO was most stabilised among
the three mPA-excipient complexes with a total steric energy of
≈−3,092 kcal/mol as compared to ≈−2,895 kcal/mol and
≈−2316 kcal/mol for mPA-HPMC and mPA-PLGA, respective-
ly (Table V). Interestingly, the stabilised energies for mPA-PEO

Fig. 6. Visualisation of geometrical preferences of a mPA-PLGA, b
mPA-HPMC and cmPA-PEO after molecular simulation in a solvated
system consisting of water molecules (blue lines). The mPA (red),
PLGA (white), HPMC (yellow) and PEO (brown) are rendered in
tube display

Fig. 7. Visualisation of geometrical representations of a mPA-Al, b
mPA-Mg and c mPA-K after molecular simulation in a solvated sys-
tem consisting of water molecules (blue lines). The mPA molecule
(red) is rendered in tube display. Al (yellow), Mg (green) and K
(violet) are rendered in ball displays
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and mPA-HPMC were close in magnitude, and this relates very
well with the similarity between their drug release profiles
(Fig. 4). A faster drug release frommPA-PEO andmPA-HPMC
may be attributed to the increased stabilisation of the complex in
the vicinity of water molecules→increased affinity towards
water→enhanced hydrophilicity of the matrix→increased ac-
cess to the diffusion of water molecules into the matrix→higher
drug release. An inverse relationshipwas observed for themPA-
PLGA formulation wherein the rate of drug release was re-
duced due to well-known hydrophobicity of PLGA. The poly-
mer–excipient structures were mainly stabilised by the
electrostatic interactions and hydrogen bonding component
and were destabilised by all bonding energies (angle, bond and
torsion energies) as well as the van der Waals forces. Conclu-
sively, the non-bonding interactions balanced the torsional
strain created by the bonding forces to accommodate the most
feasible geometrical conformation as shown in Fig. 6.

Effect of Inorganic Electrolytes

The component energy values related to mPA-Al, mPA-
K and mPA-Mg are shown in Table V, and the respective
geometrically stabilised 3D conformations are displayed in
Fig. 7. It is evident from Table V that mPA-Al was most
stabilised among the three mPA-electrolyte complexes with a
total steric energy of ≈−2,059 cal/mol as compared to
≈−1,982 kcal/mol and ≈−1951 kcal/mol for mPA-Mg and
mPA-K, respectively. Interestingly, the stand-out stabilisation
of mPA-Al supports the experimentally observed much slower
drug release from F15 [Al2(SO4)3] as compared to F13
(K2SO4) and F14 (MgSO4) represented by mPA-K and
mPA-Mg, respectively (Fig. 5). A slower drug release from
more stabilised mPA-Al can be attributed to the increased
stabilisation of the complex in the vicinity of water
molecules→increased ionisation of the metal ion→increased
cross-linking of the matrix structure→suppression of the initial
polymeric wetting→slower drug release. The inverse is true
for mPA-K and mPA-Mg formulations wherein the drug re-
lease rate was faster than mPA-Al due to a lesser amount of
cross-linking prevailing in the monovalent and divalent cross-
linked systems. Another reason for a slower drug release from
mPA-Al may be attributed to hydrogen bonding (Vhb=−3.127;
Table V) prevailing within the matrix leading to the formation
of a well-knit polymer architecture, which was absent in the
case of mPA-Mg and mPA-K molecular structures (Fig. 7).
Similar to polymer–excipient complexes, the polymer–electro-
lyte structures were mainly stabilised by the electrostatic in-
teractions and were destabilised by all bonding energies
(bond, angle and torsion energies) as well as by the van der
Waals forces.

CONCLUSIONS

In this study, the significant effects of formulation variables
and excipients on the drug release performances of the novel PA
6,10-based monolithic matrix were investigated. The observed
impacts revealed the robust and flexible, yet rate-modulated drug
release behaviour and kinetics of the PA 6,10 matrix system,
which resulted in the compilation of applicable deductions. Fur-
thermore, the relevance of reputablemathematical expressions in
assessing and comparing dissolution data as well as establishing

the various possible drug release mechanisms of the PA 6,10
monolithic matrix was ascertained. The in silico lattice simula-
tions for mPA-excipient and mPA-electrolyte complexes
complemented the experimentally observed drug release
profiles.
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