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Background: Diamond nanoparticles (Nanodiamond) are biocompatible drug delivery plat-
forms with outstanding surface properties. Their passage into the brain has been confirmed
previously. Thus, nanodiamond could provide a drug delivery system to shuttle several drugs
through the blood-brain barrier (BBB) which represents a real challenge for the effective
delivery of several drugs into the brain. Amlodipine is a calcium channel blocker that cannot
pass through BBB and may elicit neuroprotective effects to reverse calcium-induced excito-
toxicity and mitochondrial dysfunction that underlie several neurologic disorders including
Alzheimer’s disease and stroke.

Aim: The study aimed to investigate the loading of amlodipine on nanodiamond particles.

Methods: Nanodiamond particles were oxidized in a strong oxidizing acidic mixture of
sulfuric and nitric acids. Adsorption of amlodipine on nanodiamond particles was achieved
in alkaline pH using various concentrations of sodium hydroxide. The loaded amlodipine
was determined by high-performance liquid chromatography and confirmed by Fourier
transform infrared (FTIR) spectroscopy and transmission electron microscopy.

Results: The highest percentage (41%) of loaded amlodipine onto nanodiamond particles
was achieved in alkaline medium using 2 mM NaOH at a corresponding pH of 8.5. Also,
characteristic FTIR bands of amlodipine and nanodiamond were shown obviously in the
nanodiamond—-amlodipine conjugates. Moreover, the successful loading of amlodipine on
diamond nanoparticles was confirmed by transmission electron microscopy.

Conclusion: The present study demonstrates the successful loading of amlodipine onto
nanodiamond particles. These findings offer a potential for applying diamond nanoparticles
as a drug delivery system to shuttle amlodipine into the brain and open the door to deliver
other similar drugs into the brain.

Keywords: diamond nanoparticles, nanodiamond, amlodipine, calcium channel antagonists,
drug delivery system, blood-brain barrier, excitotoxicity

Introduction

Blood-brain barrier (BBB) represents a mechanical barrier and a dynamic biological
entity that prevents the passage of most circulating cells and molecules into the
brain.'* The BBB is formed by endothelial cells in the cerebral blood vessels,
astrocytes, pericytes, and perivascular mast cells.®> The BBB is the single most
important factor limiting the future growth of neurotherapeutics.* The BBB pre-
vents the brain uptake of most drugs, with the exception of small hydrophilic
compounds with a mass lower than 150 Da and highly lipophilic compounds with
a mass lower than 400-600 Da that can pass the membrane by passive diffusion.’
Various nanoparticles within the size of 1-100 nm were reported to cross the BBB.®
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Diamond nanoparticles (nanodiamond) are an emerging
important class of drug delivery platforms with extraor-
dinary biological properties, structural characteristics, and
unique surface properties that could be useful as drug
delivery vehicles for delivering drugs into the brain.
These nanoparticles are enriched with several functional
groups that could adsorb or conjugate with several drugs,
proteins, and nucleic acids. Nanodiamond-mediated
adsorption of doxorubicin is a promising example for the
application of nanodiamond particles as drug delivery
platforms.” Nanodiamond particles have an adamantane
nucleus in their structures, which present in several neu-
roprotective drugs including memantine (used in the treat-
ment of Alzheimer’s disease), amantadine (used in the
treatment of Parkinson’s disease). Nanodiamond has been
demonstrated to undergo systemic distribution and exhibits
neuroprotective effects.”

Alzheimer’s disease represents an increasingly important
worldwide public health problem; it is the principal cause of
dementia throughout the world”® and the fourth cause of death
in developed countries after cancer, cardiovascular diseases,
and vascular stroke.'® Alzheimer’s disease is associated with
irreversible progressive neurodegenerative pathological
changes that impair memory and learning due to apoptosis
of selective neuronal populations predominantly in the hip-
pocampus and cerebral cortex. The main pathologic hall-
marks of Alzheimer’s disease are accumulation of
extracellular beta-amyloid (AP) senile plaques and intracel-
lular neurofibrillary tangles which are formed due to abnor-
mal hyperphosphorylation of cytoskeletal tau protein.'" Ap
oligomers are incorporated into neuronal membranes result-
ing in the formation of ion channels with subsequent Ca*"
influx through these amyloid channels.'? Excessive calcium
influx into the cell plays an important role in phosphorylation
of tau, formation of free radicals, and depletion of neuro-
trophic factors with the outcome of neuronal death."

Calcium influx leads to complex I (NADH: ubiquinone
oxidoreductase) inhibition, blocking the electron flow along
the mitochondrial respiratory chain and increased reactive
oxygen species production with subsequent release of pro-
apoptotic factors like cytochrome C from the mitochondrial
intermembrane space into the cytosol leading to caspase
activation and eventually apoptosis.'*'® Calcium channel
blockade attenuates Ap-induced neuronal decline in vitro
and is neuroprotective in animal models,'” and Nimodipine
which passes the BBB has neuroprotective effects in
Alzheimer’s disease.'® Moreover, Memantine, an antagonist
of the NMDA-Ca®" channel receptor, has beneficial effects in

Alzheimer’s disease patients.'® Thus, treatments that inter-
rupt aberrant Ca®" influx may be effective in blocking abnor-
mal neuronal apoptosis and may be promising therapeutic
strategies for Alzheimer’s disease.

Amlodipine is a dihydropyridine calcium channel blocker
that cannot pass the BBB and may elicit a promising role to
reverse calcium-induced excitotoxic neuronal cell death that
underlies several neurodegenerative diseases including
Alzheimer’s disease when delivered into the brain through
the blood-brain barrier. Taking advantage of the unique sur-
face properties of nanodiamond particles, the current study
aimed to investigate the ability of amlodipine to be loaded on
nanodiamond particles. The loading of amlodipine on nano-
diamond particles was determined by High-Performance
Liquid Chromatography (HPLC) and confirmed by Fourier
Transform Infrared (FTIR) Spectroscopy and Transmission

Electron Microscopy.

Materials and Methods
Chemicals and Drugs

Amlodipine maleate was purchased from Sigma-Aldrich
(St. Louis, MO, USA), and nanodiamond powder with
a particle size of about 20 nm (SYP GAF002) was purchased
from Van Moppes (Geneva, Switzerland). Analytical HPLC
grade Methanol (Sigma-Aldrich, USA), acetonitrile (Sigma-
Aldrich, USA), triethylamine (BDH, UK), phosphoric acid
(Merck, Germany), potassium bromide (Fluka, Switzerland),

sodium hydroxide (Scharlau, Spain) were used.

Preparation of Nanodiamond Particles

The nanodiamond powder was oxidized/carboxylated in
strong oxidizing conditions by treatment with a concentrated
acid mixture of 68% HNOj5: 98% H,SO,4 (1:9 v/v) at 100°C
for 48 h. Neutralization and washing were performed through
several cycles of centrifugations (10,000 rpm for 5 mins) in
deionized water and ultrasonic redispersion of the pellet. The
resultant nanodiamond particles were suspended in deionized
water, a stable colloidal dispersion was formed (after 3
months, neither sedimentation nor aggregation was observed).
Size distribution was measured by dynamic light scattering at
a scattering angle of 165° using a Delsa Nano C Particle Size
apparatus (Beckman Coulter, Brea, CA, USA). Scattering data
were collected for 70 individual measurements at a constant
scattering angle and averaged for each sample. The distribu-
tion number determined for the treated nanodiamond particles

was 15+5nm.
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Nanodiamond—Amlodipine Loading and
Optimization

Nanodiamond particles and amlodipine maleate were
mixed at 5:2 ratios (w/w), in alkaline solutions using 1,
1.5, 2, 2.5, 3 mM NaOH. The alkaline media were aimed
to promote the loading efficiency of amlodipine by depro-
tonating the carboxylic functional groups on nanodiamond
particles. After incubation for 5 mins at 25°C, the solution
was centrifuged at 2500 rpm for 15 mins to pellet bound
nanodiamond—amlodipine and unbound amlodipine in the
remained supernatant. The nanodiamond—amlodipine pel-

let was rinsed with water and dried under vacuum.

Nanodiamond—Amlodipine
Characterization

The loading of amlodipine onto nanodiamond particles was
determined by measuring the concentration of the remaining
unbound amlodipine in the supernatants by HPLC as
described in the United States Pharmacopoeia (USP),° and
the obtained values were used to calculate the amounts of
bound amlodipine on nanodiamond particles in the pellets as
nanodiamond—amlodipine conjugates. The pellets were sub-
sequently subjected to further characterization by FTIR spec-
troscopy to identify the peaks of nanodiamond—amlodipine
spectra and to verify the successful loading of amlodipine on
nanodiamond particles. All experiments were performed in
the National Quality Control Laboratory of the Supreme
Board of Drugs and Medical Appliances, Sana’a, Yemen.
Moreover, nanodiamond—amlodipine conjugates were exam-
ined under Transmission Electron Microscopy in the labora-
tories of the National Research Center, Cairo, Egypt.

Determination of Amlodipine in the Supernatant by
HPLC

The pH 3.0 buffer was prepared by dissolving 7-mL
triethylamine in 800 mL of water and the pH was adjusted
to 3.0 = 0.1 with phosphoric acid and diluted with water to
1 L. The mobile phase consisting of pH 3.0 buffer, metha-
nol and acetonitrile mixture at a ratio of (50:35:15) was
freshly prepared, filtered, degassed before use. The stan-
dard solution of amlodipine was prepared by dissolving
50.0-mg amlodipine maleate in the mobile phase to obtain
a solution having a known concentration of 0.05-mg
per mL. The assay solution of amlodipine was prepared
by dissolving an accurately measured volume of the super-

natant in the mobile phase to obtain a solution having

a known amlodipine maleate concentration of about
0.05 mg/mL.

Apparatus and Chromatographic System

The chromatographic separation was performed on a Jasco
LC-Net II/ADC chromatographic system (Jasco, Japan).
The liquid chromatograph was equipped with a 237-nm
detector and a 3.9-mm X 15-cm column containing
a packing L1. The flow rate of the mobile phase was
adjusted to 1 mL/minute. The volume of each injection
of the standard and the assay was 10 pL. The column and
the HPLC system were kept in ambient temperature. The
standard preparation was injected into the loop and the
chromatogram was recorded; the standard deviation for
replicate injections was not more than 2%. The sample
solution was injected under the same chromatographic
conditions and the chromatogram was recorded. The per-
centage of amlodipine maleate in the supernatant of was
taken by the formula: 100 (r,/r;) (C4/C,) where r, is the
peak response of amlodipine in the assay preparation, r; is
peak response of amlodipine in the standard preparation,
C; is the concentration of amlodipine in the standard pre-
paration, and C, is the concentration of amlodipine in the
assay preparation. HPLC peaks were recorded for five
injections of each sample of the assay (the supernatant)
and standard (standard reference of amlodipine); the area
of the average peaks was taken =+ standard deviation.

Infrared Spectroscopy

Infrared (IR) spectra of nanodiamond particles, amlodi-
pine, and nanodiamond—amlodipine conjugates samples
were recorded on Shimadzu IR Tracer-100 Fourier
Transform Infrared Spectrophotometer (Shimadzu, Japan)
in the mid-IR range using a liquid nitrogen—cooled mer-
cury cadmium telluride detector. All sample measurements
were carried out in the solid state using pelletized, homo-
geneous powder dispersions of the samples in a potassium
bromide matrix.

Results
HPLC Quantification

HPLC measurements showed variable loading of amlodi-
pine onto diamond nanoparticles at different NaOH con-
centrations which were mounted 13 +0.39, 32 +0.33, 41
+0.21, 11 £0.56, and 8 £1.30% (average mean + SD) as
the binding conditions were optimized using 1, 1.5, 2, 2.5,
and 3 mM NaOH, respectively (Figure 1). The maximal
loading of amlodipine onto nanodiamond was about 41%
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Figure | Loading efficiency of amlodipine on nanodiamond at various NaOH
concentrations various binding conditions (average mean * SD).

which was performed in 2 mM NaOH; this loaded amount
is almost threefolds more as the loading in 1 mM NaOH
(13%) and fivefolds as the loading in 3 mM NaOH (8%).
Choosing the most effective binding condition showed that
2 mM of NaOH corresponding to a pH of 8.5 represented
the highest percentage of amlodipine bound.

FTIR — Characterization and Transmission

Electron Microscopy

Nanodiamond surface analysis determined that the
dominant functional group on nanodiamond is primarily
carboxylic acid groups.?'** Consistent with this finding,
the nanodiamond spectra contained peaks for the C=0
stretch and O-H bend signals, the primary structures
found in the carboxylic acid group (Figure 2A).
Examining the amlodipine spectra, there were strong
signals for peaks corresponding to the N-H stretch and
C-O-C stretch (Figure 2B) which indicate the presence
of these groups in the amlodipine molecules, and not
present in the nanodiamond spectra. Confirming the
successful adsorption of amlodipine on nanodiamond
the FTIR

spectra of nanodiamond and those unique to amlodipine

platforms, characteristic bands seen in
were both well appeared in the FTIR spectra of nano-
diamond—amlodipine conjugates (Figure 2C). These
results were also confirmed by the micrographs of the
Transmission Electron Microscopy of either nanodia-
mond particles (Figure 3A) or nanodiamond—amlodipine
conjugates (Figure 3B). These micrographs showed that
increased particle size of nanodiamond—amlodipine con-
jugates (31.1 + 8.2 nm) compared with that of bare
nanodiamond particles (11 £ 3 nm), confirming success-

ful loading of amlodipine on nanodiamond particles.
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Figure 2 FTIR spectra depicting the characteristic peaks of the functional groups
on nanodiamond particles and amlodipine: (A) FTIR spectra of nanodiamond
particles; (B) FTIR spectra of amlodipine; (C) FTIR spectra of nanodiamond-
amlodipine conjugates (strong peaks of amlodipine overlapped with nanodiamond
particles spectra). Red arrow denotes to the FTIR peaks of nanodiamond particles;
blue arrow denotes to the FTIR peaks of amlodipine.

Discussion
Amlodipine is a dihydropyridine calcium channel blocker
that cannot pass the blood-brain barrier and might elicit
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Figure 3 (A). Transmission electron microscopy micrograph of bare nanodiamond particles showing their average particle size of || £ 3 nm (average mean * SD). (B).
Transmission electron microscopy micrograph of nanodiamond-amlodipine conjugates showing increased particle size of nanodiamond-amlodipine conjugates (31.1 + 8.2 nm) as

compared with that of bare nanodiamond particles (average mean % SD).

a promising role to reverse calcium-induced excitotoxic neu-
ronal cell death that underlies many neurodegenerative dis-
eases including Alzheimer’s disease when delivered into the
brain. It has been demonstrated that calcium channel blockers
that pass the blood-brain barrier like nimodipine have neu-
roprotective effects, and down-regulate expression of TNF-a
and IL-1 in the hippocampus.?*~*

Nanodiamond has demonstrated outstanding biocompat-
ibility and facile surface functional groups as requisites of
effective delivery vehicles.>> 2’ There are many practical
requirements to drug delivery for platforms to retain a tight
size distribution within the range of 10—150 nm.***° Smaller
particles under 10 nm are eliminated by the kidney through
renal excretion and larger particles are cleared by the mono-
nuclear phagocytic system cells. Nanodiamond particles
exhibit many crucial properties required of successful deliv-
ery agents, such as biocompatibility, narrow size distribution
centered less than 100 nm in diameter, and readily reprodu-
cible and scalable processing techniques. The surfaces of
nanodiamond particles are highly charged and heavily func-
tionalized by carboxylic acid groups.?’~* These charged
facets promote polar interactions with other highly charged
groups and water molecules. Nanodiamond particles were
treated by strong acidic treatment to expose the carboxylic
functional groups on their surfaces, thereby forming
a delivery system capable of shuttling amlodipine via elec-
trostatic interaction with the amine group on amlodipine.

In this study, amlodipine has been loaded onto nanodia-
mond particles. It was bound probably by utilizing the

surface electrostatic properties of nanodiamond. Conditions
during nanodiamond synthesis and treatment result in
a functionalized carbon surface of hydroxyl and carboxyl
groups which can lead to a characteristic surface charge in
aqueous solutions.>*>? At basic conditions, these groups
become deprotonated and might interact with protonated
amine group on the amlodipine molecule. Sodium hydroxide
surface treatment deprotonated carboxylic acid groups on
nanodiamond mediating substantial amlodipine loading.
The adsorption mechanism for loading amlodipine is
a quick and simple process that leads to a reversibly bound
drug conjugate by electrostatic charge—charge interactions.
Additionally, hydrogen bonds can form between —NH;"
and —COO" or other CO-containing surface groups, with
H-bond binding energies between 10 and 30 Kcal/mol.** —°

High-performance liquid chromatography measurements
showed a variable decrease in amlodipine concentration in
the supernatants at different NaOH concentrations. The max-
imal decrease in amlodipine concentration in the supernatant
was about 41% with 2 mM NaOH, almost 3 times more as
the loading at 1 mM NaOH and 5 times as the loading at
3 mM NaOH which mounted 13% and 8%, respectively.
Notably, alkaline pH values promoted nanodiamond—amlo-
dipine binding; however, higher pH values resulted in
a substantial decrease in drug concentration in the super-
natant. The later might be due to degradation of amlodipine
at extreme pH, and this could explain the appearance of extra
small peaks in the HPLC chromatogram rather than those for
amlodipine as well as reduction of the peak area of
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amlodipine; these results are consistent with previous
findings.® Hence, the most effective binding of amlodipine
onto nanodiamond was performed in 2 mM NaOH.

Fourier transform infrared (FTIR) spectroscopy con-
firmed the loading of amlodipine onto nanodiamond parti-
cles. Surface analysis has determined that the dominant
functional group on nanodiamond is primarily carboxylic
acid groups.?'*? Consistent with these findings, the FTIR
spectra of nanodiamond in the present study contained peaks
for the C=0 stretch and O-H bend signals of the carboxylic
acid groups. Similarly, amlodipine spectra displayed strong
signals corresponding to the functional groups on the amlo-
dipine molecule. Confirming the successful adsorption of
amlodipine on nanodiamond, characteristic bands seen in
the FTIR spectra of nanodiamond and even those unique to
amlodipine were both obviously appeared in the FTIR spec-
tra of nanodiamond—amlodipine conjugates.

Conclusion

For the first time, we have demonstrated the adsorption of
amlodipine onto nanodiamond particles which have been
previously proved to pass into the brain. The loading was
determined by measuring amlodipine concentration in the
supernatant by HPLC assay and verified by the appearance
of the characteristic bands of both amlodipine and nano-
diamond in the FTIR spectra of nanodiamond—amlodipine
conjugates. Moreover, the loading of amlodipine on nano-
diamond particles was confirmed in the micrographs of
transmission electron microscopy. These findings offer the
potential of applying nanodiamond—amlodipine as a drug
delivery system to shuttle amlodipine into the brain and
may open the door to deliver other similar drugs into the
brain.

Abbreviations

AP, Amyloid beta; BBB, Blood-brain barrier; Da, Dalton (the
atomic mass unit); FTIR, Fourier transform infrared spectro-
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form; ND, nanodiamond;, NMDA, N-methyl-D-aspartate;
rcf, relative centrifugal force; rpm, revolutions per minute;
ROS, Reactive oxygen species; USP, The United States
Pharmacopeia.
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