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Abstract. The purpose of this study was to formulate drug-loaded polyelectrolyte matrices constituting
blends of pectin, chitosan (CHT) and hydrolyzed polyacrylamide (HPAAm) for controlling the
premature solvation of the polymers and modulating drug release. The model drug employed was the
highly water-soluble antihistamine, diphenhydramine HCl (DPH). Polyelectrolyte complex formation
was validated by infrared spectroscopy. Matrices were characterized by textural profiling, porositometry
and SEM. Drug release studies were performed under simulated gastrointestinal conditions using USP
apparatus 3. FTIR spectra revealed distinctive peaks indicating the presence of –COO− symmetrical
stretching (1,425–1,390 cm−1) and -NH3

+ deformation (1,535 cm−1) with evidence of electrostatic
interaction between the cationic CHT and anionic HPAAm corroborated by molecular mechanics
simulations of the complexes. Pectin–HPAAm matrices showed electrostatic attraction due to residual –
NH2 and –COO− groups of HPAAm and pectin, respectively. Textural profiling demonstrated that CHT-
HPAAm matrices were most resilient at 6.1% and pectin–CHT–HPAAm matrices were the least (3.9%).
Matrix hardness and deformation energy followed similar behavior. Pectin–CHT–HPAAm and CHT–
HPAAm matrices produced type IV isotherms with H3 hysteresis and mesopores (22.46 nm) while
pectin–HPAAm matrices were atypical with hysteresis at a low P/P0 and pore sizes of 5.15 nm and a large
surface area. At t2 h, no DPH was released from CHT–HPAAm matrices, whereas 28.2% and 82.2% was
released from pectin–HPAAm and pectin–CHT–HPAAm matrices, respectively. At t4 h, complete DPH
release was achieved from pectin–CHT–HPAAm matrices in contrast to only 35% from CHT–HPAAm
matrices. This revealed the release-modulating capability of each matrix signifying their applicability in
controlled oral drug delivery applications.

KEY WORDS: composite polyelectrolytes; controlled oral drug delivery; hydrolyzed polyacylamide;
matrix characterization; polysaccharides.

INTRODUCTION

As the biomedical and biotechnological sciences make
huge strides in advancing drug delivery technology, increased
pressure is being placed on the development of novel
polymeric materials derived from natural polymers. An
effective and simple means of creating these new materials
is by a process termed “blending”. Blends of “natural–
natural” polymers and “synthetic–synthetic” polymers have
been widely investigated. Even though natural polymers may
possess superior biocompatibility, their mechanical properties
are often unsatisfactory (1). On the other hand, synthetic
polymers have desirable mechanical properties and only
satisfactory biocompatibility. Therefore, blends of natural–
synthetic polymers are targeted as a more efficacious means
of meeting the needs of modern materials science (2–5).
Chemically modified natural polysaccharides have shown

diverse potential due to their enhanced hydrophilic properties
and their intrinsic polyelectrolyte character (6–8). The latter
characteristic provides for the electrostatic interaction
between two oppositely charged polyelectrolytes when
blended in aqueous solutions to form what is known as
polyelectrolyte complexes (PECs) (7–11). These PECs have
been shown to exhibit unique physical and chemical proper-
ties due to the considerably stronger electrostatic interactions
compared to most other secondary binding interactions (12).
Oppositely charged polysaccharides are also capable of
interacting in the same manner and considering their
numerous desirable properties such as their biodegradability,
biocompatibility, hydrophilicity and protective properties,
increased interest is being placed on them (13–15). A variety
of polysaccharide-based PECs have been formulated and
evaluated for diverse applications (16–20). Among their
numerous benefits, these complexes are also capable of
providing a greater barrier to drug release in the upper
gastrointestinal tract than either material alone.

Polyacrylamide (PAAm) is a water-soluble non-ionic
synthetic polymer typically obtained by free radical polymer-
ization of acrylamide in an aqueous medium (21). It is
generally used as a strengthening agent, an erosion-prevent-
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ing and infiltration-enhancing polymer. It is also commonly
applied in gel electrophoresis (22–24). Transformation of the
essentially neutral PAAm molecule into a strong anionic
molecule is generally achieved as a consequence of hydrolysis
which results in a partially hydrolyzed PAAm (HPAAm)
molecule due to the partial conversion of its amide groups to
carboxylate groups (25). Therefore when in aqueous solution,
this polymer presents with a polyelectrolyte character. The
fundamental process of HPAAm synthesis is based on a so-
called simultaneous polymerization–hydrolysis process
whereby the hydrolysis reaction of PAAm is conducted
concurrently with the polymerization of the acrylamide (26).
The most prevalent means of HPAAm formation is by
alkaline hydrolysis of PAAm using hydrolyzing agents such
as alkali metal carbonates, alkali metal hydroxides, alkali
metal sulfates, or alkali metal chlorides (27).

Chitosan (CHT) is a partially de-acetylated derivative of
chitin which possesses unique physicochemical and biological
properties such as an enhanced biocompatibility and anti-
microbial capability. However apart from these factors, its
cationic nature and high-charge density in solution along with
its mucoadhesive properties has made it one of the most
popular natural polymers for use in oral controlled drug
delivery technology (28). In addition, the ability of CHT to
form non-covalent complexes with other polyelectrolytes
(bio-polyelectrolytes, modified natural polyanions, or syn-
thetic polyanions) adds to its attractiveness for use in
controlled drug delivery (29).

Pectin, a naturally occurring anionic polysaccharide has
also been greatly explored for its potential in drug delivery
technology, especially for targeted colonic delivery (30–34).
However, the high hydrophilicity of pectin warrants the need
to identify methods of effectively reducing the premature
solubility while maintaining its polymeric backbone. By
polyelectrolyte complexation of this phyto-polysaccharide
with CHT, the intrinsic beneficial properties of pectin can be
maintained while allowing a reduction in the hydrophilicity
thus facilitating its use in many controlled release drug
delivery systems (16,35). In addition, the susceptibility of
polysaccharide polymers to colonic enzymatic degradation
may be enhanced by reducing the premature solvation of the
relevant polymer in the upper gastrointestinal tract, thus
facilitating a more targeted and site-specific delivery of
pharmaceutical agents in the distal small intestine and colon.

Accordingly, the present study focused on the formula-
tion of a lyophilized polyelectrolyte matrix constituting
combinations of natural polymers such as pectin and CHT
and a partially hydrolyzed synthetic polymer, HPAAm
derived from polyacrylamide. This formulation approach
was aimed at the facilitation of a reduction in the premature
solvation of the polysaccharide polymer, either CHT or pectin
or a combination thereof, in turn reducing upper gastro-

intestinal release of the model highly water-soluble drug,
diphenhydramine HCl (DPH), and providing an intact matrix
for entry in the colon. DPH was employed as the model drug
to prove the modulating effect of the lyophilized polyelec-
trolyte matrix on drug release. The matrix was investigated
for its in vitro drug release characteristics under conditions
simulating the gastric and small intestinal environments.
Furthermore, the matrices also underwent intensive physico-
mechanical and physicochemical analysis, with the aim of
determining the textural parameters of matrix resilience,
matrix hardness and deformation energy. Fourier transmis-
sion infrared spectroscopy (FTIR) was performed to eluci-
date the successful synthesis of the polyelectrolyte matrix of
the relevant polymers and was corroborated by Molecular
Mechanics simulations. Pore structure, distribution, and
volume were elucidated based on the Barrett, Joyner, and
Halenda (BJH) theory (36) and was then correlated with the
microscopic architecture of the matrices. The Brunauer–
Emmett–Teller (BET) theory (37) of surface area determi-
nation was then employed for matrix evaluation.

MATERIALS AND METHODS

Materials

The natural polysaccharide polymers employed included
CHT (food grade powder) (Wellable Group Marine Bio-
logical & Chemical Co., Ltd., Shishi City, Fujian, China) and
pectin (Classic Cu 701; DE: 34–38%; Herbstreith & Fox KG,
Neuenbürg, Baden-Württemberg, Germany) of molecular
weights (Mw) 160.9 and 70,000 g/mol, respectively. PAAm
(Mw=5×10

6–6×106 g/mol), the synthetic non-ionic polymer,
was purchased from Fluka Biochemika (St. Louis, MO, USA)
and glacial acetic acid was acquired from Rochelle Chemicals
(Johannesburg, Gauteng, South Africa). Sodium persulphate
(SPS) (SigmaUltra, minimum 98%) as the hydrolyzing agent
was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and N,N,N′,N′-tetramethylethylenediamine (TEMED;
absolute≥99%, GC) as the accelerant was purchased from
Fluka (Buchs, AG, Switzerland). DPH with a water solubility
of 100 mg/mL at 25°C was employed as the model drug and
was purchased from Sigma-Aldrich-Chemie GmbH
(Steinheim, Luxembourg, Germany). All materials
employed were of analytical grade and used without further
purification.

Synthesis of the Composite Polyelectrolyte Matrices

Three formulations consisting of various combinations of
the polysaccharide (CHT and/or pectin) and PAAm were
synthesized (Table I). Briefly, a 10%w/v aqueous solution of
the relevant polysaccharide was blended with a 5%w/v

Table I. Composition of Each Lyophilized Polyelectrolyte Matrix Formulation

Formulation Polymer type Concentration (%w/v) Volume ratio (v/v) SPSa/TEMEDb (w/v)

1 CHT/HPAAm 10:5 2:1 4:1
2 Pectin/HPAAm 10:5 2:1 4:1
3 Pectin/CHT/HPAAm 10:10:5 1:1:1 4:1

a Sodium persulfate (hydrolyzing agent)
bN,N,N′,N′-Tetramethylethylenediamine (accelerant)
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solution of PAAm in a 2:1 (v/v) ratio. All solutions were
agitated until a visibly homogenous solution was obtained.
DPH was then dissolved into the homogenous blend and was
further agitated to facilitate a uniform distribution of the
drug. Hydrolization of PAAm was permitted with the
addition of SPS, in conjunction with TEMED as an
accelerant in a 4:1 ratio. The reaction was allowed to
proceed under constant agitation at 25°C for 3 h. Matrices
consisting of pectin, CHT and HPAAm were prepared in an
identical manner as described above and in the same
concentrations. However, all three polymers were used in
equal volumes, i.e., in a 1:1:1 ratio. After 3 h of constant
agitation, the polyelectrolyte blends were subjected to dialysis
through 12,000–14,000 Da Dialysis Tubing (cellulose tube,
average fiat width 25 mm) (Sigma Chem. Co., MO, USA).
After dialysis, 1 mL aliquots of each polyelectrolyte blend
was pipetted into pre-lubricated cylindrical molds (13×5 mm)
and were subsequently frozen at −70°C for 24 h prior to
lyophilization (FreeZone® 2.5, Labconco®, Kansas City,
Missouri, USA) at 25 mtorr for 48 h. Lyophilization of the
polyelectrolyte DPH-loaded blends was performed with the
aim of removing excess solvent involved in the hydrolysis and
complexation process, thus ensuring a more stable and robust
formulation of defined dimensions.

Elucidation of the Structural Variations of the Polyelectrolyte
Matrices

FTIR was performed on all native polymers involved in
matrix formulation as well as on the lyophilized matrices as a
means of validating the successful synthesis of the polyelec-
trolyte complex between HPAAm and the relevant polysac-
charides. A Perkin Elmer Spectrum 2,000 FTIR spectrometer
with a MIRTGS detector, (PerkinElmer Spectrum 100,
Llantrisant, Wales, UK) was employed for analysis. Samples
were placed on a diamond crystal and processed by universal
ATR polarization accessory for the FTIR spectrum series at a
resolution of 4 cm−1. Samples were analyzed at wave numbers
ranging from 400 to 4,000 cm−1.

Chemometric Molecular Mechanics Simulations

All modeling and computations, including energy mini-
mizations in molecular mechanics, were performed using

HyperChem™ 8.0.8 Molecular Modeling Software (Hyper-
cube Inc., Gainesville, FL, USA) and ChemBio3D Ultra 11.0
(CambridgeSoft Corporation, Cambridge, UK). The decamer
of acrylamide (polyacrylamide) was drawn using ChemBio3D
Ultra in its syndiotactic stereochemistry as a 3D model,
whereas the structures of CHT (10 glucosamine saccharide
units) and pectin (10 galactopyranosyl uronic acid units) were
built from standard bond lengths and angles using the
polysaccharide Builder Module on HyperChem 8.0.8. The
models were initially energy minimized using MM + force
field and the resulting structures were once again energy
minimized using the Amber 3 (assisted model building and
energy refinements) force field. The conformer having the
lowest energy was used to create the polymer–polymer
complex. A complex of one polymer molecule with another
was assembled by parallel disposition of the molecules and an
identical procedure of energy minimization was repeated to
generate the final models: CHT–HPAAm, pectin–HPAAm,
and pectin–CHT–HPAAm. Furthermore, various energies
and hydrogen bond lengths involved in the molecular
interactions between CHT–HPAAm, pectin–HPAAm, and
pectin–CHT–HPAAm were computed.

Physicomechanical Properties of the Polyelectrolyte Matrices

The physicomechanical properties of the matrices
were evaluated in terms of their matrix resilience (MR),
matrix hardness (MH), and deformation energy (DE). A
calibrated texture analyzer (TA.XTplus, Stable Microsys-
tems, Surrey, UK) fitted with a cylindrical steel probe
(50 mm diameter; for MR) and a flat-tipped steel probe
(2 mm diameter; for MH and DE) was employed. The
parameters employed for the analysis is outlined in
Table II. All studies (N=3) were conducted at room
temperature (25°C).

MR (%) was calculated by the percentage of the ratio
between the area under the curve (AUC) of the peak to
baseline (after the force is removed; AUC2–3) and the
baseline to peak (before the force is removed; AUC1–2) from
a force–time profile (Fig. 1a). MH (N/mm2) and DE (J) were
both determined based on force–distance profiles, in
particular, MH was elucidated from the gradient between
the initial force and the maximum force attained, and DE
from the AUC (Fig. 1b).

Table II. Textural Profiling Parameters Settings Employed for Physicochemical Characterization of the Polyelectrolyte Matrices

Parameters MRa (%) MHb (N/mm2) DEc (J)

Pre-test speed 1 mm/s 1 mm/s 1 mm/s
Test speed 0.5 mm/s 0.5 mm/s 0.5 mm/s
Post-test speed 10 mm/s 10 mm/s 10 mm/s
Trigger type Auto Auto Auto
Trigger force 0.05 N 0.05 N 0.05 N
Load cell 5 kg 5 kg 5 kg
Compression strain Variable N/A N/A
Target mode Strain (40%) Distance Distance

aMatrix resilience
bMatrix hardness
cDeformation energy
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The Porositometric Characteristics of the Polyelectrolyte
Matrices

Surface area and porosity analysis was performed on all
polyelectrolyte matrices using a Porositometric Analyzer
(Micromeritics ASAP 2020, Norcross, GA, USA). Samples
were initially degassed to aid the removal of surface moisture
and contaminants prior to analysis. Sample preparation
briefly involved the weighing of each matrix (13×5 mm) with
subsequent division of the matrices into quadrants capable of
passing through the neck of the sample tube (I.D=9.53 mm).
A glass filler rod was then inserted into the sample tube to
reduce the total free space volume within the tube facilitating
a reduction in the time required for complete degassing to
occur. Samples were completely degassed after a period of
between 7 and 9 h, the process of which encompassed an
evacuation and heating phase. The respective parameter
settings are shown in Table III.

Subsequent to complete degassing, the sample tube was
transferred to the analysis port where data such as surface
area, pore volume, and pore size was obtained in accordance
with BJH and BET computations. The most widely used
standard procedure for the determination of surface area of
porous materials is based on the BET gas adsorption method
which occurs in a two-stage process (37). Firstly, the BET

equation was used in the linear form to determine the
monolayer capacity based on Eq. 1.

p
na p0 � pð Þ ¼

1
nam � C

þ C � 1ð Þp
nam � Cp0

ð1Þ

Where, na refers to the quantity of N2 adsorbed at the relative
pressure P/P0, n

a
m was the monolayer capacity and C was

exponentially related to the enthalpy of adsorption in the first
adsorbed layer.

The surface area was then determined from the mono-
layer capacity using Eqs. 2 and 3 in the determination of the
total and specific surface areas. This, however, required data
regarding the molecular cross-sectional area am occupied by
the adsorbate in the complete monolayer.

As BETð Þ ¼ nam � L� am ð2Þ

as BETð Þ ¼ As BETð Þ=m ð3Þ
Where As(BET) and as(BET) are the total and specific
surface areas, respectively, of the adsorbent (of mass m) and
L is the Avogadro constant.

Surface Morphological Analysis of the Polyelectrolyte
Matrices

The surface morphology of the polyelectrolyte matrices
were characterized by scanning electron microscopy (SEM;
JSM-840 Scanning Electron Microscope, JEOL 840, Tokyo,
Japan), at an accelerating voltage of 19 kV. This was
performed to assess the surface characteristics of the matrices
in relation to the nature and blend of polymers employed.
Matrix samples were mounted on aluminum stubs and
sputter-coated with a thin layer of gold palladium. Samples
were then stored in a desiccator until analysis to avoid
absorption of moisture onto the lyophilized matrices. Photo-
micrographs were captured at magnifications of ×1,400
and ×2,300.

Fig. 1. Typical force–time and force–distance profiles of the polyelectrolyte matrices for
determining a matrix resilience, and b matrix hardness (determined from gradient between
anchors 1 and 2) and deformation energy (determined from AUC between anchors 1 and 2)

Table III. Evacuation and Heating Phase Parameters Employed for
Porositometric Analysis

Parameter Rate/target

Evacuation phase
Temperature ramp rate 10°C/min
Target temperature 40°C
Evacuation rate 50.0 mmHg/s
Unrestricted evacuation from 30 mmHg
Vacuum set point 500μmHg
Evacuation time 60 min
Heating phase
Temperature ramp rate 10°C/min
Hold temperature 30°C
Hold time 900 min
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Determination of the Drug Entrapment Efficiency

With the aim of ascertaining the quantity of DPH
entrapped within each matrix, individual matrices (N=3)
were finely triturated and subsequently dissolved in 100 mL
of simulated gastric fluid (SGF; pH 1.2; 37°C). After complete
dissolution, the solutions were filtered through a hydrophilic
0.45 μm Millipore membrane filter (Millipore® Millex-HV)
(Millipore Corporation, Billerica, MA, USA) and analyzed
spectroscopically (Lambda 25, UV/VIS Spectrometer, Perki-
nElmer®, Waltham, MA, USA) at a wavelength of 254 nm.
The absorbances attained were then fitted to the relevant
calibration curves (R2=0.996) for the calculation of DPH
content per matrix.

In vitro Drug Release Analysis from the Polyelectrolyte
Matrices as a Function of Polymer Blends Employed

For in vitro evaluation of a controlled release drug
delivery system, the ideal dissolution testing system should as
close as possible mimic the in vivo conditions with regard to
pH, types of enzymes present, fluid volume, and mixing
intensity within the human gastrointestinal tract (38–40).
However, such dissolution specifications are very difficult to
be validated (38). For this reason, conventional methods are
used and provide essential information about the function-
ality of the system design rather than its in vivo performance.
To improve the relevance of the results obtained, a pH
gradient and various transit times that closely resembles that
of the gastrointestinal tract was employed. In vitro drug
release studies were performed with a USP Bio-Dis®
Apparatus (Caleva RRT 8; Caleva Ltd, Sturminster Newton,
Dorset, England) at 37±0.5°C using 220 mL of test medium
in each vessel, mesh sizes of 420 μm for both the top and
bottom of the glass cylinders and a dip rate of 10 dpm for all
experiments. Samples were removed at predetermined time-
points and analyzed by UV spectroscopy (Lambda 25, UV/
VIS Spectrometer, PerkinElmer®, Waltham, MA, USA) at a
wavelength maximum of 254 nm (N=3). The pH differential
employed included test media of: SGF (pH 1.2; 37°C; R2=
0.996) (41) for 2 h and simulated intestinal fluid (SIF; pH 6.8;
37°C) (R2=0.997) (41) for the subsequent 4 h to complete the
6-h study period.

RESULTS AND DISCUSSION

Synthesis Validation of the Polyelectrolyte Matrices

Band shifts, changes in the peak intensity and peak
broadening revealed by FTIR spectra of the various polymer
blends in relation to the native polymers provided evidence
that these modifications were specifically derived from
chemical interactions and/or electrostatic interactions due to
synthesis of the polyelectrolyte matrices. From the FTIR
spectra of CHT, the presence of amine groups was substan-
tiated by a broad band from 3,360 to 3,340 cm−1 signifying
NH2 stretching. The peak at 2,870 and 1,587 cm−1 was
assigned to the C–H stretching and NH2 deformation,
respectively. The native PAAm was dominated by primary
amide groups (–CONH2) that essentially resulted in spectra
indicating NH2 stretching (3,400–3,150 cm−1) and C = O

stretching (1,680–1,660 cm−1). Without the application of
hydrolyzing agents, PAAm remained resistant to hydrolysis in
aqueous solutions maintained at room temperature (42).
However, with the inclusion of SPS to the polymeric blend
partial alkaline hydrolysis of PAAm occurred. This resulted
in the partial conversion of the amide groups to randomly
distributed polar carboxyl groups carrying negative charges
that rendered PAAm as a strong anionic polyelectrolyte.
Furthermore, due to the employment of acetic acid as a
solvent, the –NH2 groups on the CHT molecule were
converted to –NH3

+ groups, resulting in the cationic nature
of the polymer solution. Thus, a combination of these
polymers results in an electrostatic attraction between the
relevant oppositely charged polyions to form a PEC (43) as
depicted in Fig. 2.

The corresponding FTIR spectra of these matrices
revealed unique distinctive peaks between 1,425–1,390 cm−1

indicating the presence of –COO− symmetrical stretching and
a distinctive peak at 1,535 cm−1 signifying –NH3

+

deformation. These peaks essentially form the necessary
validation for the formation of a PEC between CHT and
HPAAm. However, there was still evidence of the presence of
remaining amide groups from the non-hydrolyzed amide
groups of HPAAm.

According to Liu et al. (44), typically at low ionization,
polyacids function as hydrogen donors and can thus form
intermolecular hydrogen bonds with the non-ionic PAAm,
which is a proton acceptor, to form an intermolecular
complex. In addition, the intermolecular interaction
between a polyacid and PAAm is also dependent on the
degree of ionization of the polyacid as well as the
structural compatibility between the two polymers. Since
PAAm was only partially hydrolyzed the numerous remain-
ing –NH2 groups present on the polymer backbone
provided the basis for the electrostatic interaction with
the –COO− groups of pectin in this study. The FTIR
spectrum of these matrices revealed a predominant broad band
between 2,500 and 3,500 cm−1 indicative of H-bonded OH
stretching due to the free carboxylic groups of the HPAAm.
However, the characteristic feature of these matrices was the
disappearance of the peak at 1,590 cm−1 which signified NH2

deformation of the primary amine groups. Reactions
between anionic and cationic macromolecules in aqueous
solutions lead to the formation of inter-polymeric
complexes and since pectin and CHT are electrostatically
complementary macromolecules, it is theorized that an
electrostatic interaction between the positively charged
amino groups at C-2 of the CHT pyranose ring and
negatively charged carboxyl groups at C-5 of the pectin
pyranose ring may have led to the formation of a PEC
(45,46).

Based on FTIR spectra of pectin–CHT–HPAAm matri-
ces relative to the spectra of CHT–HPAAm matrices, it was
found that the spectra were identical except for the disap-
pearance of the peak at 1,535 cm−1 in the pectin–CHT–
HPAAm matrices. As described previously, this peak was
indicative of NH3

+ deformation. Thus, the existence of this
peak in CHT–HPAAm matrices indicated a surplus of NH3

+

sites due to the partial hydrolization of PAAm and thus an
insufficient number of COO- sites available for ‘total’
electrostatic interaction. However, the inclusion of pectin as
part of the blend provided additional COO− anionic sites that
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facilitated the electrostatic interaction between the NH3
+ ions

of CHT and the COO− ions of pectin. In addition to these
electrostatic interactions, a further interaction was observed
between the remaining –NH2 groups of HPAAm and the –
COO− groups of pectin (Fig. 2).

Molecular Mechanistic Elucidation of Polyelectrolyte
Complex Performance

In order to further support the synthesis validation and
the FTIR results obtained, molecular mechanics simulations
was undertaken in the form of energy minimizations to
demonstrate electro- and structure-selective binding of sac-
charidic moieties, CHT, and pectin, to partially hydrolyzed
PAAm. Molecular mechanics described the energy of the
molecules in terms of a simplified function that accounted for

distortion from ideal bond distances and angles, as well as for
non-bonded Van der Waals and Coulombic interactions. The
molecular tectonics of PECs in this study was found to be
affected by various types of attractive interactions such as
Van der Waals contacts, H-bonds, and electrostatic interac-
tions. Table IV and Fig. 3 show the results of molecular
mechanics computations performed in vacuum. The final
conformation models of molecular networks were generated
by the molecular mechanics computations for formable
complex structures in relation to the cooperative ion-pair
binding between the carboxyl (–COO−) and the protonated
amine (–NH3

+) groups. The strong binding affinity in CHT–
HPAAm was due to the electrostatic interaction caused by
the –NH3

+ and –COO− ions that proceed in accordance with
the short-range Van der Waal attractions and secondary
interactions such as H-bonding. In contrast, –COO− ions of

Fig. 2. FTIR spectra of a CHT–HPAAm matrices, and b pectin–CHT–HPAAm with inset c possible chemical structure of the electrostatic
interaction between CHT, pectin, and HPAAm with (1) indicative of the CHT polymeric chain, (2) partially hydrolyzed PAAm, and (3) pectin

232 Bawa et al.



pectin interacted with the –NH3
+ of HPAAm. Although

the pectin–HPAAm complex was electrostatically more
stable than CHT–HPAAm, the Eelec(CHT–HPAAm–CHT) and
Eelec(pectin–HPAAm–pectin) were computed to be 5 and 1 kcal/mol,
respectively, indicating that the electrostatic interactions in
pectin–HPAAm complexes were weaker than the interactions
in the CHT–HPAAm complexes. Hence, HPAAm was playing a
dual role as an anionic electrolyte in the presence of CHT and a
cationic polysaccharide in the vicinity of pectin. Interestingly, the
Van der Waals energy was more stabilized in the case of pectin–
HPAAm (decreased by 58 kcal/mol) than in CHT–HPAAm
(44 kcal/mol) which demonstrated the significance of a structural
backbone fit between the host and guest molecule. In addition,
pectin–HPAAm was more stabilized by H-bonds as shown in
Table IVand Fig. 3a–c.

Finally, these complex interactions were also explored
through the pectin–CHT–HPAAm complex and observed the
formation of a PEC represented by a novel tri-polymeric
ionic-quadrilateral (TPIQ) consisting of –NH3

+ ions of CHT,
–COO− ions of pectin and –NH3

+, and –COO− ions of
HPAAm as shown in the FTIR spectra of Fig. 2. Figure 3c
clearly demonstrates the polyelectrolyte selection of the
pectin–CHT, pectin–HPAAm, and CHT–HPAAm polymers.
Figure 3c also depicts the energy minimized structures of
pectin–CHT–HPAAm where due to the flexibility of the
polymer chain, the relevant segments of polymers orientated
their configuration to form a remarkable structure fit between
the –NH3

+ and –COO− ions, the electrostatic, Van der Waals
and H-bond interactions being pseudo-optimized.
Comparison of the complexes revealed that the pectin–
CHT–HPAAm complex was superiorly stable in total
energy, Van der Waals, H-bond and electrostatic interactions
by 92, 17, 0.88, and 136 kcal/mol, respectively, in comparison
to CHT-HPAAm and 45, 20, 1.38, and 70 kcal/mol,
respectively, in comparison to pectin–HPAAm. The
difference in the electrostatic interactions of the TPIQ and
the biopolymer complexes of approximately 136 and 70 kcal/
mol suggested that the complex was stabilized mainly by
Coulombic attractions (Table IV) and supported by the Van
der Waals forces with a difference of 17 and 20 kcal/mol,
respectively. Although their H-bond lengths ranged from
2.1579 to 3.1772A˚ (Fig. 3d) and may be considered as H-
bonds of medium strength, it is likely that these interactions
may be significant for the stability of the TPIQ. Therefore,
the highly stable structure of TPIQ was due to the formation
of a pectin-CHT PEC in the vicinity of HPAAm which again
demonstrated the significance of a structural backbone fit due

to the superior fit between the location of the positive charges
and the position of the negatively charged groups.

Physicomechanical Analysis of the Polyelectrolyte Matrices

MR was employed as a measure of the cohesiveness of
the polyelectrolyte matrices and referred to the ability of the
matrices to recover to their original dimensions after a
compressive stress was applied by the textural probe (47). It
was determined that at a consistent strain of 40%, the CHT–
HPAAm matrices proved to be the most resilient at 6.1±
0.03%, compared to pectin–HPAAm matrices with a resil-
ience of 5.3±0.02% (Fig. 4). According to Platé (48), on
forming a complex, the reacting chains of components of a
PEC lose their flexibility and intermolecular mobility. Con-
sidering that pectin–CHT–HPAAm matrices had additional
electrostatic interactions between CHT–pectin and pectin–
HPAAm, along with the interaction between CHT and
HPAAm, it was thus warranted that these matrices would
have the least resilient nature.

The energy required to overcome the adhesive and
cohesive forces within the matrices is regarded as the
deformation energy. As expected, the energy dissipated in
the causation of this effect was markedly lower for pectin–
CHT–HPAAm matrices compared to the other variants.
Furthermore, the MH of pectin–CHT–HPAAm matrices
was lower than pectin–HPAAm matrices and CHT–HPAAm
matrices (Fig. 4).

The MR and MH are pertinent physicomechanical
properties that corroborate the matrices potential to absorb
energy during the fluid imbibitions process with drug release,
the physical matrix stability, and swelling or erosion behavior
for controlling the drug release behavior. In this study, MR
was represented as an index of energy absorption, while MH
was an index of resistance against deformation. In the case of
the pectin–CHT–HPAAm matrices, the orientation of struc-
ture and density closely controlled these properties to display
the anomalous behavior that was attributed to matrix curing
and the production of a ‘deforming-type’ matrix. The effect of
polymer blend ratios can also not be ignored as they imparted
various intricate physicomechanical characteristics. The MH
therefore also decreased with decreasing MR. When the
textural probe impacted the matrix, the MR decreased with
relatively softer matrices. This confirmed the plastic deforma-
tion of the matrices. In other words, the matrices absorbed
more impacting energy with softer matrices and therefore the
MR was poor. These results suggest that the MR and MH are

Table IV. Computed Energy Parameters (kcal/mol) of the Polyelectrolyte Complexes Formed Between Chitosan, HPAAm, and Pectin

Structure

Energy (kcal/mol)

Total Bond Angle Dihedral VDW H bond Elec

CHT 35.556 3.12011 18.035 25.7749 13.3231 0 −24.6973
Pectin −7.560326 5.03147 24.4993 28.571 29.0303 0 −94.6923
HPAAm 10.356753 1.42469 5.46554 8.57397 −5.07248 −0.03497 0
CHT–HPAAm 13.129162 5.85083 27.9893 42.3994 −31.8998 −0.576249 −29.7597
Pectin–HPAAm −34.25015 7.5611 36.3226 46.28 −28.8202 −0.074842 −95.5188
Pectin–CHT–HPAAm −79.08684 10.8678 57.0293 68.2813 −48.8639 −1.45089 −165.825
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potentially governed by non-linear deformation kinetics and
anomalous physicomechanical mechanisms due to the poly-
electrolyte complex formation.

Influence of the Polymer Blend on the Porositometric
Properties of the Polyelectrolyte Matrices

The technique of physical gas adsorption was used for
assessing the pore characteristics of the various polyelectro-

lyte matrices as a direct measure of its porous properties and
structure (49). When applied over a wide range of relative
pressures (P/P0), N2 adsorption isotherms provided critical
data on the pore size distributions in terms of their micro-,
meso-, and macropore ranges (±0.5–200 nm). The BJH model
of determining pore volume and pore size distribution in the
mesopore and macropore range was based on the Kelvin
equation and corrected for multi-layer adsorption (36).
Several assumptions were made with the BJH pore size
distribution computation, namely pores were rigid and of a
well-defined shape, the distribution was confined to the
mesopore range and filling/emptying of pores did not depend
on the location. It was generally considered that matrices that
were purely mesoporous and comprised non-intersecting
mesopores of cylindrical geometry and similar size exhibited
type IV isotherms with a type H1 hysteresis loop (49).
However, due to the random distribution of pores and an
interconnected pore system of the matrices, the hysteresis
loop was of type H2 or H3. Figure 5 provides an illustration
of typical isotherms and hysteresis models employed.

The isotherm of pectin–CHT–HPAAm matrices (Fig. 6a)
was typical of a type IV isotherm accompanied by a H3
hysteresis. The characteristic hysteresis loop was associated
with capillary condensation that took place in mesopores.
This was supported by data obtained where the pore sizes of
the matrices were found to be 22.46 nm according to the
desorption curve of the isotherm. Furthermore, according to
the isotherm, a forced closure of the hysteresis occurred at P/
P0>0.45 which was due to a sudden drop in the volume of N2

adsorbed along the desorption curve. This phenomenon was
referred to as the tensile strength effect. The isotherm
increased rapidly near P/P0=1 that was indicative of the
presence of macropores with a significant vertical rise
signifying the large diameters of the macropores.

In contrast, pectin–HPAAm matrices exhibited an iso-
therm not characteristic of any isothermic types according to
the IUPAC classification system. However, certain regions of
the isotherm were similar to that of a type IV isotherm
accompanied with a H4 hysteresis loop (Fig. 6b). According

Fig. 3. Energy minimized geometrical preferences of the polyelec-
trolyte complexes derived from molecular mechanics calculations: a
CHT–HPAAm, b pectin–HPAAm, c pectin–CHT–HPAAm complex,
and d H-bond lengths (Å) involved in the pectin-CHT–HPAAm
complex as computed via AMBER force field. The color codes for
elements C12, N2, and O2 are also shown

Fig. 4. Physicomechanical properties of the polyelectrolyte matrices
produced from different polymer blends
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to the data obtained pectin–HPAAm matrices had a pore size
of 5.15 nm based on the desorption isotherm. This was within
the mesopore range and explained the presence of the H4
hysteresis of the isotherm. Furthermore, the presence of a low
pressure hysteresis (P/P0<0.45) suggested that micropores
were also present in the matrices. However, Groen et al. (49)
described that a high degree of mesoporosity may lead to a
higher mesopore surface area, and this can in turn signifi-
cantly affect the low-pressure region (micropore range) of the
isotherm. This explanation is validated by the elevated
surface area of the matrices despite the smaller pore sizes
compared to the pectin–CHT–HPAAm and CHT–HPAAm
matrices (Table V).

CHT–HPAAm matrices exhibited a similar isotherm to
that of pectin–CHT–HPAAm matrices, with similar pore sizes
(Table V). However, it deviated from the pectin–CHT–

HPAAm matrices with its reduced surface area due to the
reduced number of pores present in the matrix.

SEM micrographs of all matrices showed highly porous
surface characteristics. Surface area and porosity studies
suggested that the porosity of the matrices followed a random
distribution and an interconnected pore system. This was
evidenced from SEM images at various magnifications for
each matrix formulation (Fig. 6). According to a type II and
type IV isotherm, the point marked ‘B’ on Fig. 5 refers to the
point at which monolayer adsorption was complete and was
visible at the beginning of the almost linear mid-section of the
isotherm. This point was clearly visible as a ‘sharp knee’ in
the isotherm when C≈100 (Eq. 1). However, when C<20 this
point was not present as a single point on the isotherm (50).
Pectin–CHT–HPAAm matrices exhibited a type IV isotherm
with no discernable point ‘B’ that correlated with its C value

Fig. 5. Schematics depicting a types of isotherms and b types of hysteresis loops according
to the IUPAC classification system (adapted from Sing et al. (37))

Fig. 6. Linear isothermic plots of a pectin–CHT–HPAAm matrices and b pectin–HPAAm matrices with insets of SEM micrograph images at
magnifications of ×1,400 and ×2,300
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of 28.19. CHT–HPAAm matrices also had no discernible
point ‘B’ with a C value of 12.16. This difference in the
enthalpy of adsorption resulted in the difference in the
surface areas of these matrices.

Effect of the Polymer Blend on the Drug Release
Performance of the Polyelectrolyte Matrices

It has been reported that pore diameter may have a
significant effect on the rate of drug release and can also
affect the migration of the drug from the matrix into the
release media (50). However, such a relationship between
pore diameters and release rate is not always apparent. In
addition to pore diameter, the number of pores may also be
an important factor in controlling the release rate of drug
from matrices.

Drug release data indicated a marked difference in the
release profiles of the various polyelectrolyte matrices each
containing 35 mg of DPH, particularly in the first 2 h under
simulated gastric conditions. Each of these matrices was
round with a diameter of 13 mm and a height of 5 mm
(Fig. 7b). In this time, no drug was released from the CHT–
HPAAm matrices, whereas 28.2% and 82.2% of DPH was
released from the pectin–HPAAm and pectin–CHT–HPAAm
matrices, respectively. After 4 h of dissolution in simulated
intestinal conditions, complete drug release was achieved
from the pectin–CHT–HPAAm matrices in contrast to only
35.0% release from CHT–HPAAm matrices (Fig. 7a). The
pH differential employed, simulating conditions of the gastric
and small intestinal environments, showed that CHT–
HPAAm matrices exhibit applicability in drug delivery of
pharmaceutical agents in regions of the small intestine and
colon as no drug was released in the gastric region. This
modulated release profile would prove to be beneficial for the
localized treatment of chronic conditions such as ulcerative
colitis where distal small intestinal and colonic inflammation
is prevalent. In contrast, since pectin–HPAAm matrices
exhibited controlled release of DPH in SGF and SIF with
<40% released, it may still allow for an almost 60% delivery
of drug in the colonic region and thus may be beneficial for
the treatment of Crohn’s disease where the entire gastro-
intestinal tract is inflamed. The drug release data comple-
ments results obtained from the surface area and porosity
studies. The surface area (m2/g) of CHT–HPAAm matrices
was significantly lower than that of the other matrices (2.7 vs.
22.7 and 10.5 m2/g, respectively). The lower surface area
sustained the absorption of dissolution media into the matrix
thus reducing the swelling rate and subsequently the rate of
DPH diffusion out of the matrix. On the contrary, despite the

lower surface area of pectin–CHT–HPAAm matrices
compared to pectin–HPAAm matrices, the rate of drug
release was still higher. This finding may be supported by
the higher pore volume and pore sizes as well as the presence
of macropores in the pectin–CHT–HPAAm matrices
compared to pectin–HPAAm matrices.

CONCLUSIONS

Many approaches currently exist for the development of
composite polymer materials that may be used for modulating

Table V. Surface Area and Porosity Characteristics of the Various Polyelectrolyte Matrices

Surface area (m2/g) Pore volume (cm3/g) Pore size (nm)

BET Aa Bb Aa Bb

CHT–HPAAm 2.70 0.021 0.021 26.069 21.647
Pectin–HPAAm 22.67 0.005 0.005 5.425 5.152
Pectin–CHT–HPAAm 10.50 0.078 0.078 25.379 22.462

aBJH adsorption branch
bBJH desorption branch

Fig. 7. a Drug release profiles obtained for polyelectrolyte matrices
in conditions simulating the gastrointestinal tract (N=3, SD<0.06 in
all cases) and b a digital image depicting the matrices produced
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drug release. One such method evaluated in this study
focused on the formulation of polyelectrolyte complexes
between natural polysaccharide polymers and a hydrolyzed
synthetic polymer. The interaction between partially hydro-
lyzed PAAm molecules to both anionic (pectin) and CHT
polyelectrolytes formed three polymer complexes accommo-
dated by electrostatic, van der Waals, and H-bond interac-
tions. The polyelectrolyte matrices demonstrated controlled
release of the highly water-soluble model drug, DPH. Drug
release behavior was pivoted to the porositometric properties
of the various matrices. It was found that by modifying the
concentrations of the polymers employed (CHT, pectin, and
PAAm) and the combinations thereof, the applicability of
these matrices may be accentuated for effective site-specific
and controlled oral drug delivery applications.
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