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Abstract: The best strategy in the development of topical drug delivery systems may be to
facilitate the permeation of drugs without any harmful effects, while staying on the skin sur-
face and maintaining stability of the system. Nanodiamonds (NDs) play a key role with their
excellent physicochemical properties, including high biocompatibility, physical adsorption,
reactive oxygen species (ROS) scavenging capability, and photostabilizing activity. Z-average
sizes of carboxylated ND (ND-COOH) agglutinate decreased significantly as the pH increased.
Fluorescein-conjugated ND was observed only on the stratum corneum, and no sample diffused
into the dermal layer even after 48 hours. Moreover, ND—COOH and ND-COOH/eugenol com-
plex did not show significant toxic effects on murine macrophage cells. ND improved in vitro
skin permeation >50% acting as a “drug reservoir” to maintain a high drug concentration in
the donor chamber, which was supported by quartz crystal microbalance results. Moreover,
ND-COOH could adsorb a drug amount equivalent to 80% of its own weight. A photostability
study showed that ND-COOH increased the photostability ~47% with regard to rate constant
of the eugenol itself. A significant decrease in ROS was observed in the ND-COOH and
ND-COOH/eugenol complex compared with the negative control during intracellular ROS assay.
Moreover, ROS and cupric reducing antioxidant capacity evaluation showed that ND-COOH
had synergistic effects of antioxidation with eugenol. Therefore, ND-COOH could be used
as an excellent topical drug delivery system with improved permeability, higher stability, and
minimized safety issue.
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Introduction
Carbon-based nanoparticles (CNPs), such as carbon nanotube, fullerene, graphene,
and nanodiamond (ND), have attracted great attention due to their favorable chemical
and physical properties, including a large surface area, outstanding strength, and good
biocompatibility.'> CNPs have been greatly studied with a view to being exploited in
biomedical and pharmaceutical areas, with ND, in particular, gaining widespread interest
in the recent years. ND is known to exhibit lower toxicity and improved cell tolerance
compared with other CNPs. For instance, ND generated relatively lower levels of reac-
tive oxygen species (ROS) and exhibited little effect on the morphology of various cells
compared with other CNPs.> Owing to these combined properties, ND has been inves-
tigated in a drug delivery system, in vivo imaging, and tissue engineering.*® Although
ND is emerging as a promising nanomaterial in various areas, a few studies have been
performed on the application of ND in topical drug delivery systems.”® One of the main
reasons may be poor dispersibility of ND in liquid and semisolid formulations.

ND can be synthesized by the detonation technique, laser ablation, high-energy ball
milling of high-pressure high-temperature diamond microcrystals, and plasma-assisted
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chemical vapor deposition.” However, ND obtained by
these methods tends to form aggregates rather than single
particles, which has hampered the use of ND in pharma-
ceutical applications.'” To overcome the aggregation issue,
deagglomeration of ND using ceramic bead milling, wet
chemical milling, and thermal fluidizing bed methods has
been investigated.'"!? Functionalization of ND was one of the
solutions for solving the aggregation issue. Oxidation of ND
using singlet oxygen in liquid media or ozone could modify
ND with carboxylic acid groups on the surface and improve
dispersity in the aqueous solution." In addition, modified
ND can be used in various ND—drug conjugations, such as
doxorubicin, menthol, and plant metabolites.'*

Topical drug delivery systems are composed of various
ingredients such as an ointment base, emulsifying agent,
thickening agent, preservative, buffering agent, vehicle,
antioxidant, and permeation enhancer. Among the ingredi-
ents, the permeation enhancer increases the drug delivery
by promoting the diffusion, partitioning, or solubility of
an active ingredient through the stratum corneum.!” Ideal
penetration enhancers need to meet the following require-
ments: 1) absorption enhancement should be immediate
and unidirectional, and the duration of the effect should be
specific, predictable, and suitable; 2) after removal of the
material from the applied area, the tissue should recover
its normal barrier properties fully and immediately; 3) the
enhancer should show no systemic or toxic effects; 4) the
enhancer should not irritate or damage the skin surface; and
5) the enhancer should be physically compatible with a wide
range of drugs and pharmaceutical excipients.'®

Together with excellent dispersibility in aqueous solu-
tion, ND may have ideal properties as a permeation enhancer
for topical drug delivery systems. In order to avoid adverse
effects of permeation enhancers in topical formulations,
they need to be noninvasive while facilitating permeation
of drugs through the skin.'” In general, nanoparticles that
have sizes >20 nm are known to poorly penetrate the skin.?
Although the single particle size of ND is ~5 nm, ND exists
as particles of ~50—100 nm called agglutinates, which poorly
permeate the skin.?! The adsorption of drugs on the surface
of well-dispersed ND particles may be very attractive, since
ND could function as a “drug-reservoir or matrix” agent for
topical drug delivery.?> Additionally, ND was reported as a
ultraviolet (UV) filter and photostability enhancer for drugs
by absorbing and scattering light.>?* Antioxidant properties
of ND were also reported, which act by promoting oxygen
reduction.>? These properties of ND could expand their
applicability as a formulation stabilizer.

Eugenol is a member of the phenylpropanoid class of
chemical compounds. It is a colorless to pale yellow oily
liquid extracted from clove, nutmeg, cinnamon, basil,
and bay leaf.?”?® Eugenol was selected as the model drug
in this study due to its wide applications in pharmaceuti-
cals, dental treatments, foods, and cosmetic products.?-*
In addition, eugenol is known to possess analgesic, anti-
inflammatory, and antioxidant activities.’! It is relatively
stable at room temperature (RT) and at neutral pH condi-
tions; however, it has a stability issue under UV and high
pH conditions.?? In particular, it exhibited cytotoxicity and
prooxidant rather than antioxidant effects when exposed
to photooxidation states.*

In the present study, various properties of ND were evalu-
ated with a view to be exploited for topical drug delivery
systems and to propose the capability of ND as a practical
drug delivery vehicle. First of all, the surface of detonated ND
was substituted with carboxyl functional groups to improve
the dispersing capability of ND, and then, its physical proper-
ties were characterized using dynamic light scattering (DLS),
transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy, and X-ray photoelectron spectros-
copy (XPS). Confocal microscopy imaging was conducted
to investigate the nonpermeability of ND through excised
porcine skin. In addition, the cytotoxicity of carboxylated
ND (ND-COOH) and the ND-COOH/eugenol complex
was evaluated using a crystal violet assay. The adsorption
of eugenol on the ND surface was evaluated using quartz
crystal microbalance (QCM). Photostability studies were also
carried out to investigate the UV screening and photostabil-
ity enhancing activity of ND. Lastly, the ROS scavenging
effect of eugenol and ND-COOH/eugenol complex was
investigated using 2’,7’-dichlorodihydrofluorescein diacetate
(DCF), cupric reducing antioxidant capacity (CUPRAC), and
1,1-diphenyl-2-picryl-hydrazil (DPPH) assay.

Experimental

Characterization of ND particles

ND-COOH particles were kindly supplied by NanoResource
Co., Ltd. (Seoul, Republic of Korea). To characterize the
dispersive properties of the ND-COOH, the particle size
and zeta potential were measured using a Zetasizer Nano
7ZS90 (Malvern Instruments, Malvern, UK). ND-COOH
powder was dispersed in distilled water at a concentration
of 0.1 mg/mL using sonication. Various pHs of ND solution
ranging from 5.0 to 9.0 were adjusted with sodium hydroxide
and hydrochloric acid (Sigma-Aldrich Co., St Louis, MO,
USA). Samples were equilibrated at a working temperature
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of 20°C, and 1 mL of each sample was measured using
a disposable sizing cuvette (Sarstedt, Hildesheim, Lower
Saxony, Germany) for the hydrodynamic radius and a dispos-
able capillary cell (Malvern Instruments) for zeta potential.
All measurements were performed at a fixed angle of 90°.
Each sample was measured five times with an intervening
interval of 30 seconds. Average particle size, polydispersity
index (PdI), and zeta potential were calculated using the Zeta-
sizer software Version 7.11 provided with the equipment.

Dispersions of ND-COOH and the ND-COOH/eugenol
complex in aqueous solution were prepared for TEM analy-
sis. ND-COOH (3 mg) was dispersed in 10 mL of distilled
water and eugenol was mixed with the ND-COOH dispersion
to produce the ND-COOH/eugenol complex (15 pg/mL).
Each sample was casted dropwise on the lacy carbon grid.
The excess water was wiped, and the grid was allowed to dry
overnight. High-resolution TEM observation was performed
using a JEM-3010 microscope (JEOL, Tokyo, Japan) with
an acceleration voltage of 300 kV.

Infrared spectra were obtained using a Nicolet iS5 Fourier
transform infrared spectrometer (Thermo Fisher Scientific,

DMF

Waltham, MA, USA). The samples were thoroughly mixed
with KBr in a mortar while grinding gently with a pestle
and subsequently pressed to prepare the KBr pellet. XPS
measurement (ESCA 2000; VG Microtech, London, UK)
was performed with an Mg-Ko, X-ray source (1,253.6 V)
and a hemispherical analyzer.

In vitro skin permeation imaging

ND-COOH was conjugated with fluorescein for confocal
analysis. To synthesize fluorescein-conjugated ND (ND-
fluorescein), ND-COOH (1 g) was mixed with 30 mL SOCI,
and 0.15 mL anhydrous dimethylformamide in a round bot-
tom flask under an N, atmosphere (Figure 1). The mixture was
sonicated until no agglomerate was visible and heated at 70°C
for 24 hours. The excess SOCI, was distilled under reduced
pressure at 50°C. ND—COCI, from the previous synthesis, was
dispersed in anhydrous dimethyl sulfoxide (DMSO) (30 mL)
using sonication. In all, 0.3 mL pyridine and 0.3 g ethylenedi-
amine were added and stirred at RT for 24 hours under an N,
atmosphere. The DMSO was evaporated by distillation under
a vacuum, and the powder was washed with water five times

SOCl,, N,, 70°C, 24 h

Py, ethylenediamine

v

DMSO, N,, RT, 24 h

Fluorescein, NaHCO,

NH-(CH,),NH

H,O, RT, 24 h

NH—(CH,),~NH,

Figure | Synthetic process of ND-COOH conjugated with fluorescein for confocal analysis.
Abbreviations: ND-COOH, carboxylated nanodiamond; DMF, dimethylformamide; h, hours; Py, pyridine; DMSO, dimethyl sulfoxide; RT, room temperature.
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using centrifugation (10,000 rpm, 10 minutes). Fluorescein
(5 g) was added to ND-CONH—(CH,),~NH, in the sodium
bicarbonate solution (30 mL, 0.1 M, pH 8.3). The reaction
solution was stirred at RT for 24 hours. The ND was washed
with water using centrifugation (10,000 rpm, 10 minutes)
until no fluorescein was detectable in the supernatant by
UV-visible light spectroscopy analysis.

ND-fluorescein and fluorescein solution at a concentra-
tion of 1 mg/mL were applied to porcine cadaver skin and
left for 12 hours, 24 hours, and 48 hours at 32°C. The study
protocols were approved by the ethics committee of Dong-
guk University. Following exposure, skin samples were
fixed with 4% paraformaldehyde for 24 hours. The fixed
skin samples were embedded in the optimal cutting tempera-
ture compound and frozen overnight at —82.7°C in a deep
freezer. The frozen skin samples were cross-sectioned into
20 um thick slices using a Leica CM1520 cryostat (Leica
Microsystems, Wetzlar, Germany) for cell nuclei staining.
After frozen sectioning, the samples were stained with 1 g/
mL 4’,6-diamidino-2-phenylindole (DAPI) for 10 minutes at
37°C. After washing with phosphate-buffered saline (PBS),
the cross-sections of the skin samples were imaged using a
Nikon Digital Eclipse C1 Plus system (Nikon Corporation,
Tokyo, Japan) with a dual excitation band of DAPI (358 nm)
and fluorescein isothiocyanate filters (488 nm). Fluorescence
image processing was performed using NIS-Elements C
(Nikon Corporation) and Adobe Photoshop CS3 (Adobe
Systems Incorporated, San Jose, CA, USA).

To quantify diffused ND—fluorescein and fluorescein,
Franz-type diffusion cells were assembled with porcine
cadaver skin between the donor and receptor chambers. The
receptor chamber volume was 15 mL, and the diffusional area
was 2.83 cm?. For donor solutions, 1.5 mL of ND—fluorescein
and fluorescein solution were applied on the upper surface
of'the skin. The receptor chamber, filled with PBS at pH 7.4,
was continuously stirred with a magnetic bar at 480 rpm and
thermostated at 32°C20.5°C with a circulating jacket. At
predetermined time intervals (6 hours, 12 hours, 24 hours,
36 hours, and 48 hours), the samples were withdrawn from
the receptor chamber and replaced with an equal volume of
fresh buffer to maintain sink conditions. Fluorescence emis-
sion spectra of fluorescein and ND—fluorescein were obtained
using a SpectraMax M3 Multi-Mode Microplate Reader
(Molecular Devices LLC, Sunnyvale, CA, USA). The excita-
tion wavelength was 492 nm, and the emission wavelength
was 515 nm with a 4 nm slit width. The cumulative amounts
of the fluorescein and ND—fluorescein released per surface
area were obtained using the following equation:

{CnV + "Xicis}

0= M)

where Q is the cumulative amount of compound released per
unit surface area of the skin (ig/cm?), C, is the concentration
of the fluorescein (ig/mL) determined at the nth sampling
interval, V is the volume of the individual Franz-type diffu-
sion cell, S is the volume of the sampling aliquot, and 4 is
the surface area of the skin. The cumulative amount released
per surface area was plotted against time. Statistical analysis
was performed with the Student’s #-test and analysis of vari-
ance (one-way analysis of variance and Dunnett’s multiple
comparison test) using SigmaStat 3.5 (Systat Software, San
Jose, CA, USA) with the chosen level of significance at
P<0.05.

Cell viability test

The cytotoxic effect of ND-COOH and the ND-COOH/
eugenol complex was assessed by using crystal violet stain-
ing. RAW 264.7 cells were seeded at 1x10* cells/well into
a 96-well plate and incubated with indicated concentration
of ND, eugenol, ND/eugenol complex for 24 hours at 37°C,
5% CO,, and 100% humidity. After incubation, the medium
was removed and the cells were washed with PBS twice and
then stained with 0.05% crystal violet (Sigma-Aldrich Co.)
for 30 minutes at RT. The cells were then washed with tap
water twice and air dried. For the detection of optical den-
sity value, 100 uL of 1% sodium dodecyl sulfate was added
per well. Absorbance was read at 570 nm with a microplate
reader (BioTek, Winooski, VT, USA). All experiments were
carried out in triplicate.

In vitro skin permeation test

The skin permeation profiles of eugenol and the ND-COOH/
eugenol mixture were evaluated at 32°C using Franz-type
diffusion cells assembled with excised hairless mouse skin
between the donor and receptor chambers. The hairless
mouse skins were soaked in PBS for 30 minutes before
the permeation studies. For donor solutions, 1.5 mL of
ND-COOH/eugenol mixture (ND-COOH 1,000 pg/mL)
and eugenol solution were applied to the surface of the hair-
less mouse skin. The receptor chamber, filled with the PBS,
was continuously stirred with a magnetic bar at 480 rpm
and thermostated at 32°C+0.5°C with a circulating jacket.
At predetermined time intervals (0.5 hours, 1 hour, 2 hours,
4 hours, 6 hours, 8 hours, and 12 hours), the samples were
withdrawn from the receptor chamber and replaced with an
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equal volume of fresh buffer. The samples were centrifuged
using Centrifuge 5415D (Eppendorf, Hamburg, Germany)
at 14,000 rpm for 15 minutes.

The concentration of eugenol was analyzed using a high-
performance liquid chromatography system (1100 Series;
Agilent Technologies, Santa Clara, CA, USA) equipped
with a diode array detector at an ultraviolet wavelength of
230 nm UV absorbance spectra. An Eclipse Plus C18 col-
umn (4.6x150 mm, 5 um; Agilent Technologies) was used
and maintained at 30°C. The mobile phase was a mixture of
acetonitrile and distilled water at a volume ratio of 40:60.
The flow rate of the mobile phase was 1.0 mL/min, and the
injection volume was 10 uL. The cumulative amount released
per surface area was obtained using the previous equation
related to fluorescence imaging.

Quartz crystal microbalance

A QCM 200 system (Stanford Research Systems, Sunny-
vale, CA, USA) was used to measure the physical adsorption
of eugenol on the ND surface. The standard sensor crystal
with gold surface electrode (O100RX3; Stanford Research
Systems) consisted of a 1-inch disk with 5 MHz quartz
mounted on a flow chamber. The solution was flowed into
the 150 UL volume of the chamber, and adsorption measure-
ments were performed under static conditions at 25°C. The
solutions of polyallylamine hydrochloride (PAH; moleclular
weight 15k, 1.0 mg/mL, 10.7 mM; Sigma-Aldrich Co.),
ND-COOH dispersion (300 pg/mL), and eugenol (0.5 mg/
mL) were prepared in distilled water, and their pH was
adjusted to 7.0 with a minimal amount of NaOH. The QCM
sensor was equilibrated with water exposure under static
conditions. As the adsorption of solute onto the surface
was equilibrated, the solution was exchanged in sequence
and deionized water was carefully flowed to remove the
excess solutions.

Photostability test

Photostability tests were carried out in the solution state.
ND-COOH/eugenol dispersions (1,000 pg/mL ND-COOH
mixed with 50 pg/mL eugenol) were prepared in a glass
vial, while 50 pug/mL eugenol solution was prepared as a
reference control. The samples and controls were exposed
to a Suntest CPS xenon lamp (Atlas Material Testing
Technology, Chicago, IL, USA) at a temperature of 35°C.
The xenon light source was a full spectrum light with both
UV and visible outputs (320—800 nm). The UV irradiation
level was 46.25 W/m?, and the illumination was 110 klux.
At predetermined times (1 hour, 2.5 hours, 4 hours, and

6 hours), the samples were withdrawn and analyzed by high-
performance liquid chromatography to evaluate photostabil-
ity and degradation kinetics.

Evaluation of antioxidation

Different methods of evaluating antioxidant capability may
help understand mechanisms of antioxidation. In this study,
ROS measurement with 2’,7’-dichlorodihydrofluorescein
diacetate (H,DCF-DA 5 uM; Molecular Probes, Eugene,
OR, USA) was used for evaluating the antioxidant capability
in a cellular level, and CUPRAC was utilized to monitor the
total antioxidant capability of substances.

ROS measurement in RAW 264.7 cells was performed
using H,DCF-DA according to the manufacturer’s instruc-
tions. Briefly, RAW 264.7 cells were seeded at 1x10* cells/
well in 96-well plates and allowed to adhere overnight. The
cells were incubated with the indicated concentrations of
the ND/eugenol mixture for 1 hour at 37°C, 5% CO,, and
100% humidity. In all, I mM H,O, was used as a positive
control. Following the ND/eugenol treatment, the medium
was removed and cells were loaded with 5 uM H,DCF-DA
diluted in phenol red-free media for 30 minutes at 37°C. The
cells were washed three times with phenol red-free media,
and the fluorescence intensity (excitation 485 nm and emis-
sion 530 nm) was measured using a multilabel plate reader
(VICTOR3; PerkinElmer Inc., Waltham, MA, USA).

The CUPRAC method is based on the absorbance mea-
surement of Cu(I)-neocuproine (Nc) chelate formed as a
result of the redox reaction of chain-breaking antioxidants
with the CUPRAC reagent, Cu(Il)-Nc, where absorbance
is recorded at the maximum light absorption wavelength of
450 nm.** ND-COOH (50 mg) and eugenol (2.5 mg) were
dispersed in 100 mL NH, Ac buffer (1 M, pH 7.0). Then,
1 mL of each CuCl, solution (10 mM), Nc solution (7.5 mM),
and NH,Ac buffer was mixed in the sample. The absorbance
at 450 nm (4,
30 minutes of the sample preparation.

) was recorded against a reagent blank after

DPPH forms stable radical in solution absorbing at
515 nm. DPPH assay is based on the principle that DPPH
accepts a hydrogen atom from the scavenger molecule and
its color changes from purple to yellow with a concomitant
decrease in absorbance at 515 nm.* Approximately 1 mL
of ND—-COOH/eugenol, eugenol, and ND-COOH solu-
tions were mixed with 1 mL of 100 uM methanol solution
of DPPH and kept at RT for 30 minutes. The absorbance
change was monitored using spectra M3 microplate reader.
DPPH radical scavenging capacity was calculated using the
following equation:
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DPPH radical ing _ 4, ~
radical scavenging _ O_AIXIOO ()
capacity (%) 4

0

A, is the absorbance of DPPH in the absence of antioxidant,
and A4, is the absorbance of DPPH in the presence of anti-
oxidant at 515 nm.

Results and discussion
Characterization of ND particles

The size of the dispersed ND—COOH particles in the solu-
tion was dependent on the environmental pH as confirmed
by the DLS (Figure 2A). Z-average sizes of ND-COOH
at pH 5.0, 6.0, and >7.0 were shown to be 1,049.9 nm,
177.9 nm, and ~50 nm, respectively. ND-COOH samples
showed one uniform group of particles (Figure 2B and C).

The Pdl of ND-COOH was drastically decreased in pro-
portion to the pH, with values of 1.00 at pH 5.0, 0.75 at
pH 6.0, and ~0.15 at pH >7.0. Changes in particle size
and PdI occurred suddenly between pH 5.0 and pH 6.0 as
the dissociation constants (pKa) of carboxylic acids such
as acetic acid, propionic acid, and valeric acid are ~5.0.%
The ionization extent of the carboxyl groups determined
the strength of the interparticle interaction. When the
carboxyl groups were ionized, the ND-COOH particles
had a negative charge and repulsion between the particles
became significant, resulting in a decreased particle size
and zeta potential.

Zeta potential may represent the electrical properties of
the particle surfaces of ND-COOH. Generally, a high value
of absolute zeta potential suggests that the ND-COOH
will resist aggregation. Its low value may indicate that

1,500 _ _ 1-10
| [ Z-average size (d, nm) —@— Zeta potential
E 1,200} 4-15 ~
c >
S E
o 900f l 120 ®
N =
)
0 2
2 600} {25 8
o 1]
5 kS
'\l‘ 300} 1-30
0 I . I ! ! ! -35
5.0 6.0 7.0 8.0 9.0
pH
B 12 C 50
10 20
—_— 8 —_—
= E 5
> >
= =
w 6 ®
c c
2 2 20
£y £
9 10
0 0
1 10 100 1,000 1 10 100 1,000
Size (d, nm) Size (d, nm)

Figure 2 Z-average size and zeta potential of ND-COOH particles at various pH conditions.
Notes: (A) Particle size distribution of ND-COOH at pH 7 (B) and pH 5 (C) with a Pdl value of 0.15 and 1.00, respectively.
Abbreviations: d, diameter; ND-COOH, carboxylated nanodiamond; Pdl, polydispersity index.
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attraction among particles exceeds repulsion. The absolute
zeta potential of ND—-COOH gradually increased in propor-
tion to the pH of the solution, with values being 14.90 mV,
22.50mV,and 31.58 mV at pH 5.0, 7.0, and 9.0, respectively.
In particular, ND-COOH showed 2.11 times higher absolute
zeta potential at pH 9.0 compared with that at pH 5.0.

Previous studies have shown that ND exhibited a very
strong tendency to aggregate and formed robust superstruc-
tures in the order of 100 nm in size.>” The particle size of ND
agglutinate may be dependent on van der Waals interactions,
electrostatic interactions, and dipole moments.?! The size of
ND-COOH agglutinate ranged from 50 nm to 1,049.9 nm
with respect to the extent of carboxyl groups on its surface.
This result suggests that electrostatic interactions may be a
dominant factor for the stability of ND agglutinates due to
the functionalized ND. When ultrasonication was applied to
the ND—COOH solution at pH 7-9 for an hour, the hydrody-
namic diameter was maintained consistently at ~50 nm after
1 day, suggesting that an ND agglutinate of that size may be
at the equilibrium among electrostatic interactions, dipole
moments, and van der Waals interactions. Although pH of
the skin surface was reported to be in the range of 5.4-5.9,
formulation pH could be adjusted to 6-7 and ND-COOH
particles may exist as 50 nm agglutinates.*®

Bare ND-COOH was observed with high-resolution TEM
(Figure 3A). The size of individual ND-COOH ranged from
4 nm to 5 nm in diameter. Mostly, NDs were well dispersed,
with the state of small agglutinins. The agglutinin of NDs was

formed in the form of a web with the ND-COOH alignment,
and large aggregated ND—COOH particles became sphere-
like nanoparticles. The long axis of ND-COOH aggregates
was roughly 50 nm, consistent with the DLS measurement.
TEM images of the ND-COOH/eugenol complex was
observed in comparison to the bare ND images (Figure 3B).
The organic layer around ND agglutinin was 2—3 nm in thick-
ness, showing that eugenol was well adsorbed physically on
the ND surface.

Fourier transform infrared spectra were used to identify
the functional groups of the ND—-COOH particles (Figure 4A).
The sample showed absorption bands attributed to hydroxyl
bond stretching at 3,424 cm™, carbonyl bond stretching
at 1,773 em™, hydroxyl bond bending at 1,629 cm™, and
alcoholic C-OH bond stretching at 1,113 cm™!. ND-COOH
had abundant oxygen-containing functional groups such
as hydroxyls, lactones, ketones, aldehydes, and carboxylic
acids and showed strong absorptions. XPS analysis was car-
ried out to confirm that the ND—-COOH in the current study
had abundant carboxyl group. Figure 4B shows XPS wide
scans of ND-COOH together with fits of the Cls and Ols
bands of ND. The Cls peaks of ND-COOH were decon-
voluted into component peaks using Gaussian fitting. The
Cls peak of ND-COOH was deconvoluted with six binding
energies at 282.6 eV (sp?), 283.5 eV (sp?), 284.6 eV (C-C),
286.0 eV (C-0), 287.5 eV (C=0), and 289.0 eV (-COOH)
(Figure 4C). The Ols peaks were also deconvoluted with
conventional two binding energies at 531.2 eV (C=0) and

Figure 3 TEM image of ND-COOH and ND-COOH/eugenol complex.

Notes: (A) ND-COOH particles with their individual sizes ranging from 4 nm to 5 nm in diameter and (B) ND-COOQOH/eugenol complex as eugenol is adsorbed onto the
ND-COOH particles, showing the organic layer around ND with a thickness of 2-3 nm. White bar indicates 20 nm.
Abbreviations: TEM, transmission electron microscopy; ND-COOH, carboxylated nanodiamond; ND, nanodiamond.
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Figure 4 (A) FT-IR spectra and (B) overall XPS spectra obtained from the ND-COOH. Cls core level (C) and Ols core level (D) XPS spectra of an ND-COOH particle.
Abbreviations: FT-IR, Fourier transform infrared; XPS, X-ray photoelectron spectroscopy; ND-COOH, carboxylated nanodiamond.

533.3 eV (C-O-C/C-OH) (Figure 4D). It was noted that
large area of carbonyl devolution curve of Cls and Ols was
shown at 287.5 eV and 531.2 eV (C=0) of binding ener-
gies, respectively, indicating the high density of carboxyl
functional group on the ND surface.

In vitro skin fluorescence imaging

Skin permeation of ND—fluorescein into porcine skin was
evaluated using confocal microscopy. ND—fluorescein and
fluorescein alone showed green emission, and DAPI-stained
nuclei showed blue emission. Fluorescein diffused into the
dermal layer after 12 hours of exposure (Figure 5A). In
contrast, ND—fluorescein was observed only on the top of
the stratum corneum and no sample diffused into the dermal
layer even after 48 hours of exposure (Figure 5B).

The diffused samples were analyzed using a microplate
reader to quantify the released amounts. The cumulative
amount of fluorescein released per unit surface area in the
receptor chamber gradually increased from 0.06 pg/cm?
at 6 hours to 5.43 ug/cm? at 48 hours. No ND—fluorescein
was detected in the receptor chamber after 48 hours
(Figure 5C). The released amount of fluorescein was rela-
tively low before 12 hours, as fluorescein showed a lag time
for diffusion due to the thickness of porcine skin and its
physicochemical properties.

ND-COOH particles could not permeate through the
stratum corneum because the size of ND-COOH agglutinate
was ~50 nm. Nanoparticles of ~20 nm and larger primary
particle size could not penetrate into viable tissue.?’ As dif-
fusion test progresses, ND-COOH might be aggregated with
the increase in the size of agglutinin while the absorption
occurred and pH decreased due to the acidic skin pH.*® To be
used as a permeation enhancer for topical delivery formula-
tions, ND—COOH should not penetrate skin tissue; and hence,
adverse effects via systemic circulation may not be expected.
When carbon nanoparticles were absorbed into systemic
circulation, there were several adverse effects reported such
as immunogenicity, inflammation, and globulolysis.***° ND
has low toxicity and high compatibility compared with other
carbon nanoparticles and also has a topical delivery system.
ND may have improved reliability with the expectation of
minimal safety issues."!

Cell viability test

Even though ND-COOH was not permeable through the
healthy skin, topical formulations might be applied on dam-
aged skin, which might cause skin safety issues. Cytotoxic-
ity evaluation could be useful to investigate the toxicity of
ND-COOH when developing drug delivery systems. To
evaluate the cytotoxicity of the ND-COOH/eugenol complex
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Notes: Confocal scanning laser microscopy images to evaluate the skin permeation of ND—fluorescein in the porcine skin depending on time. ND—fluorescein and fluorescein
alone appear green, and DAPI-stained nuclei appear blue: (A) ND—fluorescein and (B) fluorescein. The white bar indicates 50 um. (C) The cumulative amount of fluorescein
released across the excised porcine skin per unit surface area (g/cm?) in the receptor chamber.

Abbreviations: ND—fluorescein, nanodiamond conjugated with fluorescein; DAPI, 4’,6-diamidino-2-phenylindole; h, hours.

compared with both the model drug and ND-COOH alone,
a crystal violet assay was performed using RAW 264.7
murine macrophage cells. This cell line is widely studied,
robust, and allows repeatable results. ND-COOH and
ND-COOH/eugenol complex did not induce any significant
concentration-dependent decrease in the survival of RAW
264.7 cells in the concentration range of 100-1,000 pg/mL
after a 24-hour incubation (Figure 6). During incubation, only
50 ug/mL of eugenol showed 85% cell viability with statisti-
cally significant difference compared to the control (P<<0.05).
Interestingly, eugenol did not show cytotoxicity at 50 pg/mL
when mixed with ND-COOH. ND-COOH of 1,000 pg/mL

and ND-COOH/eugenol complex (ND 1,000 ug/mL and
eugenol 50 pug/mL) exhibited 98% and 89% cell viability,
respectively. ND-COOH might reduce cytotoxicity of
eugenol in the formulation with its low toxicity, adsorption
ability, and high biocompatibility.

ND particles showed improved biocompatibility com-
pared to other known CNPs.*>* It might be attributed
to their chemical stability, biostability, and appropriate
mechanical characteristics.* Toxicity of nanoparticles is
affected by surface physicochemical properties such as size,
morphology, hydrophobicity, and charge.* The ND-COOH
in the present study was a negatively charged, hydrophilic,
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Figure 6 Cytotoxicity evaluation of ND-COOH/eugenol complex compared with eugenol and ND-COOH using a crystal violet assay performed with RAW 264.7 murine

macrophage cells.

Note: *Statistical analysis compared to control was performed with a P-value <0.05.

Abbreviations: ND-COOH, carboxylated nanodiamond; ND, nanodiamond.

and highly functionalized nanoparticle. Negatively charged
nanoparticles cause less disruption of plasma membrane
integrity, stronger mitochondrial and lysosomal damage, and
a lower number of autophagosomes than positively charged
nanoparticles.* In addition, chemically functionalized CNPs
have shown reduced tissue accumulation and cytotoxicity
compared with pristine CNPs.**® These physicochemical
properties of ND-COOH may contribute to low cytotoxicity
during the incubation.

In vitro skin permeation test
The permeation profiles of eugenol in solution, with or
without ND, across the excised hairless mouse skin are shown
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%
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in Figure 7A. The cumulative released amount of eugenol
after 24 hours was 1,195.28 pg/cm? in the ND-COOH/
eugenol complex and 780 pg/cm? in the eugenol solution.
ND-COOH/eugenol complex showed ~50% higher released
amount than the eugenol solution. It is highly probable
that the adsorbed eugenol on the ND—-COOH particles dif-
fused rapidly upon exposure to the excised skin, which is
in accordance with the TEM results. As free eugenol in the
donor chamber diffused to the receptor chamber, adsorbed
eugenol in ND-COOH, functioning as a “reservoir”, was
released to the donor chamber maintaining a high concen-
tration. Noteworthy, there was no significant difference in
solubility between the two samples, with the concentration
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Figure 7 (A) In vitro drug release profiles of eugenol and ND-COOH/eugenol across the excised hairless mouse skin at 32°C using Franz-type diffusion cells (n=3). (B) Real-
time response of the PAH-coated QCM sensor to ND-COOH and eugenol solutions to monitor the physical adsorption of eugenol on the ND-COOH surface.

Note: Arrows represent injection of sample.

Abbreviations: ND-COOH, carboxylated nanodiamond; PAH, polyallylamine hydrochloride; QCM, quartz crystal microbalance; ND, nanodiamond; h, hours; s, seconds.
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of eugenol in solution being 2,260 pg/mL and the concen-
tration of free eugenol in the ND-COOH/eugenol solution
being 2,310 pg/mL. Even though ND could not increase the
aqueous solubility of eugenol, it may facilitate drug diffu-
sion. Based on the solubility and TEM results, ND—-COOH
particles may hold higher amounts of eugenol by adsorption
instead of inclusion.

As the cumulative diffused amount may be dependent on
the initial amount in the donor chamber, the initial amount of
free eugenol and that adsorbed to ND-COOH in the donor
chamber could be estimated indirectly from the cumulative
released amount based on the equilibrium concentration (after
12 hours in this study). As the initial concentration of free
eugenol had already been observed, the amount of adsorbed
eugenol to ND-COOH could be calculated as the difference
between the cumulative amount and the free eugenol in the
donor chamber. In this experiment, the concentration of free
eugenol was 2,260 ng/mL, and hence, the initial ND-COOH/
eugenol sample may have contained ~3,400 pg/mL eugenol.
Therefore, 1,140 pg/mL eugenol may be adsorbed to
1,000 pg/mL ND—-COOH. Although this calculation has
some issues including the solubility of eugenol and the
equilibrium concentration, ND-COOH particles could pos-
sess ~100% adsorption efficiency (weight ratio between
ND—COOH and eugenol was 1.00:1.14).

Eugenol was permeated into the skin layer by passive
diffusion. The main permeation routes of eugenol through
the epidermis are intercellular and intracellular pathways.*
There were three factors to increase the skin permeation
according to Fick’s law: drug concentration, diffusion coef-
ficient, and drug partitioning into the epidermis.** ND-COOH
could maintain a high concentration of eugenol in the donor
chamber by releasing absorbed eugenol, which retains the
driving force for diffusion. A high adsorption capability is
a favorable property of nanoparticles to be used as a drug
reservoir for drug delivery. These results, in combination with
the nonskin permeability of ND—-COOH particles, suggest
that ND—COOH could be used as an excellent topical drug
permeation enhancer for poorly soluble drugs.

Quartz crystal microbalance

QCM was employed to directly monitor the physical adsorp-
tion of eugenol on the ND-COOH surface in situ. PAH, as the
first layer, was adsorbed to change the negative surface charge
of a gold electrode (Figure 7B). After removal of excess
PAH, ND-COOH dispersion was flowed through the gold
electrode. The major decrease in frequency corresponded to
the adsorption of ND-COOH with a strong negative charge

onto the positively charged PAH surface, suggesting that
the PAH surface was dissipated by ND—COOH agglutinate.
The mass of ND-COOH adsorbed on the PAH surface was
2.25 pg/em?. As the eugenol solution was exposed to the
ND—COOH-layered surface, the decreased frequency and
increased resistance showed mass adsorption of eugenol
onto the ND surface. As eugenol adsorption approached
equilibrium, water was exposed to the ND/eugenol layer as a
rinsing step. Subsequently, an increase in the frequency shift
showed that eugenol was desorbed into the water.

The mass of eugenol adsorbed on the ND aggregates was
1.8 pg/cm?. In this experiment, ND-COOH could adsorb
eugenol with an amount equivalent to 80% of its own mass. In
addition, 75% of the eugenol was absorbed in 5 minutes after
mixing and 75% of eugenol was desorbed in 1 minute after
washing. From this result, ND showed immediate adsorption/
desorption depending on its concentration. Although the
calculated adsorption efficiency from the QCM results was
smaller than the efficiency from the permeation test, this
result suggested that ND has a strong physical adsorption
capability as a drug reservoir.

Molecule adsorption on ND was strongly dependent on
electrostatic interactions between ND and molecular species,
surface group composition of ND, and particle size of ND.*!
It was reported that surface adsorption of ND with protein
had significant impact on surface charge, molecular weight,
and protein rigidity.>? Small proteins such as lysozyme form
multilayers with conformational changes in screen surface
charge, while larger proteins such as albumin form monolay-
ers with minimal conformational changes. Hydrogen bonding
between eugenol and the carboxyl groups of ND-COOH
may affect the physical adsorption based on the molecular
structure of eugenol. Hydroxylated ND is thermodynamically
more stable as observed from modeling studies of ND surface
functionality.>® Since eugenol is nothing but methoxyphenol
with hydroxyl group, hydrogen bonding with ND—-COOH/
eugenol around water may be formed to increase adsorption
capability. In addition, aromatic ring of eugenol has -7
interaction with the carbon surface of ND.>*>* Since eugenol
is a small molecule compared to protein and other chemical
drugs, m—n interaction between ND and eugenol might not
be dependent on facet size of ND, which makes eugenol
easily approach ND surface. Hydrogen bonding and n—m
interaction between eugenol and ND led the effective drug
adsorption up to 80%. Moreover, the small particle size
of ND-COOH in dispersion may induce a higher specific
surface area, resulting in an improved adsorption capability
of ND-COOH.
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Photostability test

Eugenol, a model drug, is a well-known antioxidant; how-
ever, it exhibits increased cytotoxicity when exposed to light
irradiation.* Owing to the physicochemical properties of ND,
it may be used as a UV filter.”** Therefore, photostability
studies were carried out to investigate the effects of ND on
the stability of eugenol. Figure 8 shows the content change of
eugenol dependent on time, in both the ND-COOH/eugenol
complex and eugenol solution, upon exposure to xenon
light. The ND/eugenol complex showed improved stability
compared with the eugenol solution, and after 6 hours, the
concentration of eugenol decreased to 67.74% and 85.13%
in the eugenol solution and ND-COOH/eugenol complex,
respectively.

To identify the degradation kinetics, the relative con-
centration of eugenol was plotted over time. Correlation
coefficients (R?) of the plots exceeded 0.99, suggesting that
the reaction of photodegradation may follow zero-order
kinetics. The kinetic model can be expressed as the follow-
ing equation:

C =C,~kt 3)

where C; is the concentration of eugenol at time zero, C,
is the concentration of eugenol after the reaction time (f),
and k is the reaction rate constant. The rate constant of
the eugenol solution was 5.208 and that of ND—-COOH/
eugenol was 2.425. The rate constant of ND-COOH/eugenol
was ~47% to that of eugenol, suggesting that ND enhanced
the photostability.
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Figure 8 Effects of ND-COOH on the photostability of eugenol upon exposure to
light conditions, dependent on time.

Note: The xenon light source adopted in this study was a full spectrum light with
both UV and visible outputs (320-800 nm).

Abbreviations: ND-COOH, carboxylated nanodiamond; UV, ultraviolet; ND,
nanodiamond; h, hours.

This result may be related to the “light protection” or
“sun screening” properties of ND. The protection mecha-
nism of chemical sunscreens depends mainly on absorption
properties. ND absorbs high-energy radiation such as UVB
(290-320 nm) and UVA (320-400 nm) and converts the
remaining energy into longer wave radiation.>® The mecha-
nism of physical sunscreens such as titanium dioxide involves
reflection or scattering of UV radiation. However, ND has
both the properties of UV absorption and scattering. The
attenuation of UV radiation by ND is attributed to absorption
by carbon in the sp? hybridization state, present on the ND sur-
face.?> Moreover, ND has a high refractive index (~2.4) and
thus efficiently scatters light.*® The properties of ND to absorb
and scatter UV radiation are dependent on the concentration
and size of the ND particles. A previous report demonstrated
that ND with sizes ranging from 50 nm to 100 nm effectively
attenuated UV radiation, while maintaining the transparency
of a sample in the visible spectral region.?* According to the
DLS and TEM results, the ND in the present study has a size
of ~50 nm without visible aggregates at neutral pH, indicating
that our ND could attenuate UV light and stabilize eugenol,
while retaining the esthetic value of topical formulations.
Therefore, these results suggest that ND could be an effec-
tive photostabilizing agent and that this property of ND may
be beneficial for the development of topical preparations
containing eugenol as an active ingredient.

Evaluation of antioxidation

DCF analysis was performed to evaluate the intracellular
antioxidant activity of eugenol and ND-COOH/eugenol
complex. A significant decrease in ROS was observed in the
tested concentration range of both samples compared with
the negative control sample (Figure 9A). Eugenol played
a role as an antioxidant scavenging cellular ROS. Interest-
ingly, eugenol showed a concentration-independent ROS
scavenging capability from 5 pg/mL to 50 ug/mL. Low
concentrations of eugenol acted as an antioxidant, whereas
high concentrations acted as a prooxidant, resulting from the
enhanced generation of tissue-damaging free radicals.*> How-
ever, ND-COOH/eugenol complex showed a concentration-
dependent ROS scavenging capability. Relative fluorescence
intensity decreased from 80.89% to 46.25% with increasing
concentrations from 5 pug/mL to 50 pug/mL eugenol with
ND-COOH. ND-COOH may form a synergetic interaction
with eugenol, thus exhibiting improved antioxidation. In
the cell viability test, ND-COOH/eugenol complex showed
higher cell viability than eugenol or ND-COOH, perhaps
indicating a synergetic effect of ND-COOH and eugenol.
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Figure 9 Antioxidant activity evaluation of ND-COOH and ND-COOH/eugenol complex.
Notes: (A) DCF analysis to evaluate the antioxidant activity on the generation of ROS in RAW 264.7 murine macrophage cells. The ROS generation of the control cells was
considered to be 100%. (B) Absorbance at 450 nm of samples in the CUPRAC assay. (C) The DPPH scavenging effect (%) of ND-COOH/eugenol, eugenol, and ND-COOH.

*Statistical analysis was performed with a P-value <0.05.

Abbreviations: ND-COOH, carboxylated nanodiamond; DCF, 2’,7’-dichlorodihydrofluorescein diacetate; ROS, reactive oxygen species; CUPRAC, cupric reducing

antioxidant capacity; DPPH, I,1-diphenyl-2-picryl-hydrazil; ND, nanodiamond.

CUPRAC assay showed similar results with the DCF
analysis (Figure 9B). ND-COOH/eugenol complex showed
improved antioxidant activity in the concentration range
of 5-25 ug/mL. Correlation coefficient (R?) of the plots
exceeded 0.99, suggesting that the antioxidation reaction
may be concentration dependent. Eugenol and ND-COOH
also showed antioxidant activity in CUPRAC assay, while
the concentration dependency was not significant compared
to the ND—-COOH/eugenol complex. Moreover, ND-COOH/
eugenol complex showed synergistic effect as the absorbance
of ND-COOH/eugenol complex was more than the sum of
ND—COOH and eugenol absorbance (P<<0.05). CUPRAC is
an electron transfer-based antioxidant quantification method
that measures the capacity of an antioxidant by the reduction
of Cu(II)-Nc¢.”’

DPPH assay also showed antioxidant activity of ND-
COOH/eugenol, eugenol, and ND-COOH (Figure 9C).
All samples showed concentration-dependent antioxidant
activity. However, ND-COOH/eugenol complex did not
show synergistic effect. There was little difference between
ND-COOH/eugenol complex and eugenol. Most of the
DPPH radicals were reduced in the assay, and amounts of

DPPH might not be sufficient for showing synergistic effect.
The antiradical activity of a compound might be dependent
on which assay is used.*®

From these results, it is found that ND-COOH may act
as an antioxidant in formulations and even can be a booster
for antioxidation. This property may be beneficial for the
development of topical drug delivery systems because
oxidation is one of the most important degradation pathways
during storage. Oxidation stress to drugs could induce toxic
degradants, and oxidative damage to proteins including
enzymes can lead to alterations in their primary, secondary,
and tertiary structure and cause inactivation. ND—COOH
could improve the stability and safety of formulations by
preventing oxidation.

Conclusion

Various physicochemical properties of ND-COOH were
investigated for use as a topical drug delivery system. It dem-
onstrated the possibility to be used as a noble drug permeation
enhancer with its high biocompatibility, physical adsorption,
ROS scavenging effect, and photostabilizing capability.
ND-COOH did not show significant toxic effects to murine
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macrophage cells, and it is nonpermeable into skin due to
its surface physicochemical properties, including size, mor-
phology, hydrophobicity, and surface charge. In the QCM
experiment, ND-COOH could adsorb an amount of model
drug equivalent to 80% of its own mass, showing an appli-
cation of ND-COOH as a topical drug delivery reservoir.
Potentially, ND-COOH could help disperse poorly soluble
drugs with high drug adsorption, and it also exhibited an
improved photostability in formulation. ND-COOH/eugenol
complex showed ~53% slower reaction rate than the eugenol
solution. Moreover, ND-COOH showed a high reactivity
with ROS and the opportunity to be used as an antioxidant in
various formulations. From these results, ND-COOH could
be recommended as an excellent topical drug delivery sys-
tem, especially for oxidation- and light-sensitive drugs with
its improved permeability, higher stability, and minimized
safety issues.
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