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Abstract This research paper describes the development, optimization and in vitro

characterization of chemically cross-linked pectin–polyvinyl alcohol-co-poly(2-

Acrylamido-2-methylpropane sulfonic acid) semi-interpenetrating polymer network

hydrogel [pectin–PVA-co-poly(AMPS) semi-IPN hydrogel] for controlled delivery

of model drug tramadol HCl. Response surface methodology based on 32 factorial

design was used for optimization and investigating the effect of independent factors:

polymer-blend ratio (pectin:PVA = X1) and monomer (AMPS = X2) concentration

on the dependent variables, swelling ratio (q18th), percent drug release (R18th, %),

time required for 80 % drug release (t80 %, h), drug encapsulation efficiency (DEE,

%) and drug loaded contents (DLC, mg/g) in pectin-PVA-co-poly(AMPS) gels

prepared by free radical polymerization. The optimized semi-IPN gel (FPP-10)

showed controlled in vitro drug release (R18th) of 56.34 % in 18 h, t80 % of 30 h, and

DEE of 23.40 %. These semi-IPN hydrogels were also characterized through SEM,

FTIR, sol–gel analysis, swelling studies and drug release characteristics. Therefore,

this newly synthesized polymeric network could be a potential polymeric system for

controlled drug delivery of tramadol HCl for prolonged drug release.
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Introduction

Interpenetrating polymer networks (IPN) hydrogels can be described as a class of

polymer blends, being ‘‘alloys’’ of cross-linked polymers forming a blended

network of two or more polymers in which at least one of the systems is synthesized

in the presence of another polymer system [1–3]. These are formed through physical

cross-linking by entanglement or penetration of one polymer in another, with no

covalent bonds between them [4, 5]. Semi- or pseudo-interpenetrating polymer

network is one of the subtypes of IPN based on a structure in which one of the

polymeric components, i.e., synthetic or biopolymer exhibits linear instead of

network or cross-linked structure being embedded in a matrix system. These semi-

IPN gel systems can be synthesized through both simultaneous and sequential

preparation techniques [1, 2].

Polymer combination must be able to produce an advanced multicomponent

polymeric system exhibiting a new profile [6]. IPNs are found to exhibit superior

performances and wide range of applications over the conventional individual

polymeric systems because of their relatively dense, stiffer and tougher mechanical

properties which provide tunable physical properties, and more efficient drug-

loading capacity as compared to the conventional hydrogels [7]. Due to their

advanced properties of stability, biocompatibility, non-toxicity, biodegradability

and swelling capacity, IPN hydrogels have attracted considerable attention in

pharmaceutical field, particularly in delivering bioactive molecules to the target site,

and, thus, have emerged as novel carriers for controlled drug delivery [8].

IPN hydrogels are usually fabricated from naturally occurring polysaccharide

polymers, biopolymers, synthetic polymers, and combination of natural and synthetic

polymers; and protein-based IPN hydrogels are also being studied and prepared [2].

Blends of natural and synthetic polymers being termed as bioartificial or biosynthetic

polymeric material have gained increased interest for biomedical application, since

the last three decades, because of their improved mechanical and thermal properties

and biocompatibility compared to those of a single component [9].

Pectins are polyanionic, non-starch and linear polysaccharides extracted from

plant cell wall, predominantly comprising linear polymers of a-(1-4)- linked D-

galacturonic acid and 1,2 D-rhamnose with D-galactose and D-arabinose side chains

[10]. Pectins have been used as a gel former for many years; it is also used in the

production of a wide range of specialty products including biodegradable and edible

films, in adhesives, as paper substitutes, foams and plasticizers [11, 12]. Recently,

there is an interest to use pectin gels in controlled delivery of drugs orally, nasally

and through vagina [13–16] which are generally well tolerated and readily accepted

by the patients [13, 14, 17] as biomedical implants, and as surface modifiers for

medical devices [13, 14, 18].

Polyvinyl alcohol (PVA), a synthetic polymer, consists of hydroxyl groups

synthesized by the polymerization of vinyl acetate to form polyvinyl acetate

(PVAc), which are subsequently hydrolyzed to get PVA [19]. Due to its property of

high swelling degree in water and its viscoelastic nature, PVA finds application in

tissue engineering as it closely simulates and is readily accepted by natural body
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tissues and it serves as ideal candidate in the form of biomaterials for various

biomedical and pharmaceutical applications. PVA-based hydrogels have been used

for contact lenses, as artificial heart lining and for drug delivery applications mainly

in topical pharmaceutical and ophthalmic formulations [20, 21].

Tramadol HCl, a racemic mixture chemically being (1RS,2RS)-2-[(dimethy-

lamino)methyl]-1-(3-methoxyphenyl)-cyclohexanol hydrochloride, is a synthetic

centrally acting analgesic being structurally related to opioid derivatives [22]. The

racemate consisting of two enantiomers provides analgesic activity via two different

mechanisms, i.e., (?)-tramadol and its metabolite (?)-O-desmethyl-tramadol (M1)

are agonists at ‘‘mu’’ (l) opioid receptor and inhibit serotonin reuptake, while (–)-

tramadol prevents nor-epinephrine reuptake, thus contributing to the enhancement

of inhibitory action on pain transmission in the spinal cord. This dual action has

caused the US FDA classification of tramadol as nontraditional centrally acting

analgesic [23].

In the present research work, semi-IPN hydrogels based on combination of

natural (pectin) and synthetic (PVA) polymer have been fabricated incorporating

tramadol HCl as the model drug for controlled drug delivery. Various formulations

were prepared with varying polymer and monomer ratios to study the impact of

independent factors on various dependent variables/responses. A total of nine

formulations were prepared in accordance with three-level full factorial design in

which the two studied independent factors (variables) were polymer ratio

(pectin:PVA) and monomer concentration, while the dependent factors (responses)

were swelling index at 18th hour (q18 h), percent drug release at 18th hour (R18 h),

time required for 80 % drug release (t80 %) drug entrapment efficiency (%DEE), and

drug-loaded contents (mg/gm). Formulated IPN hydrogels were subjected to

different in vitro evaluation tests to study all the relevant features.

Experimental

Materials

Pectin (MW & 30,000–100,000, Degree of esterification C74.0 %) was purchased

from Sigma-Aldrich, United Kingdom. Polyvinyl alcohol (PVA) (MW & 72,000)

was obtained from AppliChem, Germany. 2-acrylamido-2-methylpropane sulfonic

acid (AMPS) (MW & 207.25), ammonium peroxo-disulfate (MW & 228.19),

sodium hydrogen sulfite (39 % solution in water), and ethylene glycol dimethacry-

late (EGDMA) (MW & 198.22) were purchased from Merck, Germany. Model

drug tramadol HCl was received as a gift from Highnoon Laboratories (Pvt.) Ltd.,

Lahore, Pakistan.

Preparation of pectin–PVA-co-poly(AMPS) semi-interpenetrating network
(IPN) containing tramadol HCl

The composition for the synthesis of semi-IPN hydrogel cocktail is given in

Table 1. Pectin–PVA-co-poly(AMPS) hydrogels were synthesized through the
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procedure as described by [24] with modifications using free radical polymerization

technique. Briefly, an accurately weighed amount of pectin was dissolved in

measured quantity of deionized distilled water in a reaction flask with continuous

stirring until a uniform and viscous solution was obtained. The second polymer

PVA was separately dispersed in aqueous media at 80–90 �C with stirring to obtain

a clear, transparent and viscous solution, then cooled down to room temperature

followed by slow dropwise addition to pectin solution. Similarly, measured quantity

of AMPS and reaction mixture of initiator/co-initiator, i.e., ammonium peroxo-

disulfate (APS) and sodium hydrogen sulfite (SHS), respectively, was accurately

weighed, solubilized in distilled water and mixed with the mixture of polymers. To

this mixture, sufficient quantity of distilled water was added to adjust the final

volume of reaction mixture to 100 g. Finally, cross-linker EGDMA was added

dropwise to the final reaction mixture of polymers, monomer and initiator with

continuous stirring. To remove any dissolved oxygen from the reaction mixture,

nitrogen stream was purged through the final polymeric reaction mixture for 30 min.

This mixture was, then, immediately transferred to the glass test tubes and placed in

water bath initially maintained at temperature of 55 �C for 2 h; after 2 h, the

temperature of water bath was sequentially increased to 60 �C for 24 h. After this

treatment, glass molds were cooled to room temperature, and solid, cylindrical and

firm hydrogels were drawn out. These cylindrical hydrogels were cut into small

disks having size of 8 mm, washed with ethanol to remove any extraneous matter

such as impurity, unreacted monomer or catalyst. The disks were then dried in a

vacuum oven at 40 �C for 1 week to obtain dried hydrogel disks.

All semi-IPN hydrogel formulations were loaded with tramadol HCl through

diffusion process. Dried hydrogel disks of known weight were soaked in 1 % drug

solution in 0.2 M phosphate buffer of pH 7.4 at room temperature. The disks were

kept in drug solution for 48 h until the equilibrium was achieved (till constant

weight), then removed from drug solution, washed and dried in vacuum oven at

40 �C to constant weight. Figure 1 represents the polymerization reaction for the

formation of pectin–PVA-co-poly(AMPS) semi-IPN hydrogels.

Table 1 Formulation contents of semi-IPN hydrogels

Formulation

code

Pectin

(g/100 g)

PVA

(g/100 g)

AMPS

(g/100 g)

EGDMA

(g/100 g)

Total polymer–

monomer contents

(g)

Polymers/

monomer

(wt%)

FPP-1 0.2 0.8 24 1.6 25 4.000/96.000

FPP-2 0.2 0.8 32 1.6 33 3.030/96.969

FPP-3 0.2 0.8 40 1.6 41 2.439/97.560

FPP-4 0.4 0.8 24 1.6 25.2 4.761/95.238

FPP-5 0.4 0.8 32 1.6 33.2 3.614/96.385

FPP-6 0.4 0.8 40 1.6 s 41.2 2.912/97.087

FPP-7 0.6 0.8 24 1.6 25.4 5.511/94.488

FPP-8 0.6 0.8 32 1.6 33.4 4.191/95.808

FPP-9 0.6 0.8 40 1.6 41.4 3.381/96.618
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Experimental design, statistical analysis and optimization

Designing controlled-release drug delivery formulations utilizing appropriate combina-

tion of process variables that will produce the product formulation having desired

optimum properties with minimum number of trials is often very crucial for pharmaceu-

tical scientists [25]. A full factorial experiment is more efficient in optimization of multi-

factors compared with one-factor-at-a-time experiments, as it studies all factors in all

possible combinations, thus analyzing the influence of individual formulation variables

and their interactions using minimum experiments [26, 27]. Based on the factorial

experimental designs, this RSM optimization technique encompasses the generation of

model polynomial equations for investigating responses over the experimental domain, to

determine the settings of factor values for achieving optimum formulation(s) [28].

In this study, a two-factor, three-level factorial design (32) was employed for

formulation optimization of pectin–PVA-co-poly(AMPS) hydrogels containing tra-

madol HCl, in which the studied factors were pectin-to-PVA ratio (X1, 1:4–3:4 or

0.2–0.6 % w/w) and amount of monomer (AMPS) (X2, 24–40 % w/w) as independent

variables (factors), each varied at three different levels: high (?1), medium (0), and low

(-1) levels as mentioned in Table 2. The swelling index at 18th hour (Y1 = q18 h),

cumulative percent drug release at 18th h (Y2 = % R18 h), time required for 80 % drug

release (Y3 = t80 %), drug entrapment efficiency (Y4 = %DEE), and drug-loaded

contents (Y5 = mg/gm DLC), were selected as dependent variables (responses).

Design-Expert� version 9.0.3 software (Stat-Ease Inc., USA) was employed for the

generation and evaluation of the statistical factorial experimental design as summarized

Fig. 1 Polymerization reaction for preparation of pectin–PVA-co-poly(AMPS) hydrogel
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in Table 3. Polynomial models, including linear, interaction (2FI) and quadratic terms,

for all the response variables were generated using the Design-Expert software. For

optimization, the effects of independent variables upon the responses were modeled

using polynomial quadratic mathematical equation [29]:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X1X2 þ b4X
2
1 þ b5X

2
2 ; ð1Þ

where Y is the response, b0 is the intercept, and b1, b2, b3, b4, b5 are regression

coefficients. X1 and X2 are individual effects; X1
2 and X2

2 are quadratic effects; X1X2

is the interaction effect.

Data analysis using Design-Expert software

The best fitting mathematical model was selected on the basis of the comparisons of

several statistical parameters, as provided by Design-Expert� software including

standard deviation (SD), multiple correlation coefficient (R2), adjusted multiple

correlation coefficient (adjusted R2) and predicted multiple correlation coefficient

(predicted R2). Three-dimensional response surface plots and contour plots resulting

from equations were generated by software to study the effect of independent

factors on measured responses. Subsequently, the numerical and graphical

optimization techniques using desirability approach and overlay plots, respectively,

were used to generate optimum settings for the formulations with desired response.

Validation of experimental design and selection of optimized formulation

To validate 32 full factorial design, an extra check point formulation (FPP-10) was

prepared. Optimized formulation (FPP-10) was selected based on the criteria of

minimal percent drug release at 18th hour (R18 h), maximum time required for 80 %

drug release (t80 %), and higher entrapment efficiency (%DEE) with good

desirability.The predicted values for measured responses, i.e. % drug release at

18th h, t80 % and %DEE for FPP-10 were determined on the basis of respective

polynomial equations and quantitatively compared with the obtained experimental

values; the relative error (%) was calculated using the following equation.

Table 2 Experimental design: factors and responses

Factors employed

(independent

variables)

Levels used Responses observed (dependent

variables)
-1 (low) 0 (medium) ?1 (high)

X1 = pectin:PVA 1:4

(0.2:0.8)

g

2:4

(0.4:0.8)

g

3:4

(0.6:0.8)

g

Y1 = swelling index at 18th h (q18 h)

Y2 = percent drug release at 18th h

(R18 h)

X2 = amount of

AMPS

24 % w/w 32 % w/w 40 % w/w Y3 = time required for 80 % drug

release (t80 %)

Y4 = drug entrapment efficiency

(%DEE)

Y5 = drug-loaded contents (DLC mg/g)
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Relative error (%Þ ¼ Predicted value � Experimental value

Predicted value
� 100 ð2Þ

FTIR spectroscopy analyses

Attenuated total reflectance (ATR) technology along with software OPUS data

collection was employed to encompass Fourier transform infrared (FTIR) spectra of

the required sample employing Bruker FTIR (Tensor 27 series, Germany). Samples

in solid/liquid form were individually placed on the pike miracle ATR cell covering

ZnSe crystal surface, followed by rotation of assembly, thus forming a compact

mass. Empty cell plate scan was carried out before analyzing any sample whose

spectra were recorded by the above procedure and scanned in the range of

4000–650 cm-1.

Table 3 Experimental plan of 32 factorial design (coded values in bracket) with observed responses

values for different pectin–PVA-co-poly(AMPS) semi-IPN gels containing tramadol HCl

Formulation

codes

Factors with

normalized levels

Responses

Pectin-

to-PVA

ratio

(X1)

AMPS

amount

(X2)

Swelling

index at

18th hour

(q18 h)

Drug

release at

18th hour

(R18 h)

Time required

for 80 % drug

release (t80 %)

DEE %

(%DEE)

Drug-

loading

content

(mg/g)

(DLC)

FPP-1 1:4

(-1)

24 (-1) 26.17 77.21 22.5 12.05 158.96

FPP-2 1:4

(-1)

32 (0) 22.76 78.12 20.0 17.80 154.87

FPP-3 1:4

(-1)

40 (?1) 15.53 75.89 21.5 15.86 141.31

FPP-4 2:4 (0) 24 (-1) 22.26 69.00 24.0 17.07 165.33

FPP-5 2:4 (0) 32 (0) 17.02 60.50 24.0 18.56 146.82

FPP-6 2:4 (0) 40 (?1) 16.35 62.51 28.0 19.56 141.75

FPP-7 3:4

(?1)

24 (-1) 19.17 75.21 20.0 20.29 153.79

FPP-8 3:4

(?1)

32 (0) 16.92 55.52 29.5 24.27 156.73

FPP-9 3:4

(?1)

40 (?1) 16.31 56.34 30.0 23.40 146.10

FPP-10

observed

value

3:4

(0.6)

40 – 56.34 30.0 23.40 –

FPP-10

predicted

value

3:4

(0.6)

40 – 55.104 31.850 24.473 –
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Scanning electron microscopy analyses

Surface morphology of the synthesized optimized formulation of Pectin–PVA-co-

poly(AMPS) semi-IPN hydrogel (FPP-10) sample was investigated using a scanning

electron microscope (FEI Quanta 250) under high vacuum at an accelerating voltage

of 10 kV. The samples for scanning electron microscopy (SEM) were prepared by

sprinkling the vacuum oven-dried samples onto the aluminum stubs covered with

double-coated carbon-conductive adhesive tabs. After sputter-coating with gold

before microscopy, the hydrogel samples were examined and scanned at different

magnifications.

Sol–gel fraction analyses

Dried thin slabs of hydrogel of 1.5 mm thickness were used to measure the sol–gel

fraction. Soxhlet apparatus was used for determining the gel fraction gravimetrically

by extracting sol fraction (uncross-linked polymer) from dried gel pieces using

100 ml of deionized distilled water at 90 �C for 4 h. The extracted gels were then

removed and dried in vacuum oven at 55 �C for 1 week to constant weight.

Following equations were applied to determine the sol fraction and gel fraction of

Pectin–PVA-co-polymeric AMPS hydrogels.

Sol fraction ¼ Mi �Me

Me

� 100; ð3Þ

Gel fraction ¼ 100 � Sol fraction ð4Þ

where Mi indicates initial weight of dry gel, and Me indicates weight of extracted gel

after equilibrium drying.

Evaluation of swelling behavior

The dynamic swelling and equilibrium water content of semi-IPN hydrogels were

determined by immersing dried hydrogel disks of known weight in 100 ml of 0.2-

and 0.1-M buffer solutions of pH 7.4 and 1.2, respectively, at 37 �C to simulate the

pH of gastrointestinal tract. The swollen gels were removed from buffer solution at

predetermined time intervals, placed on bloating paper to remove superficial solvent

and, then, weighed on an analytical balance to determine weight gain and, finally,

replaced back into their respective buffer solutions. The swelling experiments were

continued until hydrogel disks attained equilibrium weight.

The degree of swelling and equilibrium water content were determined using

Eqs. 4 and 5, respectively [30];

Swelling index ðQÞ ¼ Ms

Md

; ð5Þ

Equilibrium water content ðEWC%Þ ¼ Meq �Md

Md

� 100; ð6Þ
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where Ms indicates mass of swelling at predetermined time interval, Md represents

the weight of dried gel before starting of swelling experiments, and Meq represents

the mass of gels after equilibrium weight is attained.

Determination of drug entrapment efficiency (DEE) and drug-loaded
contents (DLC)

To evaluate drug entrapment efficiency and drug-loaded contents, drug-loaded disks

of semi-IPN pectin–PVA-co-poly(AMPS) hydrogels were crushed thoroughly in a

clean and dry pestle and mortar. A weighed amount of these powdered hydrogels

was then placed in 500 ml phosphate buffer solution of pH 7.4 for 24 h with

continuous stirring at 37 ± 0.5 �C and, then, centrifuged at 3000 rpm. The

supernatant layer was separated, filtered through 0.45-lm filter paper and assayed

for tramadol HCl using UV spectrophotometer at kmax 271 nm. The DEE (%) was

calculated using the following formula [31], while drug-loaded contents (DLC)

were determined as total drug amount loaded per gram of hydrogel.

% Entrapment efficiency ¼ %Actual loading

%Theoretical loading
� 100 ð7Þ

In vitro drug release studies

In vitro drug release experiments were conducted to investigate drug delivery from

fabricated semi-IPN hydrogels to assess the drug release as a function of pH. USP

dissolution apparatus II (Curio; DL-0609) was used for carrying out dissolution

study. For this purpose, drug-loaded disks of known weight were placed in 900 ml

of buffer solutions of pH 1.2 (0.1 M HCl buffer) and pH 7.4 (0.2 M phosphate

buffer) maintained at a temperature of 37 ± 0.5 �C, and the paddle speed was

adjusted at 50 rpm to simulate gastrointestinal conditions. After specified time

intervals, 5-ml volume of sample was withdrawn from the dissolution flasks; this

withdrawn volume of dissolution medium was replaced by fresh buffer solutions.

These aliquots of samples were diluted suitably using respective buffer solutions

and were analyzed using UV–Visible spectrophotometer at kmax 271 nm.

Statistical analysis

ANOVA was used to establish the statistical validation of polynomial equations

generated by Design-Expert� software (version 9.0.3, Stat-Ease), and in addition

to this, independent sample t test using SPSS software (version 15.0) was used to

statistically verify pH-independent characteristics of preformed hydrogels. All

measured data are expressed as mean ± standard deviation (SD). The level of

significance was considered to be set at p\ 0.05.
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Results and discussion

Analysis of data and optimization of design

According to computer-aided optimization technique using 32 full factorial design,

nine trial formulations of pectin–PVA-co-poly(AMPS) semi-IPN hydrogels were

prepared. Overview of the design matrix including two independent factors (i.e.,

pectin-to-PVA ratio, X1 and concentration of AMPS as monomer, X2) and the

investigated responses (i.e., swelling index, percent drug release at 18th hour, time

required for 80 % drug release, drug entrapment efficiency and drug loading) is

presented in Table 3. The values of investigated responses measured for all the nine

trial formulations were fitted in the 32 full factorial design using Design-Expert�

version 9.0.3 software (Stat-Ease Inc., USA) to get suitable polynomial model

equations for respective responses analyzed in this investigation, and these models

were statistically evaluated using one-way ANOVA (p\ 0.05) (Table 4).

Model polynomial equation relating q18 h is as follows:

q18 h ¼ 18:9988 � 1:99917 � X1 � 3:17767 � X2 þ 1:93075 � X1X2

[R2 = 0.8831; adjusted R2 = 0.8246; predicted R2 = 0.7245; SD = 1.48].

Model polynomial equation relating R18 h is as follows:

R18 h ð%Þ ¼ 60:76 � 7:36 � X1 � 4:44 � X2 � 4:39 � X1X2 þ 5:80 � X2
1 þ 4:73

� X2
2

[R2 = 0.9294; adjusted R2 = 0.8412; predicted R2 = 0.2208; SD = 3.59].

Model polynomial equation relating t80 % is as follows:

t80 % ðh) ¼ þ24:35 þ 2:58 � X1 þ 2:17 � X2 þ 2:75 � X1X2

[R2 = 0.8102; adjusted R2 = 0.7153; predicted R2 = 0.1401; SD = 1.96].

Model polynomial equation relating DEE (%) is as follows:

DEE %ð Þ ¼ þ18:88 þ 3:93 � X1 þ 1:67X2

[R2 = 0.8648; adjusted R2 = 0.8262; predicted R2 = 0.7196; SD = 1.56].

Model polynomial equation relating DLC is as follows:

DLC mg/gmð Þ ¼ þ151:25 þ 0:25 � X1� 8:15 � X2

[R2 = 0.7102; adjusted R2 = 0.6274; predicted R2 = 0.4058; SD = 4.82].

The response surface methodology was used for investigating and analyzing the

influence of independable factors on dependable responses (here, q18 h, R18 h, t80 %,

DEE and DLC). The two-dimensional contour graphs relating measured responses

by giving visual representation of values and three-dimensional response surface

graphs generated through the Design-Expert software indicated the main effects and
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mutual interactive behavior of factors (Fig. 2). The response surface graph and the

corresponding contour graph relating q18 h indicate a decrease in q18 h with the

increase of both pectin-to-PVA ratio (X1) and concentration of AMPS as monomer

(X2). Similarly, an upward trend of the wire mesh for R18 h was observed at lower

level (-1), and the downward trend was at higher level (?1) with the increasing of

both pectin-to-PVA ratio (X1) and concentration of AMPS (X2) as is indicated by the

response surface graph and corresponding contour graph relating R18 h, thereby

concluding that the dependent variables (q18 h and R18 h) were inversely

proportional to both the independent factors (pectin-to-PVA ratio and concentration

of AMPS). The response surface graph and corresponding contour graph relating

t80 % andDEE (%) revealed that these dependent variables were increased

significantly on increasing either pectin-to-PVA ratio (X1) or AMPS concentration

(X2), i.e., t80 % and DEE (%) values were found to be directly proportional to pectin

and AMPS contents. However, an increase in DLC values with the increasing of

Table 4 Analysis of variance table for dependent variables from 32 factorial design

Source of variation Sum of squares df Mean square F value p value

Swelling index at 18th hour (q18 h)

Model 99.48 3 33.16 15.10 0.0033*

X1 23.98 1 23.98 10.92 0.0163*

X2 60.59 1 60.59 27.60 0.0019*

X1X2 14.91 1 14.91 6.79 0.0403*

Percent drug release at 18th hour (R18 h)

Model 677.04 5 135.41 10.53 0.0203*

X1 324.97 1 324.97 25.28 0.0073*

X2 118.54 1 118.54 9.22 0.0385*

X1X2 77.03 1 77.03 5.99 0.0706

X1
2 78.52 1 78.52 6.11 0.0688

X2
2 52.27 1 52.27 4.07 0.1140

Time required for 80 % drug release (t80 %)

Model 98.46 3 32.82 8.54 0.0139*

X1 40.04 1 40.04 10.42 0.0180*

X2 28.17 1 28.17 7.33 0.0353*

X1X2 30.25 1 30.25 7.87 0.0310*

Drug entrapment efficiency (DEE, %)

Model 109.28 2 54.64 22.39 0.0009*

X1 92.59 1 92.59 37.94 0.0005*

X2 16.69 1 16.69 6.84 0.0347*

Drug-loading content (DLC, mg/gm)

Model 399.23 2 199.61 8.58 0.0131*

X1 0.37 1 0.37 0.016 0.9038

X2 398.86 1 398.86 17.14 0.0043*

* Statistically significant terms p value\0.05
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pectin-to-PVA ratio (X1) and a decrease in DLC values with the increasing

concentration of AMPS (X2) are indicated by the response surface graph and the

corresponding contour graph relating DLC, thus showing that the DLC is directly

proportional to pectin contents and inversely proportional to AMPS contents.

To develop new optimized formulation with optimum response value, numerical

optimization technique based on the desirability approach was employed. The

desirable ranges for the studied independent factors were restricted to

0.2 B X1 B 0.6 % w/w, and 24 B X2 B 40 % w/w; whereas the desirable ranges

of dependent variables or responses were restricted to 50 B R18 h B 60 %,

20 B t80 % B 30 h, and 12 B DEE B 30 %. The Design-Expert 9.0.3 software

based on the criterion of desirability was employed for determining optimal value of

responses using numerical analysis technique. The desirability plot and overlay plot

indicating the desirable regression ranges and the region of optimal process variable

settings are presented in Fig. 3a, b, respectively.

For validating the optimization capability of the mathematical models generated

according to the results of 32-level factorial design, optimized pectin–PVA-co-

poly(AMPS) semi-IPN hydrogels containing tramadol HCl were prepared using one

of the optimal process variable settings as proposed by the Design-Expert 9.0.3.

software (R2 = 1). The selected optimal process variable setting used for the

fabrication of optimized formulation was X1 = 0.6 % w/w and X2 = 40 % w/w

with desirability of 0.697; thus, the contents value optimized formulation as

suggested by the Design-Expert was the same as for the FPP-9 formulation.

Optimized pectin–PVA-co-poly(AMPS) semi-IPN hydrogels containing tramadol

HCl (FPP-10) were evaluated for R18 h (%), t80 % (h), and DEE (%). They showed

R18 h (%) of 56.345, t80 % (h) of 30 h, and DEE of 23.997 % with small percentage

error values (2.25, 5.80, and 4.37, respectively).

The results of calculated small percentage error values revealed that the predicted

response values as given by the mathematical models and observed response values

are in good agreement with each other, thereby indicating the good fitting of the

models obtained from the 32 factorial design.

Swelling index at 18th hour (q18 h)

Swelling index was used as an indicator of swelling characteristics; swelling index

at 18th hour (q18 h) for semi-IPN hydrogel formulations FPP-1 to FPP-9 ranged from

15.533 to 26.170. FPP-1 exhibited highest swelling index of 26.170, while the FPP-

3 formulation showed lowest swelling index value of 15.533. The results of study

revealed that increase in polymer as well as monomer contents caused a significant

decrease in swelling index (p\ 0.05). This overall decrease in swelling ratio on

increasing pectin-to-PVA ratio would be attributed to more complex interaction

between pectin and PVA, such as hydrogen bonding, hydrophobic interactions or

physical cross-linking as polymer entanglements, thereby hindering mobility and

relaxation of polymeric chains, which, in turn, caused increase in resistance to water

absorption [32, 33], whereas reduction in swelling index on increasing monomer

concentration may be attributed to: (i) AMPS counterions inside swollen gel do not

contribute to the swelling process, (ii) hydrophobic interactions between alkyl
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groups of AMPS units induce aggregate formation, and the counterions within these

aggregates may condense leading to decrease in osmotic pressure and, thus, restricts

swelling, (iii) increased viscosity of medium which restricts the movement of

monomer molecules, and (iv) an increase in sol fraction of hydrogels [34–36].

Similar results of decreased swelling index with increased pectin contents have been

reported in superabsorbent hydrogels based on pectin and poly(sodium acrylate)

[33]. In a study based on development of poly(2-acrylamido-2-methylpropane

sulfonic acid)/chitosan hydrogels which have been employed for wastewater

treatment, these hydrogels exhibited similar results of decreasing swelling ratio on

increasing AMPS concentration in hydrogels formulation [37].

Percent drug release at 18th hour (R18 h)

The developed semi-IPN gels exhibited pH-independent release characteristics, i.e.,

p value (p[ 0.05) computed from independent sample t test using SPSS software

(version 15.0) revealed that there was statistically insignificant difference in drug

release at both pH 1.2 and pH 7.4 buffer medium. Percent drug release at 18th hour

for FPP-1 to FPP-9 ranged from 55.521 to 77.125 %. FPP-2 exhibited highest

percent drug release at 18th hour, while FPP-8 showed lowest percent drug release.

In vitro drug release studies revealed that percent drug release at 18th hour was

reduced significantly on increasing either pectin-to-PVA ratio (X1) or AMPS

concentration (X2). The decrease in percent drug release on increasing pectin and

monomer contents may be attributed to: (i) at high polymeric contents, the more

hydrophilic property of polymers could probably lead to better binding with water,

forming viscous gel structure which might block pores on the gel surface, thus

delaying drug release [38], (ii) formation of a diffusion control layer of pectin led to

the formation of a stringent barrier due to absorption of water, thus leading to the

development of a highly viscous gelatinous diffusion control layer to water

penetration, drug diffusion and, hence, drug release from hydrogels [39], (iii)

increased amount of monomer provides more reactive functional groups to cross-

link, both physically and chemically, with polymer, forming a compact and dense

polymer structure, thus decreasing the porosity of polymeric network. In a study,

similar results of delayed drug release on increasing pectin contents were observed

in calcium pectinate–fenugreek seed mucilage mucoadhesive beads developed for

controlled delivery of metformin HCl [38]. Similar results of decreasing percent

drug release were obtained on increasing AMPS contents in polymer hydrogel

containing polyvinyl alcohol, 2-acrylamide-2-methylpropane sulfonic acid and

acrylamide [40].

Time required for 80 % drug release (t80 %)

Time required for 80 % drug release for FPP-1 to FPP-9 ranged from 20 to 30 h.

FPP-2 required less time for 80 % drug release, while for FPP-9, the time required

for 80 % drug release was the longest. In vitro drug release studies revealed that

t80 % was increased significantly on increasing either pectin-to-PVA ratio (X1) or

AMPS concentration (X2), i.e., t80 % value was found to be directly proportional to
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pectin and AMPS contents. The possible explanation for this increase in time

requirement for 80 % drug release may be attributed to the fact that increasing

pectin contents lead to the formation of highly viscous gelatinous diffusion control

layer which restricts water penetration, drug diffusion and, hence, drug release from

hydrogels, thereby providing delayed drug release from these semi-IPN hydrogels.

There is also formation of more dense polymeric network as well as decrease in

porosity of gels which can further contribute to delayed drug release. Similar results

have been found in a study that an increase in amount of Zn-pectinate in

microparticles leads to increase in time requirement for 50 % drug release [41]. In a

study, similar finding of decrease in percent drug release on increasing AMPS

contents was reported which showed that time required for drug release is delayed

[42].

Drug entrapment efficiency (%DEE) and drug-loading contents (DLC)

Drug entrapment efficiency for FPP-1 to FPP-9 ranged from 12.05 to 24.27 %.

Studies revealed that DEE (%) was increased significantly on increasing either

pectin-to-PVA ratio (X1) or AMPS concentration (X2), i.e., drug entrapment

efficiency value was found to be directly proportional to pectin and AMPS contents.

This increase in DEE with the increasing amount of pectin and monomer in these

newly developed semi-IPN hydrogels could be attributed to the increasing viscosity

of the polymer-blend solutions with the increasing amount of polymer addition

which might have prevented drug leaching from the prepared gels to the solution.

Also, these high polymer contents in semi-IPN hydrogels might have increased the

capacity for uptaking more drug molecules into the gel network due to more

availability of polymer to encapsulate drug [38, 43]. Similar results of increasing

drug entrapment efficiency on increasing polymer contents have been observed in

blends of jackfruit seed starch–pectin mucoadhesive beads containing metformin

HCl [44]. Another study reported similar finding of increasing DEE on increasing

AMPS contents in surfactant-modified poly(acrylamide-co-acrylamido propane

sulfonic acid) hydrogels [45].

Amount of drug-loaded content for FPP-1 to FPP-9 ranged from 141.31 to

165.33 mg/gm. For FPP-3, drug loaded in semi-IPN gels was the lowest, while

maximum amount of drug was loaded in FPP-4. Studies revealed that drug-loading

efficiency was not increased significantly on increasing pectin-to-PVA ratio (X1),

but on increasing AMPS concentration (X2), a significant decrease in drug-loading

efficiency was observed. This slight insignificant increase in drug-loaded content on

increasing pectin contents may be attributed to the more availability of polymer to

uptake the drug. Similar results of increasing drug-loaded contents on increasing

pectin contents have been reported in ethyl cellulose-coated pectin microspheres

incorporating 5-FU for colon targeting [46].

Similar results of decreasing drug-loading efficiency in microgels on increasing

AMPS contents in the poly(acrylic acid–co-2-hydroxyethyl methacrylate-co-2-

acrylamido-2-methyl-1-propanesulfonic acid) microgels encapsulating two different

drugs, i.e., lidocaine HCl and methylene blue have been reported [47].
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Sol–gel fraction

The sol–gel fraction of all pectin–PVA-co-poly(AMPS) semi-IPN gels was

determined to assess the extent of consumption of reactants during free radical

polymerization to form a stable product. The sol–gel fraction study revealed that

there was an increase in gel fraction of interpenetrating network on increasing either

the pectin or AMPS contents in the polymeric hydrogel formulation as shown in

Table 5. This increase in gel fraction can be attributed to the fact that by increasing

amount of reactant (pectin or AMPS) of formulation reaction mixture, there is an

increase in possible reactive sites for free radical polymerization reaction.

Similar findings of increasing gel fraction on increasing pectin contents were

reported in pH-sensitive pectin/acrylic acid hydrogels for controlled delivery of

verapamil [48]. Another study based on development of hybrid copolymer polyvinyl

alcohol hydrogels incorporating antidepressant drug for controlled drug delivery

reported similar results of increasing gel fraction on increasing AMPS contents in

the formulation [49].

FTIR analyses

The spectrum of pure pectin gives characteristic broad peak due to –OH stretching

at 3368 cm-1, while the spectral peak at 1737 cm-1 is indicative of strong

stretching absorbance due to the presence of ester carbonyl ([C=O) groups; those at

1605 and 1227 cm-1 correspond to C=C and C–O stretching vibrations, respec-

tively. PVA spectrum shows strong, broad absorbance band at 3300 cm-1 linked to

the –OH stretching due to inter- and intra-molecular hydrogen bonding; peak at

2934 cm-1 indicates the presence of[C–H broad alkyl stretching band. A peak at

1089 cm-1 suggests the presence of carboxyl ([C–O) stretching band attributed to

crystallinity of PVA. AMPS spectrum reveals peaks at 2986 cm-1 representing the

C–H stretching frequency of –CH2, while two bands around 1666 and 1612 cm-1

are due to C=O stretching (amide I band) and N–H2 bending (amide II band),

respectively. Two peaks observed at 1372 and 1126 cm-1 indicate asymmetric and

symmetric stretching due to[SO2 group. Tramadol HCl gives characteristic strong

Table 5 Gel fraction of pectin–PVA-co-poly(AMPS) semi-IPN hydrogels

Formulation code Weight before extraction (g) Weight after extraction (g) Gel fraction

FPP-1 0.721 0.679 93.770

FPP-2 0.762 0.754 98.938

FPP-3 1.070 0.987 91.568

FPP-4 0.574 0.547 95.063

FPP-5 0.948 0.913 96.112

FPP-6 1.072 1.042 97.101

FPP-7 0.808 0.779 96.306

FPP-8 1.078 1.052 97.567

FPP-9 0.814 0.801 98.339
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peak of alcoholic –OH stretching at 3301 cm-1, another peaks at 2930 and

2862 cm-1 show stretching vibration due to aliphatic[C–H group. Bands observed

at 2601 and 2483 cm-1 are attributed to ammonium N?–H stretching, while those

displayed at 1607 and 1479 cm-1 indicate the aromatic ring skeleton stretching

vibrations Fig. 4a.

The FTIR spectrum of pectin–PVA-co-poly(AMPS) semi-IPN hydrogels without

tramadol HCl exhibited a quite different peak pattern from the spectra of pure

components, thus indicating the formation of a new polymeric IPN network

showing all characteristic peaks of pectin, PVA and AMPS, without any significant

interaction. FTIR spectrum of semi-IPN hydrogels gives –OH stretching peak with

lowered intensity at 3295 cm-1, thus confirming the formation of hydrogen bond

between pectin and PVA [32, 50]. Similarly, the peak of esterified carboxyl group in

pure pectin at 1737 cm-1 is shifted to lower frequency of 1639 cm-1 which is due

to chemical bonding between pectin, PVA and AMPS, while asymmetric and

symmetric stretching due to[SO2 group at 1372 and 1126 cm-1 in AMPS is also

shifted to higher frequency of 1391 and 1147 cm-1 indicating grafting of monomer

onto polymeric backbone and possible cross-linking between polymers and the

monomer. In the FTIR spectrum of pectin–PVA-co-poly(AMPS) hydrogels

containing tramadol HCl, various characteristic peaks of pectin, PVA, AMPS and

tramadol HCl appeared without any significant shifting, therefore suggesting no

possible interaction between drug (tramadol HCl) and polymers (pectin and PVA) in

the semi-IPN hydrogels Fig. 4b.

SEM analysis

The surface morphological analysis of the optimized pectin–PVA-co-poly(AMPS)

semi-IPN hydrogels was visualized by SEM and is presented in Fig. 5. The SEM

photograph of these hydrogels revealed non-porous and rough surface. The surface

of these hydrogels exhibited extremely rough surface with characteristic rough

ridges, large wrinkles and cracks. These observed cracks and wrinkles on the

Fig. 4 FTIR spectra of a (A) pectin, (B) PVA, (C) AMPS, b (D) tramadol HCl, (E) optimized pectin–
PVA-co-poly(AMPS) semi-IPN hydrogels without drug, (F) optimized pectin-PVA-co-poly(AMPS)
semi-IPN hydrogels with drug
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surface may be caused as a result of partial collapsing of the polymeric gel network

of hydrogel during drying process. Along with this, the polymeric derbies were also

seen on the gel surface which could be attributed to the employed method of

preparation (i.e., simultaneous gel preparation on mixing and formation of the

polymer-blend matrix of semi-IPN hydrogel).

Swelling behavior

Swelling properties of newly formulated pectin–PVA-co-poly(AMPS) semi-IPN

hydrogels were evaluated at pH 1.2 and pH 7.4 as a function of time. All developed

semi-IPN hydrogels exhibited pH-independent swelling behavior due to the

effective grafting of AMPS onto the polymeric backbone. Dynamic swelling index

of optimized semi-IPN gel (FPP-10) at pH 1.2 and pH 7.4 is shown in Fig. 6.

Swelling studies revealed that pectin–PVA-co-poly(AMPS) hydrogels exhibited

same degree of swelling at both pH media as indicated by their swelling index. This

pH-independent swelling behavior is attributed to the inherent strongly acidic

property of AMPS (pKa = 1.9) due to the presence of sulfonate groups which

causes it to completely dissociate over the entire pH range of 2–10 at constant ionic

strength [34, 51, 52]. Thus, hydrogels grafted with AMPS as ionizable co-monomer

exhibit pH-independent swelling characteristics.

Conclusion

Novel and effective drug delivery system for controlled release of tramadol HCl was

developed in the form of semi-IPN polymeric matrices using natural and synthetic

biodegradable, biocompatible and non-immunogenic polymers. These chemically

cross-linked polymeric semi-IPN pectin–PVA-co-poly(AMPS) hydrogels exhibited

several promising and excellent characteristics as indicated by in vitro evaluation;
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Fig. 6 Swelling behavior of optimized pectin–PVA-co-poly(AMPS) semi-IPN hydrogels containing
tramadol HCl in 0.1 M HCl buffer (pH 1.2) and phosphate buffer (pH 7.4)

758 Polym. Bull. (2017) 74:737–761

123



thereby combining the unique features of the controlled drug delivery, pH-

independent release and time-dependent release to provide drug release for

prolonged span of time. These highly stable chemically cross-linked pectin–PVA-

co-poly(AMPS)-based polymeric matrices showed maximum swelling, drug release

and drug loading at pH 7.4. Tramadol HCl was released from this semi-IPN

polymeric matrix for up to 48 h.
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