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Abstract: Calcium carbonate aragonite polymorph nanoparticles derived from cockle shells were
prepared using surface functionalization method followed by purification steps. Size, morphol-
ogy, and surface properties of the nanoparticles were characterized using transmission electron
microscopy, field emission scanning electron microscopy, dynamic light scattering, zetasizer,
X-ray powder diffraction, and Fourier transform infrared spectrometry techniques. The potential
of surface-functionalized calcium carbonate aragonite polymorph nanoparticle as a drug-delivery
agent were assessed through in vitro drug-loading test and drug-release test. Transmission electron
microscopy, field emission scanning electron microscopy, and particle size distribution analyses
revealed that size, morphology, and surface characterization had been improved after surface
functionalization process. Zeta potential of the nanoparticles was found to be increased, thereby
demonstrating better dispersion among the nanoparticles. Purification techniques showed a further
improvement in the overall distribution of nanoparticles toward more refined size ranges <100
nm, which specifically favored drug-delivery applications. The purity of the aragonite phase and
their chemical analyses were verified by X-ray powder diffraction and Fourier transform infrared
spectrometry studies. In vitro biological response of hFOB 1.19 osteoblast cells showed that
surface functionalization could improve the cytotoxicity of cockle shell-based calcium carbonate
aragonite nanocarrier. The sample was also sensitive to pH changes and demonstrated good abili-
ties to load and sustain in vitro drug. This study thus indicates that calcium carbonate aragonite
polymorph nanoparticles derived from cockle shells, a natural biomaterial, with modified surface
characteristics are promising and can be applied as efficient carriers for drug delivery.
Keywords: cockle shell, calcium carbonate, aragonite, surface functionalization, nanoparticle,
drug delivery

Introduction

Drug-delivery system is no longer a new branch of study in science today. It is already
commonplace and yet it is still being extensively studied. Drug-delivery studies are
interdisciplinary and cover vast array of disciplines including biology, chemistry,
physics, pharmaceutical chemistry, and biomedical sciences combined with engi-
neering and biotechnology fields as well.'® One of the most important aspects of
drug-delivery system is the role of drug vehicles.®!! In fact, numerous drug carriers
have been invented since the past decades using various materials such as inorganic
nanomaterials, carbon nanotubes, gold, silver, and polymer-based nanoparticles.”**
Although there are various choices of materials, calcium carbonate is used as one of
the most common inorganic materials to devise few delivery vehicles in drug-delivery
system.®!2-1421-2¢ On top of that use of bio-based calcium carbonate materials in the
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development of drug carriers is gradually gaining enormous
attention among researchers year by year.??!-22

In general, a large number of studies have been conducted
to investigate the special properties of calcium carbonate
material.'>?325-33 Moreover, it has been widely documented
that calcium carbonate exists in three kinds of polymorphs:
calcite, aragonite, and vaterite.?’?%313334 Each polymorph
indeed possesses unique properties that can be exploited for
various industrial purposes. Nevertheless, calcium carbonate
aragonite polymorph recently has become a center of atten-
tion among scientists, especially among those in biomedical
and pharmaceutical fields, and has been explored for its
numerous physical and chemical aspects to be used in many
versatile applications.3*3¢

Many studies have demonstrated that aragonite poly-
morph of calcium carbonate has high potential to be used as
an excellent biomedical material >*3¢° In fact, aragonite is
denser than calcite, is sensitive toward temperature change,
has various morphologies, has high mechanical strength,
and also is both biodegradable and biocompatible, though
it is thermodynamically less stable than calcite at ambient
temperature and pressure.***’*' Therefore, these special
properties of calcium carbonate aragonite polymorph have
recently been manipulated for diverse potential applications
in many fields, especially in biomedical research including
drug delivery®2!?2 and bone tissue engineering.>>*

To date, it has become a trend to use natural materials
primarily in constructing and designing carriers for drug-
delivery system.??!>2 The utilization of bio-based materials
such as mineral products*>* and the shells from naturally
occurring organisms??!:22:34-36.39-41.44-46 45 raw materials in the
development of various biomedical tools has generated great
interest due to environmentally friendly characteristics,
these days. For example, over the past two decades,***
coral (Porites sp.) was documented as a main biomaterial
source for bone substitute. However, several years later, a
comparative study* found that cockle shells had mineral
composition similar to corals and, therefore, cockle shell
was suggested as a compatible alternative biomaterial
source for bone graft.

Moreover, another study*' discovered that cockle shells
that were collected from the West Coast of Peninsular Malay-
sia consisted of 98.7% of calcium carbon (CaC) elements
of the total mineral compositions and the remaining 1.3%
composition was made of magnesium (Mg), sodium (Na),
phosphorus (P), potassium (K), and other mineral compo-
nents including iron (Fe), copper (Cu), nickel (Ni), boron
(B), zinc (Zn), and silicon (Si). Likewise, a recent study by

Bharatham et al*® was also in accordance with these findings
and agreed that cockle shell is composed of significantly high
content of CaC minerals. In fact, they also revealed that their
analysis on heavy metal elements including mercury (Hg),
arsenic (As), cadmium (Cd), and lead (Pb) were found to be
below detection limits in cockle shells according to Stan-
dard Specification for Composition of Hydroxyapatite for
surgical implants based on American Society Requirements
for Testing and Materials.*® This finding, therefore, justifies
that cockle shell is safe for human consumption and has a
remarkable potential particularly in orthopedic and other
biomedical applications.3>364041

Furthermore, the abundant amount of shells due to the
high yearly production and consumption of cockles in the
food industry, offers a convenient and low cost biomaterial
source (cockle shells), that are widely available in many
Asian countries.*! Moreover, recycling the dumped cockle
shells is one of the most effective ways to reuse and exploit
their mineral resources, besides effectively preserving the
environment as well. To date, cockle shell is being exploited
as a material for biocomposite scaffold in bone tissue
engineering, which evidences its ability as a good-quality
biomaterial of calcium carbonate aragonite polymorph.* In
fact, the abilities of calcium carbonate aragonite polymorph
nanoparticles derived from cockle shells as a delivery agent
have been successfully demonstrated for anticancer drug-
carrier therapy®? and also integrated with an antibiotic
drug?! in recent years.

However, the journey to investigate the physical and
chemical properties of the delivery agents remains ongoing
over the years as many aspects of delivery vehicles should be
profoundly studied to gain better understandings on the effi-
cient characteristics of the delivery vehicle so that an appli-
cable and effective delivery agent can be designed.®*'>> The
exploration for remarkable delivery vehicles has definitely
been an interesting yet challenging area of research over the
past few decades with many progressive developments of
drug vehicles that are initially made of various types of bio-
materials from micron-sized particles and currently advanc-
ing to more engineered constructs of nanoparticle delivery
carriers nowadays. Besides the type of materials, size and
surface properties are some of the important factors of a
drug-delivery system. These factors play significant roles in
determining the distribution of therapeutic molecules, ability
of drug targeting, stability of carrier particles, and their piv-
otal capacities to load and release drug compounds.>*>7°-11
Many reports in the literature have proven that nanoparticles
present more advantages in drug-delivery system compared
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to micron-sized particles in terms of several aspects includ-
ing distribution, protection, targeting, and clearance abilities
in systemic circulation.*>10-24

Moreover, another important characteristic of a deliv-
ery carrier is that the surface feature of carrier particles
essentially determines driving forces such as electrostatic,
hydrophilic, and hydrophobic forces for drug interaction to
the carrier and can also influence cellular interactions within
the body.” Furthermore, many previous works have proved
that various functional applications of calcium carbonate
compound generally depend on its controlled surface proper-
ties.304247-50 Additionally, surface functionalization has been
documented to improve the interaction between carriers and
specific cell membranes by manipulating the surface charges
of particles, thereby helping the delivery carrier approaching
the targeted site of action efficiently during systemic vascular
circulation.>*”?-!1 The interaction between the carrier’s par-
ticles and drug compounds in suspension can be enhanced
through some exploitation on their surface properties.”* '
Such modification will thus affect the surface energy and
electrical potential of particles, thereby improving their
dispersion as well as distribution in general .*747-52

Therefore, the ability and efficacy of cockle shells—based
calcium carbonate aragonite polymorph nanoparticles with
surface functionalization as a delivery carrier will be herein
investigated to explore its possible potentials in drug-delivery
application. This research employs some basic procedures to
produce the nanoparticles based on the established production
method*** with some improvements in the synthesis method.
Furthermore, a specific and improved modification process*’
was also incorporated into the production method in order to
uniformly produce and effectively functionalize the surface of
cockle shell-based calcium carbonate aragonite polymorph
nanoparticles. This will attain the permissible necessities
as a potential nanocarrier which is equipped with efficient
delivery bioactivities.

The main scope of this study was to synthesize nanopar-
ticles with homogenous size and better surface character-
ization derived from cockle shells, particularly for safe and
feasible drug-delivery applications. In this regard, a few
physical and chemical aspects of the nanoparticle products
prepared in the presence of dodecyl dimethyl betaine (BS-
12) were thus evaluated for practical application of drug
delivery. Characteristics of delivery carriers that would be
appropriately assessed in this study include physical size
and morphological components of the nanoparticles, surface
properties, cytotoxicity, and their loading and release abili-
ties as efficient delivery vehicles. These assessments are in

fact very crucial while designing cockle shell-based calcium
carbonate aragonite polymorph nanocarrier so that it can be
classified as a promising delivery agent that achieves strin-
gent requirements as stable, safe, and efficient drug carriers
in drug-delivery colloidal system.

Materials and methods
Synthesis of surface-functionalized cockle
shell-based calcium carbonate aragonite

polymorph nanoparticles

Micrometer-sized particles from cockle shells was prepared
according to previous studies.*® The particles thus obtained
were further processed into nanoparticles according to a
previously described method.* BS-12 was purchased from
Shanghai Jindun Industrial Company, Shanghai, People’s
Republic of China. Deionized water was obtained from Elga
Pure lab intelligent pure water purification system (Model
Ultra GE MK2, UK) with 18.2 MQ-cm resistivity of water
purity.

A total of 5 g of cockle shell-based calcium carbonate
microparticles were mixed with 50 mL of distilled water in
a 250 mL conical flask. The suspension was then stirred vig-
orously at 1200 rpm for 1 hour at room temperature using a
mechanical magnetic stirrer hotplate (WiseStir SMHS; Witeg
Labortechnik GmbH, Germany, and magnetic stirrer bar) and
1.5 mL of BS-12 was added to the suspension and stirred again
at 1000 rpm for 2 hours at room temperature. After that the
resulting suspension was centrifuged several times to wash
out BS-12 residues from the suspension (Multifuge 3S-R,
model D-37520; Thermo Fisher Scientific, Waltham, MA,
USA) and the sample was dried in an oven for 2 days at 80°C.

Next, surface functionalization was carried out according
to a previously described method.*” Calcium chloride dihy-
drate (CaCl,-2H,0) was bought from Friedemann Schmidt
Chemical. A total of 20 g of cockle shell-based calcium
carbonate aragonite polymorph spherical nanoparticle was
suspended into 80 mL calcium chloride dihydrate solution
(CaCl,-2H,0) prepared at 1000 parts per million concentra-
tion in a 250 mL glass bottle with a cap. The suspension was
then sonicated three times for 15 minutes, each time using an
ultrasonic probe (Model 2510; Sigma-Aldrich Co., St Louis,
MO, USA) with a resting period of 20 minutes between
sonication treatment intervals. The bottle was then tightly
sealed and agitated for 6 hours at 200 rpm on a roller mill
machine (Labcampus company, Korea) for 5 days at room
temperature. The sample was then washed, centrifuged, and
then dried in an oven at 80°C for 2 days.
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The surface-functionalized cockle shell-based calcium
carbonate aragonite polymorph spherical nanocarriers were
filtered two times during purification process. Approximately
5 g of surface-functionalized cockle shell-based calcium
carbonate aragonite nanoparticle powder was added to
200 mL of deionized water and sonicated for 15 minutes to
obtain a uniform particle distribution in suspension. After
that the sample was first prefiltered by a membrane filter
with a pore size of 5 pm (cellulose nitrate membrane filter;
Sartorius, Gottingen, Germany) using a vacuum filtration set
(47 mm filtration assembly with 300 mL funnel, 1 L flask)
connected to an oil-free vacuum pump (Rocker Scientific
Co., Ltd. New Taipei City, Taiwan). Subsequently, the filtrate
was collected and refiltered for the second time again by a
membrane filter with a pore size of 0.1 um (cellulose acetate

membrane filter; Sartorius) using the same vacuum filtration
set. Then, the sample was cooled at —20°C for 24 hours in
several 30 mL sterile containers and placed in a freeze-drying
machine (Model Christ Alpha 1-2 LD plus; Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Ger-
many) for 5 days. Finally, the dried surface-functionalized
cockle shell-based calcium carbonate aragonite nanoparticle
sample was collected for further studies. In short, the whole
experimental procedure is summarized in Figure 1.

Drug-loaded surface-functionalized
cockle shell-based calcium carbonate

aragonite polymorph nanocarrier
A total of 5 mg of surface-functionalized cockle shell-based
calcium carbonate aragonite nanoparticles was accurately
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Figure | Flowchart of the experimental procedures.

Abbreviations: TEM, transmission electron microscopy; FESEM, field emission scanning electron microscopy; XRD, X-ray diffraction; FTIR, Fourier transform infrared
spectrometry; CSD, cockle shell-based CaCO, nanocarrier with surface functionalization loaded drug; CXSD, cockle shell-based CaCO, nanocarrier without surface

functionalization loaded drug.
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weighed and added to 1 mL of phosphate-buffered saline
(PBS) at pH 7.4 in a microcentrifuge tube to make a final
concentration of 5 mg/mL. Nanocarrier and drugs in ratios
5:1,5:2,5:3, and 5:5 were weighed and dissolved, respectively,
into each microcentrifuge tube, and the mixtures were continu-
ously shaken at 2001 rpm using an orbital shaker (Protech
Model 719; Tech-Lab Scientific, Cheras, Malaysia) overnight
at room temperature. Then, the nanoparticle/drug complexes
were washed, centrifuged, and oven-dried (FD 115; Fisher
Scientific, Limburg, Germany) at 50°C. The supernatant of
each formulated mixture was collected for further analysis.
These procedures were repeated for cockle shell-based
calcium carbonate aragonite nanoparticles without surface
modification for comparison purposes. All the experiments
were conducted in three different experimental batches.

Physicochemical characterization

The size and shape of samples were evaluated using a trans-
mission electron microscopy (TEM) (H-7100 Transmission
Electron Microscope, Hitachi, Tokyo, Japan) operated at a
voltage of 150 kV. The sample was first mixed with absolute
alcohol and sonicated using a sonicator (Power Sonic 505,
Hwashin Technology Co., Gangnam-gu, South Korea) for
30 minutes. Then, a drop of the colloidal solution was put
onto a carbon-covered copper grid placed on a piece of filter
paper and dried at room temperature for an hour.

Surface morphology and nanostructure of the sample
were examined using a field emission scanning electron
microscopy (JOEL 7600F Scanning Electron Microscope,
JOEL USA, Inc., USA) operated at a voltage of 5 kV. All
the samples were dispersed onto carbon conductive adhesive
placed on sample holders and then coated with platinum
before examining under electron microscope.

Zeta potential and size distribution analyses of nanopar-
ticles were performed using a Zetasizer Nano ZS device
(Malvern Instruments Ltd., Malvern, UK). Each sample
was prepared using deionized water and dispersed using an
ultrasonicator prior to measurements. Particle size distribu-
tion and zeta potential measurements were carried out using
disposable cuvettes at room temperature with dynamic light
scattering detected at an angle of 173°. Both size distribu-
tion and zeta potential of each sample were averaged and
expressed as meantstandard deviation of three replicate
measurements.

Crystalline properties of the samples were investigated
by X-ray powder diffractometer (Model PW 3040/60, MPD
X’pert High Pro PANalytical; Philips) equipped with a
Cu-K (A=0.15406 nm) radiation source scanned at a rate

of 40/minute. The phase of each sample was determined at
20=5°-60° at room temperature.

Chemical analyses of the samples were performed using
a Fourier transform infrared spectrometer (FTIR; Model
Spectrum 100; Perkin Elmer, Waltham, MA, USA) over a
range of 280—4000 cm™ at 2 cm™ resolution.

Determination of drug-loading capacity

and encapsulation efficiency

Drug loading capacity and encapsulation efficiency of each
sample were determined by calculating the differences
between the total weight of drug fed (Wt) and the amount of
free drug (Wf) in the supernatant using Equations (1) and (2):

Wt— Wt

Loading content =
Wnp

%100 (1)

. . Wt— Wt
Encapsulation efficiency = ———

%100 2)
where Wt is the total weight of drug fed, Wf is the weight
of free drug in the supernatant, and Wnp is the weight of
nanoparticles.

The concentration of free drug in the supernatant was
quantified by measuring the absorbance at a wavelength of
259 nm via a ultraviolet-visible (UV-vis) spectrophotometer
(PerkinElmer Lambda 35; Perkin Elmer). All the data were
measured in triplicates and the result was expressed as a mean
of three independent measurements. The analytical method
was validated using a standard plot of ketoprofen lysinate in
the range 1-4 pg/mL.

In vitro cytotoxicity study

hFOB 1.19 (ATCC® CRL11372™) cell line, derived from
human fetal bone tissue, was purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). The
osteoblast SV40 large T antigen transfected cell line was
grown in a base medium that comprised 1:1 mixture of Ham’s
F12 medium Dulbecco’s modified Eagle’s minimal essential
medium with 2.5 mM Iglutamine without phenol red. The
complete growth medium for the cell line was prepared by
adding fetal bovine serum to a final concentration of 10%
and by supplementing with 0.3 mg/mL of Geneticin® selec-
tive antibiotic G418 (Sigma-Aldrich, St Louis, MO, USA)
as recommended in the ATCC product sheet protocol.> The
cultured cells were incubated at 34°C in an incubator supplied
with 5% CO, in air atmosphere as described in the guide-
line procedures. The confluence of cells at approximately
80%—90% was used for seeding and further treatments.
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Cell seeding and treatments

The human osteoblast cell line (hFOB1.19) was seeded into
96-well plates and incubated for 24-36 hours. Then, the
cells were cocultured with surface-functionalized cockle
shell-based calcium carbonate aragonite polymorph nanopar-
ticles and those without surface functionalization at different
concentrations ( 25, 50, 100, 200, 400, 800, and 1000 pg/mL)
for 24 hours including wells for control. Likewise, different
concentrations of ketoprofen lysinate, blank nanoparticles,
and nanoparticle/drug complexes of both nanocarrier types
were prepared and cocultured into each respective well at
predetermined concentration levels of 15.625, 31.25, 62.5,
125, 250, 500, and 1000 pg/mL and incubated for 24 hour
in cell culture incubator at 34°C.

MTT cell-based assay procedures

After incubation, all cultured media inside each well includ-
ing the controls were aspirated, washed with PBS, and then
replaced by 50 pL of fresh complete media prior to MTT
treatment. Next, 10 uL of MTT reagent (Sigma-Aldrich)
was added into each well including controls, and the plates
were incubated for 4 hours at 34°C. Cultured medium inside
all wells was removed properly and 150 pL of dimethyl
sulfoxide was added to each well including the controls,
and the samples were then gently shaken for 20 minutes in
dark room. After that the sample compounds were quantified
spectrophotometrically by a plate reader at a wavelength of
565 nm. The experiment was carried out in triplicates and
the results were appropriately analyzed using Equation (3):.

D test
Cell viability (%) = —22 1%t 100 3)
OD control
where OD test is the optical density reading of the test
result and OD control is the optical density reading of the
control.

In vitro drug-release study

A total of 5 mg of nanocarrier/drug complex was sus-
pended in 10 mL of PBS at pH 7.4 and pH 6.4. Then, the
samples were gently and constantly rotated at 100 rpm in
an incubator shaker (WiseCube; Wisd Laboratory Instru-
ments) at 37°C. A total of | mL of the immersion liquid
was taken out of the sample at predetermined intervals:
every hour for the first 6 hours and followed by 24 hours
for five consecutive days. An equal volume of the same
buffer was then replaced in the sample. After that the
liquid sample was centrifuged and the drug concentration
was determined by measuring the absorbance at specific

wavelength, A =259, using a UV-vis spectrophotometer.
The procedures were performed in triplicate for both types
of nanocarrier/drug complexes.

Statistical analysis

Data analyses were performed using SPSS statistical analytic
software (SPSS 14.0 for Windows; SPSS, Inc., Chicago, IL,
USA). Independent ¢-test was used to find statistical differ-
ences between two means of both nanocarrier types. p-value
<0.05 (p<0.05) was considered as statistical significance. All
experiments were performed in triplicate unless otherwise
indicated and the results were expressed as meantstandard
deviation

Results and discussion
Size morphology, surface characterization,
particle size distribution, and zeta

potential

The size, shape, and surface characteristics of the surface-
functionalized cockle shell-based calcium carbonate ara-
gonite polymorph nanoparticles were analyzed by TEM
and FESEM. Purification procedure proved that in general
larger particles could be separated from whole nanoparticles.
Figure 2A and B shows the transmission electron micro-
graphs of cockle shell-based calcium carbonate aragonite
nanoparticles without surface functionalization, before and
after the purification process.

On the other hand, Figure 3A and B shows the micro-
graphs of cockle shell-based calcium carbonate aragonite
polymorph nanoparticles after surface functionalization
before purification procedure at different magnifications.
Meanwhile, Figure 3C is a transmission electron micrograph
of the sample after purification procedure observed at a
slightly higher magnification of 150,000x. These figures
clearly present the significant effect of purification proce-
dure on round-shaped cockle shell-based calcium carbonate
aragonite polymorph nanoparticle samples, either before or
after surface functionalization process during which larger-
sized particles (more than 100 nm) are possibly filtered and
removed through double filtration techniques during the
purification process.

In addition, the huge difference in terms of nanopar-
ticles’ dispersion could also be compared between Figures 2
and 3. The distribution among cockle shell-based calcium
carbonate aragonite polymorph nanoparticles was improved
as the nanoparticles appeared more disperse to each other
after the surface functionalization process, which is clearly
shown in Figure 3A—C. Therefore, the synthesis method is
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_
/1 8 30.36 nm

Figure 2 Transmission electron micrographs of cockle shell-based calcium carbonate aragonite polymorph nanoparticles without surface functionalization (A) before
purification process and and (B) after purification process examined at 150,000x and 200,000x magnifications, respectively.

Figure 3 Transmission electron micrographs of surface-functionalized cockle shell-based calcium carbonate aragonite polymorph nanoparticles before purification procedure
viewed at (A) 70,000x (B) 100,000x magnifications, and after purification procedure viewed at (€) 150,000x magnification.

advantageous for drug-delivery applications as for most of
the time the presence of larger particles in the nanoparticle
sample can interfere and give different experimental results
in vitro.’* Moreover, prevention of coarse agglomeration
between nanoparticles by surface modification technique
improves the overall distribution of nanoparticles, thereby

increasing the biological effect during in vitro investigation
in particular.>-%*

On the other hand, Figure 4A and B is the micrographs
of surface-functionalized cockle shell-based calcium
carbonate nanoparticles before purification viewed at
several magnifications, whereas Figure 5 is a micrograph

Figure 4 Field emission scanning electron micrographs of surface-functionalized cockle shell-based calcium carbonate aragonite polymorph nanoparticles viewed at different

magnifications: (A) 50,000x and (B) 100,000x.
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Figure 5 Field emission scanning electron micrograph of surface-functionalized
cockle shell-based calcium carbonate aragonite spherical nanoparticles after
filtration viewed at 100,000x magnification.

of those nanoparticles after filtration viewed at 100,000x
magnification. The figure shows that the surfaces of these
nanoparticles are rough and irregular rather than smooth and
rigid, which reveals their porous nature. In addition, Figure
5 also ensures that the size range of most nanoparticles is
less than 100 nm, which was confirmed by filtration method.
Furthermore, the size of the largest nanoparticles viewed
in the micrograph was only around 70-80 nm in diameter,
after being purified.

Figure 6A shows the micrographs of the drug-loaded
surface-functionalized cockle shell-based calcium car-
bonate aragonite polymorph nanoparticle (CSD) viewed
at 100,000x magnification, whereas Figure 6B shows the
micrographs of drug-loaded cockle shell-based calcium
carbonate aragonite polymorph nanoparticle without surface
functionalization (CXSD) at 150,000x magnification . The

£

g

figures show that the size of the nanocarriers did not change
even after the drug-loading process; this emphasizes that
the drug molecules might have been possibly confined into
pore channels of both porous cockle shell-based calcium
carbonate nanoparticles during the physical encapsulation
process of the drugs. Apart from that, Figure 6A also clearly
reveals that surface functionalization could result in better
size distribution among CSD complexes compared to CXSD
sample as seen in Figure 6B. The aim of our research was
to provide better prospective on surface-functionalized col-
loidal cockle shell-based calcium carbonate nanocarrier,
which potentially lowers the risk of agglomeration among
the nanoparticles that may affect their function and stability
as an efficient drug carrier.

Moreover, the size distribution of the nanoparticles before
and after the purification procedure based on the scattering
intensity from the zetasizer analysis are shown in Figure 7A
and B. The highest peaks in Figure 7A and B refer to the
mode of particle size distributions which represents the size
of the nanoparticles that are most commonly found in the
surface-functionalized cockle shell-based calcium carbon-
ate aragonite sample in deionized water. From the graphs,
the sample after the purification procedure displays one
prominent peak when compared to the sample before the
purification procedure which portrays two distinct peaks,
hence indicating that the purification procedure improved
the consistency of the particle size distribution as shown in
Figure 7A and B, respectively.

Besides, purified nanoparticles (Figure 7B) showed a nar-
rower range of particle size distribution compared to nonpuri-
fied nanopaticles (Figure 7A). This shows that purification

Figure 6 Transmission electron micrographs of (A) drug-loaded surface-functionalized cockle shell-based calcium carbonate aragonite polymorph nanocarrier and (B)
drug-loaded cockle shell-based calcium carbonate aragonite polymorph nanocarrier without surface functionalization viewed at 100,000x and 150,000x magnifications,

respectively.
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Figure 7 Size distributions based on scattering intensity (%) against diameter size of surface-functionalized cockle shell-based calcium carbonate aragonite nanoparticles (A)

before and (B) after purification procedure

process had a significant effect on the size of nanoparticles;
larger nanoparticles were filtered from the whole sample,
which resulted in a better uniform size distribution. In addi-
tion, the results obtained agreed well with those obtained by
TEM shown in Figure 2A. In fact, it was very important to
exclude or filter larger nanoparticles from the whole sample
as they might lead to coarse agglomeration, which could
probably exert different effects toward biological systems.*
Therefore, the suggested method is very advantageous in
refining the size distribution of nanoparticle samples, espe-
cially for drug-delivery purpose.

Zeta potential is also one of the important parameters that
characterize the surface property of the particles, especially
for improving cellular interactions in drug-delivery sys-
tem.* ! Table 1 displays zeta potential values of both cockle
shell-based calcium carbonate nanoparticles without surface
modification and surface-functionalized cockle shell-based
calcium carbonate nanoparticles based on three replicate
experimental measurements. The zeta potential of cockle
shell-based calcium carbonate nanoparticle without surface

Table | Zeta potentials of cockle shell-based calcium carbonate
nanoparticle without surface functionalization and surface-
functionalized cockle shell-based calcium carbonate nanoparticles

Samples Zeta potentials (mV) pH measurements
(mean = SD) (mean = SD)

Cockle shell-based =~ —9.4+0.8 8.35+0.01

calcium carbonate

nanoparticle

without surface

functionalization

Surface-functionalized —28.9+0.1 7.85+0.01

cockle shell-based
calcium carbonate
nanoparticle

Note: All samples showed statistically significant difference at p<0.05.
Abbreviation: SD, standard deviation.

modification was approximately calculated as 9.4 mV at pH
8.35. Yet surface functionalization was proved to enhance
zeta potentials up to around 28.9 mV at pH 7.85, thereby
resulting in more stable dispersion of the cockle shell-based
calcium carbonate nanoparticles in suspension.

As often reported in the literature, the desirable zeta
potential value should be approximately +£30 mV so that
sufficient surface charge can allow stable dispersion among
particles in suspension, thereby preventing particles’ aggrega-
tion.” ! The zeta potential of surface-functionalized cockle
shell-based calcium carbonate nanoparticles is closer to
the optimum zeta potential for drug delivery, hence allow-
ing better stability and dispersion of the nanoparticles in
suspension compared to the cockle shell-based calcium
carbonate nanoparticle without surface modification. In
fact, zeta potential value of surface-functionalized cockle
shell-based calcium carbonate nanoparticles was found to
be significantly higher compared to zeta potentials of those
nanoparticles without surface modification, when statistically
tested at p<0.05.

This finding further justifies the results obtained by
TEM (Figures 2 and 3) regarding the visibly improved
distribution and dispersion of the surface-functionalized
cockle shell-based calcium carbonate nanoparticles sample
compared to those without surface modification. Mean-
while, the sign of zeta potentials was found to be negative
for both calcium carbonate samples. In addition, surface
functionalization has also been found to influence the pH
values of the samples. The pH of surface-functionalized
cockle shell-based calcium carbonate nanoparticles was
lower and more close to neutral pH, that is pH 7.85, whereas
the pH of the sample before surface modification was 8.35.
Therefore, this implies that calcium ions are adsorbed suc-
cessfully onto the surface of the nanoparticles after surface
functionalization process.
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Drug-loading and encapsulation
efficiencies

Drug-loading process was performed by incubating nano-
carriers into concentrated drug solutions for a specific time
period. Ketoprofen lysinate was selected as a model drug to
demonstrate the loading ability of the surface-functionalized
cockle shell-based calcium carbonate aragonite nanoparticles
as a drug carrier. Various ratios of nanocarrier to drug were
tested in order to obtain a best formulation for loading pro-
cess as shown in Figure 8. At a ratio of 5:1, CSD showed a
highest percentage of encapsulation efficiency (89.9%) but
a lowest percentage of (17.9%) loading capacity. Similarly,
at a ratio of 5:1, CXSD also showed a highest percentage of
encapsulation efficiency but a lowest percentage of drug-
loading capacity (15.9%). A similar trend of findings was
also reported by others.®%

In general, increased drug concentrations during load-
ing process resulted in increased percentage of drug load-
ing; this could also increase the amount of drug compounds
lost to the surrounding medium due to lesser effectiveness
of nanocarriers to load most of the drug compounds. The
results of our study emphasize that highest encapsulation
efficiency was observed at a nanoparticle:drug ratio of
5:1 for both types of nanocarriers. For instance, while
loading 5 mg of surface-functionalized cockle shell-based
calcium carbonate aragonite nanoparticles with 1 mg of
ketoprofen lysinate, about 89.9% of ketoprofen lysinate
was adsorbed onto the surface of the nanoparticles and
based on the loading content, 17.9% of the nanoparticles
was being loaded by the drug compound. Hence, in gen-
eral, the concentration of drugs plays a significant role
in determining both the encapsulation efficiency and
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drug-loading capacity of the nanocarrier/drug complexes
during the loading process.

In general, both encapsulation and drug-loading efficien-
cies of the CSD complex were higher compared to the CXSD
complex at all formulated nanoparticle/drug ratios as shown
in Figure 8A and B, respectively. Indeed, the percentages
of encapsulation and drug-loading efficiencies of the CSD
sample were significantly proven to be higher compared to
those of CXSD sample, which was statistically analyzed at
p<0.05 for all nanoparticle/drug formulated ratios. These
results show the substantial effect of surface functionaliza-
tion in enhancing the ability of cockle shell-based calcium
carbonate aragonite nanocarrier to load more drugs during
loading process. In our opinion, surface functionalization
increases the driving forces, especially the electrostatic
attractions, between the nanoparticles and drug molecules,
thereby resulting in higher encapsulation efficiency and toler-
able percentage of drug-loading capacity. Besides, surface
modification based on ionic interactions between the CSD
sample and drug molecules might also improve transfection
process during loading procedure effectively.®!!

X-ray diffraction (XRD)

The crystalline nature of materials in all the samples after
the loading process was analyzed by XRD. Figures 9 and
10 show the strong and intact crystallization state of all
the samples in corresponding XRD patterns. The aragonite
phase of the samples was confirmed according to JCPDS
file no. 00-041-1475. The XRD patterns of all the cockle
shell-based calcium carbonate samples before and after
loading of both nanocarrier types indicate that the aragonite
crystalline phase of the samples did not change or alter after
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Figure 8 Percentages of encapsulation efficiency and loading capacity of (A) surface-functionalized cockle shell-based calcium carbonate aragonite nanoparticle/drug
complex and (B) cockle shell-based calcium carbonate aragonite nanoparticle without surface modification/drug complex, based on various loading ratios.
Notes: The percentages of both encapsulation efficiency and drug-loading capacity of nanoparticle/drug complex sample (A) were significantly higher than the sample (B)

at all formulated ratios statistically tested at p<0.05.
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being loaded with the drugs (Figures 9B, C and 10B, C).
The original phase of calcium carbonate aragonite crystal
remained same, although it underwent the whole formula-
tion process. Furthermore, these comparable patterns of
XRD patterns also demonstrate that the drug molecule was
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Figure 9 Comparison of X-ray diffraction patterns of (A) ketofropen lysinate
drug, (B) drug-loaded surface-functionalized cockle shell-based calcium carbonate
aragonite nanoparticles, and (C) blank surface-functionalized cockle shell-based
calcium carbonate aragonite nanocarrier.
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Figure 10 X-ray diffraction patterns of (A) ketofropen lysinate drug, (B) drug-
loaded cockle shell-based calcium carbonate aragonite nanoparticles without
surface modification nanoparticles, and (C) blank cockle shell-based calcium
carbonate aragonite without surface modification nanocarrier.

loaded within the nanocarriers. Similar patterns of findings
were also observed by other studies.?2!-3%7

FTIR

The FTIR spectra of ketoprofen lysinate, CXSD, and CSD
are presented in Figure 11A—C, respectively. The FTIR bands
of CXSD at 1780 cm™ and of CSD at 1786 cm™ are due to
C=0 stretching vibration. Bands of CXSD at 1780 cm™,
1451 cm™, 1082 cm™, 854 cm™!, and 700 cm ™! and of CSD
at 1786 cm™, 1458 cm™!, 1083 cm™!, 856 cm ™!, and 707 cm™!
were descriptive FTIR absorption bands of carbonate groups
that are typically found in aragonite polymorph calcium car-
bonate.***%** The presence of these prominent FTIR bands
of aragonite polymorph calcium carbonate in the samples
(Figure 11B and C) indicates that the aragonite polymor-
phism of both nanocarriers remained the same after the drug
loading process.

Additionally, another three prominent FTIR bands of
CXSD were also observed at 3386 cm™, 1020 cm™!, and
559 cm' and of CSD at 3398 cm™!, 1025 cm ™!, and 565 cm™.
The bands at 3386 cm™! and 3398 cm™' were assigned as
-—NH stretch. In the FTIR fingerprint region, there were -CN
stretching band appeared at 1020 cm™' and 1025 cm™ and
—CH bending vibration at 559 cm™ and 565 cm™ in both
samples. The appearance of -NH stretching, —CN stretching
and —CH bending bands are possibly due to the character-
istic bands of the ketoprofen lysinate drug. The presence of
nitrogen (N) element from the amine group and the hydrogen
(H) from the alkane group in both the calcium carbonate
nanocarrier-drug complexes are potentially contributed by the
drug component, considering that the elemental compositions
in both types of calcium carbonate nanocarriers should only
contain carbon (C), oxygen (O), and calcium (Ca) elements.
This result, therefore, implies that ketoprofen lysinate has
been successfully adsorbed into both types of nanocarriers.

In addition, the FTIR results shown in Figure 11 also
demonstrates that the interactions between the drug and
both of the nanocarriers are due to weak intermolecular van
der Waals forces such as hydrogen bonding, dipole—dipole
attraction, and electrostatic attraction. The observation of a
strong absorption band at around 3386 cm™' and 3398 cm™!
for CXSD and CSD, respectively, shows that the formation
of hydrogen bond between the drug and the nanocarrier
cannot be ruled out. Furthermore, comparison of the FTIR
absorption spectra between both nanocarriers and the drug
also indicates that CSD had relatively stronger bond than
CXSD, as most of their FTIR absorption spectra appeared
at comparatively higher vibrational wavenumbers.
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Figure 11 FTIR spectra of (A) ketoprofen lysinate drug, (B) drug-loaded cockle shell-based calcium carbonate aragonite nanoparticles without surface modification, and
(C) drug-loaded surface-functionalized cockle shell-based calcium carbonate aragonite nanoparticles.

MTT cytotoxicity assay
In vitro cytotoxicity analysis of blank surface-functionalized
cockle shell-based calcium carbonate aragonite and those
samples without surface modification shows a good biocom-
patibility based on cell viability after 24 hours of incubation
(Figure 12). However, the cell viability percentage based on
controlled cells of the blank samples of surface-functional-
ized samples was higher compared to those without surface
modification, which was ~79.5% at 1000 pg/mL.

The result demonstrates that the surface modification of
cockle shell-based calcium carbonate aragonite nanoparticles
could apparently improve the toxic effect of the nanoparticle
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Figure 12 In vitro cytotoxicity study of blank surface-functionalized cockle shell-based
calcium carbonate aragonite (blue bars) and cockle shell-based calcium carbonate
aragonite without surface modification nanoparticles (gray bars) on human fetal bone
tissue cell line (hRFOBI.19) at different concentrations during 24 hours of incubation.
Note: The statistical analysis showed that the cell viability of surface-functionalized
cockle shell-based calcium carbonate aragonite nanoparticle samples was
significantly higher compared to cockle shell-based calcium carbonate aragonite
nanoparticles without surface modification only at 100 until 1000 pg/mL. However,
at concentrations below 100 pg/mL, both type of nanocarriers have similar cell
viability percentage which is 100%. Cell viability for surface-functionalized [blue bar]
at concentration: 0: 100%; 25: 100%; 50: 100%; 100: 100%; 200: 100%; 400: 99.8%;
800: 98.2%; 1000: 90.1%. Cell viability for cockle shell-based CaCO3 without surface
modification [gray bars] at concentration; 0: 100%; 25: 100%; 50: 100%; 100: 95.3%;
200: 86.3%; 400: 81.7%; 800: 80.9%; 1000: 79.5%.

sample prepared using BS-12 surfactant. Hence, this situation
enhances the percentage of cell viability up to £90% even at
high concentration of 1000 pg/mL. Therefore, this work sug-
gests that surface-functionalized cockle shell-based calcium
carbonate aragonite nanoparticle is potentially a better material
in terms of its reliably low cytotoxic effect on biological cells
and is safe for use in many biomedical applications, including
its use as a biocompatible carrier agent in drug-delivery system.
Figure 13A and B shows the cytotoxic effect of free
ketoprofen lysinate drug compared to similar concentrations
of CSD and CXSD complexes on human fetal bone tissue
cell lines (hFOBI1.19) at different concentrations during
24 hours of incubation. In general, when ketoprofen lysinate
drug concentrations were doubly reduced, the cell viability
percentages increased, which indicates a decrease in the
cytotoxic effect of the drug during 24 hours of incubation
period (Figure 13A and B). Similar result of drug toxicity
study® that employed different cell lines was also reported.
Cytotoxicity analysis reveals that ketoprofen lysinate—free
drug was moderately toxic when directly exposed to human
fetal bone tissue cell lines, which approximately showed
63% of cell viability at high concentration of 1000 pg/mL
during 24 hours of incubation. However, the toxic effect
of pure ketoprofen lysinate drug on the cell lines could be
improved by loading the drug components either onto the
surface-functionalized cockle shell-based calcium carbon-
ate aragonite or onto those nanoparticles without surface
modification, prepared at similar drug concentrations.
Reduced drug toxicity observed might be probably due to
the sustained release effect of the drugs during 24 hours of
incubation. These results demonstrate that both nanocarrier
types could apparently reduce the toxicity profile of a pure
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Figure 13 In vitro cytotoxicity studies on the human fetal bone tissue cell lines (NFOB 1.19) exposed to ketoprofen lysinate free drug along with (A) drug-loaded surface-
functionalized cockle shell-based calcium carbonate aragonite nanoparticle and (B) drug-loaded cockle shell-based calcium carbonate aragonite nanoparticle without surface

modification at several concentrations during 24 hours of incubation period.

drug by loading it onto either type of the nanocarriers. Similar
to the features of other drug carriers, this special feature of
cockle shell-based materials emphasize that they possess
considerable potential as drug carriers, which can possibly
slow down or prevent the undesired direct toxic effects of
drugs on biological cells, a characteristic feature which is
beneficial for delivery system.

In addition, cytotoxicity analysis indicates that the CSD
sample generally had a higher percentage of cell viability
compared to CXSD, nearly at all concentrations. For example,
the CSD complex achieved almost 100% of cell viability
based on controlled cells at a concentration of 125 pg/mL.
On the other hand, CXSD had a slightly lower percentage of
cell viability (comparatively 95% at 24 hours of incubation).
Therefore, MTT cell viability study suggests that surface
functionalization of the cockle shell-based calcium carbon-
ate aragonite nanoparticles can enhance the biological cell
viability and reduce cytotoxic effects of the calcium carbonate
aragonite—derived cockle shell biomaterial, thereby possibly
improving their cellular interactions within the biological
systems in particular.

Drug release kinetics
Drug release kinetic was conducted at two different pH
environments. It is well known that the pH at inflammation
site is slightly lower™-¢! than the normal physiological pH,
which is around 7.4. In this study, we chose PBS whose
pH was 6.4 as dissolution medium to investigate the release
kinetic of both nanocarrier types simulated at comparable pH
of the inflammatory tissues. The in vitro release profiles of
ketoprofen lysinate from the CSD and CXSD complexes at
respective pH 7.4 and pH 6.4 are shown in Figures 14 and 15.
At pH 7.4, almost 97% of ketoprofen lysinate was
released from the CXSD complex in 24 hours, whereas ~70%
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Figure 14 In vitro release profile of ketoprofen lysinate from (A) drug-loaded
surface-functionalized cockle shell-based calcium carbonate aragonite nanoparticles
and (B) drug-loaded cockle shell-based calcium carbonate aragonite without surface
modification nanoparticles at pH 7.4 in phosphate buffered saline.

Note: The cumulative release percentages at pH 7.4 of the sample (B) were
significantly higher than the sample (A) when statistically tested at p<0.05.
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Figure 15 In vitro release profile of ketoprofen lysinate from (A) drug-loaded
surface-functionalized cockle shell-based calcium carbonate aragonite nanoparticles
and (B) drug-loaded cockle shell-based calcium carbonate aragonite nanoparticles
without surface modification at pH 6.4 in phosphate buffered saline.
Note: The cumulative release percentages at pH 6.4 of the sample (A) were
significantly higher than the sample (B) tested statistically at p<0.05.

of the lysinate of the drug component was released from the
CSD complex in 24 hours. The difference in the release rate of
both nanoparticle/drug complexes thus suggests that the CSD
sample shows higher possibility of sustained release charac-
teristic than the CXSD complex at normal physiological pH.
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In addition, CXSD complex initially released 55% of
ketoprofen lysinate within 6 hours at pH 7.4. Conversely, the
CSD complex released ~30% of ketoprofen lysinate within
6 hours period followed by a gradual unloading process of
up to 90% after 72 hours (Figure 14). A higher cumulative
release percentage by the CXSD sample was observed com-
pared to the CSD sample, which was statistically significant at
p<0.05. These findings show that the surface modification of
cockle shell-based calcium carbonate aragonite nanoparticles
might apparently assuage the initial burst release, thereby
resulting in a controlled release rate of the whole dissolution
process during 72 hours at pH 7.4 in vitro.

Figure 15 displays the in vitro release profiles of keto-
profen lysinate drug from both types of nanoparticle/drug
complexes at pH 6.4 in PBS. In general, the cumulative
release percentages of the CXSD complex at pH 6.4 were
higher compared to that of the CSD complex, . which was
statistically significant at p<0.05. The lower dissolution
percentages of the CSD complex thus suggest that surface
functionalization is also capable of controlling drug release
profiles even at acidic environments. Therefore, it slows down
the 24 hours release rate of ketoprofen lysinate drug from
the nanoparticle/drug complex.

In general, the results of the dissolution studies are
similar to those reported by other drug-delivery studies.?232
Likewise, a slightly acidic environment expedited the release
kinetic compared to normal physiological pH. Figures 14 and
15 show that both types of nanoparticle/drug complexes had
a significantly higher release rate in slightly acidic medium
(pH 6.4) compared to the pH of the surrounding medium (pH
7.4). The release percentages of the CSD complex at pH 6.4
were cumulatively more than 90% in 24 hours, whereas at
pH 7.4, the percentages of similar nanoparticle/drug complex
remained at ~90% even at 72 hours, which helped in retain-
ing its drug encapsulation ability. Comparably, the release
percentage of the CXSD complex within 6 hours was higher
at pH 6.4 (almost 90%) compared to that at pH 7.4 (55%) as
shown in Figures 14 and 15, respectively.

The release profiles, therefore, indicate that both cockle
shell-based calcium carbonate aragonite loaded drug com-
plexes are sensitive to pH changes as they would release more
drug compounds in acidic environment compared to normal
physiological pH. Moreover, the results obtained in this study
on the pH-sensitive characteristic of similar type of cockle
shell-based calcium carbonate material and use of different
methods of nanoparticle preparation for drug delivery are
in good agreement with previously reported finding.?? In
fact, excellent pH-sensitive characteristics of both cockle

shell-based calcium carbonate aragonite drug carrier types
are very advantageous for drug-delivery system, as the drug
compounds might be delivered only toward a desired site of
action without affecting other healthy tissues in the body.

In our opinion, increased release of drug components
from their nanocarriers in a more acidic environment might
also be possibly due to the gradual dissolution of materials
during release process. Furthermore, control of dissolu-
tion rate under physiological condition while selectively
enhancing the release process in response to pH changes
at a specific location also implied that this type of delivery
agents might have more tendency to achieve high therapeutic
concentrations at targeted location such as the inflammation
site, thereby possibly improving therapeutic effectiveness
specifically at affected areas.

Conclusion

This work focused on the development, characterization,
and evaluation of surface-functionalized cockle shell-based
calcium carbonate aragonite polymorph nanoparticles as a
carrier agent for drug-delivery colloidal system. The study
further justifies the utilization of newly emerging type of
calcium carbonate sources derived from cockle shells that
contains purely aragonite polymorph; this represents a safer
biomaterial for drug-delivery applications after surface
modification. Functionalization process improved the surface
properties of the resulting nanoparticles and at the same time
successfully produced nanoparticles with high homogeneity
in sizes and morphologies. This effectively enhanced optimal
zeta potentials, thereby increasing the dispersion and stability
of the nanoparticles in colloidal suspension. In addition, the
purification process made the nanoparticle synthesis method
superior by producing refined nanoparticles within promising
size range of less than 100 nanometers, a feature favorable for
drug-delivery purposes. Surface functionalization process also
increased the toxic level of nanoparticles on biological cells,
thus validating its potential ability as a safe biocompatible
material applicable for biomedical utilizations. In fact, the
modified synthesis process did not only improve the efficiency
of drug delivery but also concomitantly improved both the
quality and safety profiles of the drugs and the nanocarrier
for delivery system. Although it is impossible to exactly
mimic natural conditions during drug-delivery studies, in
vitro studies of both drug loading and release profiles of the
surface-functionalized cockle shell-based calcium carbon-
ate aragonite polymorph nanoparticles emphasize that these
nanoparticles possess excellent characteristics to be practi-
cally used as pH-sensitive nanocarrier devices; therefore, they
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possess better drug-delivering capacity and have a potential to

be used in advanced drug-delivery systems in the near future.
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