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RESEARCH ARTICLE
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ABSTRACT
Objective: Development of stimuli-responsive intelligent drug delivery system (based on a polysaccharide,
glucuronoxylan [GX]) with on-off switching properties under physiological conditions.
Significance: As GX exhibits high swelling index and stimuli-responsive swelling/de-swelling properties,
therefore, this material appeared highly useful to design pH, solvent and ionic stress-sensitive oral tablet
formulations, which offered on-off switching properties. In this way, we could design intelligent/smart
drug delivery systems for levosulpiride (LS) and theophylline (TF) with valuable pharmaceutical properties.
Methods: GX-based tablet formulations were explored for stimuli-responsive, reversible swelling–deswel-
ling behavior, dynamic swelling, and its kinetics. Tablet surface and channeling after swelling were
observed using scanning electron microscopy (SEM). Drug release study was performed mimicking the
physiological conditions like pH and transit time of gastrointestinal tract (GIT). Radiographic images of tab-
let path (in vivo) were recorded.
Results: GX-based formulations exhibited high swelling in deionized water (DW), pH 6.8 and 7.4 while
negligible swelling at pH 1.2. SEM images discovered the presence of microcracks and nanopores on the
surface of tablets and showed channeling after swelling of tablets in DW. Sustained drug release was
observed and found directly proportional to the concentration of GX in the formulations with negligible
release at pH 1.2. In vivo radiographic evaluation indicated the retention of tablets in GIT for 7 h.
Hemocompatibility studies showed the non-thrombogenic and non-hemolytic nature of GX.
Conclusions: GX-based smart/stimuli-responsive formulations can control/sustain the release of drugs
in GIT.
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Introduction

Oral administration of the non-steroidal anti-inflammatory drugs
(NSAIDs) using conventional delivery systems is associated with
certain limitations such as uncontrolled rapid release, stomach
pain, gastric bleeding, requirement of multiple doses owing to
shorter half-lives, short exposure to targeted site, faster elimin-
ation from the body, changed pharmacokinetics, etc. [1]. These
limitations can be controlled using polysaccharides-based intelli-
gent drug delivery systems that help the drugs to bypass harsh
stomach environment and provide sustained release in the intes-
tine with better efficacy and patient compliance [2–4]. Such drug
delivery systems especially based on naturally occurring water-
swellable polysaccharides have fascinated the researchers because
they provide controlled release of drugs owing to their distinct
and reversible stimuli-responsive (temperature, pH, ionic concen-
tration, and enzymes) nature [5–7]. In this context, arabinoxylans
[8], rhamnogalacturonan [9], chitosan [10], alginate [11], carra-
geenan [12], starch [13], pectin [14], etc., have been widely investi-
gated due to their biocompatible and biodegradable nature
[15,16]. These smart hydrogels are considered promising candi-
dates for the controlled release of drugs also due to their swelling
de-swelling behavior at various physiological pH [17,18].

Besides huge medicinal applications of Mimosa pudica
(Mimosaceae) [19–22], it is also a highly valuable plant as its seeds
upon soaking in water extrude a mucilage which mainly consists
upon glucuronoxylan (GX), a smart polysaccharide having a high
swelling index and hydrogel in nature [17]. GX is a branched
structure, which mainly composed of two main components. The
major components which constitute the backbone of the GX are
xylose, mannose, and glucuronic acid whereas, the minor compo-
nents are arabinose, glucose, and galactose. These minor compo-
nents are attached to the backbone and constitute the branches
of the GX [23,24].

Our interest is to investigate the swelling behavior and stimuli-
responsive nature of GX-based tablet formulations to ascertain the
potential of GX even after passing through different stages of tab-
let preparation especially compression. Stimuli-responsive (under
simulated physiological conditions) and sustained/controlled
release tablet formulations will be developed and evaluated in
detail for two different classes of drugs, i.e. theophylline (TF) and
levosulpiride (LS). TF is mainly prescribed in respiratory diseases
whereas, LS is an antipsychotic drug. Both drugs are selected for
this study due to their different solubility profile/pH-dependent
solubility. TF is soluble over a wide range of pH, therefore, such a
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drug is potentially beneficial to evaluate the sustained release
behavior of a new polymeric material. On the other hand, LS
exhibits pH-dependent solubility, hence, it is used to evaluate the
drug release pattern from GX-based matrix tablet at different pH
simulated to the GIT environment.

The response of GX containing tablets to various stimuli such
as pH, ionic concentrations and solvents is investigated here.
Herein, we are thoroughly investigating GX tablet formulations for
in vitro drug release and kinetics at simulated pH of GIT. The phys-
ical integrity of the tablets during the gastrointestinal tract (GIT)
transit is studied in an animal model using X-ray analysis. We are
also focused on hemocompatibility studies of GX in order to
extend its possible biomedical applications.

Materials and methods

Materials

Seeds of M. pudica (MP) purchased from the local market were of
‘Hem Zaden B.V. Netherlands.’ After manual cleaning and grading,
the seeds were stored at room temperature. Potassium dihydro-
gen phosphate, n-hexane, ethanol, KCl, isopropyl alcohol, NaCl,
and HCl were purchased from Riedel-de Ha€en, Germany. Analytical
grade sodium hydroxide (Merck Chemicals GmbH, Darmstadt,
Germany) was standardized with oxalic acid before further use.
Tragacanth, magnesium stearate, and microcrystalline cellulose
used were obtained from Fluka (St. Gallen, Switzerland). All these
chemicals were used without further purification. LS and TF were
according to United States Pharmacopeia (USP) standard.

Isolation of hydrogel (glucuronoxylan)

GX was isolated according to the already reported method [17]
with slight modification. Briefly, clean seeds of MP were soaked in
water for 12 h and then warmed at 50 �C for 30min. Seeds
became swell and the hydrogel/mucilage came out from seed
coat. This hydrogel was separated simply by filtering through
clean cotton cloth. Extracted hydrogel/mucilage was washed with
n-hexane thrice to remove lipophilic substances as well as with
ethanol to remove polar impurities and then dried at 50 �C in a
vacuum oven overnight. The dried hydrogel was kept in a vacuum
desiccator after grinding and passing through 60 mesh sieve. The
yield of GX was 9% (w/w) with respect to the total mass of
dried seeds.

Formulation design for GX

Tablet formulations with various proportions of GX were designed
to evaluate its stimuli-responsive and sustained release potential
for the delivery of TF and LS.

Drug-excipient compatibility study

Purity of isolated GX and its compatibility with active ingredients
and other excipients were evaluated through Fourier transform
infrared (FTIR) spectroscopy. FTIR spectra of samples were
recorded on IR-Prestige-21 (Shimadzu, Japan) spectrometer from
4000 to 400 cm�1. KBr discs of samples were made and dried
under vacuum for 30min at 60 �C before analysis.

Tablets preparation

The evaluation of GX as stimuli-responsive and sustained release
agent for oral (tablet) drug delivery systems was carried out using
TF and LS as model drugs. Tablets were prepared according to
the composition mentioned in Table 1 by the wet granulation
method (Supplementary Material). Prepared granules and com-
pressed tablets were passed through pre- and post-compression
parameters (Supplementary Material).

Scanning electron microscopy

The surface morphology of the compressed tablet and water-swol-
len then freeze-dried tablet formulation were examined using FEI
Nova, NanoSEM 450 operating at 10 KV, equipped with a low
energy Everhart-Thornley detector (ETD) using second-
ary electrons.

Dynamic swelling and stimuli-responsive evaluation of
formulations

Tablet formulations of GX were examined for their stimuli sensi-
tive swelling and on-off switching (swelling de-swel-
ling) properties.

pH-sensitive swelling of GX containing tablet formulations

Various tablet formulations (Table 1) were evaluated for their swel-
ling behavior in buffer solutions of pH 1.2, 6.8, 7.4, and deionized
water (DW) at 37 �C (mimicked body temperature) for 10h [25,26].
Buffer solutions were prepared according to the standard procedure
reported in USP 32. Tablets were enclosed in tea bags and placed
in DW and buffer solutions of different pH. After fixed time inter-
vals, tea bags were removed from the media and calculated the
weight of the swollen tablets. Then, tea bags were again placed in
their respective media for further swelling. The swelling study was
carried out until no further swelling of the tablets was observed.
The swelling capacity or swelling index (g/g) was determined using
Equation (1).

Swelling index ðg=gÞ ¼ Wt� Ww� Wi

Wi
(1)

where, Wt is the weight of wet tea bag with swollen tablet, Ww is
the weight of wet tea bag (empty) and Wi is the weight of the
dry tablet.

Swelling kinetics

The values of normalized (Qt) and equilibrium degree of swellings
(Qe) were used to find the second-order swelling kinetics
(Supplementary Material).

Table 1. Composition of different formulations.

Formulation composition (mg/tablet) GXF TF1 TF2 TF3 LS1 LS2 LS3

GX 125 75 100 125 75 100 125
Theophylline – 100 100 100 – – –
Levosulpiride – – – – 100 100 100
Microcrystalline cellulose 155 105 80 55 105 80 30
Tragacanth 15 15 15 15 15 15 15
Magnesium stearate 5 5 5 5 5 5 5
Total weight 300 300 300 300 300 300 300
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Evaluation of salt solution responsive swelling

Tablets of different formulations were evaluated for swelling in
different concentrations of NaCl and KCl solutions [26]. Drug
release from a polymeric drug delivery system mainly depends
upon the swelling behavior of the polymer in the surrounding
media. Presence of salt in food may have some influence on the
swelling of tablets and ultimately affect the drug release behavior
when given concurrently. Molar solutions of NaCl and KCl (0.1, 0.2,
0.3, 0.4, 0.5, 1.0, 1.5, and 2.0 M) were prepared and accurately
weighed tablets of different formulations were placed in these sol-
utions. The swelling index was noted after 24 h (equilibrium swel-
ling) using the same method which was previously applied for
swelling study in the buffer of different pH.

Stimuli-responsive swelling de-swelling (on-off
switching) behavior

Prepared tablets were evaluated for on-off switching in water-
ethanol, water-normal saline, and buffer solutions of pH 7.4 and
1.2, respectively [27,28]. To evaluate the swelling behavior, a tab-
let of each formulation was placed in a Tea Bag and allowed to
swell in respective swelling medium (DW and pH 7.4) for 1 h and
weighed periodically. Then, tea bags containing swollen tablets
were placed in their respective de-swelling medium (ethanol, nor-
mal saline and pH 1.2) for 1 h and again weighed. The swelling
de-swelling cycles were performed three times and mean values
have been plotted. The swelling index was calculated using
Equation (1).

In vitro drug release study of TF and LS

The effect of GX on the release of TF and LS tablets was studied
for 16 h at pH 1.2, 6.8, 7.4, and DW using USP dissolution appar-
atus II operated at 37 �C and 50rpm. The release of drugs from
tablets was also monitored at pH 1.2 for 2 h, pH 6.8 for 8 h, and
pH 7.4 for 6 h in order to mimic the pH and transit time of GIT.
After fixed time intervals, sample (5ml) was withdrawn, filtered,
diluted (if necessary), and analyzed using UV/Vis spectrophotom-
eter at kmax 272 and 293 nm for TF and LS, respectively. Fresh dis-
solution media were added to make up the deficiency of
withdrawn volume. The experiment was performed in triplicate
and the cumulative percentage of drug release was expressed
according to mean values.

Drug release kinetics and mechanism

Zero-order, first-order, Higuchi, and Hixson–Crowell models were
applied on drug release data for the investigation of drug release
kinetics. The drug release mechanism was determined by the
Korsmeyer–Peppas model (Supplementary Material).

In vivo X-ray study

An X-ray study was performed to observe the in vivo behavior of
tablet formulation. Barium Sulfate (BaSO4) was used as an opa-
quant in tablet formulation. Formulation TF3 was selected for
in vivo X-ray study and the composition of the tablet was the
same as mentioned in Table 1 except that 25% TF was replaced
with BaSO4 [29]. It was also evaluated that post-compression
parameters, i.e. hardness, friability, thickness and weight of tablet
and drug release profile were fairly the same as of TF3.

Specimen collection and storage

Four healthy stray dogs (18 kg each) were selected for in vivo
X-ray study [30]. The selection of animal model was made due to
the large size and weight of the tablet. To observe the sustained
release behavior of GX-based formulation, the tablet should swal-
low as a whole without chewing. Therefore, the dog was selected
which was easy to administer the tablet without any swallowing
complications. Experimental procedures were followed in accord-
ance with the protocols issued by the National Institute of
Health’s Guidelines for the Care and Use of Laboratory Animals
(NIH Publications No. 8023, revised 1978). The study was approved
vide letter No. IAEC-2016-15A dated 27.01.2016 by Institutional
Animal Ethics Committee, The University of Lahore, Lahore. The
animals were kept fast overnight but given free access to ordinary
tap water. TF3 formulation containing 25% BaSO4 was adminis-
tered using a gavage tube to a stray dog followed by water
(100ml). During the whole study, dogs were only allowed to drink
water and no food was given. A radiograph of the abdomen of
dog was taken just before and after the administration of tablet
to ensure the absence of any radiopaque material and presence
of tablet in the stomach, respectively. X-ray study was carried out
for 7 h and radiographic images were taken after different time
intervals using the X-ray machine (Beam Limiting Device, Model
TF-6TL-6, Toshiba Corporation, Tokyo, Japan).

Hemocompatibility studies of GX

GX is being evaluated as a sustained release material in oral drug
delivery system, therefore, biocompatibility (especially, hemocom-
patibility) studies of the material will be beneficial for its potential
biomedical applications. Hemocompatibility of GX was evaluated
through thrombogenicity and hemolytic potential as described by
International Standard Organization (ISO) (ISO10993-4, 1999).

Thrombogenecity evaluation
The thrombogenicity potential of GX was determined through the
gravimetric method [31–33]. In this method, GX (500mg) was sus-
pended in phosphate buffer saline (PBS) and kept at 37 �C in an
incubator for 24 h. Excess PBS was decanted, CaCl2 (0.1 M, 0.2ml)
and citrate blood (2ml) were added in swelled GX and kept aside
for 45min. Distilled water was added to the mixture to stop clot-
ting. Formed clots were fixed with formaldehyde (36–38%, 5ml),
separated, dried, and weighed. The same procedure was adopted
without blood (negative control) and without GX (positive con-
trol). Thrombose concentration was calculated using Equation (2).

Thrombose ð%Þ ¼ mass of test sample�mass of ð�Þ control
mass of ðþÞ control �mass of ð�Þ control

� 100

(2)

Hemolysis analysis
Possible interaction of GX with blood was evaluated through hemo-
lytic potential. American Society for Testing and Materials (ASTMs)
has demonstrated the procedure for hemolysis analysis [34]. GX
(500mg) was soaked in PBS at 37 �C overnight. Swelled GX was
mixed with the known concentration of citrate blood and PBS and
incubated at 37 �C for 3 h. The supernatant was separated after cen-
trifugation at 104 rpm for 15min and optical density (OD) was
determined at 540nm through UV–Vis spectrophotometer. For posi-
tive and negative control, a known concentration of citrate blood
incubated with distilled water and with PBS, respectively [33]. The
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hemolytic potential was determined using Equation (3).

Hemolytic index ð%Þ ¼ OD of test sample�OD of ð�Þ control
OD of ðþÞ control � OD of ð�Þ control

� 100

(3)

Results

Drug-excipient compatibility studies

FTIR spectrum of GX has shown characteristic bands of –OH at
3400 cm�1, –CH2 at 2912 cm�1 and –COC at 1080 cm�1 which

indicated the polysaccharidal nature of GX [35,36]. FTIR spectrum
of TF produced characteristic bands of –NH stretch of secondary
amines ranging from 3500 to 3300 cm�1 followed by peaks per-
taining to –CH stretch at 3000–2800 cm�1 (Figure 1). The charac-
teristic bands at 1670 and 1470 cm�1 indicated the presence of
the C¼O group and –NH bend in TF, respectively. Peaks appearing
due to C–N stretch in aromatic amines are present at 1240 cm�1

[37]. FTIR spectrum of LS has shown characteristic bands at
2935 cm�1 for –CH, 1690 cm�1 for C¼O of amide, 1455 cm�1 for
C–H of the methyl group, 1560 cm�1 for C¼C of cyclic alkene and
1342 cm�1 for S¼O stretching [38].

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500 

Wavenumber, cm−1 

GX 

Levosulpride 

Theophylline 

GX + Theophylline 

TF3 

GX + Levosulpride 

LS3 

NH- 
stretch C=O 

NH- 
bend 

C-N 
stretch 

CH- 
stretch 

OH C H COO¯ CH2 COC 

CH 

C=O  
(amide) 

S=O C=C 

CH of CH3 

Figure 1. FTIR spectra of GX, theophylline, and levosulpiride; binary mixture of GX with theophylline and levosulpride and formulations TF3 and LS3.
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Pre-compression parameters of various formulations

Wet granulation method was used to prepare granules of powder
blend which improved its flowability and compressibility. Such
parameters are evaluated through determination of the angle of
repose, Hausner ratio and Carr’s index. The values of loose and
tapped bulk densities were investigated to be in the range of
0.637–0.811 and 0.672–0.852 g/cm3, respectively (Table 2). Angle
of repose, Hausner ratio, and Carr’s index were found in the range
of 24.71–26.13�, 1.022–1.056, and 2.10–5.30%, respectively.

Post-compression parameters of tablet formulations

The thickness and hardness of all tablet formulations were explored
to be in the range of 4.05–4.19mm and 7.87–8.34 kg/cm2, respect-
ively (Table 2). Similarly, the friability and weight of tablets were
documented in the range of 0.69–0.91% and 300.4–305.7mg,
respectively. Drug contents in TF formulations (TF1, 98.91%; TF2,
99.08%; and TF3, 98.78%) and LS formulations (LS1, 98.49%; LS2,
99.42%; and LS3, 98.63%) were approximately the same.

Swelling response of GX formulations to different media

The swelling response of GX-based tablet formulations in different
media is important to evaluate the swelling capacity in different
media and to develop sustained/targeted drug delivery system.

Swelling behavior of GXF tablets in buffers and swelling kinetics

The results of swelling studies of GXF tablets (without drug) in
DW and buffer of pH 1.2, 6.8, and 7.4 indicated that swelling of
tablets was high in DW, pH 6.8 and 7.4 whereas, negligible swel-
ling was observed at pH 1.2 (Figure 2(a)).

Various kinetics models were applied to the data obtained
from swelling of GXF tablets in DW and buffers of different pH for
the evaluation of swelling kinetics. The best fit model was investi-
gated to be second-order because it gave an almost straight line
between t/Qt and t (Supplementary Figure S1).

Swelling behavior and swelling kinetics of TF and LS
formulations

TF (TF1, TF2, and TF3) and LS (LS1, LS2, and LS3) formulations
have shown a high swelling index in DW and at pH 6.8 and 7.4 as
depicted in Figure 3. The swelling of these formulations in DW
was high as compared to the swelling at pH 6.8 and 7.4. At pH
1.2, negligible swelling of these formulations was observed. It was
also observed that swelling of these tablets is directly proportional
to the concentration of GX in tablets. Swelling of TF and LS for-
mulations followed second-order kinetics as expressed by straight
lines between t/Qt and t in all media (Supplementary Material,
Figures S2 and S3).

Saline responsive swelling of various tablet formulations

Responsiveness of GXF tablets and selected formulations of TF
and LS (i.e. TF3 and LS3) against different concentrations
(0.1–2.0 M) of NaCl and KCl was evaluated and explored inverse
relation between concentration of salt solutions and swelling indi-
ces (Figure 2(e,f)). It was also noted that TF3 and LS3 formulations
exhibited slightly less swelling than GXF tablets. Moreover, swel-
ling of all three tablet formulations (GXF, TF3, and LS3) was less in
NaCl solution than the KCl solution. Ta
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Swelling de-swelling response of GX-based formulations to
different stimuli

For the utilization of GX as polymer matrix in various formulations,
swelling de-swelling behavior of different formulations (GXF, TF3,
and LS3) was observed in water-normal saline, water-ethanol, and
buffers of pH 7.4 and 1.2.

pH-responsive swelling de-swelling of tablets

Tablet formulations were exposed to the buffer of pH 7.4 for 1 h
and swelling of all formulations was observed. On shifting and
placing these swollen tablets for 1 h in a buffer of pH 1.2, a sharp
de-swelling of these tablets can be seen. The swelling de-swelling

cycle was observed for three times with similar behavior
(Figure 2(b)).

Water-normal saline responsive swelling de-swelling of tablets

Tablets of three different formulations (GXF, TF3, and LS3) exhib-
ited significant swelling on placing in DW and showed de-swelling
on shifting to a normal saline solution (Figure 2(c)).

Water-ethanol responsive swelling de-swelling of tablets

Swelling de-swelling behavior of tablet formulations (GXF, TF3,
and LS3) was examined alternately in water and ethanol for 1 h.
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Figure 2. Swelling capacity of GXF tablets in buffer of pH 1.2, 6.8, 7.4, and in deionized water (DW) (a); swelling de-swelling behavior of GXF, TF3, and LS3 tablet for-
mulations at pH 7.4 and 1.2 (b), DW and normal saline (c) and DW and ethanol (d); equilibrium swelling (after 24 h) of GXF, TF3 and LS3 tablet formulations in differ-
ent molar concentrations of KCl (e) and NaCl solutions (f); SEM images of the surface of GXF tablet showing microcracks (g) and micro-channels of water-swollen then
freeze-dried tablet (h).
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It was discovered that swelling of tablet formulations diminished
on shifting to ethanol and abrupt de-swelling was observed
(Figure 2(d)) [28].

Scanning electron microscopy

The surface morphology of GXF tablet was examined using scan-
ning electron microscopy (SEM). SEM revealed the presence of
micro-cracks on the surface of GXF tablet (Figure 2(g)) and

micro-channels on the surface of the swollen then freeze-dried
GXF tablet (Figure 2(h)) [39].

In vitro drug release studies

Drug release studies from GX-based TF tablets
Drug release studies were carried out to evaluate the TF release
pattern at pH 6.8, 7.4, and DW from GX-based TF tablet formula-
tions. After 12 h, study at pH 6.8, the drug released from TF1, TF2,
and TF3 was noted as 95.09%, 83.97%, and 73.21%, respectively
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Figure 3. Swelling capacity of TF formulations (TF1, TF2, and TF3) and LS formulations (LS1, LS2, and LS3) in buffer of pH 1.2 (a,e), 6.8 (b,f), 7.4 (c,g), and deionized
water (d,h), respectively.

128 G. MUHAMMAD ET AL.



(Figure 4(a)). Whereas, at pH 7.4 and DW, maximum drug (96.04%
and 98.21%) was released after 11 h from TF1, respectively.
Similarly, at pH 7.4 and in DW, 97.18% and 98.43% drug was
released from TF2 after 14 h. More sustained and prolonged drug
release was observed from TF3 formulation in which 16 h was
taken by TF3 formulation to release 97.73% and 98.44% drug
(Figure 4(b,c)).

Drug release study was carried out in simulated pH and transit
time of GIT. The drug release at pH 1.2 and after 2 h was explored
to be 8.33%, 7.78%, and 7.02% from TF1, TF2, and TF3, respect-
ively (Figure 4(d)). On shifting to pH 6.8, a prolong and sustained

drug release behavior was observed during the 8 h study. In this
duration, 75.11%, 64.54%, and 55.02% drug was released from
TF1, TF2, and TF3, respectively. In basic buffer (pH 7.4), almost
complete drug release was observed within 4 h.

Drug release studies from GX-based LS tablets

During LS release study from tablet formulations, a sustained and
prolonged release of LS was observed at pH 6.8, 7.4, and DW.
However, slightly better-sustained release behavior can be seen at
pH 6.8 than 7.4 (Figure 4(e,f)). After a 14 h drug release study at
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Figure 4. Drug release study from TF formulations (TF1, TF2, and TF3) and LS formulations (LS1, LS2, and LS3) in buffer solution of pH 6.8 (a,e), 7.4 (b,f), deionized
water (c,g) and mimicking the pH and transit time of gastrointestinal tract (d,h), respectively.
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pH 6.8, the cumulative drug release (%) from formulations LS1,
LS2, and LS3 was found to be 95.61%, 86.22%, and 75.44%,
respectively (Figure 4(e)). Similarly, 95.88%, 89.54%, and 83.90%
drug was released from LS1, LS2, and LS3, respectively, when the
buffer of pH 7.4 was used as a drug release medium (Figure 4(f)).
In DW, 98.76%, 93.32%, and 84.29% drug was released after 14 h
study from LS1, LS2, and LS3, respectively (Figure 4(g)). In GIT
mimicking conditions, drug release was negligible at pH 1.2 which
was noted to be 5.72%, 5.17%, and 4.27% for LS1, LS2, and LS3,
respectively, after 2 h (Figure 4(h)). The formulations were then
shifted to phosphate buffer of pH 6.8 for 8 h where sustained
drug release behavior of LS from tablet formulations was
observed. From LS1, 97.88% drug was released after 3 h when
shifted to pH 7.4. Similarly, 96.71% and 98.11% drug from LS2 and
LS3 was released after 4 and 6 h study at pH 7.4, respectively.

Drug release kinetics and mechanism

The analysis of the mathematical data of drug release kinetics
models revealed that the Korsmeyer–Peppas model and zero-
order are the best fit model as the values of the regression coeffi-
cient (R2) are highest (�1) for these two models. Furthermore,
model selection criteria (MSC) is another way to find the most
suitable drug release kinetic model and the highest value of MSC
is considered the most suitable model. According to MSC values,
Korysmeyer–Peppas and zero-order are the appropriate kinetics
models. Diffusion coefficient (n) values calculated from the
Korsmeyer–Peppas equation showed that drug is released from TF
and LS formulations by super case II transport [40,41]. Data
obtained from various kinetics models for LS and TF formulations
are shown in Table 3.

In vivo X-ray study

Real-time behavior of GX-based sustained release tablet formula-
tions was observed in dog GIT using radiographic imaging tech-
nique and these images after various time intervals are depicted
in Figure 5. Radiographic images taken before and after adminis-
tration of the tablet are expressed in Figure 5(a,b), respectively. In
the image taken after 0.5 h, the whole tablet can be seen in the
stomach of the animal. After 1.5 h, the bright and sharp edges of
the tablet can still be seen which indicated that the tablet remains
intact after passing through the stomach. Furthermore, the
change in the position of the tablet from the stomach to the
intestine and then colon is also evident in Figure 5(c,d,e), respect-
ively. During the transit of the tablet from the stomach to the
colon, the sharpness of the edges of the tablet disappears and
also the size of the tablet is a bit large which indicated somewhat
swelling of the tablet in GIT of the dog. The translucent layer
around the tablet glassy core can also be seen. Additionally, due
to the swelling and erosion of the tablet at this stage, the size of
the tablet also reduced. After 7 h, the tablet was completely disin-
tegrated as it is disappeared in Figure 5(f).

Hemocompatibility studies

Thrombogenecity potential of GX was evaluated by determining
the weight of the clot and compared to the control. The weight
of blood clot and thrombose (%) was found 0.30 ± 0.08 g and
92.22%±2.11%, respectively. In positive control, the weight of the
blood clot was more than the sample. The value of the hemolytic
index was calculated as 4.29%.Ta

bl
e
3.

M
at
he
m
at
ic
al
da
ta

re
pr
es
en
tin

g
dr
ug

re
le
as
e
ki
ne
tic
s
m
od

el
s
of

G
X
ba
se
d
th
eo
ph

yl
lin
e
(T
F)

an
d
le
vo
su
lp
iri
de

(L
S)

ta
bl
et

fo
rm

ul
at
io
ns
.

G
X
ba
se
d
TF

fo
rm

ul
at
io
ns

G
X
ba
se
d
LS

fo
rm

ul
at
io
ns

pH
6.
8

pH
7.
4

D
ei
on

iz
ed

w
at
er

pH
6.
8

pH
7.
4

D
ei
on

iz
ed

w
at
er

TF
1

TF
2

TF
3

TF
1

TF
2

TF
3

TF
1

TF
2

TF
3

LS
1

LS
2

LS
3

LS
1

LS
2

LS
3

LS
1

LS
2

LS
3

Ze
ro

or
de
r

R2
0.
98
26

0.
97
71

0.
99
37

0.
98
73

0.
97
67

0.
98
99

0.
99
22

0.
96
48

0.
97
94

0.
98
63

0.
98
28

0.
97
48

0.
99
34

0.
98
67

0.
97
81

0.
98
80

0.
99
62

0.
98
96

K 0
8.
95
6

7.
16
1

6.
16
4

9.
94
5

8.
16
6

6.
74
1

10
.7
49

8.
44
4

7.
11
5

7.
10
9

6.
20
6

5.
26
9

7.
58
0

6.
44
9

5.
79
9

9.
86
6

8.
44
0

7.
07
3

M
SC

3.
87
11

3.
63
18

4.
92
82

4.
16
83

3.
59
30

4.
45
31

4.
62
85

3.
18
05

3.
73
93

4.
13
86

3.
92
76

3.
55
72

4.
86
03

4.
18
02

3.
69
61

4.
22
42

5.
40
18

4.
42
75

Fi
rs
t
or
de
r

R2
0.
85
56

0.
87
47

0.
85
40

0.
85
60

0.
88
34

0.
87
03

0.
82
72

0.
90
37

0.
88
40

0.
74
97

0.
75
77

0.
83
36

0.
75
33

0.
76
34

0.
78
47

0.
84
72

0.
83
35

0.
86
08

K 1
0.
16
4

0.
13
3

0.
10
7

0.
18
6

0.
15
5

0.
12
1

0.
20
4

0.
16
1

0.
13
4

0.
12
8

0.
11
3

0.
08
9

0.
13
9

0.
12
0

0.
10
1

0.
18
8

0.
15
5

0.
12
9

M
SC

1.
71
32

1.
89
52

1.
74
21

1.
68
82

1.
94
91

1.
87
56

1.
50
57

2.
15
88

1.
98
72

1.
16
30

1.
21
77

1.
57
11

1.
17
75

1.
24
15

1.
33
58

1.
65
63

1.
57
06

1.
79
03

H
ig
uc
hi

R2
0.
85
10

0.
86
75

0.
84
56

0.
85
32

0.
86
72

0.
85
73

0.
83
68

0.
88
63

0.
87
40

0.
77
05

0.
76
61

0.
75
08

0.
78
91

0.
76
94

0.
75
74

0.
84
83

0.
84
03

0.
85
06

K H
24
.4
70

22
.0
22

19
.4
95

25
.9
67

23
.3
23

20
.6
72

26
.6
34

24
.2
03

21
.8
94

20
.7
24

19
.3
55

16
.9
06

21
.3
35

19
.4
63

18
.6
23

25
.7
40

22
.9
91

21
.6
69

M
SC

1.
72
19

1.
87
87

1.
73
51

1.
71
89

1.
82
23

1.
80
44

1.
59
03

2.
00
78

1.
92
86

1.
31
79

1.
31
97

1.
26
46

1.
38
98

1.
32
44

1.
29
13

1.
68
59

1.
65
26

1.
75
83

H
ix
so
n–

Cr
ow

el
l

R2
0.
97
01

0.
97
88

0.
97
38

0.
97
00

0.
98
05

0.
97
82

0.
95
99

0.
98
58

0.
98
12

0.
92
25

0.
92
05

0.
92
34

0.
93
64

0.
99
71

0.
91
64

0.
96
72

0.
96
91

0.
96
98

K H
C

0.
04
3

0.
03
5

0.
02
8

0.
04
8

0.
03
9

0.
03
2

0.
05
1

0.
04
2

0.
03
5

0.
03
2

0.
02
8

0.
02
3

0.
03
4

0.
02
9

0.
02
6

0.
04
8

0.
03
9

0.
03
4

M
SC

3.
32
97

3.
71
03

3.
50
69

3.
30
67

3.
77
22

3.
68
41

2.
99
34

4.
08
87

3.
83
15

2.
40
34

2.
39
91

2.
44
38

2.
58
82

2.
47
52

2.
35
67

3.
21
87

3.
29
42

3.
35
80

Ko
rs
m
ey
er
–P
ep
pa
s

R2
0.
98
84

0.
98
88

0.
99
58

0.
99
34

0.
98
91

0.
99
54

0.
99
39

0.
98
95

0.
99
29

0.
99
35

0.
98
97

0.
98
53

0.
99
61

0.
99
39

0.
98
69

0.
99
25

0.
99
79

0.
99
35

K K
P

11
.1
69

9.
90
2

7.
21
5

12
.2
42

11
.1
14

8.
48
3

12
.1
55

12
.6
79

9.
99
3

4.
24
1

4.
43
6

3.
42
1

6.
30
9

4.
66
0

3.
91
6

11
.8
88

9.
51
4

8.
65
4

n
0.
89
5

0.
86
1

0.
93
4

0.
89
7

0.
85
9

0.
90
2

0.
93
6

0.
81
4

0.
85
4

1.
24
6

1.
13
9

1.
17
4

1.
08
4

1.
13
8

1.
15
8

0.
90
7

0.
94
3

0.
91
4

M
SC

4.
19
80

4.
28
96

5.
26
91

4.
73
28

4.
27
87

5.
16
82

4.
78
25

4.
32
12

4.
74
16

4.
72
63

4.
38
34

4.
03
70

5.
31
57

4.
88
95

4.
15
14

4.
61
31

5.
89
31

4.
83
46

130 G. MUHAMMAD ET AL.



Discussion

GX was isolated using a hot water extraction method with reason-
able yield and used to develop a sustained release drug delivery
system for TF and LS. FTIR analysis of the physical blend of the
active ingredient with excipients and formulations TF3 and LS3
confirmed the absence of any new band, which indicated the
compatibility of these ingredients. The values of pre-compression
parameters are within standard range, which indicated the suit-
ability of granules for compression. Similarly, post-compression
parameters confirmed the content uniformity of active ingredient
and aptness of the prepared tablets for in vitro and in vivo evalu-
ation [42–44].

The high swelling index of GXF tablet formulations was
observed at pH 7.4, 6.8, and in DW. In phosphate buffer of pH 7.4,
carboxylic groups present on polymeric (GX) chain ionized to
carboxylate ions (–COO�) which repelled each other. As a result,
the polymeric chains are relaxed and the penetration of water in
the matrix became easy. Hence, a high swelling index of these
tablets was observed (Figure 2(a)). In an acidic environment, i.e.
pH 1.2, carboxylic groups became protonated and the electrostatic
repulsion between these anionic groups (–COO�) diminished.

Subsequently, the polymer chains came closer to each other
which resulted in the shrinking of the polymer. Additionally,
charge screening effect of excessive sodium ion (Naþ) in phos-
phate buffers decreased swelling at pH 6.8 and 7.4 than DW
[45,27]. Therefore, less swelling was observed in phosphate buffer
of pH 7.4 and 6.8 as compared to DW (Figure 2(a)). A similar swel-
ling trend was observed in GX-based TF (TF1, TF2, and TF3) and
LS (LS1, LS2, and LS3) formulations (Figure 3), i.e. high swelling in
DW and at pH 7.4 and 6.8 whereas negligible swelling at pH 1.2.
It was also noted that irrespective of the presence and nature of
the active ingredient, the swelling of these formulations are only
dependent on the concentration of GX in the formulation.

Less swelling ability of all tablet formulations in NaCl and KCl
solutions is due to charge screening effect of excessive cations
present in the media which diminished the electrostatic repulsions
of carboxylate anions [9,46]. Additionally, less swelling is also due
to a decrease in osmotic pressure between polymer chain and salt
solutions, which in turn reduced diffusion of water into tablets
(Figure 2(e,f). Moreover, swelling indices of tablets were less in
NaCl solution than KCl solution owing to smaller size and greater
charge density of sodium ions (Naþ).

Figure 5. X-Ray photographs of TF3 after different time intervals, 0 h (a), 0.5 h (b), 1.5 h (c), 4.5 h (d), 5.5 h (e), and 7 h (f).
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Deprotonation of carboxylic groups present in the polymeric
chain of GX in basic buffer solution resulted in the formation of
carboxylate anions. The electrostatic repulsion generated as the
result of anion–anion interaction relaxed the polymeric chains for
more water penetration and increased the swelling (Figure 2(b)).
Reverse process was observed in the acidic buffer where swelling
decreased due to protonation of these carboxylate anions which
strengthened the hydrogen bonding and shrunk the polymer
chains [27]. Consequently, the de-swelling of GX-based tablets
was observed.

The reason for the de-swelling of GX-based tablets in normal
saline is the osmotic pressure difference between the internal and
external environment of swollen tablets when placed in normal
saline solution. The greater osmotic pressure of saline solution
instigated the water to move out of swollen polymeric (GX) mater-
ial and shrinking was evident (Figure 2(c)).

It was discovered that abrupt decrease in swelling of tablets in
ethanol was due to its less affinity with GX [38]. Moreover, low
polarity and dielectric constant of ethanol than water were also
considered as the reason for the de-swelling of the GX-based tab-
lets in ethanol (Figure 2(d)).

SEM analysis revealed the presence of microscopic cracks and
pores on the surface of tablets that facilitates the easy penetration
of swelling/dissolution media. Such microchannels supported the
utilization of GX-based tablet formulations for sustained/controlled
release of drugs [39].

A sustained and prolonged release of TF and LS was observed
at pH 6.8, 7.4, and water which may be due to greater swelling of
tablets in these media (Figure 4). At pH 6.8 (Figure 4(a)), the
release of TF was more sustained and prolonged as compared to
the release at pH 7.4 (Figure 4(b)) and DW (Figure 4(c)) which is
beneficial for the development of site-specific drug delivery sys-
tem. Similarly, the release of LS was more sustained and pro-
longed at pH 6.8 (Figure 4(e)) than pH 7.4 (Figure 4(f)), and DW
(Figure 4(g)). These results indicated that the release of drugs is
dependent on the concentration of GX in the tablets and inde-
pendent on drugs’ nature (neutral, acidic, or basic) as a more sus-
tained release of both drugs was observed at pH 6.8. It was
inferred that the release of drug from all formulations was
inversely proportional to the concentration of GX which is due to
high swelling and water holding capacity of the polymer. Drug
release study mimicking the conditions of GIT also revealed that
drug is completely released at intestinal pH while insignificant
release of drug was observed at stomach pH, i.e. 1.2 (Figure
4(d,h)). Therefore, GX can be used to protect the stomach from
the harmful effects of the drugs.

The swelling index of the polymeric matrix, solubility of drug,
and polymer–drug interaction are the main factors that controlled
the drug release from sustained drug delivery systems [39].
Korsmeyer–Peppas model and zero-order are considered the most
suitable model which explained the TF and LS release kinetics
from GX-based tablets. These models indicated that the release of
drugs is independent of their concentration. Diffusion coefficient
(n) values from the Korsmeyer–Peppas equation showed that
drugs (TF and LS) are released from formulations by the erosion
of polymeric matrix [40,41] and rate of drug release remains con-
stant with the passage of time.

Radio-graphical images of GIT taken after various time intervals
indicated that the tablet (TF3) remain intact in the stomach, in the
small intestine and even in the colon during the 7 h study. The
change in position of tablet and increase in the size of tablets is
due to movement through GIT and swelling of the tablet in GIT

media/environment, which is necessary for site-specific and sus-
tained release of active ingredient.

Hemocompatibility studies of GX indicated the safety potential
of GX. According to the safety standards of ISO document 10993-
3 2002, any material having the hemolytic index <5% is consid-
ered safe for biomedical applications [47,48]. Therefore, due to
less hemolytic index (4.29%) of GX, this polymeric material is con-
sidered safe and could be used for various biomedical
applications.

Conclusion

The use of GX as tablet excipient and smart drug delivery material
for LS and TF formulations has been established by pre- and post-
compression parameters and found suitable for compression. The
swelling capability of GX in DW and phosphate buffers (pH 6.8
and 7.4) was significant, however, insignificant swelling was
observed in HCl buffer (pH 1.2). Responsiveness of GX to various
stimuli such as pH, ionic concentration and solvents was promin-
ent which leads to the development of site-specific drug delivery
systems. It was also confirmed that GX protected the drugs from
the acidic environment of the stomach and provided colon-tar-
geted release due to high swelling ability at pH 6.8 and 7.4. The
drug release mechanism was investigated to be super case trans-
port II in which drug is released by erosion. It is evident from the
SEM that surface of tablets is porous in nature and these nano-
pores contributed to the swelling of tablets and sustained release
of the drug. Hemocompatibility studies also confirmed the non-
thrombogenic and non-hemolytic nature of GX. Therefore, this
study revealed that GX is a potential candidate for stimuli-respon-
sive sustained release drug delivery systems.
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