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Abstract: Coffee grounds, a waste by-product generated after making coffee, contains
approximately 15% coffee oil which can be used as a raw material in cosmetics. Algae oil rich in
docosahexaenoic acid (DHA) has been demonstrated to possess anticancer and anti-inflammation
functions. The objectives of this study were to develop a gas chromatography-mass spectrometry
(GC-MS) method for the determination of fatty acids in coffee oil and algae oil and prepare a
nanoemulsion for studying its inhibition effect on ultraviolet A-induced skin damage in mice and
growth of melanoma cells B16-F10. A total of 8 and 5 fatty acids were separated and quantified
in coffee oil and algae oil by GC-MS, respectively, with linoleic acid (39.8%) dominating in
the former and DHA (33.9%) in the latter. A nanoemulsion with a particle size of 30 nm, zeta
potential —72.72 mV, and DHA encapsulation efficiency 100% was prepared by using coffee
oil, algae oil, surfactant (20% Span 80 and 80% Tween 80), and deionized water. Differential
scanning calorimetry (DSC) analysis revealed a high stability of nanoemulsion when heated up to
110°C ata pH 6, whereas no significant changes in particle size distribution and pH occurred over
a 90-day storage period at 4°C. Animal experiments showed that a dose of 0.1% coffee oil-algae
oil nanoemulsion was effective in mitigating trans-epidermal water loss, skin erythema, melanin
formation, and subcutaneous blood flow. Cytotoxicity test implied effective inhibition of mela-
noma cell growth by nanoemulsion with an IC, value of 26.5 pg/mL and the cell cycle arrested
at G2/M phase. A dose-dependent upregulation of pS3, p21, cyclin B, and cyclin A expressions
and downregulation of CDK1 and CDK2 occurred. Also, both Bax and cytochrome ¢ expres-
sions were upregulated and bcl-2 expression downregulated, accompanied by a rise in caspase-3,
caspase-8, and caspase-9 activities for apoptosis execution. Collectively, the apoptosis pathway
of melanoma cells B16-F10 may involve both mitochondria and death receptor.

Keywords: coffee ground, coffee oil-algae oil nanoemulsion, DHA, melanoma cell apoptosis,
mouse skin protection, GC-MS

Introduction

Coffee, one of the most popular drinks in the world due to its characteristic taste and
rich flavor, is a vital agricultural crop and mainly produced in countries such as Brazil,
Columbia, and Vietnam.! According to a statistical report published in 2010, the total
production yield of coffee reached 8,017,860 tons around the world.? However, while
making coffee from the coffee bean, a large amount of coffee waste or spent coffee
grounds are produced, which pose a major threat to environmental protection if not
further utilized. As coffee grounds contain approximately 15% oil, further utilization
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of coffee oil as a raw material to produce biodiesel through
interesterification or defatted grounds to generate coffee bio-
char through slow pyrolysis has been well documented.’

Accordingly, coffee oil is mainly composed of triacyl-
glycerol (75%) and a small amount of free fatty acid, wax,
and unsaponifiable matters, including sterols, tocopherols,
phosphatides, diterpenes, and ceramides.* However, a high
level (13.54%) of unsaponifiable matters was present in
the species Coffea arabica, while a low level (0.36%) in
C. kapakata.® Furthermore, fatty acid composition in coffee
oil obtained from green coffee bean was similar to that after
baking, with the dominant fatty acids being linoleic acids
(39.36%—47.80%) and palmitic acid (29.44%-35.55%).°
In addition to fatty acids, coffee grounds also contain diter-
penes cafestol and kahweol, both of which have been shown
to ameliorate CCl -induced liver damage in mice through the
inhibition of liver metabolic enzyme CYPZE! activity and
free radical formation.’

According to literature reports, coffee oil could also be
used as raw materials for the production of cosmetics as both
linoleic acid and palmitic acid were effective in mitigating
skin inflammation and skin aging.* For instance, Velazquez
Pereda et al® reported that following treatment with green cof-
fee oil (3.12-25.0 mg/mL), both human derma fibroblast cell
CC-2511 and human skin keratin cell HaCaT could induce
the formation of collagen, elastin, and glycosaminoglycans
by 1.8-, 1.5-, and 2-fold, respectively. In another study deal-
ing with the preparation of emulsion with coffee oil as raw
materials, Wagemaker et al’ illustrated that coffee oil was
efficient in treating skin damage caused by ultraviolet B
(UVB; 280-320 nm) radiation, with the sun protection factor
(SPF) being 1.5. Moreover, following the emulsion smearing
onto human skin, both the trans-epidermal water loss (TEWL)
and erythema index showed a declined trend, demonstrating
the light protective effect of coffee oil.” Nevertheless, the
inhibition effect of coffee oil on growth of melanoma cells
and light protection on mouse skin remain unexplored.

In addition to linoleic acid and palmitic acid, the polyun-
saturated fatty acids like docosahexaenoic acid (DHA) is also
a vital fatty acid reported to possess many biological activi-
ties including anticancer, anti-inflammation, antibacteria,
antidiabetes, and anticardiovascular disease.!>'> DHA, a kind
of ®-3 fatty acids, is present in abundant amount in both fish
oil and algae oil. However, there is a lack of data regarding
the inhibition effect of algae oil on melanoma cells as well as
protection effect on UV-induced skin damage in mice.

In recent years, the application of nanotechnology in cos-
metics and pharmaceutical industry has become a promising

field to develop amid its capability in enhancing aqueous
solubility of lipophilic functional components, encapsulating
unstable bioactive compounds, and elevating skin penetra-
tion and absorption of bioactive compounds.!* Among the
various nanotechniques, the development of microemul-
sion or nanoemulsion is quite popular because of its ease
in preparation. Accordingly, both microemulsion and
nanoemulsion are composed of two immiscible phases,
water and oil, and a surfactant in an appropriate proportion.
Sometimes the cosurfactant or cosolvent can be added to
minimize the surfactant dosage and lower surface tension
of droplets.!* Comparatively, microemulsion is thermo-
dynamically more stable than nanoemulsion, though both
possess the same transparent or semi-transparent appearance,
with the size of the former being ranged from 2 to 100 nm
and the latter from 10 to 100 nm."

For the selection of surfactants, the nonionic type like
Tween 80 has been shown to be safer than the ionic type
like sodium acetate. Furthermore, the hydrophilic-lipophilic
balance (HLB) value is an important index for surfactant
classification, that is, the water-in-oil (W/O) emulsion can
be more readily formed with HLB <10, whereas the oil-
in-water (O/W) emulsion can be formed with HLB >10.'
However, no information is available as to the preparation
of microemulsion or nanoemulsion with coffee oil or algae
oil as raw materials and its application in cosmetics and
pharmaceutical fields.

The objectives of this study were to develop a nano-
emulsion with both coffee oil and algae oil as raw materials
and study its protective effect against UVA-induced skin
damage in mice as well as antiproliferative effect and mecha-
nism on melanoma cells B16-F10. In addition, the fatty acid
composition in both coffee oil and algae oil was analyzed by
gas chromatography-mass spectrometry (GC-MS).

Materials and methods

Materials

Coffee grounds were obtained from Sin-Tex Co. (Taipei,
Taiwan), while algae oil (Lonza DHA CL) was from Da-
Chang-Hua-Chia Co. (Taipei, Taiwan), and both were stored
at 4°C prior to use.

Fatty acid methyl ester standards including decanoic acid
methyl ester (C10:0), myristic acid methyl ester (C14:0),
palmitic acid methyl ester (C16:0), stearic acid methyl ester
(C18:0), oleic acid methyl ester (C18:1), linoleic acid methyl
ester (C18:2), linolenic acid methyl ester (C18:3), arachidic
acid methyl ester (C20:0), gadoleic acid methyl ester (C20:1),
behenic acid methyl ester (C22:0), docosapentaenoic acid
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(DPA) methyl ester (22:5n6), and DHA methyl ester (22:6n3)
were purchased from NU-Check-Prep Inc. (Elysian, MN,
USA), with all the purities being 99%. Solvents including
methanol, ethanol, hexane, hydrochloric acid, and dimethyl
sulfoxide (DMSO) were from Merck Co. (Darmstadt,
Germany). Deionized water was obtained from EMD Millipore
(Billerica, MA, USA) by a Milli-Q water purification system.
The derivatization agent BF -CH,OH (13%-15%, w/v) was
from Riedel-de Haén Co. (Seelze, Germany). Potassium
hydroxide (KOH), anhydrous sodium sulfate, and sodium
chloride were also from Riedel-de Haén Co. Surfactants
such as Tween 80, Span 80, and Tween 20 were from Yi-Ba
Enterprise Co. (Taipei, Taiwan). Test strips used to assess oil
quality were from Advantec Co. (Tokyo, Japan).

Melanoma cell lines B16-F10 (BCRC 60031) were
procured from Bioresource Collection and Research Center
(BCRC), Taiwan Food Industry Research and Development
Institute (FIRDI, Hsinchu, Taiwan). Both human fibroblast
cell line CCD986SK and keratin cell line HaCaT were gifts
from Dr Jih-Fung Lu and Dr Chi-Feng Hong, respectively,
School of Medicine, Fu Jen University (New Taipei City,
Taiwan). These two cell lines were also purchased from
the accredited facility BCRC-FIRDI in Taiwan. Cell cul-
ture reagents including fetal bovine serum (FBS), culture
Dulbecco’s Modified Eagle’s Medium (DMEM)), penicillin-
streptomycin, and Hank’s balanced salt solution (HBSS) were
from Hyclone Co. (Logan, UT, USA). Trypan blue stain agent
(0.4%), 0.25% trypsin-EDTA, and sodium pyruvate were
from Thermo Fisher Scientific (Waltham, MA, USA). Pro-
pidium iodide (PI), RNase A, bovine serum albumin (BSA),
sodium dodecyl sulfate (SDS), 3-(4,5-dimethylthoazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), and phos-
phoric acid were from Sigma—Aldrich Co. (St Louis, MO,
USA). The Bradford reagent protein assay kit was from
Bio-Rad Laboratories Co. (Hercules, CA, USA). N,N,N',N’-
tetramethylethylenediamine, ammonium persulfate (APS),
glycine, Tris-base, and 30% acrylamide were from USB Co.
(Cleveland, OH, USA). Amersham ECL prime Western blot-
ting detection reagent and polyvinylidene fluoride (PVDF)
blotting membrane were from GE Healthcare Bio-Sciences
AB (Uppsala, Sweden). Both caspase-8 and caspase-9 fluo-
rometric assay kits were from Biovision Co. (Milpitas, CA,
USA). Both Annexin V:fluorescein isothiocyanate (FITC)
apoptosis detection kit I and caspase-3 assay kit were from
BD Biosciences (San Jose, CA, USA). The prestained protein
ladder was from Bioman Co. (Taipei, Taiwan).

The primary antibodies include mouse monoclonal anti-
a-tubulin antibody (Sigma—Aldrich Co.), mouse anti-cyclin A

and rabbit anti-Bax (EMD Millipore), mouse anti-CDK2,
mouse anti-cytochrome C, mouse anti-p21, mouse anti-
cyclin B, and mouse anti-Bcl-2 (BD Biosciences), as well as
anti-cdc2 (CDK1) and mouse anti-p53 (Novus Biologicals
Co., Littleton, CO, USA). The secondary antibodies include
peroxidase-conjugated goat anti-mouse IgG (Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA, USA) and
peroxidase-conjugated goat anti-rabbit IgG (Anaspec Co.,
Fremont, CA, USA).

Instrumentation

The GC model 6890 equipped with flame ionization detector
(FID) or mass spectrometer (model 5973) was from Agilent
Technologies (Santa Clara, CA, USA). Three capillary
columns including high-polar DB-Wax (60 m %x0.53 mm
ID, 1-um film thickness) with polyethylene glycol as sta-
tionary phase and high-polar HP-88 (100 m x0.25 mm ID,
0.2-um film thickness) with bicyanopropyl polysiloxane as
stationary phase, and low-polar HP-5MS (30 m %x0.25 mm
ID, 0.25-um film thickness) with 5% diphenyl and 95%
dimethyl polysiloxane as stationary phase were also from
Agilent Technologies. The Eyela N-1 rotary evaporator was
from Tokyo, Japan. The low-temperature circulation water
bath was from Li-Chen Instrument Co. (Taoyuan, Taiwan).
The high-speed centrifuge Sorvall RC5C was from Du
Pont Co. (Wilmington, DE, USA), while the microcentri-
fuge Fresco 21 was from Thermo Scientific Heraeus Co.
(San Jose, CA, USA). Both the sonicator (model DC400H)
and laminar flow hood were from Hua-Hsia Scientific Co.
(Taipei, Taiwan). The inverted microscope (Eclipse TS100)
was from Nikon Corporation (Tokyo, Japan). The CO,
incubator (SCA-165DS) was from Astec Co. (Fukuoka,
Japan). The enzyme-linked immunosorbent assay (ELISA)
reader (model VersaMax) was from Molecular Devices
LLC (Sunnyvale, CA, USA). The nanoparticle size ana-
lyzer/dynamic light scattering (DLS) (model 90 plus) with
Avalanche photodiode detector and BIC particle sizing
90 plus software was from Brookhaven Instruments Co.
(Holtsville, NY, USA). The differential scanning calo-
rimeter (Q10) was from TA Instruments Co. (New Castle,
DE, USA). The transmission electron microscope (TEM)
(model JEM-1400) was from JEOL (Tokyo, Japan). The
flow cytometer (model FC200) was from Beckman Coulter
Co. (Fullerton, CA, USA). The blood cell analyzer (model
Vet abc) was from SCIL Co. (Viernheim, Germany). The
electrophoresis system was from Bio-Rad Laboratories
Co. The multiple wavelength microplate analyzer (model
Infinite 200 PRO series) was from TECAN Co. (Mannedorf,
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Switzerland). The luminescence fluorescence image ana-
lyzer (model BioSpectrum 500) was from UVP Co. (Upland,
CA, USA).

Processing of coffee oil

Approximately 100 kg of coffee grounds was dried in a
large frying pan (90°C) for 2 h and then cooled to room
temperature, after which a portion (15 kg) was collected and
mixed with 30 L hexane for extraction at 40°C for 4 h. After
filtration, crude coffee oil was obtained and stored at 4°C
for further use. Next, a portion of crude coffee oil (150 mL)
was refined by mixing with 2 mL of 25 N NaOH and stir-
ring for 30 min, followed by adding 15 mL hexane, stirring
for 30 min, centrifuging at 3,500 rpm for 30 min, collecting
supernatant, and evaporating hexane under vacuum. After
refining, the acid value of crude coffee oil was reduced from
8—15 to <2.0 as measured by a test strip.

Analysis of fatty acid in coffee oil and
algae oil by GC-FID and GC-MS

Prior to analysis of fatty acids in coffee oil and algae oil by
GC, methyl esterification has to be carried out to enhance
volatility of fatty acids and improve resolution. Initially,
2 g of coffee oil or algae oil was mixed with 20 mL of
0.5 N NaOH-methanol solution, after which the mixture
was heated to 50°C and reacted for 10 min. After cooling,
methyl esterification was performed by adding 16 mL of 0.5
N BF,-methanol and reacting at 50°C for 5 min, followed by
cooling, adding 16 mL hexane, heating at 50°C for 10 min,
cooling, adding 60 mL of saturated NaCl solution, filtering
to remove precipitate by suction, collecting supernatant,
evaporating to dryness under vacuum, dissolving in hexane,
and diluting to 10 mL for GC-FID and GC-MS analyses.
Three GC capillary columns as mentioned earlier were
used for the comparison of separation efficiency of fatty acids
in both coffee oil and algae oil. After GC analysis, the DB Wax
capillary column was shown to provide a better resolution
than the other two columns by employing the following con-
ditions: the carrier gas was helium with flow rate at 4 mL/min,
injection volume 1 pL with split ratio 20:1, injector and
detector (FID) temperatures 240°C and 250°C, respectively.
Also, the initial column temperature was 185°C, maintained
for 1 min, raised to 230°C at 5°C/min and maintained for
8 min. A total of 8 fatty acid methyl esters in coffee oil and
5 fatty acid methyl esters in algae oil were separated within
18 min. The separation efficiency was evaluated based on k
value (retention factor) and « value (separation factor). The
various fatty acids in coffee oil and algae oil were identified

by comparing retention times and mass spectra of unknown
peaks with reference standards. For GC-MS analysis, the
electron ionization (EI) source and total ion scanning mode
were used with the electron energy being 70 eV, MS source
temperature 230°C, and MS quad temperature 150°C. An
internal standard decanoic acid methyl ester (C10:0) was used
for quantitation by dissolving in hexane at a concentration of
1,000 pg/mL. Six concentrations (30, 50, 150, 200, 250, and
300 pg/mL) were each prepared for C16:0, C18:1,and C18:2,
while 10, 30, 50, 75, 100, and 200 pg/mL prepared for C18:3,
C20:0, C20:1, C22:0, and C22:6. Similarly, 6 concentrations
(10, 30, 50, 100, 150, and 200 pg/mL) were prepared for
C18:0. Each concentration of fatty acid methyl ester standard
was prepared in hexane and then mixed with internal standard
(C10:0) whose final concentration was 100 pg/mL. After GC-
FID analysis, the standard curve of each fatty acid methyl
ester was prepared by plotting concentration ratio (standard
versus internal standard) against area ratio (standard versus
internal standard). Both the linear regression equations and
coefficient of determination (R?) were obtained automatically
with a Microsoft EXCEL software system, with the former
being used for calculation of the amounts of fatty acids in
both coffee oil and algae oil.

Preparation of nanoemulsion

Initially, 0.5 g coffee oil and 0.3 g algae oil were mixed in
a tube, after which 1 g surfactant (20% Span 80 and 80%
Tween 80) was added and stirred at 70°C for 15 min. Then
deionized water was added and diluted to 10 mL, followed
by sonicating at 65°C for 2 h to obtain a nanoemulsion
containing DHA at 114 mg/mL.

Particle size analysis

A portion of nanoemulsion (200 uL) was collected and
diluted to 5 mL with 25 mM phosphoric acid dihydrogen
potassium buffer solution (pH 5.3-5.5), after which 3 mL
was filtered through a 0.45-um membrane filter (Nylon,
13 mm) for the measurement of particle size distribution
and polydispersity index (PDI) by DLS. The nanoemulsion
without filtration through a 0.45-um membrane filter was also
determined by DLS. Quadruplicate analyses were conducted.
For TEM analysis, 200 UL of nanoemulsion was diluted with
deionized water 50 times, after which 20 uL was collected
and dropped on copper grid for 30 s, followed by remov-
ing the excessive solution with a glass filter paper, nega-
tive staining with 20 UL of 0.2% phosphotungstic acid for
30 s, removing the excessive staining agent with a glass filter
paper, and drying in a desiccator for 2 days. Both the particle
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size and the shape of nanoemulsion were then measured by
enlarging 3x10° times under 120 kV.

Stability of nanoemulsion during storage
Nanoemulsion samples were stored at 4°C, 25°C, and 40°C,
and both particle size distribution and pH value on days 1,
7,21, 30, 60, and 90 were determined by DLS and pH meter,
respectively. For DSC analysis, 3—5 mg of nanoemulsion
sample was collected in a small copper container and
the same volume of 25 mM phosphoric acid dihydrogen
potassium buffer solution (pH 6.0-7.0) was added, after
which the solution was stirred, sealed, and stood at room
temperature for 15 min. Then the pressure of DSC was raised
to 500 psi with nitrogen gas with a flow rate at 20 mL/min
to prevent thermal expansion, while the temperature was
elevated from 40°C to 105°C at 10°C/min. For the deter-
mination of zeta potential, 0.1 g of nanoemulsion sample
was diluted with deionized water 50 times, after which the
solution was filtered through a 0.22-Lum membrane filter and
placed in a zeta potential analyzer for analysis at 25°C.

Determination of encapsulation efficiency
Nanoemulsion sample was collected in a centrifuged tube
containing a dialysis membrane with the molecular weight
cutoff 3 KD for dialysis. Unencapsulated DHA (free DHA)
could penetrate into the membrane, and the dialysate was
analyzed for DHA by GC-FID. The encapsulation efficiency
was determined using the following formula:

(W, -W,)

Encapsulation efficiency (%) = iW x 100

where W, original DHA amount and W, free DHA amount.

UV irradiation experiment

Cells HaCaT (2.5x10°) were seeded in a 24-well plate and
cultured overnight with the medium containing various pro-
portions (0.01%, 0.033%, and 0.1%) of coffee oil-algae oil
nanoemulsions, corresponding to 11.4,37.6, and 114 ug/mL
DHA, respectively, or the medium without serum, after
which cells were washed with PBS twice and irradiated
with UVA (20 J/em?) or UVB (20 mJ/cm?). A Bio-Sun
system illuminator (Vilber Lourmat, Collégien, France) was
used to provide UVB (312 nm) and UVA (365 nm) with a
10-cm distance from sample, followed by adding the fresh
medium without serum and incubating for 24 h. The treat-
ment without coffee oil-algae oil nanoemulsion and without

irradiation was used as control. Then the MTT assay was used
to calculate the cell survival rate using the same formula as
described earlier.

Animal experiment

A total of 24 6-week-old BALB/c mice were obtained from
BioLASCO Laboratory Animal Center, and this study was
approved by Fu Jen University Animal Subjects Review
Committee, New Taipei City, Taiwan. The experiments
were carried out following the ethical guidelines of the
Care and Use of Animals in Research as recommended by
the American Psychological Association.!® Prior to experi-
ment, these mice were housed in ventilation cages in the
Fu Jen University Laboratory Animal Center at an ambient
temperature of 22°C+2°C for 12 h (7 AM to 7 PM). All mice
were fed with a laboratory rodent diet 5001 (LabDiet Co.,
St Louis, MO, USA) ad libitum and strict regulations on
human care for laboratory animals were adopted. Then all
the 24 mice were divided into 4 groups of 6 each, with the
first group receiving no treatment, the second group receiv-
ing UVA irradiation (6 J/cm?), the third group receiving
0.1% nanoemulsion, and the fourth group receiving 0.1%
nanoemulsion plus UVA irradiation (6 J/cm?). A 6-day
duration experiment was conducted for each group, with
UVA irradiation being carried out on days 2, 4, and 6.
A Bio-Sun system illuminator (Vilber Lourmat) was used
with a dose of 6 J/cm? until a total of 18 J/cm? was accu-
mulated on the same day. The distance between illuminator
and mice was 10 cm. Also, after 1 h irradiation on each day,
the TEWL, formation of erythema and melanin, as well as
subcutaneous blood flow rate were determined by Tewame-
ter (TM 300; Courage and Khazaka, Koln, Germany),
Spectrocolorimeter (CD100; Yokogawa, Tokyo, Japan), and
Laser Tissue Blood Flow Meter (FLO-N1; Omegawave,
Tokyo, Japan), respectively.

Cell culture

Mouse melanoma cell line B16-F10 was cultured in a
DMEM, which was prepared by mixing 67 g of DMEM
powder containing 4 mM L-glutamine and 4.5 g/L glucose,
7.5 g of sodium bicarbonate, 50 mL of sodium pyruvate,
5,000 U/mL penicillin, and 5,000 U/mL streptomycin, fol-
lowed by dissolving in 4,450 mL deionized water, adjusting
pH to 7.2, diluting to 4,750 mL with deionized water, filter-
ing through a 0.22-um membrane filter and storing at 4°C
for use. A portion of 950 mL was collected and mixed with
50 mL FBS. Both CCD986SK and HaCaT cell lines were
also cultured in a DMEM prepared by the same method
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shown above with the exception that no sodium pyruvate
was added.

Cells were collected from liquid nitrogen and thawed at
37°C, after which cell sap containing 7% DMSO was poured
into a 75-T flask and 10 mL of DMEM containing 5% FBS
was added gradually. Then cells were cultured in an incubator
at37°C and 5% CO,. After the cell density reached 80%-90%
confluency, cells were washed with PBS 2—3 times and 1 mL
0f 0.25% trypsin-EDTA was added, followed by reacting in
an incubator for 1-2 min, adding 1 mL medium, centrifuging
at 1,000 rpm for 5 min, removing the supernatant and 1 mL
of DMEM was added. Then a portion of cells were seeded
in a new culture medium. For cell number count, cells were
suspended in a medium and 20 puL was collected and mixed
with the same volume of trypan blue, followed by pouring
into a hemocytometer for counting under a microscope. The
cell concentration was then calculated by using a formula as
described by Chang and Chen.'¢

MTT assay

The cell suspension containing B16-F10 or CCD986SK
was seeded in a 96-well plate with each well containing
7x10? cells or 6x10° cells, respectively, and cultured over-
night for cell adhesion. Then the culture medium was
removed and replaced with different proportions (0.01%,
0.013%, 0.02%, 0.04%, and 0.1%) of coffee oil-algae oil
nanoemulsion, corresponding to 11.4, 15.2, 22.8, 45.6, and
114 ng/mL DHA, respectively. Triplicate experiments were
carried out for each concentration. After 48 h, the culture
medium was discarded and PBS was added to remove the
residual medium, followed by adding 0.2 mL MTT reagent
(0.5 mg/mL), reacting in an incubator for 2 h, adding 0.2 mL
DMSO to dissolve purple crystal, and measuring absorbance
at 570 nm with an ELISA reader.

Cell cycle analysis

Cells (B16-F10) were seeded in a 6-well plate with each
well containing 3x10* cells and cultured for 24 h for cell
adhesion. Then the medium was removed and washed with
PBS, followed by adding different proportions (0.013%,
0.02%, and 0.04%) of coffee oil-algae oil nanoemulsions,
corresponding to 15.2, 22.8, and 45.6 pg/mL DHA, respec-
tively. After 48 h of incubation, cells were washed with PBS
and suspended with trypsin-EDTA, followed by collecting in
a tube for centrifugation at 1,000 rpm for 5 min, removing
supernatant, washing cells with PBS twice, adding 1 mL 70%
ethanol solution, and standing at 4°C overnight for cell fixing.
Next, cells were centrifuged again to remove ethanol and

washed with PBS twice, followed by adding 0.1 mL RNase
(1 mg/mL) and 0.1 mL staining agent PI (0.1 mg/mL), and
reacting at 37°C for 30 min in the dark. The stained cells were
then analyzed by a flow cytometer for cell cycle distribution
after filtration through a 40-um nylon screen.

Annexin V/PI staining assay

Cells (B16-F10) were seeded in a 6-well plate with each
well containing 3x10* cells and cultured overnight for cell
adhesion, after which the medium was removed, washed
with PBS, and different proportions (0.013%, 0.02%, and
0.04%) of coffee oil-algae oil nanoemulsions, corresponding
to 15.2,22.8,and 45.6 pg/mL DHA, respectively, were added
for further incubation for 48 h. Then the cells were washed
with PBS and suspended with trypsin-EDTA, followed by
collecting in a tube, centrifuging at 1,000 rpm for 5 min,
removing supernatant, washing with PBS twice, adding
0.1 mL of 1x binding buffer to suspend cells, adding 5 uL
of FITC-Annexin V and 10 pL staining agent PI, reacting at
room temperature for 15 min in the dark, adding 0.4 mL of
Ix binding buffer, and analyzing by a flow cytometer.

Western blotting

Cells (1.5x10°) were seeded in a 10-cm plate and cultured
overnight, after which the medium was removed, washed
with PBS, and replaced with different proportions (0.013%,
0.02%, and 0.04%) of coffee oil-algae oil nanoemulsions,
corresponding to 15.2, 22.8, and 45.6 ug/mL DHA, respec-
tively, for further incubation for 48 h. Then the cells were
washed with PBS and trypsin-EDTA added to suspend cells.
Both medium and cell suspension were collected in a tube
and centrifuged at 1,000 rpm for 5 min. Then the super-
natant was removed, followed by washing cells with PBS
(4°C), adding cell lysis buffer (100 uL), dispersing cells,
storing at —20°C overnight, centrifuging at 12,000 rpm for
30 min, and collecting the supernatant as protein extract.
BSA was used as standard for protein quantitation by pre-
paring 7 concentrations of 0.5, 1, 2, 4, 6, 8, and 10 pug/mL
containing 1x Bradford reagent. The BSA standard curve
was prepared by plotting concentration against absorbance
at 595 nm in a 96-well plate. Likewise, the cell extract
(200 pL) was collected in a 96-well plate for absorbance
measurement at 595 nm, and protein was quantified based
on the standard curve.

For SDS-PAGE electrophoresis, 40—70 g protein extract
was collected and sample buffer was added for reaction in
a 95°C water bath for 10 min, followed by cooling on ice,
adding prestained protein ladder, and sample into a tank for
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separation of protein with the upper and lower voltage being
70 and 110 V, respectively.

For Western blotting, the PVDF membrane was activated
in methanol for 30 s and then immersed in [X transfer buffer
for 5 min. After incubating at 4°C for 90 min (100 V), the
PVDF membrane was soaked in blocking buffer (TBST
buffer solution containing 5% skim milk), reacted at room
temperature for 1 h to prevent noise. Then the TBST buffer
solution containing 0.1% Tween 20 was added, washed
3 times to remove unattached protein, and the primary anti-
body was added in an appropriate ratio shown below: cyclin
A (1:1,000), cyclin B (1:1,000), p53 (1:1,000), p21 (1:500),
CDKI (1:2,000), CDK2 (1:5,000), cytochrome C (1:500),
Bcel-2 (1:2,500), and Bax (1:2,000). After reacting at 4°C
overnight, the TBST buffer was added for washing 3 times
with 10 min each, followed by adding the horseradish per-
oxidase (HRP)-conjugated secondary antibody (anti-mouse
conjugate Ig@G), reacting at room temperature for 1 h, adding
the TBST buffer solution for washing several times, adding
the ECL reagent for chemiluminescence production and
detection by a fluorescence image system, and quantitation
by a Gelpro 32 software system.

Expression of caspase-3,-8,and -9

Cells (3x10*) were seeded in a 6-well plate and cultured for
24 h for cell adhesion, after which the medium was removed
and replaced with different proportions (0.013%, 0.02%, and
0.04%) of coffee oil-algae oil nanoemulsions, corresponding
to 15.2,22.8,and 45.6 ug/mL DHA, respectively, for further
incubation for 48 h. Then PBS (4°C) was added for washing
and trypsin-EDTA added to suspend cells. Both medium
and cell suspension were collected in a tube, centrifuged at
1,000 rpm for 5 min, and the supernatant was removed. Then
PBS was added for washing cells, followed by adding cell
lysis buffer (100 uL), dispersing cells, storing at —20°C for
30 min, centrifuging at 12,000 rpm for 30 min, collecting
supernatant (25 L) in a 96-well plate, adding 100 uL 1x
HEPES buffer containing 2.5 (L of Ac-DEVD-AMC, react-
ing at 37°C for 1 h, and measuring the absorbance with a
fluorometer with the excitation wavelength at 380 nm and
the emission wavelength at 460 nm.

For caspase-8 and caspase-9, the method was similar to
that of caspase-3 with the exception that after centrifugation,
the supernatant (50 LL) was collected in a 96-well plate and
50 uL 2x reaction buffer containing 0.5 uL of 1.0 M DTT,
5 uL of 1 mM LEHD-AFC was added, and the absorbance
was measured with a fluorometer with the excitation and
emission wavelength at 400 and 505 nm, respectively.

Statistical analysis

All the experimental data were analyzed by analysis of
variance and Duncan’s multiple range test for significant
difference (p<<0.05) in mean comparison by using the
Statistical Analysis System.!”

Results and discussion

Fatty acid analysis in coffee oil and

algae oill

As described in the “Materials and method” section, 3 GC
capillary columns were used for comparison of separation
efficiency of fatty acids in coffee oil and algae oil. After
various studies, the DB-WAX column was shown to pro-
vide a better resolution than the other two columns, HP-88
and HP-5MS, implying that a high-polar stationary phase
is necessary to attain an adequate separation of fatty acids.
A similar outcome was reported by Goding et al,'® who
studied the effect of GC column stationary phase on sepa-
ration efficiency of fatty acids in biodiesel fuels. Figure 1
shows the GC chromatogram of fatty acids in coffee oil
(A) and algae oil (B) by using a DB-WAX column and GC
conditions shown in the “Materials and methods” section.
The retention time (R,), retention factor (k), and separation
factor (o) of fatty acid methyl esters in coffee oil and algae oil
are shown in Table 1, which ranged from 4.19 to 11.48 min,
4.36 to 13.68, and 1.04 to 1.61 for the former, respectively,
as well as 2.66 to 16.64 min, 2.37 to 20.09, and 1.13 to 2.43
for the latter, respectively. This result further demonstrated
that a satisfactory separation of fatty acids in coffee oil and
algae oil was obtained. A total of § fatty acids including
palmitic acid, stearic acid, oleic acid, linoleic acid, linolenic
acid, arachidic acid, gadoleic acid, and behenic acid were
identified in coffee oil, while a total of 5 fatty acids including
myristic acid, palmitic acid, oleic acid, DPA, and DHA were
identified in algae oil. For quantitation, the regression equa-
tions of palmitic acid, stearic acid, oleic acid, linoleic acid,
linolenic acid, arachidic acid, gadoleic acid, behenic acid,
and DHA were y=1.3023x+0.0438, y=0.6396x+0.0073,
y=1.2501x+0.0565, y=1.1945x+0.0734, y=1.1866x+0.0043,
y=0.6589x+0.0149, y =0.1112x—-0.0037, y=0.7269x—0.0116,
and y=0.5486x+0.0148, with the coefficient of determination
(R?) being all higher than 0.99.

Comparatively, linoleic acid was present in the largest
amount (39.79% or 115.26 mg/g) in coffee oil, followed
by palmitic acid (28.59% or 82.82 mg/g), stearic acid
(12.89% or 37.80 mg/g), oleic acid (7.99% or 23.16 mg/g),
arachidic acid (4.72% or 13.68 mg/g), gadoleic acid (3.93%
or 11.38 mg/g), linolenic acid (1.12% or 3.24 mg/g), and
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Figure | GC chromatograms of fatty acids in coffee oil (A) and algae oil (B) using a DB-WAX column by modifying temperature programming condition.

Notes: Helium was used as carrier gas. The oven temperature was programmed as follows: 185°C in the beginning, maintained for | min, increased to 230°C at 5°C/min,
maintained for 8 min. Coffee oil (A) peaks: |, palmitic acid methyl ester; 2, stearic acid methyl ester; 3, oleic acid methyl ester; 4, linoleic acid methyl ester; 5, linolenic acid
methyl ester; 6, arachidic acid methyl ester; 7, gadoleic acid methyl ester; and 8, behenic acid methyl ester. Algae oil (B) peaks: a, myristic acid methyl ester; I, palmitic acid
methyl ester; 3, oleic acid methyl ester; 9, docosapentaenoic acid methyl ester; and 10, docosahexaenoic acid methyl ester.

Abbreviations: S, solvent peak; IS, internal standard; GC, gas chromatography.

behenic acid (0.88% or 2.24 mg/g). But for algae oil, DHA
was present in the largest amount (338.96 mg/g). According
to literature reports, coffee oil obtained from coffee grounds
contained about 80%—-90% glycerides and a small amount

Table | Retention time (R), retention factor, and separation
factor of fatty acid methyl esters in coffee oil and algae oil

Compound Peak Sample Standard Retention Separation
number R, (min) R, (min) factor (k)* factor (o)°

Coffee oil
Solvent - 0.78 - - -
Clé6:.0 | 4.19 4.18 4.36 1.6l (1I,2)
Cl18:.0 2 6.26 6.26 7.00 1.05 (2, 3)¢
cl8:l 3 6.54 6.63 736 .11 (3, 4)¢
Cl18:2 4 7.14 7.14 8.14 1.13 (4, 5)¢
Cl18:3 5 7.96 7.96 9.18 1.10 (5, 6)°
C20:0 6 8.72 8.72 10.15 1.04 (6, 7)¢
C20:1 7 9.03 9.03 10.55 1.30 (7, 8)¢
C22:0 8 11.48 11.50 13.68 1.30 (7, 8)°
Algae oil
Solvent - 0.79 - - -
Cl4.0 a 2.66 2.67 237 1.81 (a, 2)°
Clé6:0 | 4.18 4.18 4.30 1.70 (1, 3)¢
cl8:l 3 6.55 6.63 730 243 (3,9)
C22:5n6 9 14.82 14.81 17.78 1.13 (9, 10)
C22:6n3 10 16.64 16.63 20.09 1.13 (9, 10)

Notes: *k=(t,—t )/t t, is the retention time of solvent peak, t, is the retention time
of fatty acid methyl esters. "0=k,/k , k, is the retention factor of peak I, k, is the
retention factor of peak 2. “Numbers in parentheses represent values between two
neighboring peaks.

of free fatty acid, diterpene, sterol, and o-tocopherol.!*
However, both Ferrari et al?! and de Oliveira et al* pointed
out that coffee oil obtained from green coffee bean was com-
posed of about 75% triacylglycerol, a small amount of free
fatty acid, and unsaponifiables including sterol, tocopherol,
phospholipid, and diterpene. This outcome indicated that
coffee oil recovered from coffee grounds or green coffee
bean possessed a similar composition. Nevertheless, the fatty
acid composition and amount could be affected by coffee
bean growth location, species, extraction, and derivatiza-
tion conditions.??? Furthermore, the acid value of coffee oil
obtained in our study was 8—15 mg KOH/g, which equaled
3.99%—7.49% free fatty acid. But after refining with KOH,
the acid value as measured by a test strip could be reduced
to <2 to meet the national standard. Among the various
coffee bean species, Robusta and Arabicas were the most
common, with the major fatty acids of both being linoleic
acid (39.36%—47.80%), palmitic acid (29.44%—35.55%),
stearic acid (6.28%—8.96%), and oleic acid (7.13%—13.56%).
For the extraction of coffee oil, polar solvents such as ace-
tone, ethanol, and isopropyl alcohol were shown to extract
more free fatty acids than nonpolar solvents such as hexane.?
Thus, hexane was often adopted to extract coffee oil from
coffee grounds or green coffee bean.
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Preparation of coffee oil-algae oil

nanoemulsion

As mentioned in the previous section, coffee oil is a rich
source of linoleic acid (about 40%), which has been reported
to ameliorate eczema and skin inflammation.’ Likewise,
DHA, the most abundant fatty acid in algae oil, was reported
to be protective against inflammation and minimize skin
erethyma formation caused by UV radiation.!* Furthermore,
in our pretrials, algae oil was shown to be more efficient
in protecting UVA-induced skin inflammation in mice
than coffee oil. Thus, in our study, both coffee oil and
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algae oil were combined as raw materials for the prepara-
tion of nanoemulsion. Initially, 0.5 g coffee oil and 0.3 g
algae oil were mixed and different proportions of Tween
80 (HLB=15) and Span 80 (HLB=4.3) were added for the
calculation of HLB value, followed by mixing thoroughly,
diluting to 10 mL with deionized water, and sonicating for
2 h. After various studies, the HLB values ranged from 12.86
to 15 were shown to result in transparent appearance of the
nanoemulsion with the average particle size being 35.2+0.4
to 31.610.1 nm by DLS analysis (Figure 2). However, for the
subsequent experiment, the HLB value 12.86 was selected
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Figure 2 Effects of hydrophilic-lipophillic balance (HLB) (A and B) and emulsifier proportion (C and D) on particle size distribution of coffee oil-algae oil nanoemulsions as
determined by a dynamic light scattering analyzer along with transmission electron microscopic image recorded at 120 kV (E).
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as it was reported that the nanoemulsion stability could be
greatly enhanced by incorporation of mixed surfactants.?
Thus, by mixing two surfactants (20% Span 80 and 80%
Tween 80) in an appropriate proportion (10% or 12% of the
nanoemulsion), the transparent nanoemulsions containing
a high DHA level (114 mg/mL) with the average particle
size 36.71£0.2 nm and 32.940.4 nm, respectively, were suc-
cessfully prepared (Figure 3). However, the proportion of
10% was chosen in practice to avoid the toxicity effect of
surfactants toward normal cells.

Particle size and stability of nanoemulsion
Based on DLS analysis, the average particle size of
nanoemulsion with and without filtration through a 0.2-um
membrane filter was 36.710.2 nm and 38.5+0.2 nm, respec-
tively, implying that the membrane filtration step could be
eliminated during the preparation of coffee oil-algae oil
nanoemulsion. For TEM analysis, an average particle size of
30.24+2.46 nm with spherical shape was observed (Figure 2E),
which was smaller than that obtained by DLS (36.7+0.2 nm).
This phenomenon can be attributed to the difference in

detection principle, that is, TEM was used to determine
hard-sphere diameter while DLS measured hydrodynamic
diameter. Furthermore, both negative staining and drying
for 2 days was required prior to TEM analysis, which in
turn resulted in shrinkage of nanoparticles and reduction of
particle size.? In addition, the copper grid may combine with
oil droplets in the emulsion leading to a further reduction in
particle size.?

Compared to published reports, the size of nanoemul-
sion prepared in our experiment was smaller. For instance,
Morral-Ruiz et al®® prepared nanoemulsions composed of
medium-chain fatty acid, Tween 80, water, isophorone
diisocyanate, and PEG 400 or L-lysine; the average par-
ticle size was determined to be 68+10 nm or 5217 nm by
TEM, respectively, as well as 72.1 nm or 55.7 nm by DLS.
Similarly, Nam et al*® used tocopheryl acetate as oil phase,
polyethylene oxide-block-poly(e-caprolactone) as cosolvent,
phospholipon and hydrogenated soy lecithin as mixed sur-
factants to prepare nanoemulsion; the average particle size
was 60—80 and 100.2+2.8 nm by TEM and DLS analyses,
respectively. In a later study, Wang et al?’ prepared an algae
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Figure 3 pH changes of coffee oil-algae oil nanoemulsions at different temperatures (4°C, 25°C, and 40°C) (A) and their thermal stability at pH 6.0 (B) and pH 7.0 (C)

upon heating up to 105°C.
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oil-based nanoemulsion with poloxamer as surfactant; the
average particle size was 131.9£1.6 nm. Qu et al*® also
prepared a barley oil-based nanoemulsion with Labrafil M
1944CS as cosolvent and both RH40 and PEG400 as sur-
factants for encapsulation of triterpene; the average particle
size was from 41.131+4.11 to 47.5915.55 nm. Collectively, the
difference in particle size of nanoemulsion can be attributed
to difference in variety, composition, and amount of oil phase
and surfactants, as well as method of preparation.

For the nanoemulsion stability study, pH can be used
as an indicator as it was reported that the oil phase used to
prepare nanoemulsion may undergo oxidation or hydrolysis
to form free fatty acids during storage, leading to a reduc-
tion in pH.?3® The pH changes of nanoemulsions stored
at 4°C, 25°C, and 40°C over a 90-day storage period is
shown in Figure 3A. The initial pH of the nanoemulsions
stored at 4°C, 25°C, and 40°C on day 0 was 6.95%0.03,
6.9610.03, and 6.81x0.04, respectively. However, the
pH followed a declined trend during storage at 25°C and
40°C, as evident by a pH drop to 3.92+0.06 and 3.22+0.05
on day 90, respectively. Conversely, only a minor change
in pH (6.3410.01) was shown on day 90 at 4°C. A similar
phenomenon was observed by Bernardi et al,”” demonstrating
that the lower the storage temperature, the higher the nano-
emulsion stability. Moreover, during storage for 1 day and
90 days at 4°C, the average particle size was 37.7£0.3 and
31.9£0.2 nm, respectively, as was 37.510.2 and 35.3£0.2 nm
at25°C, as well as 36.8+0.2 and 47.5+1.2 nm at 40°C. It may
be postulated that the nanoparticle flocculation and charge
redistribution may occur during storage at high temperature,
probably caused by the degradation of nanoparticle structure,
exposure of hydrophobic group from structure inside to
outside, and agglomeration between nanoparticles because
of hydrophobic interaction. In a similar study, Qian et al®'
prepared a nanoemulsion composed of orange oil, B-carotene,
Tween 20, and water; the average particle size was deter-
mined to be 78.5, 79.3, 79.7, and 82 nm, respectively, after
storage at 5°C, 20°C, 37°C, and 55°C for 15 days. A similar
trend was observed for PDI in our study, as shown by 0.065
and 0.087 on day 1 and days 90 at 4°C, 0.093 and 0.124 at
25°C, as well as 0.076 and 0.050 at 40°C, respectively. All
the data suggested that a single distribution of nanoparticles
was maintained even after 90-day storage at 4°C, 25°C,
and 40°C. Nevertheless, the most optimal storage tem-
perature of the nanoemulsion prepared in our study should
be at 4°C as both lipid oxidation and hydrolysis could be
minimized when compared at 25°C and 40°C. In addition, the
nanoemulsion thermal stability was also determined by DSC

(Figure 3B and C). By controlling the pH of nanoemulsion at
6, no thermal conversion phenomenon was observed, demon-
strating a high stability of this nanoemulsion when heated up
to 110°C. However, by raising the pH of the nanoemulsion
to 7, an unstable thermal conversion phenomenon occurred
at 80°C. As pointed out by Rao and McClements,* an inap-
propriate pH could affect charge distribution of nanoparticle
and may lead to hydrolysis or flocculation depending on the
degree of hydrolysis. In other words, the flocculation may
be caused by high degree of hydrolysis. However, by taking
the pH of human skin (4.2-5.9) into account, the pH of coffee
oil-algae oil nanoemulsion prepared in our study should be
controlled at 6 to mitigate skin sensitivity and irritability
for future application. In addition to PDI, zeta potential is
a vital index of polydispersity or stability, as high stability
of nanoemulsion can be obtained by controlling the zeta
potential at >30 mV or <-30 mV.* Compared to many
published reports, the zeta potential of the nanoemulsion
prepared in our study was much lower (=72.72+3.61 mV),
demonstrating a high stability, probably caused by partial
hydrolysis of coffee oil or algae oil to produce free fatty
acid with negative charge during the preparation or storage.
Also, the encapsulation efficiency of DHA in nanoemulsion
was 100%. In a similar study dealing with the preparation of
nanoemulsion with algae oil (15%—50%) and stearic acid as
oil phase, poloxamer 188 as surfactant, and water as aqueous
phase, the authors?’ reported the encapsulation efficiency of
DHA to be 100%—88.83%, depending on the algae oil level,
that is, the higher the level of algae oil, the lower the encap-
sulation efficiency of DHA. The authors further explained
that solid lipid (stearic acid) may act as lipid carrier, and
during crystallization, unencapsulated liquid oil (algae oil)
may accumulate on the surface of the nanoparticle, leading
to a decline in the encapsulation efficiency of DHA.?

Inhibition of nanoemulsion on keratin

cells HaCaT

Figure 4 shows the cell viability of HaCaT as affected by
irradiation with (A) UVA and (B) UVB in the presence
and absence of coffee oil-algae oil nanoemulsion. The
cell viability of HaCaT remained unaffected when treated
with coffee oil-algae oil nanoemulsion without irradiation.
However, following UVA irradiation, the cell viability
declined to 30%. Conversely, with 0.01% nanoemulsion
treatment, the cell viability raised to 44.8%. The same phe-
nomenon also occurred for both doses of 0.033% and 0.1%
nanoemulsions. Similarly, following UVB irradiation, the
cell viability decreased to 40% and remained unaffected even
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Figure 4 Cell viability of HaCaT cell line as affected by irradiation with UVA (A) and UVB (B) in the presence and absence of coffee oil-algae oil nanoemulsions.

Note: Results are presented as mean + standard deviation of triplicate determinations.

Abbreviations: NE, nanoemulsions; UVA, ultraviolet A; UVB, ultraviolet B.

after treatment with 0.01%, 0.033%, and 0.1% nanoemul-
sions. Thus, UVA was used for subsequent animal experi-
ment as a dose of 0.01% coffee oil-algae oil nanoemulsion
was effective in repairing UV A-induced cell damage.

In the literature reports, there is a lack of data as to the
effect of DHA on repairing UV A-induced skin cell damage.
DHA, a ligand of peroxisome proliferator-activated receptor
(PPAR), has been shown to activate PPAR-y to promote
keratin cell differentiation, repair skin wound, enhance
skin lipid synthesis, and maintain oil-water balance of
skin.** In addition to PPAR-y, the activation of PPAR-f3
could assist in repairing skin damage and PPAR-o could
mitigate skin inflammation caused by irradiation of HaCaT

cells.’* Thus, the DHA-containing nanoemulsion prepared

in our experiment was effective in inhibiting UV A-induced
inflammation of HaCaT cells through PPAR activation.

Animal experiment

For the animal experiment, a dose of 0.1% nanoemulsion was
smeared on the mouse skin on day 1 and then irradiated with
UVA at a dose of 6 J/cm? on days 2, 4, and 6 until 18 J/cm?
was accumulated on the same day. Mice without irradiation
and nanoemulsion treatments were used as control. After
1 h irradiation, the physiological data of skin including
TEWL, formation of erythema and melanin, color, and sub-
cutaneous blood flow rate were measured each day for both
irradiation and control treatments. A wound was observed
on the mouse skin on day 3 after irradiation and became
more severe following a rise in the duration of irradiation
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(Figure 5A). However, no significant change in the mouse
skin was shown for both control and 0.1% nanoemulsion
treatments without UVA irradiation, revealing that the
nanoemulsion treatment did not show toxicity toward the
mouse skin. Compared to the treatment of mouse skin with
UVA irradiation, a smaller wound was found on the mouse
skin irradiated with UVA in the presence of 0.1% nano-
emulsion, implying that the DHA-containing nanoemulsion
was effective in repairing UV A-induced damage in mouse
skin. Accordingly, TEWL can be used as an index for the
evaluation of physiological condition of skin, especially
skin damage. Figure 5B shows the TEWL change as
affected by 0.1% coffee oil-algae oil nanoemulsion during
irradiation. Only minor change in TEWL was shown
between control (7.6-7.9 g/m?h) and 0.1% nanoemul-
sion (7.75-7.95 g/m*h) treatments. After 1-day and 2-day
irradiation with UVA, the TEWL were 7.8 and 7.7 g/m?*/h,
respectively, but further increased to 23.1, 47.8, 51.9, and
55.5 g/m?/h on days 3, 4, 5, and 6, respectively. This out-
come clearly indicated that the water-holding capacity of

A Day1 Day2 Day3

Control

6 J/lcm? UVA

0.1% NE

0.1% NE +
6 J/cm? UVA

Figure 5 (Continued)

the skin declined by following a time-dependent response
during irradiation. However, in the presence of 0.1% nano-
emulsion, the TEWL dropped to 7.65,7.7,13.3,27.5,31.8,
and 34.35 g/m*/h on days 1, 2, 3, 4, 5, and 6, respectively.
This result further demonstrated that the incorporation
of 0.1% nanoemulsion could minimize water loss during
irradiation with UV A in skin.

In addition to TEWL, erythema can also be formed on
skin during irradiation or inflammation, and thus can be used
as an index of SPF or skin damage.** The erythema formation
as affected by 0.1% coffee oil-algae oil nanoemulsion during
irradiation is shown in Figure 5C. The amounts of erythema
formed were similar to both control and 0.1% nanoemul-
sion treatments, with the former ranging from 108 to 113
and the latter from 115 to 122 over a 6-day period without
irradiation. However, during irradiation, the erythema level
followed a time-dependent increase and reached a peak
(285.5) on day 6. Also, in the presence of 0.1% nanoemul-
sion, the erythema level followed a time-dependent rise but
attained only 177.5 on day 6. Comparatively, during 6-day
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with trans-epidermal water loss (TEWL) (B), erythema formation (C), melanin formation (D), and subcutaneous blood flow (E).

Note: Results are presented as mean + standard deviation of triplicate determinations.

Abbreviations: NE, nanoemulsions; UVA, ultraviolet A.

irradiation, the erythema level was reduced by 62.17% after
the incorporation of 0.1% nanoemulsion, demonstrating the
efficiency of this nanoemulsion in inhibiting UV A-induced
erythema formation on mouse skin.

Accordingly, both UVB and UVA can induce melanin
formation through different routes: the former can penetrate
into skin to cause DNA damage, leading to delayed tan-
ning caused by the activation of tyrosinase and synthesis
of melanin; the latter can induce melanin secretion by mel-
anocytes, resulting in both delayed tanning and immediate
pigment darkening caused by the migration of melanin to
epidermis for pigment precipitation of skin.® Thus, the
melanin formation can be used as an index for skin resistance
to UV (Figure 5D). After treatment with 0.1% nanoemul-
sion alone for 6 days, the melanin formed were similar
to control, which ranged from 50 to 56.5 and 60.5 to 69,
respectively. Conversely, the melanin formation followed a
time-dependent rise for the UV A treatment alone and reached
a plateau (109.5) on day 6. However, in the presence of

0.1% nanoemulsion during UV A irradiation for 6 days, only
53-70 melanins were generated. Compared to the UVA treat-
ment alone, the melanin formation was reduced by 63.92%
for 0.1% nanoemulsion, demonstrating the skin protection
effect of the nanoemulsion prepared in our study.

In addition to the formation of erythema and melanin,
the UV irradiation can also induce the production of nitric
oxide and free radical, as well as cause dilatation of blood
vessel and increase subcutaneous blood flow rate. Thus,
subcutaneous blood flow rate can be used as an index of
skin inflammation.’” Figure 5E shows the subcutaneous
blood flow rate as affected by UVA irradiation in the pres-
ence and absence of 0.1% nanoemulsion. The subcutaneous
blood flow rates of the control treatment were from 9.20 to
9.56 mL/min/100 g over a 6-day irradiation period, which
were similar to that of the 0.1% nanoemulsion treatment alone
(9.27-9.88 mL/min/100 g). In contrast, a time-dependent
rise in subcutaneous blood flow rate was shown for the
UVA treatment alone, and a peak (19.88 mL/min/100 g)
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was reached on day 6. However, in the presence of 0.1%
nanoemulsion during UVA irradiation, a very low subcuta-
neous blood flow rate (13.54 mL/min/100 g) was observed
on day 6, demonstrating that the nanoemulsion prepared in
our study was effective in reducing UV A-induced increase
in subcutaneous blood flow rate and skin inflammation.

In several published reports, Ribeiro et al*® extracted
coffee oil from recovered coffee grounds or green coffee
waste and mixed with Tego®Care 450, Abill® 350, Cutina®
GMS, MultiEx Naturotics®, propylene glycol, and water in
different proportions to prepare cream and study its effect on
skin protection of healthy female subjects aged 18-25 years
over a 28-day duration. Both GreenCofOil cream and Spent-
CofOil cream showed a TEWL value of 5.5-6.0 g/h-m?,
which was smaller than the control treatment without cream
(6.5-7.0 g/h-m?) and the cream without coffee oil (6.5 g/h-m?).
This outcome revealed that both the creams were effective in
elevating the water-holding capacity of the skin. In another
study, Wagemaker et al® further pointed out that the SPF of
coffee oil extracted from C. arabica green coffee waste was
about 1.5 as it could absorb UVB irradiation. In recent two
studies, Wagemaker et al>*? prepared a cream composed of
green coffee oil, cetearyl alcohol, ceteareth-20, glycerol,
methyldibromo glutaronitrile, and butylated hydroxytoluene.
Following the treatment of HaCaT cells with cream
(10-100 pg/mL) for 24 h, the cell viability was >100%,
implying that this cream did not show toxicity toward HaCaT
cells. Also, this cream could enhance the water-holding
capacity of the skin of 19 female subjects with an average age
of 2746 years over a 3-day duration.” More importantly, no
skin erythema formation and inflammation was observed for
this cream. Similarly, Wagemaker et al** conducted an animal
experiment by irradiation of hairless mice smeared with green
coffee oil cream and reported that the SPF of green coffee oil
cream was proportional to the coffee oil content. Furthermore,
the SPF of the cream (2.3) containing 15% green coffee oil
was much higher than control (1.0). However, there was no
significant difference (p>0.05) in erythema index between
cream containing 5% green coffee oil and control treatment.
Also, the cream containing 5% green coffee oil could reduce
60% TEWL caused by UV irradiation. This phenomenon is
similar to the finding in our experiment. Comparatively, the
nanoemulsion prepared in our study was more effective in
inhibiting the formation of skin erythema than cream, which
can be attributed to a combination of coffee oil and algae oil
as raw materials, especially the presence of a high amount
of DHA in algae oil. Theoretically, DHA should be more
effective in absorbing UVA or UVB irradiation than linoleic

acid, the major fatty acid in coffee oil, due to the presence of
6 double bonds of the former.

Cell viability of B16-FI0 and

CCD986SK cells

The cell viability of both the cell lines B16-F10 and
CCD986SK as affected by coffee oil nanoemulsion and
coffee oil-algae oil nanoemulsion is shown in Figure 6A
and B, respectively. A dose-dependent decrease in cell
viability of B16-F10 was shown for the coffee oil-algae oil
nanoemulsion treatment (Figure 6B). However, for the cof-
fee oil nanoemulsion treatment, the cell viability of B16-F10
did not show a declined trend until the dose reached 0.1%
(Figure 6A). Comparatively, at the same dose, coffee oil-
algae oil nanoemulsion was more effective in inhibiting the
growth of melanoma cells B16-F10 than coffee oil nano-
emulsion. Conversely, for the normal cells CCD986SK,
there was no significant difference (p>0.05) in cell viability
between the coffee oil nanoemulsion (0.01%—0.1%) and
coffee oil-algae oil nanoemulsion (0.01%—0.04%). But for
0.1% coffee oil-algae oil nanoemulsion, the CCD986SK
cell viability dropped to 83.9%, implying a slight inhibi-
tion effect at high dose (Figure 6B). As mentioned above,
the presence of high-level DHA in algae oil should play a
vital role in inhibiting melanoma cell growth. In several
published reports, most studies deal with the effect of DHA
standard on the inhibition of cancer cell growth. For instance,
Andrade et al*’ studied the effect of EPA or DHA standard
(100-200 uM) on the growth of melanoma cell B16-F10 and
SK-Mel28, and no inhibition effect was observed. In contrast,
in a study dealing with the effect of DHA standard on the
inhibition of melanoma cells A-375, the IC, was 160 uM,*!
which was much higher than the IC,, shown in our study
(80.67 uM), demonstrating a higher inhibition efficiency of
the coffee oil-algae oil nanoemulsion. For some other types
of cancer cells, Kim et al** studied the effect of DHA stan-
dard (10-60 uM) on the growth of lung cancer cells H1299
and A549; a dose-dependent decrease in cell viability was
observed with the IC being 46 and 40 UM, respectively.
Similarly, the IC, was 50 and 9.7 uM, respectively, after
the treatment of lung cancer cells H1299 and A549 with
DHA standard (1-100 uM)* and was 162.5 uM for liver
cancer cells MHCC97L when treated with DHA standard
(0200 uM).* For breast cancer cells MCF-7, MDA-MB-231,
and MDA-MB-435, the IC, were 20.2, 57.4, and 70 UM,
respectively, when treated with DHA.* However, a smaller
IC,, was shown for ovarian cancer cell PA-1, lung cancer
cell H1299, glial tumor cell D54MG, and cervical cancer cell
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SiHa, which equaled 15.485,26.914,27.136, and 23.974 uM,
respectively, when treated with 0-60 UM DHA..* Apparently,
the inhibition efficiency of DHA toward cancer cell growth
can be varied, depending on dose, type of cancer cells, and
incubation time.

Cell cycle analysis

On the basis of MTT assay, the coffee oil-algae oil nano-
emulsion was effective in inhibiting melanoma cell B16-F10
growth, and its effect on cell cycle distribution needs further

investigation (Table 2). No significant difference (»>0.05)
was shown in sub-G1 and S phases between control and the
other three doses (15.2, 22.8, and 45.6 1g/mL) of the coffee
oil-algae oil nanoemulsion. However, for the GO/G1 propor-
tion, there was no significant difference (p>0.05) between
control and two doses (15.2 and 22.8 pug/mL) of the nano-
emulsion, while the nanoemulsion at high dose (45.6 pg/mL)
was lower than control. Likewise, both the nanoemulsions
at 22.8 and 45.6 ug/mL were significantly higher (p<<0.05)
than control in G2/M proportion. Collectively, the B16-F10
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Table 2 Cell cycle phase distribution of melanoma cells B16-F10 as affected by coffee oil-algae oil nanoemulsions®

Treatment Sub-GI (%) GO/GI (%) S (%) G2/M (%)
Control 0.28+0.03* 62.92:+4.12~ 18.58+2.69 18.03+1.35A
0.013% 0.27+0.03* 56.70+2.9748 20.23+3.26* 18.85+3.6148
(DHA =15.2 pg/mL)

0.02% 0.30+0.09* 55.63+3.0148 20.70£1.914 21.52+1.62°8
(DHA =22.8 pg/mL)

0.04% 0.37+0.08* 53.75+2.48° 20.72:+1 477 24.87+1.03

(DHA =45.6 pg/mL)

Notes: *Data expressed as mean + standard deviation of triplicate determinations. Data with different letters (A-B) are significantly different in the same column at p<<0.05.

Abbreviation: DHA, docosahexaenoic acid.

growth was arrested at G2/M phase after treatment with
coffee oil-algae oil nanoemulsion.

In a similar study, Albino et al*’ investigated the effect
of DHA standard (0.5-2 pg/mL) on cell cycle distribution of
melanoma cells SK-Mel-29 and SK-Mel-110 and reported
that the cell cycle was arrested at GO/G1 and S phases. This
outcome indicated that the cell cycle arrest at a certain phase
can be varied depending on melanoma cell type. Furthermore,
SK-Mel-110 was more sensitive to DHA than SK-Mel-29.
For some other types of cancer cells, Jordan and Stein* used
DHA-containing fish oil as a raw material to prepare emul-
sion for encapsulation of anticancer drug 5-fluorouracil and
study its effect on cell cycle distribution of colon cancer cells
Caco-2; the cell cycle was arrested at S phase. Interestingly,
the cell cycle was arrested at G2/M phase when treated with
the same emulsion without 5-fluorouracil. Similar findings
were reported by Siddiqui et al* and Merendino et al,>
who studied the effect of DHA standard on cell cycle dis-
tribution of leukemia cell clone-E6-1 and pancreatic cancer
cell PaCa-44, respectively, and the cell cycle was arrested
at S phase for the former and GO/G1 phase for the latter.
Obviously, the cell cycle distribution and arrest can be
affected by the difference in cancer cell type, DHA standard
dose, and method of preparation of DHA emulsion.

Apoptosis of melanoma cells Bl16-FI0

Table 3 shows the apoptosis of B16-F10 cells as affected by
coffee oil-algae oil nanoemulsion. Compared to control, no
significant difference (p>>0.05) was shown in the proportions
of viable cells (B3), early apoptosis cells (B4), late apoptosis
cells (B2), and necrosis cells (B1) for the 0.013% nanoemul-
sion treatment. However, following an increase in dose to
0.02% nanoemulsion, the proportions of both late apoptosis
and necrosis cells were significantly higher (»p<<0.05) than
control, while there was no significant difference (p>0.05)
in early apoptosis cells. A similar trend was shown for 0.04%
nanoemulsion, with the exception that the proportion of
early apoptosis cells was higher than control. In addition,

a dose-dependent rise was observed for early apoptosis, late
apoptosis, and necrosis cells, while a reversed tendency was
found for viable cells. All the data suggested that the nano-
emulsion treatment could induce melanoma cells B16-F10
to undergo early apoptosis, late apoptosis, or necrosis.

In several previous studies dealing with the effect of DHA
on apoptosis of cancer cells, both early and late apoptosis
cells followed a dose-dependent rise in liver cancer cells
Bel-7402 when treated with DHA standard (0-200 uM).>!
The same findings were shown for prostate cancer cell
PC-3, breast cancer cell MCF-7,% colon cancer cell HT-29,3
and pancreatic cancer cell PaCa-44.%° Taken together, DHA
can induce apoptosis of various types of cancer cells by fol-
lowing a time- or dose-dependent response.

Protein expression associated with cell
cycle and apoptosis

On the basis of cell cycle analysis, the expressions of both
cyclin A and cyclin B as well as CDK 1 and CDK2 need to be
further explored. Accordingly, cyclin B can form a complex
with CDK1 (cyclin B-CDK1) for mitosis and regulation
of G2/M phase, while cyclin A can be activated at S and
G2 phases for DNA synthesis and mitosis and formation of

Table 3 Apoptosis of melanoma cells BI6-FI0 as affected by
coffee oil-algae oil nanoemulsions?

Treatment Bl (%) B2 (%) B3 (%) B4 (%)
Control 0.1740.12~ 5.03+1.38* 93.66+1.38* 0.30+0.12*
0.013% 0.15+0.06" 5.63%£1.04* 92.01+1.56*® 0.37+0.06*
(DHA =152 ug/mL)

0.02% 0.80+0.32% 9.30+1.91® 88.96+2.69® 0.40+0.07~
(DHA =22.8 pg/mL)

0.04% 1.0840.17® 12.44+0.67¢ 83.18+4.66° 0.55+0.068

(DHA =45.6 ug/mL)

Notes: *Data expressed as mean + standard deviation of triplicate determinations.
Data with different letters (A—C) in the same column are significantly different at
p<0.05. Control: cells were incubated in medium only. Quantitative analyses of
viable cells (B3), early apoptosis cells (B4), late apoptosis cells (B2), and necrotic
cells (BI).

Abbreviation: DHA, docosahexaenoic acid.
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cyclin A-CDK2 complex at S phase, as well as formation
of cyclin A-CDK1 complex at G2 prephase.* In addition,
cyclin E-CDK2 complex can be formed at G1 phase, with
CDKI1 being responsible for the regulation of G2/M phase for
mitosis.>>* The effect of coffee oil-algae oil nanoemulsion on
cyclin B, CDK1, cyclin A, and CDK2 expressions in B16-F10
cells is shown in Figure 7A. Compared to control, expressions
of both cyclin B and cyclin A followed a dose-dependent rise
and reached a plateau by 1.53- and 1.65-fold for the 0.04%
nanoemulsion treatment, respectively. Conversely, both
CDKI1 and CDK2 expressions showed a dose-dependent
decline and a minimum was reached by 0.39- and 0.07-fold
for the same treatment, respectively.

Both p53 and p21 are vital proteins for the regulation of
cell cycle and apoptosis. Also, when DNA is damaged, the
former can be activated to retard cell cycle for cell repair, and
apoptosis can occur for unrepaired cells. Figure 7B shows
the effect of coffee oil-algae oil nanoemulsion on p53 and
p21 expressions in B16-F10 cells. A dose-dependent increase
in p53 and p21 expressions was shown and reached a peak
by 2.06- and 1.98-fold for the 0.04% nanoemulsion treat-
ment, respectively, compared to control. However, only the
dose of 0.04% nanoemulsion showed a significantly higher
(»<<0.05) p53 expression than control, whereas all the three
doses (0.013%, 0.02%, and 0.04%) of nanoemulsion showed
asignificantly higher (»<<0.05) p21 expression. This outcome
revealed that the p21 expression rose through p53-dependent
regulation and inhibition of both CDK1 and CDK2 expres-
sions, leading to cell cycle retardation or apoptosis.

The Bcl-2 family is responsible for signal transduction
of cell apoptosis through mitochondria route, and the asso-
ciated proteins include pro-apoptotic Bax, anti-apoptotic
Bcl-2, and cytochrome C. In addition, p53 can enhance
Bax activity through transcription or combine with Bel-2 to
promote cell apoptosis. Figure 7C shows the effect of coffee
oil-algae oil nanoemulsion on expressions of Bax, Bcl-2, and
cytochrome C in B16-F10 cells. Both Bax and cytochrome C
expressions followed a dose-dependent increase, while a
reversed trend was shown for Bcl-2 expression. However,
compared to control, only the dose of 0.04% nanoemulsion
was significantly higher (»p<<0.05) in Bax expression. But for
the cytochrome C expression, all the three doses (0.013%,
0.02%, and 0.04%) of nanoemulsion were significantly
higher (p<<0.05) than control. Furthermore, no significant
difference (»p>0.05) in Bcl-2 expression was observed
between 0.013% and the other two doses (0.02% and 0.4%)
of nanoemulsion. This finding implied that following treat-
ment with coffee oil-algae oil nanoemulsion, both Bax and

cytochrome C expressions could be elevated and Bcl-2
expression declined.

Cell apoptosis can be regulated through mitochondria,
death receptor, or endoplasmic reticulum pathways, in which
the caspase family plays a key role in signal transduction
of apoptosis. Among various caspases, both caspase-8 and
caspase-9, also known as “initiator,” can activate apoptotic
protein, while caspase-3, known as “executioner,” can
promote protein hydrolysis to generate apoptotic bodies.
Furthermore, caspase-3 can be activated through death
receptor and mitochondria pathways, while caspase-8 can be
activated through the former and caspase-9 through the latter.
Also, following a decline in Bcl-2 activity, cytochrome C
can be released from mitochondria to form complex with
pro-caspase-9 for caspase-9 activation. The activities of
caspase-3, caspase-8, and caspase-9 in B16-F10 cells as
affected by coffee oil-algae oil nanoemulsions are shown in
Figure 8. A dose-dependent rise was shown for caspase-3,
caspase-8, and caspase-9 activities. However, for both
caspase-8 and caspase-9, only the 0.04% nanoemulsion
treatment showed a significantly higher (p<<0.05) activity
than control. But for caspase-3 activity, all the three doses
of nanoemulsion were significantly higher (p<<0.05) than
control. This finding further demonstrated that both mito-
chondria and death receptor pathways may be responsible
for apoptosis of B16-F10 cells.

In most published reports, only the effect of DHA stan-
dard on the inhibition of cancer cells growth was studied.
For instance, Chen and Istfan®’ studied the effect of DHA
standard on the inhibition of colon cancer cells HT-29 and
reported that the expressions of cyclin D, cyclin E, and cyclin
A followed a declined trend along with the arrest of cell
cycle at GO/G1 phase. However, the cell cycle of leukemia
cell clone E6-1 was arrested at S phase after treatment with
DHA standard (10 uM), accompanied by a time-dependent
decrease in expressions of cyclin A, CDK2, and procaspase-3,
as well as an increase in p21 expression.*” Similarly, the
expressions of cyclin A, cyclin B, and CDK1 followed a
time-dependent decline after the treatment of breast cancer
cells MDA-MB-231 with DHA standard (50 uM), but the
cell cycle was arrested at G2/M phase.”® In a later study
dealing with the effect of DHA standard (0-200 uM) on the
inhibition of liver cancer cells MHCC97L, the expressions
of CDKZ2, cyclin E, and cyclin A showed a dose-dependent
decrease, but the cell cycle was arrested at sub-G1 phase.*
Interestingly, in another study, Slagsvold et al* illustrated
that the cell cycle of colon cancer cells SW620 was arrested
at G1 and G2 phases after treatment with DHA standard
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Figure 7 Effects of coffee oil-algae oil nanoemulsions on protein expressions of cyclin B, CDK2, cyclin A, and CDKI (A), p53 and p2l (B), and Bax, Bcl-2,

cytochrome C (C).

Notes: Control cells are incubated with medium only. Results are presented as mean = standard deviation of triplicate determinations. Data with different letters (A—-C)

are significantly different at p<<0.05.

(70 uM), accompanied by a rise in p21 expression and decline
in cde25¢ and CDK1 expressions.

In addition, Chiu et al® studied the effect of 80 UM DHA
(purity 98.6%) extracted from microalgae on the inhibition

of breast cancer cells MCF-7 and found a time-dependent
increase in Bax expression and decrease in Bcl-2 expression.
Likewise, the expressions of p53, Bax, and cytochrome C fol-
lowed a time-dependent increase after the treatment of gastric
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are significantly different at p<<0.05.

cancer cell AGS with 150 uM DHA standard.®' Giros et al®
also reported a rise in caspase-3, caspase-8, and caspase-9
activities in colon cancer cells Caco-2 and HT-29 when
treated with DHA standard, accompanied by a decrease in
Bcl-XL expression and increase in Bax and Bak expressions.
This outcome indicated that the cell apoptosis pathways may
include both mitochondria and death receptor. Similarly, a
dose-dependent increase in Bax expression and caspase-3
activity, as well as a dose-dependent decrease in Bcl-2
expression were observed in melanoma cells WM115 and
WM266-4 when treated with DHA standard (0-30 uM).%

Conclusion

In conclusion, a GC-MS method was developed to determine
8 and 5 fatty acids in coffee oil and algae oil, respectively,
with linoleic acid dominating in the former and DHA in the
latter. A nanoemulsion composed of coffee oil, algae oil,
Tween 80, Span 80, and deionized water was successfully
prepared with the mean particle size being 30 and 36.7 nm
by TEM and DLS analyses, respectively. A high stability of
this nanoemulsion was shown over a 90-day storage period
at 4°C. This nanoemulsion was efficient in ameliorating
TEWL, skin erythema, and melanin formation, as well as
subcutaneous blood flow rate during irradiation of mice.
In addition, this nanoemulsion was effective in inhibiting
melanoma cell growth with the cell cycle arrested at G2/M
phase. The expressions of p53, p21, cyclin B, cyclin A, Bax,
and cytochrome C were upregulated, while that of CDKI,

CDK2, and Bcl-2 were downregulated in a dose-dependent
manner, accompanied by an increase in the activities of
caspase-3, caspase-8, and caspase-9 for apoptosis of mela-
noma cells B16-F10.
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