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Abstract

The present study was aimed for controlled delivery of capecitabine, an anticancer drug used to treat colorectal cancer. Smart pH
responsive tamarind/-CD-g-poly (MAA) hydrogels were developed using the free radical polymerization process to overcome the
constraints of capecitabine such as short plasma half-life, low bioavailability, and high dose frequency. The developed network
system was evaluated for different characterizations including equilibrium swelling (%), drug loading efficiency (%), thermal
behavior, elemental composition, morphology, complexation of components and release kinetics. Furthermore, safety profile of
developed network was validated by acute oral toxicity studies and pharmacokinetic parameters were determined by carrying in-
vivo studies in healthy rabbits. The grafted system proved to be thermally stable as confirmed by DSC and TGA analysis. While
successful grafting, compatibility of hydrogel components and amorphous dispersion of drug within the network were shown by
FTIR analysis and XRD studies. Significantly higher swelling and drug release were observed at pH 7.4 than at pH 1.2, evidencing
pH responsive character of hydrogels. Maximum drug release of 94.3% was shown over period of 30 h demonstrating the controlled
release profile of polymeric network. Toxicity evaluations revealed good safety profile and biocompatibility of hydrogels. Moreover,
in-vivo studies showed sustained release profile of capecitabine as proved by significant increase in its half-life (13 h) and AUC
(42.88 pg.h/ml) when administered as hydrogels. Hence, tamarind/p-CD-g-poly (MAA) hydrogels are strongly recommended
to be employed as biocompatible pH responsive carrier system and can be utilized for controlled and targeted delivery of drugs.
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Introduction most of the traditional dosage forms is high that is associ-

ated with side effects and may result in noncompliance
Various approaches are being utilized in drug delivery to  behavior of patients. These problems can be overcome by
achieve the prolonged therapeutic response of active moie-  use of certain techniques and systems that enhance the
ties with lesser side effects. Frequency of administration of ~ therapeutic response of active agents by delivering them
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slowly at controlled rate. So, these drug delivery systems
result in improvement of bioavailability of therapeutic
agents and reduction in frequency of administration and
dose related side effects [1].

One of the appealing types of drug delivery system is
hydrogels having extraordinary properties. Hydrogels are
hydrophilic three-dimensional polymeric networks hav-
ing capability to absorb excess of water or physiological
fluid without experiencing any change in their geometry
[2]. Hydrogels in swollen form resemble with living tis-
sues due to their soft and rubbery consistency and low
interfacial tension with water or biological fluids. These
are non-irritant, non-toxic and biocompatible polymeric
systems. Because of their intelligent properties, they show
numerous advantages in drug delivery like protection of
active moieties against GIT environment, site specific and
sustained release of encapsulated drug [3, 4]. Physical and
chemical cross-linking techniques are used for fabrication
of hydrogels. Chemical gels are developed by covalent
interactions and physical gels by non-covalent interactions
[5]. They have numerous applications in medicines and
clinical practice like tissue engineering and regenerative
medicine, cellular immobilization, cells or biomolecules
separation, diagnostics, and barrier materials for control-
ling biological adhesions. Presently, different forms of
hydrogels have been developed like discs, microparticles
[6], nanoparticles [7], coatings, matrixes [8], composites
[9], slabs and films [10] depending upon the required use.

Tamarind gum is polysaccharide, a natural polymer
obtained by extraction of Tamarindus indica seeds. It is
hydrophilic polymer as its molecular structure contains
numerous hydroxyl groups. It has ability to form muci-
lage by showing swelling behavior in water. Owing to its
gel forming character it can also be employed in hydrogel
development. The polymer is being used in pharmaceuti-
cal products due to its nontoxicity, biocompatibility and
bioadhesive properties [11, 12].

Cyclodextrins belong to cyclic oligosaccharides hav-
ing 1,4-linked glucopyranose units [13]. B-cyclodextrin
(p-CD) is largely employed in pharmaceutical sector
owing to its cavity size, ability to form complexes, easy
availability and affordability. Keeping in view its excellent
binding and complex forming characteristics it can incor-
porate numerous compounds (organic and inorganic) and
therapeutic moieties within its cavity [14].

Miscibility of different polymers in development of
hydrogels is a significant parameter. Florry and Huggins
theory illustrate pharmacodynamic evaluation of polymeric
blends using their molecular structure and binding energies
of individual polymers. Moreover, binding energy curves
also ensure level of miscibility i.e. whether miscible, par-
tially miscible and immiscible [15-17].
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Among numerous chemotherapeutic agents for cancer
treatment Capecitabine is available as orally administered
anticancer drug. It is a prodrug indicated for colorectal
and metastatic breast cancers [18]. Capecitabine follows
sequential enzymatic steps to convert into its final active
metabolite that is 5-fluorouracil (5-FU) in the tumor, where
it exerts its action. Half-life of drug is short i.e., 0.5-1 h.
The recommended daily dose is 1250 mg/m [2] twice daily
and associated with various side effects including dermatitis,
stomatitis, diarrhea, bone marrow depression, cardiotoxicity,
nausea, vomiting etc. High dosing frequency and adverse
effects of drug are mostly reasonable factors of patient non-
compliance behavior. So, there is need to synthesize the con-
trolled release system having potential to enhance the bio-
availability and minimize the toxic effects of Capecitabine
that would also improve the patient compliance [19]. In lit-
erature, efforts have been made to incorporate capecitabine
into different types of hydrogels i.e., hydrogel microspheres
[20], interpenetrating polymeric networks [21] and nano-
composite hydrogels [19]. In comparison to these studies,
promising results in terms of in-vivo release, pK parameters
and in-vitro release were reported in our current study.

Oral route always remained a preferred route for deliv-
ery of therapeutic agents but, often offer inadequate bio-
availability. A number of polymers have been tried in litera-
ture to develop hydrogels. In current study, pH responsive
tamarind/B-CD-g- poly (MAA) hydrogels have been syn-
thesized by using varying proportions of polymers, mono-
mer, and crosslinking agent utilizing aqueous free radical
polymerization technique in order to improve oral bioavail-
ability of Capecitabine. Study is aimed to attain targeted and
controlled release profile of Capecitabine by incorporating it
into polymeric network that will reduce its dosing frequency
thereby improving the patient compliance. Developed net-
works were subjected various instrumental evaluation tech-
niques like compatibility studies (FTIR), thermal analysis
(DSC, TGA), elemental analysis (EDX), surface morphol-
ogy (SEM), nature of ingredients (PXRD), sol—gel analysis,
pharmacokinetic evaluation and acute oral toxicity studies.

Materials and methods
Materials

Capecitabine was purchased from Wuhanvanz Pharma,
Jingkai Future city Hubli, China. p -CD, methacrylic acid
(99%), N, N-methylene bisacrylamide (99%), ammonium
persulfate (99%), acetonitrile and methanol (99.7%) were
purchased from Sigma-Aldrich Co., St Louis, MO, USA.
Tamarind seed powder, Potassium dihydrogen phosphate,
orthophosphoric acid, ethanol and sodium hydroxide were
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purchased from Dae-Jung, Korea. Distilled water was pre-
pared on daily basis in the research lab of the Faculty of
Pharmacy, The University of Lahore. All the chemicals uti-
lized were of analytical grade.

Methods
Extraction of tamarind seed mucilage

Tamarind seed polysaccharide was obtained by mucilage
extraction of the seed powder. 20 g of tamarind seed pow-
der was weighed and its slurry was prepared by adding it in
200 ml of cold distilled water. This slurry was transferred to
1L beaker containing 800 ml of boiling distilled water, placed
on water bath and stirred continuously for 30 min at boiling
temperature. After that it was set aside for approximately 24 h
to sediment proteins and fibers. Mixture was then subjected
to centrifugation for 20 min at 5000 rpm in order to collect
the clear solution. This clear supernatant was transferred into
double volume of absolute ethanol with thorough agitation
to get thick precipitates. Resulting precipitates were washed
with ethanol and kept in hot air oven at 40 °C for drying.
After 24 h this dried polymer was triturated in pestle and
mortar and passed through sieve assembly to get fine powder
which was then stored in air tight container [22].

Development of tamarind gum/B-CD-g-poly (MAA)
hydrogels

Tamarind gum/f-CD-g-poly (MAA) hydrogels were syn-
thesized with variable contents of polymers, monomer and
crosslinking agent using free radical polymerization tech-
nique. Composition of formulations (TGB1-TGB12) is pre-
sented in Table 1. Accurate quantity of f-CD was weighed
on an electronic weighing balance (Shimadzu, AUW220D

Japan), poured into specific volume of distilled water and
stirred on hot plate magnetic stirrer until solution became
clear. Then weighed amount of tamarind seed polysaccha-
ride was dissolved in distilled water at room temperature
separately. Solution of APS was prepared in small volume
of distilled water separately and half of it was added in first
polymer solution and half in second solution drop wise to
generate active sites on polymer backbone with thorough
stirring. Both polymer mixtures were mixed together thor-
oughly by addition of one polymer solution into other drop-
wise with continuous stirring. Monomer (MAA) was added
in the above mixture followed by addition of crosslinker
(MBA) with continuous mixing. Final volume of the mix-
ture was achieved by adding deionized distilled water. Sys-
tem was subjected to thorough stirring until the formation
of homogenous mixture and then transferred to glass tubes
which were sonicated for 3 to 5 min to remove any dissolved
oxygen. Glass tubes after covering with aluminium foil were
placed in water bath (Memmert) and temperature was tuned
sequentially which was 45 °C for 1 h, 50 °C for 2 h, 55 °C
for 4 h, 60 °C for 6 h, and 65 °C for 12 h. Hydrogels formed
after 24 h were removed by breaking the test tubes with back
side of test tube holder and cut into discs which were washed
with ethanol and distilled water solution (50:50) and dried
in lyophilizer (Christ Alpha 1- 4 LD, Japan) at -55 °C [23].

Characterizations
Blend simulation studies

The Material Studio Blends module was used to study the
p-cyclodextrin-g-poly(methacrylic acid) with tamarid mis-
cibility. This approach enables researchers to get insight of
the thermodynamics involved among different materials
utilizing their chemical formulas. So, it only uses molecular

Table 1 Composition of

. Formulation code = Tamarind p-CD (g/100g) MAA MBA (g/100g) APS (g/100 g)

Tamarind gum/f-CD-g-poly gum (g/100 g) (/100 g)

(MAA) hydrogels
TGBI 0.5 0.25 10 0.2 0.2
TGB2 1 0.25 10 0.2 0.2
TGB3 1.5 0.25 10 0.2 0.2
TGB4 0.5 0.5 10 0.2 0.2
TGBS 0.5 0.75 10 0.2 0.2
TGB6 0.5 1 10 0.2 0.2
TGB7 0.5 0.25 14 0.2 0.2
TGB8 0.5 0.25 16 0.2 0.2
TGB9 0.5 0.25 18 0.2 0.2
TGB10 0.5 0.25 10 0.25 0.2
TGB11 0.5 0.25 10 0.3 0.2
TGB12 0.5 0.25 10 0.35 0.2
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structures and an energy field as precursor input data for
blend simulation.

Miscibility among mixture of different nature materials
can be demonstrated via thermodynamic relationships. This
approach is based on a theory developed by Flory and Hug-
gins. It concludes by finding the free energies of the mixing
thereby reflecting state of mixture and declare the materials
are either miscible, immiscible, or partially miscible [15,
16], according to the following equation: n
% = %lﬂ@A + f_:l”l@l; + ¥ B4 Dp (1)

In which AG is the Free energy of mixing, K is the
Boltzmann constant, T is the Absolute temperature, @,
and @y are the volume fraction of A (Tamarind) and B
(B-cyclodextrin-g-poly(methacrylic acid))components, n,
and ng represent mole numbers of component A and B,
respectively and y is the of Flory Huggins parameter.

The parameter of Flory Huggins (x) is defined as fol-
lows [17]:

Emix
X=r @
The mixing energy, E, ;.. can be calculated by using fol-
lowing expression that presents difference in free energy
between the mixture and the sum of the pure energy of A
and B [15, 16].

1
Emix = EZ(Ebs + Esb - Ebb - Ess) 3)

E,, and E are the binding energies between two base
(tamarind) molecules and two screen (f-cyclodextrin-g-
poly(methacrylic acid)) molecules in their pure states. E,,
and E;, are the binding energies between base and screen
molecules. Z is the coordination number [16].

Loading of Capecitabine

Capecitabine was loaded into the weighed hydrogels dried
disks. Briefly, 1% w/v solution of Capecitabine was pre-
pared by adding 1 g of Capecitabine in a beaker containing
specified volume of phosphate buffer solution (pH 7.4)
and then stirred on hot plate magnetic stirrer at room tem-
perature for approximately 30 min to obtain clear solution.
Weighed hydrogel discs were soaked in it until swelled to
equilibrium. These swollen discs were blotted with filter
paper after removing from drug solution and dried in hot
air oven (Memmert) at 45°C followed by drying at room
temperature.

@ Springer

Quantification of Capecitabine

Percentage of drug loaded into hydrogels was calculated by
using following equation: [24]
Drug loading(%) = WD — Wd x 100 4)
Wwd
where, WD = final weight of dried discs of hydrogels after
immersion in drug solution.
Wd =initial weight of dried hydrogel discs before immer-
sion in drug solution.

In-vitro swelling studies

pH responsive behavior of hydrogels was evaluated by per-
forming swelling experiments on hydrogels. Dried discs were
precisely weighed on electric weighing balance (Shimadzu,
AUW220D) and then placed in phosphate buffer solution
(pH 7.4) at 37 °C. After specified time intervals (0.5, 1, 1.5,
2,3,4,5,6, 12, 18, 24, 30, 36, 42, and 48 h) swollen discs
were removed from the solution, blotted with absorbent paper
and weighed again. Experiment was continued until all discs
achieved a constant weight. Following equation was used to
calculate the percentage swelling of hydrogels [25].

Wt — Wo
——F x 100
o X 5

%Swelling =
where, Wo is the initial weight of dried disc and Wr is the
weight of swollen disc at time t.

Sol-gel fraction

Sol—gel fraction was determined to find out the reactants
utilized during synthesis of hydrogels. Dried discs were
weighed on electronic weighing balance and crushed into
small particles. Extraction was conducted in Soxhelt appa-
ratus containing boiling distilled water for 4 h so that the
co-polymeric network could be freed from unreacted reac-
tants. Extracted hydrogel pieces were removed by using fil-
ter paper and dried at room temperature for 24 h followed
by drying in hot air oven at 40 — 45 °C and these were
reweighed [26].

Sol-gel fraction was calculated by using following
formula:

. Wt
Gel fraction(%) = — X 100
el fraction(%) Wo 6)

where, Wo =Initial weight of dried disc before extraction
and Wt="Final weight of dried disc after extraction.



Journal of Polymer Research (2023) 30:41

Page50f20 41

Moreover, Sol fraction was calculated by following
expression:

Sol fraction = 100 — gel fraction @)

Fourier transforms infrared spectroscopy

Pure Capecitabine, HP-B-CD, agarose, chitosan, fenugreek,
tamarind, B-CD, physical mixture, drug loaded and unloaded
hydrogels were subjected to FTIR analysis to check the com-
plex formation and compatibility between ingredients. All
the samples were grounded and dried after mixing with KBr,
then 65 kN pressure was used for 1 min to convert into disc
having 12 mm thickness. Scanning of these samples was
done at 4000 to 500 cm ™! using Thermos Fischer scientific
Nicolet 6700 TM) FTIR spectrophotometer [27].

Scanning electron microscopy

Scanning electron microscope (SEM, Vega 3, Tuscan) was
used for evaluation of surface morphology and shape of pre-
pared hydrogels. Dried hydrogels were crushed into small
particles and attached to double adhesive tape on aluminum
stub. Gold coating having thickness of 300 A was done on
aluminium stubs. Current of 10 kV was set for scanning of
coated samples and recording of surface morphology [28, 29].

Differential scanning calorimetry

Drug, polymers, monomer and developed hydrogels were
subjected to DSC studies in order to determine the phase
transition temperatures and heat of fusion under rising tem-
perature. Properly ground samples were covered in an alu-
minium pan. Operation of SDT (Q600 TA USA) was carried
out at a rate of 10 °C/min under nitrogen stream using tem-
perature range of 0—400 °C. Analysis was done in triplicate
for each sample [30].

Thermogravimetric analysis (TGA)

Stability of newly developed polymeric network against
individual formulation ingredients at elevated temperature
was determined using TGA thermal analysis under the same
conditions as in DSC.

Powder x-ray diffraction (PXRD) analysis

RXD Xpert having pan analytical software was used to con-
firm the nature i.e. amorphous or crystalline of pure Capecit-
abine, polymers and loaded hydrogels. Scanning was done at
260=10°-70°. All samples were performed in triplicate [31].

Elemental dispersive x-ray spectroscopy

Elemental composition and atomic weight of components were
determined using microanalysis technique which is energy
dispersive spectroscopy. This technique was utilized by using
INCA 200 m oxford, UK for developed hydrogels. Pure drug,
unloaded and loaded hydrogels were subjected to energy dis-
persive spectroscopy and their spectra were recorded [32].

In- vitro drug release

In-vitro drug release studies were carried out to confirm
the pH responsive release of Capecitabine from hydrogels
at pH 1.2 and 7.4. USP dissolution apparatus Type-II con-
taining 900 ml of buffer solution in each basket was used at
37+0.5 °C to perform dissolution studies of hydrogel formula-
tions. Sampling was done at specified intervals i.e. 0.5, 1, 1.5,
2,3,4,6,8,10,12, 14, 16, 18, 20, 22 and 24 h and UV visible
spectrophotometer was used for analysis of Capecitabine at
Amax =300 nm [33, 34].

max

Kinetic modeling for analysis of drug release pattern

Drug concentration, swelling and diffusion rate are the factors
on which drug release from hydrogel cross-linked structure
is dependent. Mechanism of capecitabine release from devel-
oped hydrogels was determined by applying kinetic models
(Zero order, First order, Higuchi and Korsmeyer-Peppas) on
release data through DD solver adds in option of Microsoft
Excel. Values of n and R2 provided the mechanism of drug
release and best fit model, respectively. Fickian diffusion
was governed by value of “n” equal to 0.45, anomalous or
non-fickian diffusion was shown by values ranging within
0.45-0.89 and case-II transport or zero order was proved by
value equal to 0.89 [35].
Zero order kinetics

Ft = Fo — Kot ®)

First-order kinetics

In(1-F)=-K;t )
Higuchi model
Ft = K, 1'? (10)

where, F,=Fraction of drug release in time ¢, F,=Total
amount of Capecitabine in polymeric networks, Ko, K1
and Ky are the rate constants for Zero order, First order and
Highuchi models, respectively.

Korsemeyer-Peppas model is described as

Ft = K, 1'/? a1

@ Springer
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Mt/Moo shows portion of Capecitabine released at time t, K4
is Rate constant and n describes release exponent.

Acute oral toxicity studies on animal model

To evaluate the effect of carrier system on biochemical,
lipid and renal profile, vital organs and physical activity of
rabbits, toxicity studies were conducted. Economic coop-
eration and development guidelines were strictly followed
for this purpose. All the study protocols were reviewed and
approved by Institutional Research Ethics Committee of
Faculty of Pharmacy, The University of Lahore vide noti-
fication no. IREC-2020-25. Twelve healthy albino rab-
bits were taken by following OECD guidelines. They were
acclimatized for 7 days in stainless steel cages and fed with
proper diet and water. Rabbits were divided into two groups
i.e. group A (control) and group B (tested) by keeping six
rabbits in each group. After overnight fasting of group B
hydrogels in crushed form (2 g/kg) were administered to it
through feeding tube and both the groups were kept under
observation for food consumption and water intake, body
weight, skin allergies and any physical changes for 14 days.
On 7% day, for collection of blood samples, ears of animals
were cleaned off hairs by applying hair removing cream and
2-3 ml of blood sample was collected from marginal vein
of ear by using 3 cc syringes (Injekt®) and transferred into
EDTA tubes. These tubes were rotated between palms of
the hands to prevent blood coagulation. Blood samples were
subjected to centrifugation for 15 min (Hitachi Zentrifugen
EBA 20, Hitachi Ltd., Tokyo, Japan) at 5000 rpm for hema-
tological analysis, AST, ALT, lipid and renal profile. After
14 days, all rabbits were re-weighed and anesthetized by
injecting combination of ketamine and xylazine (70:30) at
a dose of 1 ml/kg into the thigh muscles of animals. Blood
samples were withdrawn again by heart puncture and vital
organs (heart, liver, kidney, lungs, intestine, stomach, spleen
and brain) were removed and washed with tap water. These
organs were than stored in labeled separate plastic jars con-
taining 10% formalin solution and subjected to histopatho-
logical examination.

Pharmacokinetics study

Pharmacokinetic evaluation of capecitabine was carried
out by conducting in-vivo studies adapting cross over study
design. For this, eighteen healthy male rabbits (2-2.5 kg)
were acclimatized for one week under 12/12-h light/dark
cycle and divided into three groups (n=06). Group A was
kept as control and other two groups (B and C) were fasted
overnight with free access to water. Oral powder of pure
capecitabine was administered to group B at a dose of
10 mg/Kg. While group C was given equivalent dose of drug

@ Springer

loaded hydrogels (10 mg/Kg) in crushed form encapsulated
in hard gelatin capsules followed by 5-10 ml of water. At
predetermined time intervals (0, 1, 2, 3, 4, 6, §, 10, 12, 16,
20 and 24 h) 2-3 ml of blood samples were withdrawn from
jugular vein and collected in EDTA tubes immediately. For
separation of plasma all the samples were subjected to cen-
trifugation for 15 min at 5000 rpm. Each sample was depro-
teinized by taking 1 ml of plasma in glass centrifuge tube,
added equal volume of HPLC grade methanol and vortexed
for 3 min. These tubes were centrifuged again at 5000 rpm
for 15 min to separate the supernatant that was collected
carefully by micropipette and diluted with mobile phase for
analysis. After providing washout period of 2 weeks to ani-
mals, group B was administered with drug loaded hydrogels
while oral powder of capecitabine was given to group C in
similar dose. Experiment was repeated as described above.
Analysis of Capecitabine in plasma samples was carried out
by using a developed HPLC method with certain modifica-
tions [27]. Water and acetonitrile mixture (50:50 v/v) was
used as mobile phase at flow rate of 1 ml/min. A reverse
phase C18 column was used having dimensions of 250 mm
4.6 mm 5 p. Capecitabine was detected by scanning at Amax
of 310 nm after transferring the samples into autosampler
vials. Different pharmacokinetic parameters (C,,,, tmax
MRT, t,,,, AUC,,, AUMC,, ;s and Cl) were calculated by
using noncompartmental analysis of pharmacokinetic model.

Results and discussion

The blend of the one interacting system i.e. f-cyclodextrin-
g-poly(methacrylic acid) with tamarind was evaluated for
miscibility. The results indicate sufficient mixing energy
between B-cyclodextrin-g-poly(methacrylic acid) and tama-
rind (18.088 kcal mol~! at 298 K with X =30.54) as shown
in Table 2. The Florry-Huggins parameter, x shows that it is
easier to mix B-cyclodextrin-g-poly(methacrylic acid) with
tamarind. The calculated coordination number Z,;, indicates
that 5.508 molecules of “b”” molecule surround one “b” mol-
ecule. Likewise, coordination number Z, ; indicates that 6.09
molecules of “b” are surrounding one “s” molecule. Moreo-
ver, coordination number Z indicate 5.52 molecules of “s”
are distributed around one “s” molecule. These findings sug-
gest higher miscibility and compatibility of these polymers.
Grafted presentation of p-cyclodextrin-g-poly(methacrylic
acid) with tamarind is shown in Fig. 1A.

Based on binding energy curves as shown in Fig. 1B, it
is evident that Ess, Ebs and Ebb curves are superposed each
other that warrant perfect miscibility of these polymers.
While compatible structure of developed tamarind gum/
B-CD-g- poly (MAA) hydrogel is shown in Fig. 1A.

In literature a number of investigations have been per-
formed where miscibility of polymeric blend confirmed
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Table2 Blend of one interacting system containing Tamarind and
B-cyclodextrin-g-poly(methacrylic acid) blend's module: Energies are
in kcal mol™!

Base (b) Tamarind
Screen (s) p-cyclodextrin-g-poly(methacrylic acid)
x (298 K) 30.54
E,ix 298 K) 18.088
Ebb avg -16.889
Ebs avg -13.878
Ess avg -17.508
Zbb 5.508
Zbs 6.09
Zsb 4.97
Zss 5.52

through simulation approach working on Florry Huggins
theory [36-39].

Drug loading (%)

Capecitabine was loaded as model drug into tamarind gum/
B-CD-g- poly (MAA) hydrogels. Pre-weighed dried discs of
hydrogels were soaked in 100 ml of 1% w/v Capecitabine
solution in phosphate buffer (pH 7.4) for 48 h and load-
ing percentage was calculated after drying the discs. For
all formulations (TGB1-TGB12), Capecitabine loading was
ranged from 69.05% to 86.17% as presented in Fig. 2. It was
markedly influenced by varying the proportions of poly-
mers, monomer and crosslinking agent in grafted network.
Drug loading percentage was increased by rising the tama-
rind gum (TGB1-TGB3), p-CD (TGB4-TGB6) and MAA
(TGB7-TGB9) contents in formulations from 70.83% to

79.69%, 73.97% to 82.39% and 77.12% to 86.17%, respec-
tively. While, decrease in drug loading was presented by
formulations (TGB10-TGB12) having increased contents of
MBA ranging within 78.1%-69.05%. Highest drug loading
was exhibited by formulation (TGB9) showing maximum
swelling response.

Swelling behavior

Swelling behavior of hydrogels was investigated by immers-
ing the formulations in phosphate buffer solution (pH 7.4)
till equilibrium was attained. Four batches of twelve for-
mulations were prepared with varying concentrations of
polymers (tamarind gum and $-CD), monomer (MAA) and
crosslinking agent (MBA) and effect of these contents on
swelling response was evaluated. All formulations retained
their structure and shape during whole period. Results are
displayed in Fig. 3.

An increase in equilibrium swelling was observed ranging
from 82.45%-91.09% for formulations (TGB1-TGB3) con-
taining variable quantities of tamarind gum. That enhanced
swelling was attributed to electrostatic repulsion between
functional groups of polymer at pH 7.4 giving rise to larger
spaces available for intake of water molecules.

Sequential rising of f-CD in formulations TGB4-TGB6
also resulted in increased swelling response from 83.41%-
92.50%. This effect can be explained in terms of hydro-
philic character of B-CD enabling its greater functional
units available to link with MAA resulting in expansion
of the network. Similar swelling trends were observed
at alkaline pH previously for p-CD hydrogels by a study
conducted by Roy et al. [40]. Likewise, incremental rise
of MAA in formulations TGB7-TGB9 promoted the

B ——Ess
— Ebs
Ebb

P(E)

20 -8 -6 -4 -2 10 -8 B -4 2 0
Energy (Kcal/mol)

Fig. 1 A Structure of tamarind gum/ $-CD-g- poly (MAA) hydrogel and B Blend binding energy distribution curves
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e
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Fig. 2 Effect of ingredients concentration on drug loading

swelling trend (85.03%-95.21%) and that response might
be due to availability of greater number of ionizable car-
boxylic groups from the monomer to graft with polymer
backbone causing elongation of the network and excessive
uptake of fluid.

Formulations (TGB10-TGB12) with increasing MBA
concentrations exhibited decreased swelling trends rang-
ing from 80.44% to 71.38% due to facilitation of polym-
erization reaction by crosslinker resulting in improved
crosslinked density of network and low penetration of
physiological fluid.

Optimum results were obtained by formulation TGB9
showing maximum swelling response at pH 7.4.

Sol-gel fraction
Gel fraction of hydrogels was calculated to analyze the con-
sumption of reactants during polymerization reaction. For-

mulations were developed by varying the ratios of tamarind
gum, B-cyclodextrin, MAA and MBA and effect of these
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components on gel fraction was noticed. All formulations
(TGB1-TGB12) exhibited rise in gel fraction ranging from
83.45% t0 95.37%. Results are presented in Fig. 4.

Formulations (TGB1-TGB3) having variable amounts
of tamarind gum presented increase in gel fraction from
84.06% to 91.49%. Likewise, percentage of gel fraction was
promoted from 83.45%-90.41% for formulations TGB4-
TGB6 having increasing trends of B-cyclodextrin.

Progressive rise in gel fraction was also noted in for-
mulations (TGB7-TGB9) having methacrylic acid in
increasing concentrations that was ranged within 86.80%-
93.60%. Elevated gel fraction was due to availability
of more carboxylic groups from MAA that promoted
polymerization reaction by binding with reactive sites
on network structure. Similarly, gel fraction of 87.57%-
95.37% was exhibited by formulations (TGB10-TGB12)
containing increasing contents of MBA. That effect
may be attributed to facilitation of higher polymeriza-
tion by crosslinking agent giving rise to improvement in
crosslinking density of the grafted network.
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Fig. 3 Effect of ingredients concentration on equilibrium swelling

FTIR analysis

FTIR spectra of Capecitabine, -CD, tamarind gum, physi-
cal mixture and hydrogels were recorded to ensure the
compatibility and complexation of components. Spectra
of all components are displayed in Fig. 5. IR Spectrum
of capecitabine presented evident peaks at 1035.13 cm™!
(C-F stretching vibrations), 1240 cm™! (tetrahydrofuran
ring), 1650.15 cm™!(pyrimidine carbonyl stretching vibra-
tions), 1697.20 cm~! and 1720.11 cm™! (urethane carbonyl
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stretching vibrations), 3100.21 cm™! (N-H stretching) and
3300 cm™! (O-H stretching vibrations).

IR Spectrum of B-CD has displayed a transmittance peak
at 3244.27 cm™! that corresponded to stretching vibrations
of -OH group. A broad peak recorded at 2916.37 cm™! was
showing -CH asymmetric stretching vibrations. Other evi-
dent peaks appearing at 1666.85 cm™!, 1134.14 cm™! and
1029.99 cm™" were indicating C-O stretching vibrations,
C-O-C coupling of glucose and cyclodextrin rings, respec-
tively. Tamarind gum presented broad peaks at 2893.22 cm™!
and 1433.11 cm™' corresponding to aliphatic -CH stretch-
ing vibrations while characteristic band at 704.02 cm™!
was assigned to aromatic —CH group on FTIR spectrum.
Moreover, peaks displayed at 1126.43 cm™'. 1060.85 cm™!,
916.19 cm™! and 815.89 cm™! were indicating the presence
of xyloglucan (essential constituent of tamarind gum) and
attributed to asymmetric stretching of O-C-O, C—C stretch-
ing, xyloglucan ring vibration and C-H stretching associated
with glucose and xylose, respectively [41].

The FTIR spectrum of tamarind/p-CD-g-poly (MAA)
network system displayed the prominent peaks of pure 3-CD
and tamarind gum with slight displacement and variation in
their intensities thus proving the fabrication of new grafted
network.
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Fig.5 FTIR spectra of A capecitabine B 3-CD C tamarind gum D physical mixture E unloaded and F drug loaded hydrogels

In case of drug loaded hydrogels, certain peaks of tamarind
gum appearing at 916.19 cm™! and 815.89 cm™! due to xyloglu-
can ring and C-H stretching of glucose and xylose were shifted
towards higher wave numbers i.e. 939.33 cm™' and 839.03 cm™!
indicating the grafting of polymer with other reaction contents.
Transmittance peaks of Capecitabine were also visible along
with the peaks of other components. Evident peaks of pure
Capecitabine appeared at 1240 cm™! and 1720.11 cm™! due to
tetrahydrofuran ring and carbonyl stretching vibrations were
shifted to 1259.52 cm™' and 1710.86 cm™", respectively on IR
spectrum of drug loaded grafted network suggesting the suc-
cessful entrapment of Capecitabine within the network (Fig. 5).
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Scanning electron microscopy

Grafted tamarind/p-CD-g-poly (MAA) network was evalu-
ated for surface morphology by carrying out scanning elec-
tron microscopy. SEM photomicrographs were captured at
different magnifications that are displayed in Fig. 6. Smooth
and transparent surfaces of hydrogels were visible having
glossy appearance. Cracked surface was also evident that
might be due to drying of hydrogels. Physiological fluid can
easily penetrate through this surface resulting in swelling of
hydrogels that governs slow release of Capecitabine from
the network system.



Journal of Polymer Research (2023) 30:41

Page 110f20 41

10 um EHT = 20.00 kV
wD= 9.5mm

Signal A= C20X
Meg= 100KX

Date :5 Nov 2019 ZEISS|
Time :12:49:24

10 ym EHT=20.00 kV
WD = 10.0 mm

Signal A= C2DX
Mag= 501X

Date :5 Nov 2019 ZEISS
Time :12:51:51

20 um EHT = 20.00 kV
WD = 10.0 mm

Signal A= C2DX
Meg= 282X

Date :5 Nov 2019 FAS NN
Time :12:53:36

EHT = 20.00 kV
WD = 10.0 mm

Signal A= C2DX
Mag= 501X

Date :5 Nov 2019 ZEISS
Time :12:46:21

Fig.6 SEM photomicrographs of tamarind/B-CD-g-poly (MAA) hydrogels at different magnification

Thermal analysis

Pure drug, polymers and grafted network were evaluated
by performing DSC and TGA studies. DSC spectra are
presented in Fig. 7. DSC thermogram of Capecitabine has
presented an endothermic peak at 132.31 °C (0.02265 J/g)
that was attributed to the melting point of drug so con-
firming its crystalline nature. Another peak at 159.70 °C
(0.008827 J/g) was due to partial degradation of drug
while peak at 456.35 °C (0.0007347 J/g) was attributed
to complete combustion of the drug. DSC thermogram of
tamarind gum displayed an endothermic peak at 66.62 °C
(0.00676 J/g) describing the loss of moisture content. Two
other peaks appearing at 305.05 °C (0.02134 J/g) and at
453.21 °C (0.003365 J/g) were assigned to melting of
polymer and its chemical degradation, respectively. 3-CD
thermogram, exhibited prominent endothermic peak at
115.19 °C (0.01958 J/g) attributing to removal of mois-
ture. While endothermic peaks presented at 308.13 °C
(0.008759 J/g) revealed melting range of polymer, 350.12 °C
(0.009379 J/g) corresponded to degradation of polymer and
423.58 °C (0.006972 J/g) revealing the complete combustion

of polymer. Thermogram of drug loaded crosslinked net-
work displayed shifting of Capecitabine, f-CD and tama-
rind gum peaks towards higher temperatures. Prominent
peaks were observed at 69.70 °C (0.09158 J/g), 117.29 °C
(0.01055 J/g), 262.54 °C (0.02129 J/g) and 467.56 °C
(0.05067 J/g) on DSC spectrum thereby confirming the sta-
bility of tamarind/p-CD-g-poly (MAA) hydrogels at elevated
temperatures. Mahmood et al. also reported the stability of
-CD based nanocomposite hydrogels at higher temperatures
like our findings [42].

TGA thermograms of tamarind gum, B-CD, Capecitabine
and drug loaded hydrogels were recorded at temperature
range of 0-600 °C as displayed in Fig. 8. TGA spectrum
of Capecitabine presented gradual mass loss events with
respect to increase in temperature i.e. 7.76% of weight loss
at 134.22 °C, 28.38% at 179.09 °C, 54.27% at 296.39 °C and
76.78% of weight loss was observed at 494.74 °C.

Tamarind gum thermogram has shown four stages of
mass loss at variable temperatures. Initially, 8.46% mass
loss was observed at 101.60 °C that was increased to
14.59% of loss in mass at 288.57 °C. Next degradation
step was shown at 349.00 °C presenting 57.74% of mass

@ Springer



41 Page120f20

Journal of Polymer Research (2023) 30:41

Fig.7 DSC analysis of capecit- 0.030—
abine, tamarind gum, B-CD and ]
drug loaded hydrogels -]
0.025—
0.020—

—— Drug loaded hydrogels
Drug loaded hydrogels N

- — Beta cyclodextrin
— — Tamarind gum
— Capecitabine -

W=

loss that was increased to 92.55% at 535.26 °C displaying
final degradation of the polymer. TGA spectrum of $-CD
revealed 2.79% and 25.35% of mass losses at temperatures
of 51.12 °C and 115.06 °C, respectively describing the
removal of water content from the polymer. Next degrada-
tion occurred at 321.27 °C presenting 33.32% weight loss
and associated with melting point of polymer. Maximum
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Fig.8 TGA analysis of capecitabine, tamarind gum, $-CD and drug
loaded hydrogels
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weight loss of 98.237% took place at 360.38 °C depicting
the final degradation of 3-CD.

The spectrum of drug loaded hydrogels showed subse-
quent mass loss events with respect to rise in temperature.
Initial degradation occurred at temperature of 75.30 °C
with 9.69% of mass loss then it was raised to 16.51% at
132.17 °C, 21.45% at 238.10 °C, 28.93% at 269.38 °C,
35.48% at 370.33 °C, 79.21% at 441.42 °C and finally
93.75% of mass loss was noticed at 500.43 °C. In case of
polymeric network maximum weight loss was observed
at higher temperature (above 500 °C) as compared to the
individual components thus proving the stability of tama-
rind/ f-CD -g-poly (MAA) crosslinked structure. Another
similar study by researchers also reported the stability of
grafted network at elevated temperatures [43].

XRD studies

XRD studies were carried out to verify the crystalline or
amorphous nature of tamarind gum, $-CD, Capecitabine and
developed network. Diffractograms are presented in Fig. 9.
Crystalline nature of Capecitabine was confirmed by the
presence of intense peaks at 20=10.75°, 18.95°, 19.6°,
20.05°, 21.45°, 22.1°, 25.45° and 28.65°. Diffractogram of
tamarind gum displayed evident peaks at 20=20.4°, 23.35°,
24.65°, 28.24°, 30.53° confirming its crystalline character.
Crystallinity of B-CD was also proved by existence of sharp
and intense peaks at 20=19.22°, 24.84°, 27.15° and 44.68°
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Fig. 9 XRD diffractograms of A Capecitabine B tamarind gum C $-CD and D Capecitabine loaded hydrogels

on diffractogram. PXRD studies of developed hydrogels
exhibited certain modifications like reduced intensity and
height of peaks of polymers and drug. Moreover, certain
characteristic peaks of capecitabine were not observed on
diffractogram of hydrogels thus supporting the amorphous
dispersion of drug within the network system. Conversion
of crystalline character of components into amorphous one
verified the formation of new grafted polymeric network.
Furthermore, amorphous distribution of capecitabine within
hydrogels confirms its solubility enhancement. These find-
ings were in agreement with the results reported by Heydari
et al. on B-CD based hydrogels of ciprofloxacin [44].

Elemental dispersive spectroscopy

Microanalysis technique, elemental dispersive spectroscopy
(EDX) was employed to determine the elemental compo-
sition of pure drug, unloaded and drug loaded hydrogels.
EDX provides details of elements by calculating the binding
energy of electrons in association with atoms having depth
of 5-10 mm. Capecitabine, unloaded and loaded hydrogels

spectra presented different percentages of elements as pre-
sented in Table 3 and Fig. 10. EDX spectrum of unloaded
hydrogels showed carbon, nitrogen and oxygen in concen-
trations of 69.91%, 7.09% and 23.30%, respectively. In case
of drug loaded hydrogels these elements were in concentra-
tion of 46.56%, 1.11% and 50.93% with addition of fluorine
(1.4%) being an essential element of Capecitabine. Existence
of fluorine peak and fluctuations in percentages of carbon,
oxygen and nitrogen in Capecitabine loaded hydrogels veri-
fied the loading of drug within the network system. Quite
similar findings were reported previously in a study of dex-
tran hydrogels conducted by Patil et al. [45].

In vitro Capecitabine release studies

Dissolution studies of Capecitabine were carried out at
acidic and basic pH to assess the pH dependent release of
drug. Effect of different hydrogel contents (tamarind gum,
B-CD, MAA and MBA) on rate of drug release was also
investigated, results of those are presented in Fig. 11. At
pH 1.2 minimal release of Capecitabine was observed i.e.
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Table 3 Elemental composition of drug, unloaded and drug loaded
tamarind/p-CD-g- poly (MAA) hydrogels

Materials Elements Weight %
Capecitabine C 56.06
N 10.52
o 29.54
F 3.87
Unloaded tamarind/p-CD-g- C 69.61
poly(MAA) hydrogels N 7.09
o 23.30
Loaded tamarind/p-CD-g- C 46.56
poly(MAA) hydrogels N 1.11
o 50.93
F 14

9.676%-14% for all formulations (TGB1-TGB12) while, a
remarkable increase in release rate was noticed at pH 7.4
ranging within 72.92% -94.3%.

Formulations comprising of varying feed ratios of tama-
rind gum (TGB1-TGB3) displayed 72.92% to 85.17% of
Capecitabine release. Increase rate of drug release by raising
tamarind gum content was due to generation of electrostatic
repulsion within functional units of tamarind gum at pH
7.4. This effect resulted in diffusion of excess of dissolu-
tion media inside the network giving rise to enhancement
of Capecitabine release. Release rate was promoted up to
90.71% for formulations having variable quantities of 3-CD
(TGB4-TGB6) as presented in figure. Presence of numer-
ous hydroxyl groups in -CD structure makes this polymer
strongly hydrophilic. Availability of these units to graft
with carboxylic groups of methacrylic acid causes elon-
gation of the network structure giving rise to penetration

Fig. 10 EDX spectra of drug,
unloaded and drug loaded
tamarind/ f-CD-g-poly
(MAA) hydrogels

Capecitabine

C ©
j@
0 \A—@\
[KeV]
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of physiological fluid and more release of drug from the
grafted network [46].

Similarly with the rise of MAA contents in formula-
tions TGB7-TGB9 Capecitabine release rate was signifi-
cantly enhanced i.e. 85.27%-94.3% (p < 0.05). At basic pH
carboxylate anions are produced through deprotonation of
carboxylic units of MAA that cause repulsion and expan-
sion within the network. This phenomenon contributes
towards higher release of Capecitabine from the hydro-
gel due to excessive uptake of dissolution media by cross
linked structure [44].

Unlike above formulations, decrease in release up to 73%
(TGB12) was noticed on increasing the crosslinker (MBA)
content and that decline in drug release was attributed to
promotion of polymerization reaction by MBA causing
increase in cross linking density of the hydrogel. More dense
structure retarded the release of drug from network. These
impacts of MBA on drug release were also supported previ-
ously by pioneer researchers [47].

Release data was processed through DD solver software
and different kinetic models were applied to investigate
the release pattern of Capecitabine. Coefficient of regres-
sion (R?) value was ranging within 0.7978-0.9975. Based
on these values release of Capecitabine was best expressed
by zero order kinetics evidencing the sustained release of
drug from the grafted network [48]. Exponent value was
greater than 0.89 for formulations TGB1, TGB2, TGB4,
TGB7, TGB11 and TGB12 hence super case Il transport
was followed for these formulations. While non-fickian dif-
fusion was shown by TGB3, TGBS5, TGB6, TGBS, TGB9
and TGB10 as value of “n” was ranged within 0.785-0.880
for these formulations (Table 4). Optimized formulation was
TGB9 showing maximum swelling (%), capecitabine load-
ing and release rate.
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Fig. 11 Capecitabine release profile at pH 1.2 and pH 7.4

Toxicity studies

Toxicity studies were carried out on healthy male rabbits
to evaluate the safety of developed tamarind/ B-CD-g-poly
(MAA) hydrogels and animals were keenly observed for
various parameters like body weight, water and food intake,
diarrhea, fever, dermal and ocular toxicity during the study.
Both control and tested groups showed no signs of illness.
Dermal and ocular toxicities were absent and significant var-
iations were not observed in body weights, water and food
consumption of both control and tested groups (Table 5).
Hematological and biochemical analysis of blood samples
displayed acceptable results as presented in Tables 6 and 7.

Histopathological examination was carried out to inves-
tigate the toxicity of developed hydrogels on vital organs of
rabbits. On 14" day of study, animals were sacrificed, vital
organs were removed and stored in containers having 10%
formalin solution. Microscopic evaluation was conducted
by preparing H& E stained tissue slides of organs and his-
tological examination was carried out. No signs of lesions,
degeneration and other abnormalities were detected in tis-
sues of vital organs of both groups (control and tested)
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as presented in Fig. 12. Microscopic evaluation of brain
presented clear cortical regions, normal axons reveal-
ing no sign of inflammatory cell infiltration and cellular

Table 4 Results of kinetic modeling on Capecitabine release data

Formulation Zero order Istorder Higuchi Korsmeyer
Peppas

R? R? R? R? n
TGB1 0.9818 0.9320 0.7978  0.9910 1.201
TGB2 0.9806 0.9368 0.8439  0.9792 1.007
TGB3 0.9725 0.9433 0.8835  0.9780 0.869
TGB4 0.9972 0.9546 0.8430  0.9975 1.03
TGBS5 0.9818 0.9613 0.8942  0.9897 0.860
TGB6 0.9644 0.9466 0.9056  0.9814 0.805
TGB7 0.9960 0.9471 0.8445  0.9960 1.029
TGBS 0.9815 0.9494 0.8870  0.9870 0.876
TGB9 0.9552 0.9367 0.9082  0.9763 0.785
TGB10 0.9804 0.9536 0.8843  0.9853 0.880
TGB11 0.9914 0.9456 0.8377  0.9915 1.045
TGB12 0.9890 0.9401 0.8013 09974 1.179
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Table 5 Clinical findings during acute oral toxicity studies

Table 7 Kidney, liver, and lipid profiles

Observations Group A (Control)

Not observed

Group B (Treated)

Signs of illness Not observed

Body weight (Kg)

Pretreatment 1.90+0.06 1.89+0.05
Day 1 1.90+0.04 1.89+0.06
Day 7 1.91+0.03 1.91+0.04
Day 14 1.93+0.02 1.94+0.03

Water intake (ml)

Pretreatment 170.30+1.34 165.45+0.85
Day 1 175.55+2.25 170.33 +1.65
Day 7 180.40 +2.65 190.55 +2.57
Day 14 210.33+3.75 215.50+2.35

Food intake (g)

Pretreatment 69.65+1.70 72.78 +1.56
Day 1 70.35+1.50 71.44+1.35
Day 7 74.55+1.32 74.82+1.23
Day 14 73.64+1.06 74.56 +1.54

Dermal toxicity Not seen Not seen

Ocular toxicity Absent Absent

Mortality Nil Nil

degeneration. Normal cardiac tissues were observed hav-
ing specific and precise pattern of cardiomyocytes. There
was no evidence of myocardial infarction and hypertrophic
cells. Lung tissues of both groups displayed pulmonary
oedema, emphysema and alveolar accumulation but lung
fibrosis was not noticed. Slight hyperplasia and inflamma-
tory cells accumulation were seen in the portal triad region
of liver section. But these abnormalities were not consid-
ered to be the result of developed network system as liver
and lung sections of control group also presented these
changes. Moreover, photomicrographs of kidneys revealed
intact bowman capsule, glomerulus and tubules without

Biochemical analysis Group A (Control) Group B (Treated)

ALT (IU/L) 140.124 +£2.12 145.40+1.63
AST (IU/L) 32.75+1.52 41.34+2.11
Urea (mmol/L) 13.45+0.61 15.62+2.14
Creatinine (mg/dL) 1.24+0.50 1.19+0.74
Uric acid (mg/dL) 3.72+0.47 395+1.25
Cholesterol (mg/dL) 60.35+2.51 59.35+1.60
Triglycerides (mg/dL) 60.62+1.36 55.41+2.25

any damage in both groups. Intestinal tissues of rabbits
were having normal muscularis and columnar epithelium
without any injury or inflammation. Furthermore, micro-
scopic evaluation of spleen displayed white and red pulp
and uniformly distributed white blood cells were observed
in the white pulp. No significant difference was noticed in
the control group and group treated with tamarind/ f-CD-
g-poly (MAA) hydrogels thus providing the safety evidence
of polymeric network. Abdullah et al. also reported the
non-toxicity of hydrogels by carrying acute oral toxicity
studies in healthy rabbits [49].

In-vivo pharmacokinetic analysis of capecitabine

The plasma concentration of capecitabine was calculated to
investigate the sustained release character of capecitabine
by conducting in-vivo studies in healthy rabbits. For this,
oral powder of drug and optimized hydrogel formulation
(TGB9) were administered at equivalent doses (10 mg/Kg)
to group B and C of animals, respectively. At predetermined
time intervals drug concentrations in plasma were detected.
Results of comparison of capecitabine plasma profile
(pure drug and hydrogel formulation) and pharmacokinetic

Table 6 Results of
hematological analysis of
rabbits’ blood

@ Springer

Parameters Group A Group B (Treated)
(Control)

Hemoglobin (g/dl) 12.35 11.90

pH 7.25+0.14 7.08+£0.26
White blood cells (x 10°L™") 5.2+0.51 7.31+£0.33
Red blood cells (x 10%/ ul) 4.82+2.24 5.10+1.44
Platelets (x 10°L™") 4.58+0.21 5.01+0.12
Monocytes (%) 3.76 +0.52 3.56+0.51
Neutrophils (%) 49.84+3.08 53.24 +1.66
Lymphocytes (%) 46.37+3.42 41.85+1.87
Mean corpuscular volume (%) 62.75+3.11 68.35+2.54
Mean corpuscular hemoglobin (pg/cell) 22.72+0.61 25.40+1.47
Mean corpuscular hemoglobin conc. (%) 31.60+1.22 35.10+2.50
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Fig. 12 Histopathological
examination of rabbit’s vital
organs

parameters are presented in Fig. 13 and Table 8. In case of
oral powder, maximum concentration of capecitabine (C,,,,)
was noted to be 4.44 pg/ml achieved within 2 h (t,,,) due
to rapid absorption of drug. For hydrogel formulation these
parameters were found to be 3.58 pg/ml and 3 h, respec-
tively. Half-life of drug was 1.27 h that was prolonged to
14.02 h when administered as tamarind gum/p-CD-g-poly
(MAA) hydrogels. That extended half-life can be explained
in terms of slow release of capecitabine from polymeric
matrix resulting in its sustained effect in plasma and increase
in bioavailability. Moreover, a significant difference was also
revealed within other pharmacokinetic parameters in case of
pure drug and crosslinked network i.e. MRT of pure drug
(3.02 h) was prolonged to 16.44 h and AUC was extended
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Fig. 13 Plasma concentration vs. time profile of Capecitabine after
administration of oral powder and hydrogels
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Table 8 Pharmacokinetic

L Formulations
parameters of pure Capecitabine

pK parameters

and drug loaded polymeric
network

Chax (Mg/ml) tnax () tyn (h) AUC,_ ., vd MRT (h)
(ug.h/ml)
Capecitabine oral powder 4.44 1.27 10.87 1.68 3.02
Drug loaded hydrogels 3.58 3 14.02 42.43 4.76 16.44

from10.87 pg.h/ml to 42.43 pg.h/ml. Similar trends of differ-
ences in C,,, AUC and MRT of capecitabine were noticed
by previous studies due to slow release of drug from the for-
mulations [50]. Hence, tamarind gum/pB-CD-g-poly (MAA)
network system proved to be a suitable and efficient plat-
form for delivering and prolonging the release of capecit-
abine and other chemotherapeutic agents as confirmed by
in-vivo studies.

Conclusions

A smart pH responsive tamarind/p-D-g-poly (MAA) net-
work system was successfully developed and loaded with
capecitabine for its controlled delivery. The fabricated
hydrogels were characterized for structural and composi-
tional characteristics, drug loading percentage, swelling
response, thermal stability, elemental analysis, morphology
and drug release kinetics. Compatibility and Complexa-
tion within the components of hydrogels were confirmed
by FTIR and XRD analysis. The pH responsive character
was revealed by all formulations as significantly higher
swelling and drug release were observed at alkaline pH
compared with acidic one. Optimum results were exhibited
by formulation TGB9 showing highest drug loading, swell-
ing and capecitabine release. Optimized formulation was
further tested for safety profile by carrying oral toxicity
studies in healthy rabbits showing no ocular and dermal
toxicity, pathological change in blood and other abnormali-
ties. Moreover, in-vivo experiments were also conducted
in animals and pharmacokinetic studies displayed the
prolonged half-life, AUC and MRT of capecitabine after
administration of tamarind/pB-CD-g-poly (MAA) hydrogels.
So, the developed carrier system exhibited an excellent
potential for delivery of capecitabine and other drugs at
controlled rate.

Limitations of the study

The limitations of this work include repetitive washing of
the hydrogel discs to remove unreactive species is a time
consuming process, drug loading and in-vivo estimation
of Capecitabine are also timing consuming and expertise
demanding parameters.
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