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Nanoparticulate drug delivery systems (NPDDS) have been exploited to overcome
the limitations of oral drug delivery. This study evaluated the physicochemical
properties of starch citrate and release profile of Ibuprofen from Digitaria exilis starch
nanoparticles prepared by the nanoprecipitation method in the presence of Tween
80. Nanoparticles were obtained by preparing starch citrate at different
concentrations (10 %, 20 % and 30 %) using citric acid, it was dissolved in sodium
hydroxide solution (30 % “/w) and precipitated with absolute ethanol.
Physicochemical characterization of native and cross-linked Digitaria exilis starch
were undertaken, including FTIR, DSC and XRD. The Encapsulation efficiency,
loading capacity, particle size, polydispersity index, SEM, in-vitro release and release
kinetics of the nanoparticles were also undertaken. Results show that cross-linking
significantly influenced the physicochemical properties of native starch. FTIR
reveals an introduction of a C=O group at 20 % concentration of CA, which
produced particles in the nanometre range (933 nm), with a smooth and spherical
structure revealed by SEM. The cross-linked nanoparticles at 20 % showed a
controlled release, with the highest cumulative drug release of 40.44 % in 24 h. Citric
acid cross-linked D. exilis starch can be utilized as a cost-effective vehicle for the
sustained delivery of biomolecules.

@By 4.0 Open Access 2023 — University of Huddersfield Press

INTRODUCTION

physical and chemical properties of starch (Dar
et al., 2013).

Nanotechnology has in recent years been utilized
in the synthesis of starch nanoparticles, and are
characterised by particle size of 1-1000 nm
(Zhang et al., 2022). Because of their mechanical
properties and renewable nature, different
applications of starch-based nanoparticles have
been studied (Liu et al., 2017; Simi & Abraham,
2007; Zohreh et al., 2016). Therefore, synthesis
and characterization of starch nanoparticles is
currently an ongoing research area as the
selection of size and shape of the nanoparticles
provides effective control over many of the

John et al (2022) BJPharm, 8(1), Article 1010

Natural polymers are bio-renewable materials
obtained from diverse sources that can be
degraded into water, carbon dioxide, and
inorganic molecules. They are eco-friendly and
possess functional groups that can be modified
either by physical, chemical, biological, or
enzymatic means to yield products with high
functionalities. Starch is one of such natural
polymers and considered the second most
abundant biomass material in nature and found
in plant roots, stalks, crop seeds, and staple crops
such as rice, corn, wheat, tapioca, and potato
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(Corre et al., 2010). They are hydrophilic because
of the numerous hydroxyl groups they possess,
which makes them susceptible to brittleness,
viscosity, retrogradation during storage, poor
processibility, changes in crystallinity, texture,
colour, etc., hence limiting their use in the
development of starch-based products (Qin et al.,
2016). Modification of starch involves the
alteration of the physical and chemical
properties of native starch to improve its
functionality. When modified, starch derivatives
are by-products of either glucosidic bond
cleavage during acid hydrolysis, the
introduction of new functional groups (carbonyl)
during oxidation, or substitution of starch
hydroxyl groups due to etherification or
esterification, or  cross-linking reactions
(Tharanathan, 2005). Some of these enhanced
properties include increased tensile strength of
starch films (Lu et al., 2019; Kumar et al., 2018)
improvement in the mechanical and barrier
properties of starch nanoparticles (Silva et al,,
2018).

The most extensively utilized technique for the
synthesis of nanoparticles from carbohydrate
polymers is by chemical means. Cross-linking is
a common method employed to reduce starch
retrogradation as well as to improve its
performance for various applications (Sanchez-
Gonzalez et al., 2015). This technique involves the
use of multifunctional group reagents (such as
hydrophobic ester groups) to react with the
hydroxyl groups of starch (responsible for its
hydrophilicity), to produce new chemical bonds
within molecular starch chains (Ghanbarzadeh et
al., 2011; Shi et al., 2007; Zhou et al., 2008). When
cross-linked, starch shows improved swelling
properties, biodegradability, biocompatibility,
high temperature and high shear conditions in
addition to the ease of processing, enhanced
strength and stability of starch products, thus
showing promise as effective carriers for drug
delivery (Jyothi ef al., 2006; Narendra & Yang,
2009; Wang et al., 2015). Citric acid (CA) is a non-
toxic and inexpensive tricarboxylic acid that has
found usefulness as a cross-linking agent due to
its ability to form covalent linkages with the
hydroxyl groups of starch (Wu et al., 2019).
Several studies have been conducted on the use
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of citric acid in starch-based films (Menzel et al.,
2013; Narendra & Yang, 2009; Olsson et al., 2013;
Seligra et al., 2015), hydrogels (Matheus et al.,
2020; Rocha-garcia et al., 2017) and starch
nanocomposites (Jose & Al-Harthi, 2017); (J.
Zhou et al., 2016). Citric acid has also been used
to cross-link other starches, like cyperus starch
(Olayemi et al., 2021); potato starch (Wu et al.,
2019); rice starch (Butt et al., 2019) and Digitaria
exilis starch (Isah et al., 2017). However, there are
limited studies to show citric acid cross-linked D
exilis starch nanoparticles.

Fonio (Digitaria exilis), commonly known as acha
is reported to be one of the earliest cereals found
on the African continent. It has been grown for
years as a major food source and has been
incorporated as a key aspect of nutrition among
the people, particularly for its flavour (Jideani,
2000). Compared to other cereals such as maize,
millet and sorghum, Fonio has been little used or
studied, however, several published reports
have appeared in the last decade (Dansi et al.,
2006; Ibrahim and Saidu, 2017; Jideani, 2000;
Wakil and Olorode, 2018). Studies have shown
that D. exilis contains impervious starch, and
these  starches are continuously been
investigated for the control of sugar and insulin
levels (Pasupuleti and Anderson, 2008). The
study conducted by Emeje et al, (2012) also
revealed the significance of this starch source.
Ibuprofen is a phenylpropionic acid, recognized
as a non-prescription over the counter NSAID
and belongs to class II of the Biopharmaceutical
Classification of drugs, having low solubility at
pH 1.2 and 4.5 and high solubility at pH 6.8 but
high permeability (Alvarez et al., 2011). It is given
at a dose of 600 to 800 mg/d, and up 2400 to 3200
mg/d can be taken for the treatment of painful
inflammatory conditions such as rheumatoid
arthritis, however, it is associated with side
effects (Moore et al., 2015). The aim of this study,
therefore, is to evaluate the effects of
concentration of citric acid on the
physicochemical properties of D exilis starch and
nanoparticles for the sustained release of
Ibuprofen from synthesized nanoparticles.
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MATERIALS AND METHODS

Materials

Digitaria exilis (Stapf) grains were purchased from
Karmo market, Abuja, and identified in the Medicinal
Plant Research Department, NIPRD, Abuja. Tween 80,
Ethanol and Sodium Hydroxide (NaOH) were
purchased from Finlab, Nigeria Ltd, Citric acid (CA),
Ibuprofen powder and Potassium dihydrogen
phosphate were purchased from Bristol Scientific Co.
Ltd (Nigeria), and the distilled water was obtained
from the Department of Pharmaceutical Technology
and Raw Materials Development, NIPRD, Abuja

Methods

Starch Extraction

The method of Kunle et al., (2003) was adopted with
slight modifications. Digitaria exilis (Stapf) grains were
weighed and washed with a sufficient amount of
water to remove dirt and sand. It was soaked in water
containing 0.075 % w/v sodium metabisulphite for 24
h, steeped, and rinsed with water containing sodium
metabisulphite. Afterward, it was milled to a fine
paste and then transferred to a large bowl containing
10 L of freshly prepared water. The slurry was sieved
using a muslin cloth and thereafter, allowed to stand
for 12 h. The sediment obtained was further
centrifuged at 4500 rpm for 30 min to obtain the starch
(this was repeated several times to obtain the plain
starch, indicated by the DSC thermograph in Figure
2), which was air-dried for 6 h and thereafter, dried in
an oven at 50 °C for 16 h. The resulting powder was
pulverized, passed through a 250 pm mesh sieve,
dried again at 50 °C, and packed in an airtight
container for further analysis.

Preparation of Cross-linked Starch

The method of Moses et al. (2012) was adopted with
slight modifications. Citric acid cross-linked starch (30
% w/w) was prepared by dissolving 15 g of CA in 15
mL of distilled water, which was made up to 50 mL in
a beaker. Digitaria exilis starch (50 g) was added to the
resulting solution and mixed thoroughly for 30 mins,
after which, it was transferred to a tray and allowed
to dry for 48 h at 25 °C to effect cross-linking. The
resulting cross-linked starch was further dried at 60 °C
for 6 h in the oven and then pulverized, passed
through a 250 pm mesh sieve, and packed in an air-
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tight container for further analysis. This was
performed for different concentrations of CA as
shown in Tablel.

Table 1. Formulation parameters for cross-linked starch.

Formulation CA10 CA 20 CA 30
Weight of starch (g) 50 50 50
Weight of CA (g) 5 10 15
Total Weight (g) 55 60 65

CA = Citric Acid (at 10, 20 and 30 % concentrations)

Preparation of Ibuprofen-Loaded Cross-Linked
Starch Nanoparticles

The method of (El-Feky et al., 2015) was adopted with
some modifications. Ibuprofen-loaded cross-linked
starch nanoparticles was prepared by the nano-
precipitation method. The D. exilis starch and cross-
linked starch (5 %%/,) was dissolved in sodium
hydroxide solution (30 % ¥/.) with the aid of a
magnetic stirrer for a period of 1 hr at 25 “C. When
fully dissolved, 0.5 % of Tween 80 was added while
stirring for another 5 min. Afterward, 10 % %/ of the
drug was added and further stirred for 5 min.
Absolute ethanol was added drop-wise to the starch
solution under high magnetic stirring to produce
nano-precipitates. This was centrifuged at 4,500 rpm
for 30 min to collect the nanoparticles, lyophilized,
and then packed in air-tight jars for further analysis.
The composition of nanoparticle formulation is
shown in Table 2

Table 2. Composition of Ibuprofen-loaded native and
cross-linked starch nanoparticles

Ingredients NSNP CA10 CA20 CA30
Ibuprofen (g) 0.5 0.5 0.5 0.5
Quantity of
native and
5 5 5 5

modified starch
®)
Quantity of

1.5 1.5 1.5 1.5
NaOH (g)
Ethanol (mL) 100 100 100 100
Tween 80 (mL) 0.5 0.5 0.5 0.5
Water (mL) 100 100 100 100

NSNP = Native starch nanoparticles; CA = Citric Acid
cross-linked starch (at 10, 20 and 30 % concentrations)
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Physicochemical Characterisation of Digitaria
exilis Starch, Cross-Linked Starch and
Ibuprofen-Loaded Starch Nanoparticles

Organoleptic Properties of Starch

The organoleptic properties of the extracted starch
were carried out by evaluating the taste, colour,
odour, appearance, and texture of the starch obtained.
This was done by 6 assessors.

Percentage Yield

The percentage yield of extracted starch and starch
nanoparticles was calculated as the weight of the
starch/starch nanoparticles obtained with respect to
the original weight of the starting material. It was
calculated using the equation given below:

Yield (%)
Actual yield

~ Theoretical yield

pH measurement

The pH of the native and cross-linked starch was
measured using a pH meter (Mettler Toledo,
Switzerland) with a microprocessor. A1 % solution of
the native and cross-linked starch was prepared and
the pH was taken at room temperature (25 + 2 °C). This
was performed in triplicates.

Moisture Content

The moisture content of native and cross-linked starch
was determined with the aid of a moisture balance
(OHAUS MB 45). One gram of the native and cross-
linked starch was weighed on a weighing balance
(Mettler Toledo ME 303E, Switzerland) and placed in
the moisture content analyser that was set at 100 °C for
10 min. Moisture content determination was
performed in triplicate and the results were obtained
by using equation 2 below.

Moisture Content (%)
_ Initial weight — final weight

Initial weight

Angle of repose, Bulk and Tapped Densities, Carr’s
Index and Hausner Quotient

A glass funnel of 1 cm orifice was clamped to a retort
stand 10 cm to the surface. Two grams of the native
and cross-linked starch was gently poured into the
funnel and allowed to flow to form a conical heap. The
height and radius (r) of the powder heap were

John et al (2022) BJPharm, 8(1), Article 1010

X100% .o o v 1

X100 . o 2

http://doi.org/10.5920/bjpharm.1010

determined. The procedure was performed in
triplicate and the angle of repose (0) computed using
equation 3.

h
0=tan—1 (—) OO
r
Bulk and tapped densities were determined using the
method outlined in the USP (USP, 2007). The volume
occupied by 2 g sample weight was determined and
taken as its bulk volume. The tapped volume was
determined by tapping to constant volume with a
Stampfvolumeter (Sav-2003, Germany). The bulk and
tapped volume measurements were done in
triplicates. The bulk and tapped densities were
calculated using Equation 4 and 5 respectively.

. 9
Bulk density (W)
_ Weight of sample (g)

.4
Bulk volume (ml)
. g
Tapped density (W)
_ Weight of sample (g) 5

= Tapped Volume (ml)

Carr’s index and Hausner quotient were computed
from the bulk and tapped densities using equations 6
and 7 respectively.

Carr's Index
_ Tapped Density — Bulk Density

X100.........6
Tapped density
Hausner Quotient
_ Tapped Density 7
= TBulk Density T s
Swelling Capacity

The swelling capacity was carried out by making a
dispersion of 1 g of native and cross-linked starch in
10 mL of distilled water in pre-weighed centrifuge
tubes. This was placed in a water bath (Karl Kolb Sci.
Co, Germany) equilibrated at 35, 50, 65, 80, and 90 °C
and the samples were allowed to agitate for 30 min.
The swollen starch gel was cooled to 25 °C,
centrifuged at 1,500 rpm for 10 min and the
supernatant was discarded. The weight of the tubes
with the swollen starch gels was further weighed and
the swelling capacity calculated using equation 8:
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Swelling Capacity
_ weight of swollen granules

weight of dry sample
Fourier Transform Infra-Red (FTIR) Analysis

Fourier-transform infrared spectroscopy (Cary 630,
Agilent technologies, USA) was performed on the
native and cross-linked starch to determine and
identify the functional groups present. The analysis
was conducted at room temperature within a range of
4000-400 cm™, at a resolution of 2 cm™ using the
potassium bromide (KBr) pellets technique. About 5
mg of finely ground solid sample was mixed with 100
mg of dry potassium bromide, and a 7 mm pellet was
formed under high pressure. The background and
sample spectra were obtained from 64 scans.

Thermal Analysis using Differential Scanning
Calorimetry (DSC)

Thermal analysis of the native and cross-linked starch
was carried out using Differential Scanning
Calorimeter (DSC: Mettler Toledo, Switzerland).
Accurately weighed sample (~3-5 mg) was placed in
a sealed aluminium pan with a pierced lid. A heating
rate of 5 °C/min from °C to 250 °C was applied under
nitrogen purging at 20 mL/min.

X-Ray Diffraction (XRD) Analysis

XRD patterns of the native starch and cross-linked
starch at 20 % concentration, were obtained on the X-
ray diffractometer (Rigaku Miniflex 600, Japan), by
utilizing the reflection-transmission spinner stage
using the 20 settings. Two-Theta starting position was
4-75° with a 20 step of 0.026261 at 8.67 seconds per
step. Tube current was 40mA and the tension was
45VA. A Programmable Divergent Slit was used with
a 5mm Width Mask and the Gonio Scan was USed.

Encapsulation Efficiency (EE)

The encapsulation efficiency of drug-loaded
nanoparticles was determined by utilizing the
supernatant obtained when the nanoparticles were
prepared. After centrifuging at 4,500 rpm for 30 min,
an aliquot of the supernatant was assayed for non-
bound drug concentration wusing the UV
(Cary-60, UV-Vis,
technologies, UK) which was read at 215 nm. The

spectrophotometer Agilent

drug encapsulation was calculated using equation 9:
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EE (%)

Amount of drug in prepared NPs (m
= f g mprep (mg) X 100...9

" Theoretical amount of drug in NPs (mg)

Drug Loading Capacity (LC)

The drug loading capacity of each batch of ibuprofen-
loaded nanoparticles was determined by evaluating
the actual content of the drug in nanoparticles to the
weight of the nanoparticles. These values were
obtained after EE was evaluated and it was calculated
using equation 10.

LC (%)
_ Weight of drug in NPs (mg)

Weight of NPs (mg) 00

Particle Size Analysis (PSA) and Polydispersity
Index (PDI)

The particle size and polydispersity index of drug-
loaded nanoparticles were obtained using a Zeta sizer
(Zen 1600, UK). A colloidal suspension of the
nanoparticles was prepared and poured into the
nano-sizer cell and the analysis was performed at
25 °C, with a detection angle of 90°.

Scanning Electron Microscopy (SEM)

The scanning electron microscope (Joel-JSM 7600F,
Germany) was used to determine the morphology,
shape, and surface characteristics of ibuprofen-loaded
nanoparticles. The sample was prepared by
sprinkling the dispersed nanoparticles onto double-
sided adhesive carbon conductive tape which was
mounted on a microscopic stub of copper. Then the
sample was sputter-coated with gold using ion
sputtering device of the equipment

In-vitro Release Studies

The in-vitro drug release study was performed in a
phosphate buffer (pH 6.8) solution using a 6-station
RC-6 dissolution machine. Compressed tablets
containing ibuprofen-loaded nanoparticles were
placed in the dissolution basket containing 900 mL of
the dissolution media and maintained at 37 °C under
mild agitation (50 rpm). At pre-determined time
interval, 5 ml of the media was withdrawn and
replaced with an equal volume of fresh buffer solution
to maintain sink conditions. The samples were
analysed using the UV spectrophotometer (Cary-60,
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UV-Vis, Agilent technologies, UK) at 215 nm (Ganesh
& Lee, 2013).

In-vitro Release Kinetics

To evaluate the release kinetics of ibuprofen from
native and cross-linked starch nanoparticles, the data
obtained from in-vitro dissolution studies were fitted
into five (5) kinetic models, which include the zero-
order, first-order, Higuchi, Hixson-Crowell and
Korsmeyer-Peppas kinetic models. The equations
representing these kinetic models are given as
follows:

Zero Order Kinetics Qt = Kot... o ve vevvv v ven e 2 11

. . . t
First Order Kinetics log Q0 - log Qt = (Kl ﬁ) .12
Higuchi Kinetic Model Qt = KHVt oos e ves v e 13
Hixson-Crowell Model (Q0% - Qt%) = KHCt.....14

Korsmeyer-Peppas Model Qt = Kgp t* 15

where t is the time, Q; is the amount of drug released
at time t, Qo is the initial amount of drug in the
nanoparticles, Ko is the zero-order rate constant, K is
the first-order rate constant, Kg is the Higuchi
constant showing the design variables, Kuc is the
Hixson-Crowell rate constant, Kkp is the Korsmeyer-
Peppas rate constant and n is the release exponent
(Chourasiya et al., 2016).

RESULTS AND DISCUSSION

Percentage Yield and Organoleptic Properties of
Digitaria exilis Starch

Digitaria exilis starch was obtained, with a yield of
approximately 25 %. The starch had a characteristic
white colour, with a smooth texture that was
odourless and bland in taste. Alaka and Akinoso
(2017), Musa et al. 2008, and Jideani and Jideani (2011)
had a yield of 60, 58.6, and 43.6 % respectively, these
were found to be greater than the yield obtained in
this study. The reasons for differences in yield and
compositional quality can be attributed to the storage
temperature (Tadeu et al., 2014), reduced conversion
of sucrose to starch (Zi et al, 2018), extreme
temperatures and precipitating conditions during
harvest (Powell & Reinhard, 2016), sowing and
harvesting dates (Ozturk et al., 2008), soil water
storage (Butts et al., 2019), the stage and time of
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harvest (Rahman et al, 1999), and global climate
change (Jin et al., 2018).

Physicochemical Properties of Native and Cross-
linked Digitaria exilis Starch

The ease of handling, storage, and processing of
pharmaceutical powders are greatly dependent on
their functional properties (Jallo et al, 2012). The
physicochemical and flow properties of native and
CA modified D. exilis starch are shown in Table 3.

Based on the standard flow properties (USP 35, 2012),
it can be observed that all the powders had fair to poor
flow. Bulk density is a measure of the weightiness of
a powder sample. Cross-linking with CA decreased
both bulk and tapped densities of D. exilis starch
(Suravanichnirachorn et al., 2018). The result in this
study was found to be lower compared to that
obtained by Ngoma et al.,, (2019) and Anyasi et al.,
(2017), but contradicts those obtained by Giyatmi &
Lingga, (2019). These parameters were not
significantly different among the CA cross-linked
starch. Likewise, cross-linking did not significantly
affect the flow properties of native D. exilis starch.
Both native and cross-linked starch had fair to poor
flow, with CA cross-linked starch at 20 %
concentration having the poorest flow in terms of
Hausner ratio, Carr’s index, and Angle of repose (1.40,
28.78 % and 45 °) respectively.

Table 3. Physicochemical properties of native and cross-linked
Digitaria exilis starch

Material CA-10 CA-20 CA-30 NS
Bulk Density 0.46 = 045 + 047 = 0.56 =
(g/ml) 0.01 0.01 0.01 9.03
Tapped Density 0.61+ 0.57 + 0.59 + 0.76 +
(g/ml) 0.01 0.01 0.01 0.02
Hausner’s 1.34 + 140+ 127+ 136=
Ratio (%) 0.03 0.02 0.06 0.08
Carr’s Index 2517+ 2878+ 21.03 263+
(%) 1.74 0.82 +3.44 1.97
Angle of 35.80 4510  39.70 46.30
Repose (°)
pH 297+ 279+ 258+ 511+
0.02 0.02 0.02 0.19
Moisture 1181+ 1135+ 11.76 11.00+
Content (%) 0.01 0.03 +0.01 0.02

CA = Citric Acid cross-linked starch (at 10, 20 and 30 %
concentrations); NS = Native starch

The moisture content and pH of native and cross-
linked D. exilis starch are presented in table 3. Cross-
linking significantly reduced the pH of the native

6
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starch, with a gradual decrease in the pH as the
concentration of CA increases. According to Olsson et
al.,, (2013), a decrease in pH is necessary for the
formation of ester bonds between the starch
molecules and the tri-carboxylic acid, a reaction
popularly known as the Fischer-esterification
reaction. Qin et al., (2019) also noted that hydrolysis
of starch occurs as a consequence of pH, the
temperature of the reaction and the concentration of
citric acid used, and inter-particulate friction occurs
resulting in steric hindrances within the starch
granules (Chen et al., 2018). The presence of moisture
is said to affect the physicochemical and functional
properties of polymers, and lead to an increase in
microbial growth (Bharate et al, 2010; Builders &
Arhewoh, 2016). The moisture content of NS (11 %)
in this study does not vary significantly with that of
Musa et al. (2008) with a value of 11.6 %, but it was
found to be lower than that of Odeniyi et al., (2019)
who obtained a value of 14.8 %.

Swelling Capacity of Native and Cross-linked
Digitaria exilis Starch

The swelling capacities of native and cross-linked
starch are depicted in figure 1. Cross-linking reduced
the swelling power of the native starch across all the
temperatures. This can be due to the development of
a gel-like mass within the cross-linked starch which
restricts the permeation of water into the starch pastes
(Siroha & Sandhu, 2018; Sirivongpaisal, 2018). As the
temperature increased, the degree of swelling for both
the native and cross-linked starch also increased and
peaked at 80 °C, as a consequence of loss of granule
integrity (Choi & Kerr, 2004) and which also depends
on the degree of cross-linking (Desam et al., 2018).
Although all the cross-linked starch at the various
concentrations showed a reduction in the swelling
capacity of native starch, the cross-linked starch at 20
% showed the most reduction in swelling across all
temperatures.

Fourier-Transform Infrared (FTIR) Analysis

The IR spectra of D. exilis and cross-linked starch are
presented in table 4. There are no significant changes
observed in the spectra between the native and the
cross-linked starch. Although the cross-linked starch
retains the characteristics of the native starch, there is
an introduction of vibration band at 1871 cm on the
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CA - 20 spectra owing to a C=0 vibration as a result
of the formation of a citrate bond.

S
\
=
\
\
\
\
\
\
N

\
2
\
\
\
N

CA20

Degree of Swelling
Y

CA30

@35°C @B50°C m65°C B|80°C @90 °C

Fig. 1. Swelling capacity of CA cross-linked and Native D. exilis
starch. CA = Citric Acid (at 10, 20 and 30 %); NS = Native
Starch.

Thermal Analysis using Differential Scanning
Calorimetry (DSC)

The DSC thermograph of native and cross-linked
starch is shown in figure 2. The thermograph of native
D. exilis starch shows a sharp melting peak with an
onset temperature of 59.47 °C, peak temperature of
61.96 °C and an endset temperature of 65.08 °C. Due
to the high crystallinity of the native starch, the energy
required to melt the granules was shown as the value
of AH (1032.55]/g).

Table 4: Fourier Transform Infra-Red absorption bands for
native and cross-linked starch

Infrared Signal Assignment (cm-)

Functional

Groups NS CA-10 CA-20 CA-30
O-H Stretch 3257.7 32577 3268.9 3265.1
C-H Stretch 2929.7  2926.0 20222 2926.0
C=0 vibration = - 1871.0 -
H>O absorption

band 1640 1651.2 1640.0 1640.0
CH,-OH side

chain 1338.1  1364.2 1364.2 1364.2
C-O vibration 1148.0  1148.0 1148.0 1148.0
C-O-H bend 1077.0  1080.9 1080.9 1080.9
C-O-C vibration = 928.1 935.6 931.8 931.8

NS = Native starch; CA = Citric acid cross-linked starch (at
10, 20 and 30 % concentrations


http://www.bjpharm.hud.ac.uk/

42

"~ British Journal
of Pharmacy

7

R

&

Fig. 2. Differential scanning thermograph of NS- Native starch,
(Topmost) CA = citric acid cross-linked starch (at 10, 20 and 30
%)

However, cross-linking with citric acid resulted in a
shift in the melting peak with onset temperatures of
36.04, 36.76 and 118.40 °C; peak temperatures of 46.30,
43.56 and 124.46 °C; endset temperatures of 50.77,
57.50 and 128.61 °C and AH values of 710.79, 434.83
and -702.09 J/g for CA-10, 20 and 30 % respectively.
The curves for the CA-10 and 20 shifted towards the
left, showing a decrease in gelatinization temperature,
while CA-30 shifted to the right indicating an increase
in the gelatinization temperature. Overall, cross-
linking resulted in a notable shift in the gelatinization
temperatures. The extent of shift in temperature and
the energy required to melt the granules were affected
by the concentration of CA used (Dong & Vasanthan,
2020).

X-Ray Diffraction of Native and Cross-linked
starch

Native starch commonly exists as A-type spectrum
with a granular structure of about 15-45 wt.%
crystallinity (Wang et al., 2015; Matzinos et al., 2002).
The native D. exilis starch (figure 3) shows sharp peaks
at 15.2, 17.1, and 18.2° respectively, which shows a
typical crystallinity pattern for native starch.
However, the citric acid (CA) cross-linked starch at 20
% concentration shows a peak only at 15.1° (figure 3).
This result confirms that cross-linking decreased the
crystallinity of D. exilis starch (Matzinos et al., 2002).

Percentage yield of nanoparticles

The yield of native and CA cross-linked starch
nanoparticles as shown in Table 5. Cross-linking
reduced the yield of NPs, and a decrease in yield is
observed as the concentration of CA increased. When
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starch is cross-linked with CA, the free hydroxyl
groups on starch is replaced by the carboxylic acid
groups of CA leading to a reduced tendency of the
cross-linked starch to absorb water as a result of inter-
granular friction and granule bridging (Hirsch &
Kokini, 2002; Su et al., 2019; Woo & Seib, 2002; Woo et
al., 2009). Additionally, cross-linking agents causes
steric hindrances that produce resistant starches
which prevents the swelling of the granules and limit
the disintegration of the starch under high shear and
pH conditions (Hirsch & Kokini, 2002).

MMWWWWMWCA
M%WMWW "
10 20 30 40 50 60 70

2 Theta (Degree)

Fig. 3. XRD pattern of Native and Cross-linked starch at 20 %
concentration.

Intensity(a.u)

Table 5. Physicochemical properties of Ibuprofen-loaded cross-
linked starch nanoparticles

FORMULATION CANP10 CANP CANP NSNP

20 30

Yield (%) 62.51 + 60.70 £ 5412+ 66.76 +

0.01 0.01 0.03 0.02
Encapsulation 98.18 + 9824+ 9817 9740 +
Efficiency (%) 0.03 0.07 0.04 0.04
Drug Loading 11.22 + 1156+ 1296+ 10.42 +
(%) 0.00 0.01 0.00 0.00
Particle Size 2019 933 3634 1940
(nm)
Polydispersity 0.912 0.489 1.000 0.531
Index

CANP = Citric acid cross-linked starch nanoparticles (at 10,
20 and 30 % concentrations); NSNP = Native starch
nanoparticles

Encapsulation Efficiency (EE)/ Drug Loading
Capacity (LC)

Encapsulation efficiency is the total amount of drug
that is effectively entrapped within the nanoparticles,
expressed in percentage. It also signifies the ability of
the drug to be entrapped within the nanoparticle,
while drug loading capacity (Loading capacity) is the
amount of the active ingredient loaded per weight of
the nanoparticle (expressed in percentage). It also
signifies the ability of the polymer to entrap the drug.
The EE and LC of the native and CA cross-linked
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starch NPs are presented in Table 5. Although not
significantly different, the EE of the cross-linked
starch is higher than the NSNPs. It can also be
observed that within the cross-linked starch NPs,
CANP at 20 % has a higher EE showing optimum
concentration for drug entrapment within the NPs.
Cross-linking also increased the LC of NPs as seen in
Table 5, with an increase in LC as the concentration of
CA increased (El-Naggar et al., 2015). The increase in
LC can be attributed to the presence of disulfide
linkages within the cross-linked starch NPs (Yang et
al., 2014), thereby having more affinity for the drug
(Raj & Prabha, 2015) and a greater ability to load more
drug than the uncross-linked NPs (Santoyo et al.,
2019).

Particle Size/Polydispersity Index

To achieve high efficacy and targeted delivery, the
surface properties of NPs are so designed to modulate
their cellular uptake and their fate in vivo (Steichen et
al., 2014; Shen, et al., 2016). Table 5 shows the results
of particle size of NPs. The concentration of the CA
had a variable effect on the size of the NPs. Only
CANP at 20 % concentration had particle size within
the nano range (933 nm), suggesting that the
concentration of CA to starch ratio at that
concentration was the optimum in producing
particles below 1000 nm. The size of NSNP closely
correlates with the study conducted by Zhou et al.
(2016) where they obtained starch nanocrystals of
mean size 1801 nm. However, when cross-linked with
citric acid, they obtained sizes of 503.1, 479.3 and 290.5
nm when heat was applied for 2, 4 and 6 h
respectively. Likewise, Ren et al. (2018) obtained
1,043.7, 805.6, 1,365.0 nm when they prepared citric
acid cross-linked starch nanocrystals and treated with
heat for 2, 4 and 6 h respectively compared to control
starch nanocrystals (1,834.0 nm). Therefore, particle
size of cross-linked starch NPs depend on the
treatment method utilized. The polydispersity index
(PDI) measures the consistency and the uniform
distribution of the dispersed system and has a range
between 0 to 1. Values tending towards 0 signifies a
uniformly dispersed system, while the reverse is the
case with PDI values greater than 0.5.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) is the technique
used to obtain surface morphology and composition

John et al (2022) BJPharm, 8(1), Article 1010

http://doi.org/10.5920/bjpharm.1010

of a material by utilizing a focused beam of scattered
electrons to obtain an image. The SEM image of native
and CA cross-linked starch NPs is shown in Figure 4

and 5 respectively.
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Fig. 4. Scanning Electron Micrograph of Native starch
nanoparticles.

Cross-linking with CA affects the morphology of
native starch, producing smooth and oval-shaped
NPs (Chin et al, 2019), while the native starch
nanoparticles are polygonal in shape (Shen et al., 2019;
Wang et al., 2016). Banerjee ef al., (2019) demonstrated
that the shape of NPs influences their uptake and
passage across intestinal cells and consequently
induce a cellular response, that provides useful
information on nano-toxicity (Huang ef al., 2010).
Furthermore, irrespective of other physicochemical
properties of NPs, Chu et al., (2014) noted a longer
resident time and delayed excretion of sharp-edged
NPs when they pierce through cytoplasmic walls.

2112019 WD  Mag  Hy -
8:56:44AM 18.4MM 9,000 15Ky 120um 90Pa Ll

HFW Pressure

Fig. 5. Scanning Electron Micrograph of Citric acid cross-linked
starch at 20 %.
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In-Vitro Release Studies

The in vitro drug release profile of ibuprofen-loaded
CA nanoparticles is displayed in Figure 6. The graph
shows a distinction between a type of conventional
formulation and the nanoparticle formulations. As
can be seen, the nano-formulations show the ability of
the polymers to hold onto the drug with time
suggesting a delayed release of the drug from the
polymer, while the pure ibuprofen was released from
the formulation within 30 min. The peak plasma
concentration of Ibuprofen from an immediate release
formulation is usually attained within 60 - 120 min
with a bioavailability of 80 - 90 % after oral
(New Zealand Ltd, 2011). This
correlates with the release of the pure drug from the

administration

conventional type of formulation. However, for the

onset of analgesia, the mean blood plasma
concentration of Ibuprofen is between 6.8 - 10.1
pug/mL (Mehlisch and Sykes, 2013). Our study shows
a release of ibuprofen from NPs of 21.8 ug/mL (22 %)
to 40.8 ng/mL (40.44 %) and 6.5 pg/mL (6.35 %) to
21.7 pg/mL (27.70 %) for CANP and NSNP
respectively from 2 to 24 hours. These results
therefore show that drug release from the cross-linked
starch NPs gave a better result compared to the
uncross-linked starch nanoparticles. With the cross-
linked NPs, the frequency of dosing can be reduced as
this can provide sustained analgesia for over a period

of 24 h.

Release Kinetics of Ibuprofen from Optimized
Formulations

Table 6 shows the release kinetics of Ibuprofen from
CA cross-linked and native starch NPs with plain
Ibuprofen as a conventional dosage form. The R?
values for CANP, NSNP, and plain Ibuprofen are
0.9937, 0.9958, and 0.9831 corresponding to First

http://doi.org/10.5920/bjpharm.1010

order, Higuchi, and Korsmeyer-Peppas Models.
Accordingly, their release exponent (n) values are
0.0116, 0.0147 and 0.0218. The release pattern of a drug
from semi and solid dosage forms is governed by
either dissolution or diffusion or both (Barzegar et al.,
2008). Drug release refers to the migration of an active
ingredient across the concentration gradient from the
formulation into the release media and having
undergone pharmacokinetic processes becomes
available for therapeutic action (Hamidi et al., 2013).
Because of this, the key purposes of nano-drug
delivery systems from a pharmacokinetic perspective
are to enhance in-vivo drug release and absorption,
increase distribution of the drug at the target site, alter
the metabolic drug patterns and extend blood
circulation time, while at the same time, delay renal
excretion (Hamidi et al., 2013). Therefore, drug release
from nano-drug delivery systems influences their
therapeutic actions, and studies on the release kinetics
will afford essential information into understanding

and enhancing such formulations.

Release Profile (%)
=
N b OO @ O N
o O O O o o o

0 10 20 30
Time (Hrs)

—+—CANP 20 ——NSNP —e—IBUPROFEN

Fig. 6. In vitro release profile of pure ibuprofen and ibuprofen-
loaded native and cross-linked starch nanoparticles.

Table 6. Data showing the kinetics of release of ibuprofen from native and cross-linked starch nanoparticles

Release Zero Order First Order Model = Higuchi Model Hixson- Korsmeyer-Peppas
Kinetic Model Crowell Model Model
Models
Formulation Ko R2 K1 R2 Ku R2 Kuc R2 Kkp R2 N
24 0.7812 0.5555 0.9937 25575 09378 0.4653 09694 1.0246 0.9607 0.0116
CANP 20
NSNP 16.933 0.9128 0.3873 09888 17201  0.9958 0.3774 0.9819 1.5386 0.9717 0.0147
Ibuprofen 103 0.8498 -0.2363  0.7281 10722 09736 0.0454 09755 29722 0.9831 0.0218
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From the results obtained, the CA cross-linked starch
NPs followed the first-order kinetic model, signifying
that the release of drug is both dissolution and
diffusion controlled. While the native starch NPs and
plain ibuprofen followed the Higuchi and
Korsmeyer-Peppas Models respectively. Factors that
affect the release of drug from dosage forms include
the physicochemical properties of the solutes, the
structural characteristics of the materials used, the
release media, and the interactions between these
factors on solute diffusion, polymer matrix swelling,
and degradation (Fu & Kao, 2011).

CONCLUSION

Nanoparticles were effectively synthesized from D.
exilis starch via the nanoprecipitation method. The
results obtained revealed that concentration of CA
had a significant effect on the physicochemical
properties of the starch. Further characterization
using FTIR shows an introduction of a citrate band in
the starch cross-linked with 20 % concentration of
citric acid to yield spherical nanoparticles of 933 nm,

with  improved encapsulation and loading

efficiencies, in addition, to a sustained the release of
Ibuprofen from the loaded NPs.
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