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Abstract

In this study, an inorganic—organic composite system was developed through
biomineralization of calcium carbonate in the quince-seed mucilage-based hydrogel.
Drug-polymer interactions were studied by FTIR, DSC, XRD and SEM analysis.
The water absorption capacity was calculated by swelling index. Drug release was
determined at various pH. Several in vitro kinetic models were applied to observe
drug release behaviour. Studies of drug-polymer interactions and particle flow char-
acteristics of the developed composite material have shown that there is good com-
patibility between drug and the excipients. The XRD and SEM results confirmed
calcite polymorphs in the developed composite material. Thermograms showed that
the developed composite material was heat stable. A restricted drug release was
observed in an acidic medium (pH 1.2). A controlled drug release was depicted from
the developed system at pH 6.8. The drug release mechanism of Super Case II was
suggested. The developed system was considered to be an effective drug carrier for
colon targeted oral delivery of non-steroidal anti-inflammatory drugs (NSAIDs) to
avoid gastric irritation and risk of ulceration.
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Graphical abstract
An illustration of extraction of quince hydrogel and development of calcium carbon-
ate-quince (CaCO;-Q) composite system; QSM = Quince seed mucilage
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Introduction

Acetaminophen, commonly called Paracetamol, is one of the most used medicines in
children for fever management and mild-to-moderate pain. It is considered first line
of defence against fever and mild pain and is included in the List of Essential Medi-
cines for Children by the World Health Organization (WHO) [1]. Market research
report shows several folds increase in use of paracetamol due to increasing trend of
flu and flu like symptoms and pain management [2]. Moreover, the current ongo-
ing COVID-19 pandemic is also a contributing factor for over use of paracetamol
among the patients to reduce fever [3, 4]. Even though paracetamol is considered
safer drug for infants and children, it can cause severe liver toxicity if taken in large
amounts [5]. Due to the parents’ anxiety and fever phobia associated with current
COVID-19 pandemic, there is a high risk of unintentional overdosing of paraceta-
mol in children. Paediatric drug metabolism differs from adult metabolism. Children
have a larger liver size compared to their body weight than adults, resulting in a
higher drug metabolism rate [6]. In case of an overdose, the majority of paracetamol
is metabolized to N-acetyl-p-benzoquinone imine, which is responsible for liver tox-
icity. Paracetamol toxicity is the second most common cause of liver transplantation
in the world and the most common in the USA [7].
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The elimination half-life (#/2) of paracetamol is approximately of 2 h with thera-
peutic doses [8]. Moreover, paracetamol is very slightly soluble in cold water but
greater solubility in hot water. This solubility may further decrease in the presence
of various excipients. For example, during development of sustained release tablet
formulations, a 20-30% decrease in solubility was observed when paracetamol was
blended with water-soluble excipients such as potassium bicarbonate, sodium bicar-
bonate, and sodium chloride [9]. The body mass formula, the use of milligram per
Kg, is commonly used for the adjustment of dose for children. In this context, for
accurate dosing, the flexible formulations such as drops and syrups are preferred
over solid dosage forms for children. To get therapeutic benefits, paracetamol-based
oral formulations are given in 3-4 divided doses over the day. However, non-coop-
erative, unwilling and frightened behaviour of the children for medication may lead
to wrong and over doses of these flexible formulations. Controlled release liquid
preparation approaches are getting attention of the researchers to provide a rational
product for lower age patients (children and infants) to improve further patient com-
pliance by reducing dose frequency.

Clinical pharmacokinetic studies of the paracetamol reveal that the rate of oral
absorption of this drug is predominantly dependent on the rate of gastric emptying;
being delayed by the presence of food in the stomach [10, 11]. Although paraceta-
mol is a weak acidic drug that remains unchanged in stomach, it absorbs more rap-
idly from small intestine [11]. The children are more likely to eat food several times
in a day including eating of junk foods in a daily life. Hence, the administration
of conventional oral formulations of paracetamol in divided doses may be one of
the reasons of increasing incidence of liver toxicity in early (children) and late age
(old). Considering above stated drug-related issues such as shorter half-life (2 h) and
its oral conventional formulations-related concerns (dose adjustment due to non-
cooperative attitude of the children), here, we propose sustained release dried oral
suspension of paracetamol to achieve patient compliance and enhanced oral absorp-
tion from small intestine. Oral dried formulations can be easily packed in a single
divided dose sachets to improve product stability and patient compliance.

Green chemistry is an area of research to develop environment friendly prod-
ucts without using hazardous chemicals or substances. This approach is also getting
attention of the pharmaceutical industries to develop a carrier system that should
be biocompatible with our system in order to deliver the drugs at a target site. Gel-
ling materials on contact with aqueous medium form three-dimensional structure
(gel formation) that depends on type of bond formation within the network. In this
context, gel are classified into two major categories: physical and chemical gel. The
physicochemical characteristics of this three-dimensional network can be modified
by crystallization of inorganic materials in the gel. Crystal growth in hydrogels is
tremendously getting attention of researchers to design modified matrix systems for
biomedical applications. Bio-mineralized crystal formation depends on its micro-
environment such as composition and concentration of biomacromolecules (gelling
agent), pH, incubation period, inorganic and organic ratio [12]. Aside by microenvi-
ronment, the methodology of biomineralization process, for example, mixing of pre-
viously formed crystals with sol, so-called internal gelation, or precipitation of crys-
tals after gelation, also influences the behaviour of gel network. The crystallization
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of calcium carbonate in hydrogels of natural polymers such as agarose, xanthan, gel-
atin and chitosan was investigated for structural, morphological and physicochemi-
cal changes in gel network [13]. Some studies have also demonstrated the influences
of additives/surfactant such as inulin, alkonamide, poloxamer, lipopeptide, aspartic
acid and lysine on the shape, size, adsorption rate, porosity and precipitation kinet-
ics of biomineralized calcium carbonate crystals [14—19]. The drug loading and
drug targeting via calcium carbonate crystallization in natural polyscharides such
as pectinalginate, hyaluronate, and synthetic biomolecules such as dextran sodium
sulphate (DSS) and polyarginine (PARG), have been reported [20-24]. No studies
have reported calcium carbonate crystallization in hydrogels obtained from gums or
mucilage.

Gums and mucilages from plant origin (green chemistry) behave like hydrogel
and their gelling behaviour is believed to dependent on nano-scale 3D-networks [25,
26]. In most cases, these gums and mucilages are composed of macromolecules typ-
ically polysaccharides and proteins with glycosidic and amino acid repeating unit.
Natural materials have advantage over synthetic materials due to their biosafety,
abundance and economy [27]. A tree plant (Cydonia Oblonga) from Rosaceae fam-
ily commonly known as quince is native to Middle East, Iran, South Asian regions
and Europe. The aqueous extract of quince seeds contains glucuronoxylan. The glu-
curonoxylan hydrogel extracted from quince seeds contains a high percentage of
glucuronic acid residue and xylose [28, 29]. It dissolves and swells up readily in
water. It is considered a potential candidate for controlled drug release [30]. The
quince mucilage, a source of high quality nanofibrillar cellulosic materials, has good
mechanical properties that make it attractive to build novel bio-materials and com-
posite structures [31]. A pH responsive swelling behaviour of quince mucilage was
observed; significant swelling was observed in a basic media, while insignificant
swelling was observed in an acidic media [32]. Quince-seed mucilage was used as
a stabilizer in emulsion preparation and green synthesis of zinc oxide nanoparticles
and as a bioabsorbant to remove calcium ions from solution [33-35]. Whey protein-
quince seed mucilage coaservates have been designed and investigated for change in
physicochemical properties of the resultant hydrogel [36]. Hence, quince mucilage
is proposed an ideal material for drug targeting and building block for new materials
or composite structures.

Porous inorganic mono-structured materials have been used as drug carriers
because of their unique features such as large surface area, porosity, and stability
in biological fluids [37]. Among inorganic materials, calcium carbonate is widely
used in biomedical research because of its low cost, bio-safety, biocompatibility and
pH sensitivity. However, calcium carbonate is practically insoluble in water, which
limits its scope to develop oral liquid preparations. Here, we propose crystalliza-
tion of calcium carbonate in the quince mucilage-based hydrogels to develop a novel
composite system for programmed and on-demand release of paracetamol at tar-
get site (intestine). We expect that biomineralized calcium carbonate will improve
drug loading, biocompatibility and controlled drug release in the small intestine.
At the same time, quince hydrogel exists in the internal and external environment
of biomineralized calcium carbonate crystals that will restrict the drug leakage in
stomach due to switch off properties of quince hydrogel in the acidic environment.
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The proposed calcium carbonate-quince composite will be an attractive bioma-
terial for sustained release oral delivery of paracetamol in the small intestine and
will improve ‘patient compliance’ in the lower age patients (children and infants) by
reducing dose intervals.

Experimental
Materials

Quince gel was extracted from quince seeds purchased from local market of Lahore,
Pakistan. Sodium carbonate and potassium dihydrogen phosphate were imported
from Riedel-de Haen and Merck in Germany. Calcium chloride, sodium hydroxide
and HCI were imported from BDH Laboratory supplies located in England. Par-
acetamol was gifted from WIMITS pharmaceuticals situated in Lahore, Pakistan.
Methanol was imported from Emirgul Gida, Turkey. The deionized water used was
prepared in laboratories of The University of Lahore.

Extraction of quince hydrogel

Clean quince seeds of 100 g weight were taken. These unsoiled seeds were soaked
in 500 mL of deionized water for 2—-3 days and heated at 50 °C for 30 min on a
hot water bath leading to complete extrusion of quince hydrogel. Later, the obtained
viscous gel was strained through cotton cloth to remove seed and seed debris. The
strained gel was washed thrice with n-hexane to remove lipophilic contents. Gel was
dried in an oven at 60 °C for 2 to 3 days. Flaky dried gel was obtained, grinded in a
pestle and mortar to get fine powder and stored in an airtight container.

Crystallization of calcium carbonate in quince hydrogel

Dried quince hydrogel powder was dissolved in 50 mL of Na,CO; (0.2 M) while
heating at 70-80 °C with continuous stirring on a hot water bath. In the meanwhile,
50 mL of CaCl, (0.2 M) was prepared and rapidly mixed in the above solution. A
milky appearance (turbidity) was observed at the time of mixing both solutions
that was an indication of crystallization of calcium carbonate. The suspension was
then left at room temperature for 5 days. Later, the obtained colloidal dispersion
was centrifuged at 5000 X g for 10 min followed by washing of precipitate with satu-
rated calcite solution several times and dried at 60 °C for 3 h at the end of each
experiment. The obtained dried dispersion was called calcium carbonate-quince
(CaCO;-Q) crystals. Following above stated procedure, three formulations were pre-
pared containing 0.005%, 0.05% and 0.5% of dried quince hydrogel powder in final
colloidal dispersion, designated as F/1, F'2, and F'3, respectively.
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Drug loading

CaCO;-Q crystals and paracetamol powder were grinded together in a mortar and
pestle at a ratio of 70:30 (w/w), respectively. This mixture was dissolved in 5 mL
distilled water and stirred on a hot plate magnetic stirrer for 48 h. To remove unen-
trapped drug, the resultant dispersion was centrifuged at 5000 X g for 10 min. Super-
natant was collected and subjected to UV analysis to quantify free paracetamol,
while paracetamol-loaded CaCO;-Q crystals were collected and dried in an oven
at 60 °C for 2 h. The drug-loaded formulations were designated as F1, F2 and F3 in
correspondence to CaCO;-Q crystal formulations (F'1, F2 and F'3).

Micromeritics of dried calcium carbonate-quince crystals

Physical and mechanical properties of the developed CaCO;-Q crystals were stud-
ied. Bulk density, tapped density, compressibility index, Hausner’s ratio, and angle
of repose are computed by the following formula:

. M
BulkDensity = —
ulkDensity v (1)
. M
Tapped density =d, = Vt 2)
L di_g,
Compressibilityindex = x 100 3)
t
> . dl
Hausner’s ratio = — 4)
b
1 h
Angle of repose =0 =tan™ — 5)
r

where M: mass of powder, V,: bulk volume of powder, V,: tapped volume of pow-
der, Dy, uppeq density of powder, Dy: bulk density of powder, r: radius of powder, A:
height of powder.

For results and discussion of micromeratic studies, see “supplemental material.”

Drug content determination

With some modification, drug content was measured as reported [38]. Briefly, drug-
loaded CaCO;-Q crystals were dispersed in phosphate buffer pH 6.8 with 0.1%
sodium lauryl sulphate (SLS) and stirred for 24 h. The resultant suspension was cen-
trifuged at 5000 X g for 5 min, and the supernatants were filtered through 0.45 pm.
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The filtrate was diluted as desired and drug content was quantified by UV spectro-
photometer at 243 nm [39]. Following equation is used to calculate entrapment effi-
ciency (E.E.) of the drug.

E = initial amout of drug loaded — free amount of drug in supernentant % 100
T ininitial amount of drug loaded
(6)

Swelling index

Cellophane bags were charged by soaking them in distilled water for 2-3 min. After
that, water was drained off and empty bags were dried in an oven. A 200 mg of drug-
loaded CaCO;-Q crystals were packed in the dried cellophane bag and immersed in
water (50 mL). After 1 h, the bags were removed from water, the excess water was
drained off and the bags were weighed. Swelling index is calculated by the formula
[28]:

—We =W

swellingindex (g/g) = B o Ve 7 Wi (7
w,=weight of filled cellophane bag (swollen CaCO5-Q), w,=weight of empty cel-
lophane bag, w;=initial weight of gel.

Drug polymer interaction studies
Fourier transform-infrared spectroscopy (FTIR)

Relevant bonds and functional groups of representative materials were determined
by FTIR spectra. The spectrum was composed of between 400 and 4000 cm™! with
an average spectral resolution of 32 scans of 2 cm™'.

Differential scanning calorimetry (DSC)

DSC analysis was performed to examine thermal behaviour of drug and the devel-
oped colloidal systems. A PerkinElmer DSC-7 thermal analyzer was used to per-
form differential scanning calorimetry. Samples were heated between 50 and 250 °C
at a rate of 10 °C/min.

X-ray diffraction analysis (XRD)

X-ray diffractometer (Bruker DH, Germany) was used to observe crystal symmetry
and phase. XRD patterns determine parameters of crystal lattice. Scherer’s formula
was used to calculate the size of the crystals [40]. The recording time was 6 min for
scanning.
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Scanning electron microscopy (SEM)

Surface morphology of drug-loaded CaCO;-Q crystals was examined using
0.5-1 kV scanning electron microscope (SEM; HITACHI SU8030, Japan). Before
observation, the samples were placed on a stub made of aluminium in an argon
atmosphere under vacuum. Particle size, shape and texture of samples were evalu-
ated at different magnifications.

In vitro dissolution

A 5 mg of drug-loaded CaCO;-Qcrystals were dispersed in 1 mL of dissolution
media inside a dialysis bag (molecular weight cut-off 14,000 Da) which was tied at
both ends and immersed in 100 mL of dissolution media with continuous stirring at
37 °C. A sample of 3 mL was withdrawn at each time point after specific intervals,
while the volume of the dissolution media was maintained with fresh media. Disso-
lution study was conducted in 0.1 N HCI (pH 1.2) and phosphate buffer solution (pH
6.8) and drug content was quantified by UV at 243 nm.

Following in vitro kinetic models were applied to see drug release behaviour
from the developed composite systems:

Zeroorder Q =0, +K,t 8)

First order log Q = log Q, — Kt2.303 9)
Higuchi f =0 =A4/D(2Q, — Qs)Qst (10)
Hixon-Crowell Q'/3/Q! = Kyct (11)
Korsmeyer — Peppas  Q,/0, = K} (12)
Weibull Qt/Q, =1 — ¢ X0=D (13)
Gompertz  Q,/Qp. = Exp [—e? '] (14)
Logistic Q=A/1+ e ¥~ (15)
Probit Q = ®(+p.log (1)) (16)

where Q: initial amount of drug added, Q,: drug release in time t, 7: lag time, K :
rate constants for zero order, K: first-order rate constant, D: diffusion of the drug
molecules, Q s: solubility of drug in the matrix medium, Ky: rate constant for
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Hixson-Crowell rate equation, n: release exponent and ®: standard normal cumula-
tive distribution function.

Note: Korsmeyer-Peppas and Weibull models were fitted to first 60% drug release
data. In case of Korsmeyer-Peppas model, the value of n represents the release
mechanism of drug as stated in Table 1.

Statistical analysis

In vitro kinetic model parameters were computed by DDSolver add-in program for
excel. Group comparison was done by one-way analysis of variance (ANOVA) with
Bonferroni’s Multiple Comparison Test (P <0.05).

Results and discussion
Preparation of CaC0;-Q composite, drug loading and entrapment efficiency

Calcium carbonate-quince (CaCO5-Q) composite systems were developed by
biomineralization of calcium carbonate in various concentrations of quince hydro-
gel. The developed CaCO3-Q composites were characterized for drug loading and
entrapment efficiency.

No interfering peak was observed in UV scan (data not shown). Entrapment
efficiency of drug in the developed formulations F1, F2 and F3 was 94 +0.04%,
85+0.05%, and, 80+0.06%, respectively. These results revealed that as the con-
centration of quince hydrogel was increased, the drug entrapment efficiency was
decreased. Quince seed mucilage (QSM) contains large proportion of water-soluble
hemicelluloses, thus increase in QSM concentration may brought changes in viscoe-
lastic behaviour of the resultant matrix for possible variation in drug loading.

Swelling index

The degree of swelling of pure quince gel powder and drug-loaded CaCO;-Q crys-
tals were determined in deionized water. The pure quince seed mucilage hydrogel
at concentration of 0.5% (w/v) showed swelling index of 190%. Swelling index of
formulations F'l, F'2 and F'3 was 125%, 150% and 350%, respectively, as shown
in Fig. 1. Our results were correlated with the previous study in which more swell-
ing was observed at higher concentration of quince gel due to higher proportion of

Table 1 Diffusional release

. Release exponent (1) Drug release mechanism
mechanisms from swellable
systems n=0.45 Fickian diffusion
0.45<n<0.89 Non-Fickian diffusion
=0.89 Case II transport
n>0.89 Super Case II transport
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Fig. 1 Swellable capacity 400
of the developed calcium
carbonate-quince (CaCO;-Q)
composites; F/'1 =unloaded
CaCO;-Q composite containing
0.005% quince ¢ F'2=unloaded
CaCO;-Q composite containing
0.05% quince d F'3 =unloaded
CaCO;-Q composite containing
0.5% quince

300

200 -

100 -

Swellinng index (%)

Pure gel  F1 Fl2

Formulations

deprotonation of carboxyl group of polysaccharides at basic or neutral pH. Simi-
larly, the higher swelling behaviour is also associated with the presence of greater
number of carboxylate ions in the solution that produces more repulsion [32]. Such
high values of swelling index make quince hydrogel an excellent candidate to be
used as binder, disintegrating and matrix agent for sustained release dosage forms
[41]. Moreover, swelling and deswelling behaviour at different pH made it a suitable
candidate for stimuli response drug delivery systems [42]. A significant difference
in swelling index was observed between pure quince hydrogel and its correspond-
ing biomineralized calcium carbonate composites. The swelling index was increased
twofold at 0.5% concentration of quince hydrogel powder (F'3 formulation). The
increase in the swelling index was obviously due to increase in porosity by calcium
carbonate. Therefore, more swelling was observed in the developed hollow compos-
ite fabric network as compared to pure hydrogel [43]. Although the swelling index
was less than of pure hydrogel in formulation F'1 but it was equal to pure hydro-
gel in formulation F'2. In fact, an optimum inorganic to organic ratio is desirable
for complete biomineralization process. Time is also an important factor in crystal
growth. The lower swelling index of F'l formulation might be due to incomplete
biomineralization.

Drug-polymer interaction studies
Fourier transform infrared (FTIR) spectroscopy

Figure 2 represents the FTIR spectrum of the developed composite (CaCO3-Q).

Quince hydrogel which is composed of large number of hemicelluloses showed
distinct peaks at 1041 cm™' which refer to glyosidic linkage at polysaccharide unit,
as visible in FTIR pattern given in Fig. 2A(a) and B(a). Carbonyl group (C=0)
is attributed to the peak appeared at wave number 1410 and 1610 cm™'. All these
characteristic peaks of glycosidic linkage and C=0 suggested the polysaccharide
arrangement of quince hydrogel [32].

The most prominent peak of pure drug, i.e. paracetamol was visible at wave num-
ber 1600 cm™! and 1650 cm™! which were attributed to C=C and C =0 stretching,
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Fig.2 FTIR spectra of quince mucilage, paracetamol and CaCO;-Q composites A unloaded CaCO;-Q
composite a) quince seed mucilage; b) F'l1 =unloaded CaCO;-Q composite containing 0.005% quince
¢) F2=unloaded CaCO5-Q composite containing 0.05% quince d) F'3=unloaded CaCO;-Q composite
containing 0.5% quince B drug-loaded CaCO5-Q composite a) quince seed mucilage; b) paracetamol c)
F1 =drug-loaded CaCO5-Q composite containing 0.005% quince d) F2=drug-loaded CaCO;-Q compos-
ite containing 0.05% quince e) F3 =drug-loaded CaCO5-Q composite containing 0.5% quince

respectively. The peak at 1580 cm™' is due to N-H bending. Asymmetrical C—H
bond bending and C—C stretching were assigned to 1490 cm™! and 1440 cm™'. The
peaks having wave numbers 1324 cm™! and 1285 cm™! were attributed to symmetri-
cal C-H bending and C-N stretching. The wave number 1041 cm™! corresponds to
CHj, rocking. Absorption peaks at 935 cm™" and 1100 cm™! were assigned to C-N
and C=0 stretching. Vibrational peaks at 580 cm™' and 860 cm™' were character-
ized for phenyl and aromatic ring, respectively. Aforesaid description of the peaks
and the bands associated with FTIR of paracetamol was consistent with the litera-
ture [44-46], asshown in Fig. 2B(b).

Although, the above stated distinct peaks of quince hydrogel and pure drug (par-
acetamol) were disappeared after biomineralization process that was correlated with
the observation of the other researcher [47]. However, the distinct peaks of calcium
carbonate at wave numbers 710 cm~! and 855 cm™! were observed; attributing sym-
metric in and out plane bending mode of carbonate ion, respectively. The spectral
data revealed broad absorption peak at 1410 cm™' which confirmed asymmetric
stretching mode of carbonate (C—O) [48], as shown in Fig. 2A(b, c, d) and Fig. 2B(c,
d, e). These carbonate ion-associated peaks demonstrated growth of biomineralized
calcium carbonate crystals that were calcite in nature as confirmed by XRD analysis
and SEM images, discussed later.

Differential scanning calorimetry (DSC)

Differnetial scanning calorimetry is effectively used to check the thermal stabil-
ity of polymers and polymer-based products. The melting point can be deter-
mined by the melting curve. The first endothermic peak appeared at 140 °C in
DSC heating curve; indicating loss of adsorbed and structural water of the pure
gel (qunice mucillage), as shown in Fig. 3A. The second and third enothermic
peaks at around 200 °C suggested complete decomposition of the gel networks.
No enothermic peask was observed in the DSC heating curve of unloaded
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Fig.3 Thermogram of the developed calcium carbonate-quince (CaCO;-Q) composites A unloaded
CaCO;-Q composite F'1 =unloaded CaCO;-Q composite containing 0.005% quince; F2=unloaded
CaCO;-Q composite containing 0.05% quince; F'3 =unloaded CaCO;-Q composite containing 0.5%
quince B drug-loaded CaCO;-Q composite F1=drug-loaded CaCO;-Q composite containing 0.005%
quince; F2=drug-loaded CaCO;-Q composite containing 0.05% quince; F3=drug-loaded CaCO;-Q
composite containing 0.5% quince

compoite sytem (F'1, F'2 and F/3), except at 100 °C; suggesting water loss due to
evaporation only. A wide exothermic peak was also observed in F'2 and F'3 for-
mulaitons; indicating structural changes in gel network due to poosible ionic and
hydrogen bond formation in the presence of mono (Na®) and divaelnt (Ca*™)
ions during biomineralization process. It is well understood that bond energy
for ionic bond is higher than the hydrogen bonding [49]. It was obviously due
to the deposition of biomineralized calcium carbonate crystals in the hydrogel
which brought more stable networks. However, the resultant composite system
at 0.005% of quince hydrogel (F'1 formulaiton) practically behaved like pure
calcium carbonate. No exothermic peak was observed in the DSC thermogram
of F'1 formulaiton as shown in Fig. 3A. Crystalline calcium carbonate is stable
at this study temperature range (0-300 °C); while calcium carbonate shows ther-
mal decompsoiton (endothermic peak) only at high temperature (800 °C) [50].

Paracetamol exhibits a number of transitions between different forms and the
behavior is not always reproducible. The DSC is needed to understand the rela-
tionship between the different forms. The pure paracetamol thermogram showed
endothermic peak at temperature 147 °C which represents the melting tempera-
ture of paracetamol, as shown in Fig. 3B. It was demostrated that the pure par-
acetamol sample is converted to Form I nearly at about 120 °C and then melted
at 170 °C. The amorphous glass underwent the expected transitionafter cooling
to Form III and then to Form II. The conversion from Form II to Form I is not
always visible [51].

In contrast to unloaded composite systems, the drug-loaded compsoite sys-
tems (F1, F2, and F3) did not show enndothermic peaks. Hence, the devel-
oped system was suggested heat stable which can protect drug from thermal
degradation.
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X-ray diffraction (XRD)

X-ray diffraction study was carried out to investigate crystallographic nature of the
calcium carbonate polymorphs produced during the biomineralization in quince
gel, before and after drug loading. Calcium carbonate exists in three polymorphs in
nature: vaterite, aragonite and calcite. Vaterite is relatively less stable than arago-
nite and calcite. Vaterrite is transformed to arganoite in 1 h at 60 °C and to calcite
in 24 h at room temperature [52]. Each polymorph has unique surface morphology
which can be identified by the SEM study. However, SEM analysis is not conclusive
to discriminate calcium carbonate polymorph because shape of calcium carbonate
crystals changes in different crystallization condition. For example, aragonite is nee-
dle-like but it may be flake-like or cauliflower-like at different micro-environment
conditions [53]. Quince seed mucilage was pertained to crystalline nature by two
broad peaks at 260=20.2° and 24.1° [33, 54]. Low intensity sharp peaks of inten-
sity > 1000a.u between 20° and 23° were observed that could confirm mild crys-
talline nature of pure quince gel sample. Among all peaks, three distinct peaks of
intensity 1370, 1356 and 1332 were observed at diffraction angle of 21.98°, 22.38°,
and 22.14°, respectively. Results revealed high crystalline change in gel network
after biomineralization of calcium carbonate that was evidenced by the presence
of sharp peaks in the XRD pattern. The drug unloaded formulations F'1, F2, F3
showed high intensity peaks of 13,229 a.u., 7565 a.u. and 6174 a.u. at 29.42°, 29.38°
and 29.46°, respectively (Fig. 4A). The drug-loaded formulations F1, F2, and F3
have their sharpest peaks at angles 29.38°, 29.46° and 29.42° with an intensity of
8403 a.u., 4173 a.u. and 7438 a.u., respectively. XRD patterns were compared with
XRD patterns of calcium carbonate polymorph standards [55] that confirmed the
biomineralized calcium carbonates which were calcite in their crystallographic
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Fig.4 Diffractogram of the developed calcium carbonate-quince (CaCO;3-Q) composites A unloaded
CaCO;-Q composite a) quince seed mucilage; b) F'1 =unloaded CaCO;-Q composite containing 0.005%
quince ¢) F'2=unloaded CaCO;-Q composite containing 0.05% quince d) F/3=unloaded CaCO;-Q
composite containing 0.5% quince (B) drug-loaded CaCO;-Q composite a) quince seed mucilage; b)
paracetamol ¢) F1=drug-loaded CaCO;-Q composite containing 0.005% quince d) F2=drug-loaded
CaCO;-Q composite containing 0.05% quince e) F3 =drug-loaded CaCO;-Q composite containing 0.5%
quince C XRD pattern of calcium carbonate polymorphs a) aragonite b) vaterite c) calcite [published
by Ming Ni and Buddy D. Ratner, a courtesy of Surf Interface Anal. 2008 Oct; 40(10): 1356-1361.
10.1002/s1a.2904]
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behaviour as the most intense peak of calcite polymorph appeared around 30° (file
JCPDS no. 5-586) [56], as shown in Fig. 4B.

No significant difference of angular location was observed before and after load-
ing of drug. Hence, there was no chemical interaction between drug and biopoly-
mers of the gel. Although reduction in peak intensities after drug loading was
observed that meant crystallinity of the formulations reduced that was might be
due to incorporation of drug (amorphous/mild crystalline in nature). On the basis
of observed highest peak intensity, unloaded and drug-loaded formulations follow
order F'1>F2>F3 and F1>F3>F2, respectively. It suggested that F'1 (a mem-
ber of unloaded formulation group) and F1 (a member of drug-loaded formulation
group) formulations were more crystalline than the rest of the group members. It
was inferred from the results that as the concentration of gel powder was increased;
crystallinity of the corresponding formulations was decreased because of amor-
phous nature of gel powder.

Pure paracetamol (drug) presented sharper peaks of intensity 3590 a.u, 5396 a.u,
7563 a.u, 1243 a.u, 4851 a.u, 3386 a.u, and 1403 a.u at 22.46°, 23.14°, 27.02°,
29.46°, 31.42°,31.46°, and 56.54°, respectively. Apparently, these drug representing
sharp peaks were disappeared in the corresponding XRD patterns of drug-loaded
formulations probably because drug fraction was lesser as compared to biominer-
alized calcium carbonate or the drug was entrapped inside biomineralized calcium
carbonate hollow composite fabric or both factors had their contributed influence.
XRD results were consistent with the FTIR spectrum which also showed disappear-
ance of absorption peaks of the drug after biomineralization process.

Scanning electron microscopy

Morphological analysis of the three paracetamol-loaded formulations F1, F2 and
F3 having varying concentrations of quince hydrogel was accomplished by scan-
ning electron microscopy. Calcium carbonate crystals with exposed crystalline faces
(104) were observed that depicted calcite formation in quince hydrogel after biomin-
eralization. The physical appearance of calcium carbonate crystals was homogenous
in all the formulations as shown in Fig. 5. The magnified images of the formula-
tions demonstrated that increase in quince hydrogel concentration shifts the typi-
cal rhombohedral shape of calcium carbonate crystals to somewhat spherical aggre-
gates. Formulations F1 and F2 showed larger crystal size might be due to fast calcite
growth rate at the lower quince hydrogel concentration [57]. The gel phase around
the forming crystals limits the diffusion of particles in the solution thereby limit-
ing the process of crystal formation. The surrounding gel environment thus plays a
vital role in balancing the process of crystallization by creating a kinetic competition
between the dissolution—precipitation of ions and the disintegration—crystallization
of particles [58]. This restrictive property is much stronger in formulations having
higher gel concentration as compared to those with lower gel concentration which
is the reason why spherical calcite aggregates are seen in higher gel concentration,
while single irregular crystals are visible in formulation having lower concentration
[57].
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A

Fig.5 SEM images of the drug-loaded CaCO;-Q composites A F1=drug-loaded CaCO3-Q com-
posite containing 0.005% quince B F2=drug-loaded CaCO;-Q composite containing 0.05% quince
C F3=drug-loaded CaCO;-Q composite containing 0.5% quince. Upper row images captured at
1000 X magnification; lower row images captured at 5000 X magnification

In vitro drug release study

There are numerous factors that influence bioavailability of the drug and among
them physicochemical properties of the active pharmaceutical ingredient (API) itself
and type of dosage form are the most important in product development process.
Oral liquid dosage forms usually have more rate and extend of drug to reach in sys-
temic circulation than the oral solid dosage forms. Obviously, the drug is needed to
be dissolved before absorbed, however, solubility and dissolution rate are influenced
by pH. After oral administration, the drug is passed through various pH conditions,
i.e. acidic pH in stomach (pH 1.2) and 6.8 pH in small intestine. Previous study
of swelling/deswelling behaviour of quince seed mucilage, where nominal swelling
was observed in acidic medium (pH 1.2) and high swelling was observed in PBS
buffer pH6.8 [32], demonstrated quince seed mucilage as a retarding material to
control drug release in acidic medium. On the other hand, mesoporous calcium car-
bonate is promising oral drug carrier for its nature of porous structure, large surface
area, capacity to protect encapsulated materials, biocompatibility and biodegradabil-
ity properties. However, calcium carbonate particles are soluble in acidic medium.
Non-steroidal anti-inflammatory drugs (NSAIDs) are prescribed in various disor-
ders. However, long-term use of NASAIDs in chronic diseases may increase risk of
gastrointestinal track ulcer. Hence, developing a safe oral therapy of NASAID is the
demand to overcome NSAIDs-associated ulcer burden.

In this study, biomineralized calcium carbonate-quince (CaCO;-Q) compos-
ites were designed for sustained and colon targeted delivery of paracetamol. Drug
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release study was carried out in acidic medium pH 1.2 (0.1 N HCI) and PBS buffer
pH 6.8.

After 4 h, the average drug release of 22.05%, 12.82% and 7.89% was witnessed in
acidic medium from formulations F1, F2, and F3, respectively. Whereas, 36.85%,
30.32% and 14.30% of average drug release in PBS was observed from formula-
tions F1, F2, and F3, respectively, as shown in Fig. 6A. A 50% of the drug release in
PBS at pH 6.8 was observed after 5 h, 6.75 h and 9 h from the formulations F1, F2,
and F3, respectively. At the end of the study period (12 h), the average drug release
in the acidic medium was restricted to less than 40%, 30% and 20% from the for-
mulations F1, F2 and F3, respectively. During the study period (12 h), overall sce-
nario was that these three formulations F1, F2, and F3 displayed considerably low
release rate in 0.1 N HCI (pH 1.2), i.e. 37.90+6.18, 25.64 +2.46, and 15.17 +1.79,
respectively; whereas the average drug release in PBS at pH 6.8 was reached up to
95.31+3.05, 81.86 +2.68, and 64.17 + 14.72, respectively, as shown in Fig. 6B. The
order of release rate appears to be F1>F2>F3 which depicts that the formulation
with the highest concentration of quince seed mucilage powder in the formulation,
i.e. 0.5% in formulation F3 controlled more drug release in both the media. This
quince seed mucilage concentration-dependent control of drug release in PBS at pH
6.8 and retardation of drug release in acidic medium notably were due to swelling/
deswelling behaviour of quince seed mucilage under the influence of protonation
and deprotonation of carboxyl group (—COO™) of glucuronic acid residues present in
quince seed mucilage. The literature-based studies have demonstrated that the ion-
ized forms of carbonyl group (-COQ™) generate electrostatic repulsive forces in the
polymeric chain of quince hydrogel networks, hence, thereby opening the pores and
flushing the media in the gel networks to facilitate swelling of the gel, which leads
to dissolution and release of the drug in the basic medium. On the other hand, the
carboxyl group (~COOH) is protonated in the acidic medium, causing a decrease in
repulsive forces and locking the gel networks to flush the media in; leading to retard
drug release in acidic medium [32]. Moreover, the highest drug loading (30% by
weight) with entrapment efficiency of more than 80% was achieved in all the formu-
lations as stated above in drug loading and entrapment efficiency section. This high
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Fig.6 Drug release from the developed CaCO;-Q composite A acidic medium (0.1 N HCI); B PBS at
pH 6.8. F1=drug-loaded CaCO;-Q composite containing 0.005% quince; F2=drug-loaded CaCO;-Q
composite containing 0.05% quince; F3 =drug-loaded CaCO;-Q composite containing 0.5% quince
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drug payload and entrapment efficiency were obviously due to increase in porosity
networks in quince hydrogel under the influence of biomineralized calcium carbon-
ate. It has been demonstrated that mesoporous inorganic materials such as calcium
carbonate play promising role in oral drug delivery by providing salient features to
their corresponding formulation including increase surface area and porosity that
result in a high drug loading capacity. Moreover, adsorption of drug inside the nano-
porous structure of the inorganic carrier causes the drug to remain in an amorphous
state, thereby increasing the dissolution rate [37].

Drug release kinetics

To understand the drug release behaviour from the developed CaCO;-Q composite
hollow networks, various in vitro kinetic models were applied such as zero order, 1st
order, Higuchi, Korsmeyer-Peppas, Weibull, Logistic, Gompertz, and Probit.

Generally, R* value via regression analysis is used to find the best-fit model.
Herein, we elected various parameters from ‘goodness of fit’ table of regression
analysis such as R? adjusted R?, SS (sum of squares), and constants (a and f),
whereas ‘n’ value from Krosmeyer-Peppas model was considered for mechanism of
drug release. Akaike information criteria (AIC) were also computed to find the best-
fit model. In case of acidic medium (0.1 N HCI), the Weibull model was considered
the best fit for formulation F1 and F3 which showed the highest adjusted R* val-
ues of 0.9993 and 0.9833 and the lowest AIC values of 2.688 and 14.0579, respec-
tively. The F2 formulation was found the best fit for Probit model based on the high-
est adjusted R* value of 0.9933 and the lowest AIC value of 22.6983. In addition,
no significant change in # values was observed for all the formulations in Weibull
model (f< 1) (Table 2). Hence, all the formulations (F1, F2, and F3) were found the
best fit by Weibull model. The Korsmeyer-Peppas model explained non-Fickian dif-
fusion (0.43 <n<0.85) of drug release mechanism from all the developed systems,
i.e. F1 n=0.534), F2 (n=0.591), and F3 (n=0.591). All in vitro kinetic parameters
are listed in Table 2.

Similarly, in case of PBS pH 6.8, the F1 formulation was found to be the best fit
by Korsmeyer-Peppas model based on the highest adjusted R> value of 0.9890 and
the lowest AIC value of 26.1695, respectively. The F2 formulation was best fitted by
Probit model that showed the highest adjusted R>=0.9996 in association with the
lowest AIC=13.4481. In contrast, F3 formulation best fitted by Gopmertz model
showed the highest adjusted R*>=96.4498 and the lowest AIC =28.6081. The diver-
sity in kinetic behaviour of all the three formulations might be due to change in
porosity of the resultant composite after biomineralization of calcium carbonate at
different concentration of quince hydrogel, i.e. 0.005%, 0.05%, and 0.5% in F1, F2,
and F3 formulations, respectively. All the three formulations showed higher than
1 value of coefficient f in Weibull model that was an indication of complex drug
release mechanism [59] (Table 3). This complex behaviour of drug release was also
correlated with the coefficient ‘n’ of Korsmeyer-Peppas model where n> 1 suggested
Supper Case II transport mechanism of drug release [60]. Therefore, the value of ‘n’
of F1, F2, and F3 formulations, i.e. 1.031, 1.092, and 1.265, respectively, suggested
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Super Case II transport of drug from the developed composite systems in PBS pH
6.8. All in vitro kinetic parameters are listed in Table 3.

Conclusion

Hydrogels are regarded as 3-D networks of natural or synthetic polymers (organic
material) with high water absorption properties. Most of the synthetic polymer-
based hydrogels switch-on in acidic environment to release the drug. In contrast, cal-
cium carbonate is a mineral (inorganic material) that has large surface area and large
porosity. Like most of the synthetic polymer based hydrogels, calcium carbonate
dissolves in stomach at acidic pH and releases the drug. Hence, these both systems
have been found to be effective for pH responsive oral drug delivery of water-soluble
drugs in the stomach. However, from the last few decades, organic—inorganic hybrid
materials have attracted widespread attention from researchers to develop intelligent
drug delivery system with feature of interests. Considering this, bioinspired mate-
rials are developed by biomineralization of calcium carbonate in the hydrogels. In
this study, we reported composite system prepared by biomineralization of calcium
carbonate in mucilage obtained from seed of naturally occurring quince plant. The
developed composite showed restricted release of paracetamol in the acidic media,
while a controlled fashion of drug release was observed in the basic media during
the study period of 12 h. Study outcomes suggested the developed composite can
be considered a novel drug carrier system for oral colon targeted delivery of hydro-
philic/hydrophobic drugs. The restricted release of drug in an acidic medium and
the controlled release fashion of drug in a basic medium make this composite an
attractive model to overwhelm risk factor of NASAIDs-associated gastric ulcer. The
in vitro kinetics suggested Super Case II drug transport mechanism of drug release.
We also recommend a possible application of the developed composite for oral
delivery of proteins and genes.
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