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1 | INTRODUCTION

Microemulsion (ME) has received great attention due to
their amphiphilic characteristic, low surface tension, and
biological activity.! Microemulsions are isotropically sta-
ble, transparent,” and have hydrodynamic diameters
between 20-200 nm.* Three main components that com-
prise a ME include an oil, a surfactant/cosurfactant mix-
ture (Spiy), and an aqueous phase. Castor oil (CO), as an
oil phase, has been used in formulating MEs due to the
high ricinoleic acid content, which has been previously
found to have anti-inflammatory and analgesic activi-
ties.** From an earlier report,® CO-based ME showed the
highest ME formation area around 18% in combination
with water and using Tween 80 as surfactant and ethanol
as cosurfactant. Large amounts of surfactants (20-90 wt.
%) are typically needed in ME formulations.” Therefore,
the use of an additive to reduce the required surfactant is
of interest to increase the fraction of the hydrophobic
component (oil).

Cellulose, starch nanocrystals,® and nanoparticles
were employed to reduce the unfavorable effects from
using surfactant."''* Cellulose nanocrystal (CNC) is a
promising material that can enhance the stability of ME
for prolonged storage and even at extreme temperature
conditions (—20 to 40°C)." The addition of CNC suspen-
sion 0.7 wt.% as an aqueous phase into the CO-based ME
formulation suppresses the increase in hydrodynamic
diameter to only 4.98%, compared to formulations with-
out CNC where the hydrodynamic diameter increase up
to 32.48%, during storage."*

Regarding the anti-microbial activity, few studies
have reported MEs in various materials. Studies by
Alkhatib et al.* reported ME formulated with ethyl
decanoate as oil phase, cremophor EL as a surfactant,
transcutol as cosurfactant, and deionized water as water
phase, with encapsulation of cephalosporin resulted in

9.10

TABLE 1 Release studies condition of ASX in the previous study

Drug release

Matrix system technique adapted

Nanostructured lipid carrier Dialysis bag
Nanoliposomes Dialysis bag

Oleoresin-Lipogel
Oleoresin-Hydrogel

Dialysis bag
Nanoemulsion (.15 wt.% ASX, 4.2 wt.% Franz diffusion cell
Caprylic/Capric triglycerides, 2.6 wt.%

T80, 1.3 wt.% ascorbyl palmitate, 2 wt.%

glycerine, and 89.75 wt.% DI water)

*Phosphate buffer saline.
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higher anti-microbial property compared to ME alone.
Another study using glycerol monolaurate as oil, tween
40 as surfactant, ethanol as a co-factor resulted in 99%
inhibition of microbial." However, it is unclear from the
aforementioned studies as to the actual or is synergistic
contribution of the components in the observed anti-
microbial activities. This requires careful investigations
of the contribution of component materials used in for-
mulated MEs. Nevertheless, the reported results provide
positive insights on the add-value of MEs when used as a
medium for drug delivery.

Previous studies on various ME have investigated the
encapsulation of hydrophobic drugs such as
cephalosporin,'* levofloxacin,'® piroxicam,'® irbesartan,'’
herbal medicine,” and also astaxanthin® into the
ME. Astaxanthin (ASX) is an active compound used as a
topical application and has exhibited protective activity
against ultraviolet radiation.'® However, ASX has low
bioavailability, low solubility in water, thus requiring a
carrier for delivery. Several studies showed encapsulation
of ASX with liposomes,'” hydrogel or lipogel,”” and ME,®
as listed in Table 1. The activity of ASX loaded into ME
has not been explored. Also, incorporating various ASX
concentrations may affect the hydrodynamic diameter of
ME and would need to be looked into since it is an essen-
tial characteristic of MEs to ensure that the final formula-
tion containing the active agent remains to be a ME.

In an earlier work on formulating CO-based ME, the
composition of 5 wt.% CO, 85 wt.% of Sy, and 10 wt.%
of deionized water or CNC suspension have been found
to have a stable hydrodynamic diameter over 90 days.®'*
However, formulation and characterization of ME with
different CO compositions have not been explored. To
develop a better understanding of the CO-based ME, the
composition of MEs was formulated with different
amounts of CO, tween 80/ethanol, and with two types of
aqueous phase: deionized water and CNC suspension

Release condition
Cumulative
Medium pH T ° Time h ASXrelease, % Ref
EtOH/water - 37 24 38 a
(1/1,v/v)
PBS® 74 37 24 28.74 2
PBS/EtOH 74 37 24 20 2
(7/3,v/v) 18
PBS 74 37 4 23.6 2
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0.7 wt.%, which were subsequently loaded with different
amounts of ASX. This study was aimed to evaluate the
hydrodynamic diameter, stability of various CO-based
ME formulated with tween 80 and ethanol at a ratio of
2, as surfactant mixture. The free-radical scavenging and
anti-microbial activity of selected MEs with and without
ASX were also determined.

2 | MATERIALS AND METHODS

2.1 | Materials

CO, and Tween® 80 (T80) as the surfactant were obtained
from Sigma-Aldrich (India and USA) along with Ethanol
(99.5%) supplied by Echo Chemical (Taiwan), and
Astaxanthin (>97%) purchased from Acros (China) was
used in the formulation of various MEs. 2,2-diphenyl-
1-picrylhydrazyl (DPPH) from Sigma-Aldrich (Germany)
was used in the determination of the free-radical scav-
enging activity of the formulated MEs. Tryptone, Tryptic
Soy Broth (TSB) by BD (France), yeast extract from
Scharlau (Spain), and sodium chloride (NaCl, 99.5%,
Showa, Japan) were used in the preparation of fermenta-
tion media for the anti-microbial assay.

2.2 | Preparation of microemulsions

In the preparation of the MEs, a mixture of the surfactant
and the cosurfactant (Sy;,) was first prepared at a fixed
weight ratio of 2.° CO was then added into the S, and
thoroughly mixed with an aid of a Vortex Mixer
(Scientific, Vortex Genie II) for 30 s, followed by the addi-
tion of the aqueous phase (AP) at predetermined weight
ratios. Two types of AP were used in this study, deionized
water and an aqueous suspension containing 0.7 wt.%
CNC. A summary of the formulations adopted and inves-
tigated in this work is presented in Figure 1, with the
selected formulations located within the ME region.

2.3 | Preparation of cellulose
nanocrystals

Cellulose nanocrystals used in this study were prepared
according to Putro and colleagues.’* Filter paper
(Whatman No. 2), cut into small pieces, was suspended
in water at 65°C and continuously stirred at 350 rpm for
3 h. One gram of the collected cellulose fibers was imme-
diately acid hydrolyzed using 20-ml H,80, (64 wt.%) for
1 h. After hydrolysis, the partially hydrolyzed solids were
collected after subjecting the mixture to centrifugation.

Chemical Engineering‘%—Wl LEYJS—nm
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FIGURE 1
(ME) formulation in the pseudo-temary phase diagram of CO,
tween 80/ethancl = 2 as 8,;,, and aqueous phase, formulated

Location of different microemulsion

within the ME region based on previously determined and reported
dalaﬁ. 13

The collected solids were further washed with water to
remove the entrained and residual acids. A dialysis bag
(12-14 kDa) was used to facilitate the washing while sep-
arating the collected solids from the bulk fluid. Washing
was repeatedly carried out until the pH of the wash water
was ~5.1. The washed partially hydrolyzed and washed
solids collected, hereinafter referred to as CNC were
refrigerated at —20°C, and freeze-dried.

2.4 | Physicochemical characteristics
and storage stability tests

The characterization of ME was limited to the hydrody-
namic diameter, polydispersity index, and zeta potential.
The stability of MEs during storage was investigated by
subjecting the formulated MEs to heating—cooling cycles,
freeze-thaw cycles, and induced gravitational accelera-
tion while monitoring the changes in the hydrodynamic
diameter, polydispersity index, and zeta potential. About
10 g of ME based on different formulations were pre-
pared for each analysis.

24.1 | Hydrodynamic diameter, zeta
potential, and polydispersity index

Measurement of hydrodynamic diameter and polydisper-
sity index was done using Zetasizer Nano-S90, Malvern
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at 25°C at a fixed angle of 90°. Samples were diluted
100-fold with deionized water to avoid multiple scatter-
ing. Zeta potential was determined by ZetaPALS,
Brookhaven at 25°C with 30 cycles for each sample. All
analyses were conducted in triplicate for each condition.
As a control for the subsequent stability tests, samples
made adopting the different formulations were stored at
30°C and measured the above-mentioned properties at
two-day intervals, over the period of the storage stability
test (48 days).

24.2 | Heating-cooling stability test
Microemulsion samples were subjected to heating and
cooling cycles, which each cycle requiring the sample to
be stored at 40°C and 4°C, for 48 h at each temperature.
The samples were repeatedly exposed to such conditions
for six cycles with the samples measured of their hydro-
dynamic diameter, polydispersity index, and zeta poten-
tial. Samples were allowed to equilibrate to 30°C between
temperatures prior to any property measurements. The
percentage change of a measured property at a given
point of the heating—cooling cycles was expressed relative
to the measured property prior to subjecting the samples
to the heating—cooling cycles.

243 | Freeze-thaw stability test

After the samples went through the heat-cooling cycles
and measurement of hydrodynamic diameter, zeta poten-
tial, and polydispersity index, these were also ocularly
inspected. Samples that did not show any separation and
color change were further subjected to a freeze—thaw
cycle. The samples were placed at —20°C and 25°C, alter-
nately, for 48 h at each temperature, for six cycles. The
hydrodynamic diameter was measured at each tempera-
ture transition. Apart from samples previously subjected
to heating—cooling cycles, fresh samples were prepared
and subjected to the freeze-thaw cycles.

244 | Centrifugal stability test (induced
gravitational separation)

The samples that not separate from the previous test pro-
ceeded to the centrifugal stability test, which induced the
gravitational separation. Centrifugation test was per-
formed at 7920 xg for 5 h, with ocular inspection at every
hour to check for possible phase separation. The induced
centrifugal force corresponds to 1 year of gravitational
pull on the ME during storage.>®
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2.5 | Activity assays

ME biological activities were determined by the free-
radical scavenging and microbial inhibition values. Four
types of samples: ME only, ME-CNC, ME@ASX, and
ME-CNC@ASX in wvarious formulation compositions
were compared.

251 | gree—radical scavenging activity

Free-radical scavenging of various MEs was assessed
using 2,2-diphenyl-1-picrylhydrazyl (DPPH) with some
modification.?®* Different ME suspended in ethanol
with different concentrations was added with 0.6 ml of
DPPH solution (0.25 mM in ethanol) with the final mix-
ture having a final concentration of 5, 10, 25, 50,
100, 150, 200, 300, ¢80, and 500 pl/ml. The solutions were
incubated at 25°C for 30 min in dark conditions and the
absorbance was determined at 517 nm by UV/Vis Spec-
trophotometer (UV-2600, Shimadzu, Japan).

2.5.2 | Anti-microbial activity assay

Two types of bacteria, gram-negative (Escherichia coli,
E. coli) and gram-positive (Staphylococcus aureus,
S. aureus) were used against all ME formulations. E. coli
was cultured in Lysogeny Broth (LB) medium (10-g/L
tryptone, 5 g/L of yeast extract, and 10-g/L NacCl), while
S. aureus was cultured in TSB (30 g/L) medium at 37°C.
The absorbance of culture was observed and adjusted to
an optical density at 600 (ODgg) = 0.5 with subjected
medium (microbial culture).

The anti-microbial activity assay was conducted by
diluting samples into the medium with a concentration
of 75 pl/ml in the flask using the medium solution. Sub-
sequently, microbial suspension (10% v/v) was added to
ﬂe initial solution, then incubated at 37°C. The aliquots
were taken at thgmpredetermined time, and the ODgg,
was observed by /Vis Spectrophotometer (UV-2600,
Shimadzu, Japan).

2.6 | Statistical and regression analysis

The statistical data analysis was carried out by one-way
analysis of variance (ANOVA) and Tukey test using Mini-
tab 17. All experiments were carried out in replicates,
and results are reported as the average value of the mea-
sured responses along with its standard deviation.
Regression analysis was carried out for the determined
hydrodynamic diameter of the different ME formulations
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loaded with ASX (400 pg/ml), excluding formulation D
(CO10-SM75-AP15). The weight fraction of CO (X,), Spix
(X,), and CNC (X;) were considered as the variables hav-
ing the main effects with water excluded since water is a
dependent variable relative to the other three compo-
nents. A multivariate model (Equation 1) was adopted
for the regression analysis carried out using Microsoft
Excel's data analysis tool, with 40 data points regressed
and with MEs based on formulation CO10-SM75-AP15
used as validation samples. The best model for hydrody-
namic diameter response was chosen based on the
p value, R?, R%adjusted, mean absolute error
(Equation 2), and mean bias error (Equation 3).

ReSpUnSe: 00 X7+ 06X + o X3+ 00X X 06 XX
4+ 06X 3X3 + 007X X7 +oeXa X3 + oeX1 X5

+ £
(1)
|Predicted— Measured)|
mean absolute error = Measured 00%
Number of data points
(2)
Z Predicted — Measured
mean bias error = Measured % 100%  (3)

Number of data points

3 | RESULTS AND DISCUSSION
Pseudoternary phase diagram was plotted to indicate the
ME region in the system.”®*' Eight different formula-
tions of CO-based MEs were prepared according to the
composition aforementioned and indicated in Figure 1,
with two types of aqueous phase, deionized water, and
0.7 wt.% CNC suspension. Although having a transparent
solution is often the first indicator in formulating MEs,"
the hydrodynamic diameter (HD) is also an important
parameter to ensure that MEs are successfully formu-
lated, which is normally found between 20-200 nm.* To
confirm the formation of ME, the HD of the different ME
were determined and presented in Figure 2. Generally,
all MEs have hydrodynamic diameters less than 200 nm,
with formulations near the boundary of the ME region
having tendencies to exceed 200 nm and formulations
with CNC having lower HD. Higher CO amount in the
ME resulted in higher HD values. This is in agreement
with the study from Sood et al.,*” by using Captex 500 as
an oil phase, the hydrodynamic diameter also increases
with a higher oil phase.

Hydrodynamic diameter is a critical parameter from
the point of characterizing a ME, as ME with lower HD

Chemical Engineering‘%—Wl LEYJS—nm

are often more stable.” From the formulated MEs, for-
mulations with higher surfactant (A) and lower CO
(A, B, and C) tend to have lower HD and correspondingly
have negative and higher zeta potentials (—12.14 to
—13.31 mV), especially for those with CNC (—12.86 to
—16.06 mV), indicating their tendency to have better sta-
bility.***® To better understand the applicability of for-
mulated CO-based MEs, the following section details
their use as an encapsulating agent or carrier material for
ASX, microbial activity, free-radical scavenging activity,
and storage stability.

3.1 | Effectof astaxanthin loading on
CO-based microemulsions

In the formulation of ME, the active agent is typically not
included and is only added after the ME has been
formulated. To determine the influence of loading ASX
on the formulated CO-based MEs, ASX was loaded into
the MEs with resulting ASX concentrations in the MEs
from 200, 400, 600, 800, 1000, and 2000 pg/ml. As could
be observed from Figure 2, higher ASX loading increases
the HD, especially for ME having low CO (5 wt.%).
However, the presence of CNC as part of the formulation
results in a lower increase in HD with the addition of
ASX (Figure 2a-c). The presence of CNC tends to
serve as an additional surfactant and stabilizer, which
suppresses the HD of the ME as previously observed for
CO-based MEs formulated with 5wt.%.'* In view of

formulations having higher CO (10-28 wt.%), the
addition of ASX did not drastically gimcrease the
hydrodynamic diameter (Figure 2d-h). e observed

slower increase in the HD could be attributed to the
better solubility of ASX in CO as compared to the
aqueous phase, with high CO in ME formulation having
a better capacity to be loaded with ASX. Considering that
MEs are often characterized to have a HD of <200 nm,
subsequent experiments were conducted with ASX
loaded at a concentration of 400 pg/ml in the MEs
(except 28 wt.% CO—Formulation H).

3.2 | Effects of microemulsion
formulation on the hydrodynamic
diameter

The smallest and largest hydrodynamic diameter among
ASX-loaded ME were CO5-SM75-AP20 (120.57 nm) and
CO28-SM62-AP10 (222.50 nm) at 400-pg/ml ASX. For
formulation with CNC-modified ME, the smallest and
largest HD were 106.07 and 197.10 nm for ME formula-
tions CO5-SM85-AP10 (A) and CO28-SM62-AP10 (H),
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FIGURE 2 (a-h) Hydrodynamic diameter of microemulsion (ME) formulations with different ASX concentration loading
respectively. To aid a better understanding of the effect of  loaded with ASX (400 pg/ml) were regressed with a mul-

CO, S,,ix» and AP compositions on the resulting HD, the tivariate model, with the regression results summarized
obtained results for MEs (Formulations A to H, except D) in Table 2. A multivariate model with X;, X5, and X; as
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linear predictors, and X;X, & X,X; interaction terms
were found to best describe the HD with the highest R*-
adjusted of 0.9586 (Equation 4). Although the inclusion
of X,X; interaction terms (Equation 5) also resulted in a
good fit (R? = 0.9939), the Rz—adjusted (0.9567) was not
improved, when compared to Equation (4).

HD (nm) = —1490.11X; +82.01X5 + 10686.94X
13423.19X, X, — 146013 .85X,X; £23.30 (4)

HD (nm) = —1735.07X, +83.14X, + 350907.34X ;
+3791.29X, X5 — 423780.27X,X 5
—404293.29 X1 X3 +22.01 (5)

The coefficient of linear of the predictors indicates how
the individual components influence the resulting HD of
the ME suspended in water. In principle, if oil is properly
dispersed in water, it is possible to produce a dispersion
with infinitely small oil droplets owing to their immisci-
bility; thus, the observed negative coefficient or contribu-
tion in the HD. As for the S,;,, which is comprised of
water-miscible and soluble components, its contribution
in the average HD is the least and is observed to be posi-
tive probably owing to the larger molecules of T80, which
is the main emulsifier that tends to attract water mole-
cules. In the case of CNC addition, CNC is an insoluble
material of nano-scale, and would in itself have a specific
HD that contributes to the average HD measured. Con-
sidering only the coefficients of the main effects may at
first glance be contradictory to the trend observed in
Figure 2, where higher CO results in higher HD and
higher Sy & CNC addition leads to lower HD. However,
accounting for the interaction effects between CO-S;y,
Smi-CNC, and CO-CNC, the positive coefficient of the
interaction term for CO-S,,;, indicates that the increase
in both CO and S,;;, will indeed bring about an increase
in HD as droplets of micelles are formed and dispersed.
However, an increase in both is practically not possible,
and their change in proportion is in principle inversely
proportional, thus, resulting in a lesser overall contribu-
tion to the increase in HD. Accounting for the presence
of CNC in the mixture interaction with other components
results in the decrease in the HD as indicated in
Equations (4) and (5) as well as from the observed trends
in Figure 2. This is probably owing to the difference in
the mechanism in forming an emulsion brought about by
the Sy, being an emulsifier and that by CNC as a picker-
ing agent. Part of the mechanism of CNC to aid the for-
mation of ME may be owing to its absorptive capacity,
whereby components of the mixture are absorbed into
the CNC particles and thus decreasing the effective
HD. The schematic synergistic effect of hydrodynamic

GUNARTO gr AL

diameter can be seen in Figure S1. Comparing the pre-
dicted and measured HD both Equations (4) and (5)
allow the prediction of the HD at a good accuracy with
low mean absolute error (11.19 and 9.34) and mean bias
error (1.17 and 1.07) (Table 2). Further, to evaluate the
practical use of the developed models, an additional ME
formulation (CO10-AM75-AP15—Formulation D) was
prepared and the models were used to predict the
HD. Both Equations (4) and (5) can accurately predict
the HD of Formulation D with mean absolute error of
6.41 and 7.57, and mean bias error of 2.41, and 4.08,
respectively.

3.3 | Free-radical scavenging activity of
castor oil-based microemulsions

The CO-based MEs, CO, and ASX solution were deter-
mined of its free-radical scavenging activity by adopting
DPPH assay, with the corresponding determined ICsq
presented in Table 3. The absorbance of the DPPH solu-
tion at 517 nm decreases as ghe formulations donate
hydrogen ions, thus reducing the free-radical of DPPH
into a stable form, which is colorless in color. The high-
est and lowest IC5, were 366.44 and 57.61 pl/ml without
CNC addition, 494.47 to 52.25 pl/ml with CNC addition,
384.47 to 70.72 pl/ml for 400 pg/ml ASX in the ME, and
357.86 to 64.43 pul/ml of formulations with the addition
of CNC and ASX. Microemulsions at 5 wt.% of CO with
different Sy,;, and AP weight ratios had a similar value
of ICs,. The CO and ASX solution activity were observed
individually to identify the cause of inhibition, either
from the actual or synergistic effect of MEs. It is
expected that the ICs, is lower with ME formulations
having high CO as oil phase considering that pure CO
only requires a concentration of 15.03 pl/ml to achieve
50% inhibition. Consistently, formulations with higher
CO had the lowest IC5, among CO-based ME. The addi-
tion of CNC generally does not contribute to the free-
radical scavenging activity. The activity of pure CNC sus-
pension was not observed within the range tested.
Criado et al.*” also reported that the free-radical scaveng-
ing activity of CNC is low and increased when higher
CNC concentration (10 wt.%) was introduced. Further-
more, the ICs, for some formulations did not show sig-
nificant changes after the addition of ASX. This agrees
with the low inhibition of ASX solution (400 pg/ml in
ethanol), 479.92 pl/m1.** CO contains high ricinoleic acid
(>80%) and flavonoid compounds that donate hydrogen
ions and possess high radical scavenging activity.** CO-
based ME not only serves as a carrier for lipophilic drug
delivery but could also provide additional protection
from free radicals.
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TABLE 3  Freeradical scavenging activity for various ME formulation and its component materials expressed in concentration at ICs"
Concentration at ICg, (pl/ml)
Formulation/material ME without CNC ME-CNC ME@ASX ME-CNC@ASX
CO5-SM75-AF20 346.43 + 36.28° 494.47 + 3.54° 384.48 + 42,53 357.86 + 2.76%

CO5-SMB0-AP15
CO5-SMB5-AF10

36644 + 18.31¢
34922 + 5.75¢

437.17 + 5.08™

n.d?

n.d.”

479.66 + 2.76°" n.d? n.d.”

185.05 + 2.05° 136.66 + 5.46° 135.24 + 4.60°°

120.10 + 1.90° 115.33 + 5.75" 107.00 + 5.33

120.71 + 5.69° 108.19 + 6.07" 113.28 + .18"
68.28 + 5.18 70.72 + 4.890 64.43 + 2.34
52.25 + 1.46 n.d’ nd.”

CO10-SM75-AFP15 179.77 £ 9.52°
CO15-SM75-AFP10 119.24 + 22.78F
CO15-SM70-AFP15 107.96 + 2.51°
CO25-SM65-AFP10 64.98 + 3.37
CO28-SM62-AF10 57.61 + 6.60'
Astaxanthin solution® 47992 + 2141
Castor oil 15.03 + 90

“Average values of ICs, followed by the same letters indicate no significant difference (p > .05) between values.

"n.d.: not determined.
“400 pg/ml of ASX in ethanol.
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3.4 | Anti-microbial activity of CO-based
microemulsions

Based on the insignificant differences in free-radical scav-
enging activity for formulations with the same CO
amount, formulations CO5-SM75-AP20,
CO10-SM75-AP15, CO15-SM75-AP10, CO15-SM70-AP15,
and CO25-SM65-AP10 were selected and further assayed
for their anti-microbial activity. From the results of the
assay present in Figure 3, it is evident that the formula-
tions tested had anti-microbial activity against E. coli and
S. aureus. For the growth inhibition of E. coli after 16 h of
incubation, the inhibitory effect was enhanced with
higher CO in the formulation, from 18.49% to 90.06% on
ME without CNC, 19.67% to 94.06% on ME-CNC

addition, and 19.18 to 94.89% of ME-CNC@ASX as CO
increased from 5 wt.% to 25 wt.% in the ME. A similar
inhibitory activity was observed in the microbial assays
involving gram-positive microbe, S. Aureus incubated for
24 h, from 24.35 to 90.66% for ME without CNC, 34.52 to
93.90% for ME-CNC, and 31.91 to 83.02% for ME-CNC
with ASX encapsulated. However, ME without CNC
resulted in higher inhibition toward S. aureus compared
to E. coli due to the outer lipid membrane present in
gram-positive microbes and affected their morphology
and the composition of cell wall.*

The presence of CO in the ME is suspected to have
resulted in the growth inhibition of S. aureus and E. coli,
as supported by the increased inhibition along with
increasing CO in formulated MEs. To confirm that the
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activity is mainly owing to CO, the inhibitory effect of
other components was also tested. The inhibition brought
about by the equivalent amount of Sy; at 75 wt.% in the
ME is 16.01 + 0.87% and 26.25 + 2.80% for E. coli and
S. aureus, respectively. Inhibition of ME formulated with
and without CNC was not significantly different
(p > 0.05). The ricinoleic fatty acid existed in the CO is
the main cause of microbial inhibition.*” CO-based MEs-
formulated has anti-microbial activity and practical appli-
cation as topical drug delivery.

3.5 | Stability of CO-based
microemulsions

With the observations made earlier on the free-radical
scavenging and anti-microbial activity exhibited by
the different MEs, higher CO in the formulated ME
results in enhanced biological activities. However, high
quantities of oil in the ME significantly reduces its shel-
flife, thus, it would be imperative to verify and ensuring
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that the formulated ME is stable*' Formulations
CO5-SM75-AP20, CO10-SM75-AP15, CO15-SM75-AP10,
C015-SM70-AP15, and CO25-SM65-AP10 were further
investigated for their stability by monitoring their HD,
PDI, and zeta potential over a period of 48 days. From
the gathered results it could be observed that the HD of
the heating—cooling cycle for MEs without CNC addition
with 5wt.% CO (CO5-SM75-AP20) changed from 85.35
+ 1.83 to 114.5 + 9.09 nm while MEs with higher CO
(10 and 15 wt.%), the HD was fluctuated between 142.13
+ 4.09 to 181.70 + 6.11 nm and 181.50 + 6.25 to 234.7
+ 15.82 nm, respectively. However, a significant increase
in HD was observed for CO25-SM65-AP10 formulation,
from 255.70 + 20.79 to 449.83 + 41.09 nm after the
heating—cooling cycle period of 24 days (Figure 4a) and
then reached 489.93 + 26.11 nm after the freeze-thaw
cycle period of 24 days (Figure 4c). Interestingly, the
addition of 0.7wt% CNC in ME with high CO
(CO25-SM65-AP10) stabilizes it and suppresses the
change HD during both heat-cool and freeze-thaw cycles
as shown in Figures 4b and 4d. These results in
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(d) with CNC
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agreement with observations made in a previous study,
where the addition of CNC improved the stability of MEs
during storage.'* The HD of the control (kept at 30°C)
formulations were more stable, especially for formulation
with 25 wt.% CO which has a similar HD value with for-
mulation using CNC addition through heating—cooling
cycle. This implies that CNC helps the stability of ME to
become less sensitive to changes in HD at high tempera-
tures. Comparison of HD trends between heating—cooling
cycle and control (kept at 30°C) also freeze-thaw cycle
and control could be found in Figures S2 and S3.
Presented in Figure 5 the HD of various ME formula-
tions at day 0, heating—cooling cycle (H-C), heating—
cooling/freeze-thaw cycles (H-C/F-T), heating-cooling/
freeze—thaw/centrifugation (H-C/F-T/C), {freeze—thaw
cycle (F-T), and freeze-thaw/centrifugation (F-T/C) with
and without CNC. As «could be observed,
C0O25-SM65-AP10 formulation with 25 wt.% CO, which
underwent F-T cycle only had a lower HD when com-
pared to those that have undergone the H-C/F-T cycle.
From these results, it may be inferred that storage at high
temperature (~40°C) significantly increases the HD, and
storage of ME would best be done at room temperature
(30°C) or under cold conditions (—20°C) to avoid drastic
changes in the HD. Storage at high temperature results in
the increase of HD, accompanied by smaller zeta poten-
tial compared to those stored at room temperature. Poly-
dispersity index and zeta potential values of various ME
formulations before and after the H-C cycle, H-C/F-
T cycles, and H-C/F-T/C are listed in Table S1. All MEs
in this study have PDI less than 0.5 indicating homoge-
neous and stable formulations.*> The zeta potential
values range from —4.55 to —17.97 mV and —6.06 to

—22.44 mV for ME without and with CNC, respectively.
Tween 80 as a nonionic surfactant and hydroxyl group of
CO as oil phase contributed to the negative surface
charge in the CO-based MEs.® Compared to HD, zeta
potential and PDI of MEs are stable and did not signifi-
cantly change over the 48-days storage period. However,
the higher zeta potential of ME formulations with CNC
imply better stability than systems without CNC and is
supported by the suppressed changes in the HD. Better
stability of ME during heat stability is promising for phar-
maceutical applications in the future.

4 | CONCLUSIONS

CO-based MEs with various weight ratios of CO, Tween
80/ethanol, and aqueous phase consist of deionized water
or 0.7 wt.% CNC suspension has been successfully formu-
lated. Astaxanthin loaded into CO-based ME at
400 pg/ml was found to be the limit to ensure the result-
ing ME falls within the required HD. The highest and
lowest ICs, value for free-radical scavenging was 494.47
and 52.25 pl/ml for ME with CNC addition, respectively.
The biological activities of ME are enhanced as the frac-
tion of CO in the ME is increased (15 wt.% CO). More-
over, addition of CNC and ASX components in the base
ME did not improve the biological activities. However,
the addition of CNC improves the storage stability of
MEs, especially those with a high (25 wt.%) CO fraction.
Microemulsion formulations could potentially be adapted
for use as in topical drug delivery systems with its high
anti-microbial activity (90.06% for E. coli and 90.667% for
S. aureus).
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