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Currently, synthetic and semi-synthetic polymers are widely used in the development of various drug delivery systems
(DDSs), biomedical and surgical devices, and healthcare materials. However, many drawbacks and problems are
associated with these polymeric materials, including toxicity, immunogenicity, non-biodegradability, non-
biocompatibility, and complicated, costly synthesis. To address such drawbacks, nowadays, naturally occurring
swellable polysaccharides (NOSPs) are being evaluated for the possible replacement of synthetic polymers. NOSPs
have shown remarkable stimuli-responsive properties, which made them an ideal material to develop stimuli-responsive
DDSs, especially “smart tablets”. The present review focuses on the summarization of stimuli-responsive properties
(swelling, on-off switching, and drug release) of smart/stimuli-responsive tablets that respond to various stimuli, e.g.,
pH, solvent, transit, time, efc. This article highlights the need to develop NOSPs-based smart tablets for intelligent and
targeted drug delivery.
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INTRODUCTION

Over the past few decades, synthetic polymers
have been widely used in the field of medicine as
pharmaceutical excipients and in biomedical
devices, biotechnological products, and healthcare
systems.'" Several risk factors, environmental
hazards, acute and chronic toxicity, and
carcinogenic potential are associated with these
synthetic polymers.® Therefore, a dire need for
new materials to cope with all these drawbacks
arises. Scientists are moving towards naturally

occurring biomaterials due to their
biodegradability, non-toxicity, non-
immunogenicity, biocompatibility, easy

availability, and cost-effectiveness.”'> Among
biomaterials, naturally occurring swellable
polysaccharides (NOSPs) are the most important
materials due to their many applications in
various fields, e.g., biomedical sciences, food and
agriculture sector, chemical and bioengineering,
biotechnology, pharmaceutical industries, and
DDSs.!*17 NOSPs are biocompatible, non-toxic,

non-immunogenic, and biodegradable due to their
structural ~ similarities to the extracellular
matrix. s

Besides other biomedical applications, NOSPs
are used as important excipients in tablet
formulations to modify the release of active
pharmaceutical ingredients (APIs). Additionally,
NOSPs have the properties to respond differently
to external stimuli, hence recognized as smart
biomaterials. Therefore, this review aims to
identify a new area in modern smart tablets
prepared from NOSPs. This article is gathering
the most recent information and
commentary/opinion on this new type of DDSs,
i.e., stimuli-responsive smart tablets. This review
will bridge the knowledge gap among researchers
working in the development of smart/stimuli-
responsive tablets and hydrogels, as well as
formulation development from NOSPs for
pharmacists and chemists working in academia
and industry.
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Naturally occurring swellable polysaccharides

Polysaccharides are long-chain carbohydrates
mainly composed of monosaccharides connected
through the glycosidic linkage. The number of
monosaccharide units and the presence of
different  functional = groups on  these
monosaccharides determine the nature and
properties of these polysaccharides, i.e., the extent
of solubility, cationic or anionic nature,
hydrophilicity, hydrophobicity, etc. Despite the
presence of hydrophilic groups on the backbone
of these polysaccharides, the long-chain
polysaccharides cannot dissolve in water.
However, after water penetration, these
polysaccharides swell and can retain a significant
amount of water for a longer duration. Such
swellable polysaccharides, i.e., NOSPs, have the
properties of hydrogels and have ideally been
used for the development of sustained or
prolonged-release  DDSs.  Owing to the
importance of NOSPs, the focus of the
researchers has shifted to the development of
different DDSs from these NOSPs, especially
tablets.

Isolation/extraction of NOSPs

The isolation of NOSPs is carried out using
different techniques either alone or in
combination with each other. Some commonly
used extraction methods include hot and/or cold
water extraction, sonication, use of dilute alkali-
water or acidic aqueous solution, enzymolysis,
treatment with dimethyl sulfoxide or some
organic solvents of alkali metal salts, ezc.?*?

The seeds of a famous plant, flax/linseed
(Linum usitatissimum L), extrude
rhamnogalacturonan polysaccharide
(hydrogel/mucilage) upon soaking in hot water.
The linseed hydrogel (LSH) appeared as a
superporous and superabsorbent NOSP and
showed pH-responsive swelling and deswelling
attributes.?* LSH exhibited swelling at pH 7.4 and
deswelling at pH 1.2.

Another NOSP, glucuronoxylan, has been
isolated from seeds of Mimosa pudica and
Cydonia oblonga termed as Mimosa pudica
hydrogel (MPH) or quince hydrogel (QH),
respectively, which appeared as excellent smart
materials for the development of stimuli-
responsive smart tablets.?>-2

Sweet basil (Ocimum basilicum L.) is a
famous ornamental culinary herb and its seeds
extrude mucilage (OBH) when in contact with
water. The main constituent of the OBH is
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glucomannan, which has been explored recently
for its pH-responsive swelling deswelling
behavior at different pH values and sustained drug
release properties.?’

Artemisia vulgaris seeds hydrogel (AVH) is
another valuable NOSP that has been explored for
its stimuli-responsive properties and revealed that
the swelling of AVH is dependent on the pH of
the solvent. The swelling of AVH follows the
trend: deionized water > pH 7.4 > pH 6.8 > pH
4.5.2% A negligible swelling of AVH was observed
at pH 1.2. Moreover, AVH has shown a
significant swelling/deswelling property at pH 7.4
and 1.2.

Arabinoxylan is also a wvaluable NOSP,
isolated from dietary fiber, i.e., psyllium
(Plantago ovata), which also expressed swelling
and deswelling attributes at pH 7.4 and 1.2,
respectively, with sustained drug release
behavior.?’

Salvia spinosa seeds hydrogel (SSH) also
responds differently to the physiological pH of the
gastrointestinal tract (GIT). As the pH of the
swelling media increases, the swelling of the SSH
also increases. The maximum swelling was
observed in deionized water (DW). The swelling
of NOSP, i.e., SSH, followed the order: DW > pH
7.4 > pH 6.8. Negligible swelling was observed at
pH 1.2.%°

ENGINEERING OF SMART TABLETS

The usual trend in the pharmaceutical industry
is mainly focused on the use of synthetic
polymers in the development of different DDSs.?!"
3¢ These systems include tablets (immediate
release, sustained release, orodispersible), films
(orodispersible, mucoadhesive), dermal and
transdermal patches, microparticles,
nanoparticles, efc. Several studies showed that
there are many side effects/drawbacks associated
with the use of synthetic polymeric materials, e.g.,
low  biocompatibility, = non-biodegradability,
toxicity,  carcinogenicity, cyst formation,
immunogenicity, efc.

Due to the aforementioned disadvantages of
the use of synthetic polymers in drug delivery
applications, there is an alternative available in
the form of NOSPs. Many advantages are
associated with the use of these NOSPs, such as
biocompatibility, stimuli-responsive nature, and
high swelling ability (with on-off swelling
behavior), which make them ideal candidates for
the sustained release DDSs.>’



The oral route is considered the safest route for
drug administration and the tablets are the most
prescribed DDS. Conventional tablets have now
transformed into a novel shape known as smart
tablets. The main ingredient of the smart tablets is
any material that responds to external stimuli, i.e.,
physiological conditions and imparts changes in
its properties, especially on-off swelling that will
lead to on-off drug release. Usually, these
ingredients are NOSPs. Besides these water-
swellable polysaccharides, i.e., NOSPs, other
pharmaceutical inactive materials are also used to
make a smart tablet, as well as to keep the API in
a dispensable form.

In recent studies, it was observed that several
NOSPs possessed a high swelling capacity and
after compression in tablet form, the swelling
capacity reduces.*® In tablet form, the interparticle
spaces reduce due to the compaction, therefore, it
is difficult for the media to penetrate the tablet,
hence, the swelling of the tablet prepared using
NOSPs reduces. However, in the case of a smart
tablet, a significant increase in the swelling was
observed for an extended time frame as
surrounding media diffused slowly in smart
tablets, hence sustained release can also be
achieved alongside pH-responsive drug release.
Literature also showed that, in such cases, the
zero-order or first-order drug release from such
NOSPs-based smart tablets was observed.***

pH-Responsive swelling and on-off switching

One of the factors influencing the release of
drugs from DDSs is the surrounding physiological
pH. Through the GIT, the DDSs have to face
different pH values, from the acidic pH of the
stomach to the slightly basic environment of the
colon.***! Therefore, one of the novel strategies is
to develop NOSPs-based smart tablets that
respond to the pH of the GIT and release drugs at
the desired site.

NOSPs-based smart tablets are advantageous
as NOSPs swell at neutral and near neutral pHs,
while often showing almost off behavior in the
stomach environment, i.e., acidic pH. In this way,
acid-sensitive drugs can be kept safe from the
stomach environment. These polysaccharide
materials have hydrophilic functional groups, i.e.,
hydroxyls and carboxyls. In the buffer of pH 6.8
and 7.4, the carboxylic acid groups are converted
to the anionic form and the electrostatic repulsion
among these carboxylate anions resulted in the
swelling of these polymers. Moreover, high

Biopolymers

swelling of these polysaccharides in deionized
water, as compared to their behavior at pH 6.8
and 7.4, was witnessed in several recent studies,
which can be explained due to the charge
screening effect of the excessive cations (Na")
present in the buffer solution.**** The charge
screening effect shielded these cations, which
reduces the anion-anion repulsion due to the
shielding of carboxylate anions. At pH 1.2, due to
the protonation of carboxylate anions, the anion-
anion repulsion diminished, hence, negligible
swelling at pH 1.2 was observed. The reported
NOSPs, ie., LSH, MPH, QH, OBH, AVH,
psyllium hydrogel (PSH), and SSH-based tablets
have shown significant swelling/deswelling
behavior at pH 7.4 and 1.2, respectively (Fig. 1).
Therefore, such materials are getting into the
focus of researchers developing stimuli-
responsive/smart tablets.

Salt-responsive properties

The swelling properties of the NOSPs are also
dependent on the salt (NaCl) concentration in the
swelling media. The osmotic pressure difference
between the polymeric material and the media
directly influences the swelling of NOSPs.*%
Due to the presence of salts in the GIT
environment, the osmotic pressure in the GIT
varies, which may result in variable swelling
behavior of smart tablets, leading to variable drug
release. Therefore, it is essential to determine the
swelling capacity of the NOSPs and NOSPs-
based smart tablets. It can be inferred that in a salt
solution, less swelling will be observed for such
smart tablets due to the charge screening effect of
the excessive cations (Na') which reduces the
electrostatic repulsion of the anions present in the
polymeric chains. Another reason for the low
swelling of these tablets in salt solutions is the
neutralization of COO™ ions by K* and Na' ions,
and electrostatic repulsion between the COO™ ions
becomes low.*

As mentioned earlier, LSH, MPH, QH, OBH,
AVH, PSH, and SSH-based tablets exhibit salt
solution-responsive swelling.33%-28-30:4748 Gy dies
revealed that smart tablets based on the said
NOSPs have shown an inverse relationship
between swelling and the concentration of salts
(NaCl and KCl). Additionally, these smart tablets
also showed swelling/deswelling behavior in
deionized water and normal saline, respectively

(Fig. 1).
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Figure 1: Swelling and deswelling of SSH (in powder form) and SSH-based tablet formulations (SH and SHF3) in a
buffer of pH 7.4 and 1.2 (a and d), in DW and normal saline (b and ), and water and ethanol (c and f), respectively®
(used with permission of Bentham Science Publisher; permission conveyed through Copyright Clearance Center, Inc.)

Solvent-responsive properties of NOSP-based
smart tablets

Another important and recently explored
property of NOSPs is their ability to respond to
ethanol (a chemical mainly present in alcoholic
beverages). The swelling and deswelling behavior
of different NOSPs was observed by immersing
the water-swollen NOSPs in ethanol. An abrupt
deswelling of NOSPs was observed in various
cases. The swelling and deswelling of NOSPs in
water and ethanol, respectively, were observed to
be also reversible. The swelling and deswelling
pattern of these NOSPs was also witnessed when
converted into tablet form. The tablets prepared
with NOSPs, i.e., LSH, MPH, QH, BSH/OBH,
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AVH, PSH, and SSH, expressed swelling and
deswelling in water and ethanol, respectively
(Fig. 1).383929.304749

The significant deswelling of the swollen
NOSPs in ethanol is due to the lower affinity of
NOSPs to ethanol, as compared to the water.
Moreover, NOSPs form few hydrogen bonds with
ethanol because of the low polarity and dielectric
constant of ethanol (24.55), compared to that of
water (80.40). As a result, the low dielectric
constant decreases the ionization of the ionizable
groups of the NOSPs and also reduces the
swelling. Upon shifting the deswelled NOSPs in
water, the ethanol molecules washed out quickly
from the NOSPs and then formed extensive



hydrogen  bonds  with  water,33928-30.47.48

Consequently, the swelling of NOSPs was
observed again.

Therefore, the DDSs containing such NOSPs
as inactive pharmaceutical ingredients should be
administered with caution when administered
with ethanol-containing beverages under the
guidelines of the pharmacist, especially in
sustained-release dosage forms. There may be
some dose adjustments for patients with habitual
alcohol intake.

Drug release studies from NOSPs-based smart
tablets

As we have already discussed, NOSPs-based
smart tablets may offer on-off swelling behavior
with sustained release and intelligent drug
delivery properties. Therefore, NOSPs are being
used for the development of
sustained/delayed/targeted drug-release tablet
formulations. In a study, it has been noticed that
the pH-responsive tablet formulation prepared
with LSH released the drugs at pH 6.8 and 7.4,
whereas it retarded the release of the drug at pH
1.2.3 Moreover, by varying the concentration of
glucuronoxylan, i.e., NOSP, the release of the
drug was adjusted.***’ The OBH, another NOSP
exhibited excellent properties to prolong the
release of the drug for more than 8 h at intestinal
pH.*® 1In another study, AVH, ie., NOSP,
sustained the release of the drug up to 12 h (Fig.
2),8 whereas PSH showed 24 h drug release.”
Likewise, SSH sustained the release of the drug at
pH 6.8 and 7.4 for more than 12 h.*

Table 1 describes the details of drug release
kinetics and mechanism of drug release from
different NOSPs. It was observed that drug
release from different NOSPs (QH, OBH, MPH,
AVH, and SSH) followed mostly the zero-order
drug release.?®3%3%4748 In zero-order kinetics, the
drug release is constant or uniform per unit time
or the release is independent of the concentration
of the drug in a polymeric system.”® Moreover,
drug release from QH, OBH, MPH, AVH, and
SSH followed the super case-Il transport, i.e.,
erosion-based mechanism.>!-*2

Drug release kinetics from LSH and PSH
followed the first-order kinetics, which is a
concentration-dependent process of drug release
from a porous polymeric system.**** Additionally,
the drug release from LSH and PSH-based tablet
formulations followed the non-Fickian diffusion
mechanism.>!->

Biopolymers

MRI, X-ray and SEM analyses of some
NOSPs-based smart tablets

The pH-responsive swelling of the NOSPs-
based smart tablets was also observed through
magnetic resonance imaging (MRI) in a previous
study (Fig. 3A).%® The black and white region in
the MRI images of the AVH-based tablets
indicated the presence of low and high-intensity
'H region, which corresponded to the absence and
presence of water, respectively.”® The increase in
the intensity of the white region over time
confirmed the penetration of water and swelling
of the tablet.** The swelling study through MRI
was performed for AVH-based tablets, caffeine,
and levosulpiride-loaded AVH tablets, and
comparable swelling behavior of all three
formulations was observed during the whole
course of the study, i.e., 8 h. In another MRI
study, AVH-based tablets were unable to swell at
pH 1.2, as indicated through the dark portion of
the tablet during the 8 h study. Similar swelling
behavior was noticed for OBH-based smart
tablets in the MRI study. These MRI images
proved that the NOSPs are generally unable to
swell in acidic pH media (stomach pH), while
swelling at the pH values of the small intestine.
Hence, such NOSPs can be used for the site-
specific delivery of many therapeutic agents.

The fate of the NOSP-based tablets during the
transit through the GIT has been witnessed using
an X-ray study (Fig. 3B). Barium sulfate was used
as an opaquant in the tablet formulation and the
swelling of the tablet in different segments of the
GIT, as well as transit duration, was observed
through X-ray studies using dog models. The
studies also proved a good experimental model
for the determination of the fate of tablets through
the GIT, swelling behavior, and the degradation
possibility in different segments and at various
pH. 4849

The NOSPs can absorb and retain a large
quantity of swelling media. The absorbency of the
swelling media by NOSPs is possibly due to their
porous structure. The morphology of the external
as well as internal networking of the polymeric
chains of these NOSPs has been examined
through scanning electron microscopy (SEM)
images in various studies (Fig. 3C).

Water swollen then freeze-dried samples of
these NOSPs indicate diverse morphology
depending upon the chemical composition of
these polysaccharides. Therefore, one can observe
elongated porous and multilayer channels,?
interconnected macropores in MPH,* the hollow
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porous structure of QH,* well-dispersed spongy micropores in AVH?® and wide networking of
pores in OBH,*” uniformly dispersed thin wall elongated channels of PSH in the NOSPs.”
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Figure 2: Aceclofenac release studies from AVH-based formulations (ACF1, ACF2, and ACF3) in simulated gastric
fluid (SGF) and simulated intestinal fluid (SIF) for 12 h (a), and in SGF (first 2 h) and SIF (remaining 10 h) (b),
pharmacokinetic parameters of ACF1 tablet formulation (c), swelling capacity of three tablet formulations at pH 7.4
after various time intervals (d), stimuli-responsive swelling/deswelling of ACF1 at pH 7.4 and 1.2, in DW and normal
saline (NS), and DW and ethanol (e), radial and axial view of the swelling of AVHF tablet at different time intervals in
pH 7.4 buffer (f), and scanning electron micrographs of AVH tablet surface (formulation ACF3) (g) and tablet surface
after swelling in water (h and 1);*® (reproduced with permission from the Royal Society of Chemistry)
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Table 1

Detailed description of smart tablet formulations using NOSPs

Biopolymers

Swelling and

pH-responsive order

Sustained drug ~ Drug release

Polysaccharides Drugs Swelling media  Deswelling media deswelling attributes of drug release relea.se klnetlcs'and Ref.
duration mechanisms
. . Caffeine = .
Linseed hydrogel . pH 1.2, salt solution pH 7.4 and 1.2. First-order
(LSH) Caffeincand  pH 6.8, 7.4, and ™\, ) nqKCl),  DW and normal saline. 0 PH74>68 o4t Kinetics and non- [38]
(rthamnogalacturonan) Diacerein bW and ethanol DW and ethanol Diacerein = Fickian diffusion
galactu pH7.4> 6.8 >DW Y
Quince seed hydrogel Theophylline pH 1.2, salt solution pH 7.4 and 1.2. Theophylline = Zero-order
and pH 6.8, 7.4, and . DW>pH 7.4>6.8. kinetics and
(QH) Diclof: D (NaCl and KCl), DW and normal saline. Diclof dium = >12h I [39]
(glucuronoxylan) telotenac w and ethanol DW and ethanol lelofenac sodiufh = super case-
£ sodium DW > pH 7.4 > 6.8. transport
. . . . Theophylline = Zero-order
Mimosa pudica Theophylline pH 1.2, salt solution pH 7.4 and 1.2. .
hydrogel (MPH) and pH 6.8, 7.4, and (NaCl and KCI), DW and normal saline. DW >pH 74 > 6:'8' >16h Kinetics arfd [47]
(glucuronoxylan) Levosulpiride bW and ethanol DW and ethanol Levosulpiride super case-1I
& y p DW>pH 7.4>6.. transport
. Caffeine = Zero-order
Artemisia vulgaris  Caffeincand pH 6.8, 7.4, and Ph 12 saltsolution pH7.4and 1.2, pyo g 4o 6 g Kinetics and
. (NaCl and KCI), DW and normal saline. T >12h [49]
hydrogel (AVH) Levosulpiride DW and ethanol DW and ethanol Levosulpiride = super case-II
DW>pH 7.4>6.8. transport
Ocimum basilicum L. Theophylline H6.8.74. and pH 1.2, salt solution pH 7.4 and 1.2. D\I/h:()fgll};uini z 3 égi?{&rgiz
(basil seed hydrogel) and P o8, 1%, (NaCl and KCl), DW and normal saline. pH /. o >12h [48]
(OBH) Domperidone bw and ethanol DW and ethanol Domperidone = super case-II
DW>pH 7.4>6.8. transport
Plantqgo ovata . pH 6.8, 7.4, and pH 1.2, salt solution pH 7.4 and 1.2.' . Fl'rst-order
(psyllium) hydrogel = Theophylline DW (NaCl and KCI), DW and normal saline. - >24h kinetics and non- [29]
(PSH) and ethanol DW and ethanol Fickian diffusion
. Zero-order
L pH 1.2, salt solution pH 7.4 and 1.2. L L
Salvia spinosa . pH 6.8, 7.4, and . Theophylline = DW kinetics and
hydrogel (SSH) Theophylline DW (NaCl and KCI), DW and normal saline. > pH 7.4 > 6.8. >12h super case-II [30]

and ethanol

DW and ethanol

transport
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Figure 3: MRI images (A) of swelling behavior of AVH tablets (AVHM) in water, at pH 1.2 and 7.4 a
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2h 3h 5h 6h 8h

Erosion front

- oy

fter different time

intervals?® (reproduced with permission from the Royal Society of Chemistry); In-vivo X-ray studies (B) of Ocimum
basilicum hydrogel (OBH) containing tablets without drugs (FOBH) to track the position of prepared tablets in
different segments of the gastrointestinal tract after various time intervals* (reprinted with permission from Elsevier);
SEM images (C) of the cross-section of water-swollen then freeze-dried samples of LSH (a)** (reprinted with
permission from Elsevier), and MPH (b)?* (reproduced with permission from the Royal Society of Chemistry), QH (c)?®
(reprinted with permission from Elsevier), OBH (d)?’ (reproduced under Creative Commons Attribution License), AVH
(€)®® (reproduced with permission from the Royal Society of Chemistry) and PSH ()*° (reproduced with permission

from the Royal Society of Chemistry)

Interestingly, these specific morphologies of
the NOSPs are even retained to a good extent
when formulated in tablet form, as witnessed
from the literature. As a result, the specific
characteristics of NOSPs (pH-dependent swelling
and stimuli-responsive swelling/deswelling) are
retained even after compression.

CONCLUSION AND THRUST AREAS
NOSPs have proved to be a stimuli-responsive
material for pH-dependent, site-specific, and
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targeted DDSs. The inability of NOSPs to swell
and release the drug at the pH of the stomach
makes them an ideal candidate for the delivery of
acidic drugs, especially non-steroidal anti-
inflammatory drugs and protein-based drugs
through the GIT. Such DDSs are very helpful to
protect the mucous membrane of the GIT from
the adverse effects of these acidic drugs, as well
as to shield the protein-based drugs from
degradation at acidic pH and in the harsh
environment of the stomach. NOSPs could also be



used for the sustained release delivery of many
APIs, including antibiotics, antiviral, antifungal,
anticancer, efc. The detailed chemical structure,
type and intensity/density of crosslinking, and
nature of bonding among different molecules and
functional groups of some of the reported NOSPs
are still obscure. Moreover, a thorough and
complete sugar analysis of some of these NOSPs
has not yet been explored. As these NOSPs are
biocompatible, biodegradable, non-immunogenic,
and non-toxic, they could be used for wound
healing, tissue engineering, scaffolds for bone
regeneration, and other biomedical applications.
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