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a b s t r a c t

Hyaluronic acid (HA) was modified into an amphiphile through esterification between the carboxyl and
hydroxyl moieties on glycerol-�-monostearate (GMS). The conjugation was verified via FT/IR and 1H
NMR. Ultrasonification and solvent evaporation were used to prepare a fine oil/water/surfactant (O/W/S)
nanoemulsion consisting of methylene chloride as the oil phase (O), HA water solution (W), and non-
ionic Tween-80 and Span-20 as surfactant (S). The optimal ratio of the disperse phase was screened in
eywords:
yaluronic acid
onostearin
anoemulsion
olvent evaporation
ethylene chloride

nanoemulsion formed without HA-GMS. Tween-80 and Span-20 at the required hydrophilic–lipophilic
balance (HLB) of 12.5 and a ratio of O/S (ROS) of 60, which accounted for 5% (w/w) in the emulsion system,
was determined to be the optimal disperse phase ratio, giving rise to the smallest droplet size (39.7 nm)
and lower protein dispersibility (0.341). The smallest droplet size of the HA-GMS nanoemulsion was
42.0 nm, with contraction to 38.9 nm evident after 96 h storage. Higher degree of substitution or lower
molecular weight was favorable for the formation of smaller emulsified droplets. Nanoemulsions were
characterized morphologically by electronic microscopy.
. Introduction

In the past few decades, intensive research interest has been
irected at the use of lipid-based carriers (liposomes, single or
ultiple emulsions in either nanoscale or microscale) for topi-

al applications, (Souto & Müller, 2008). By virtue of their fine
roplet diameter, larger surface area to volume ratio, and novel
hysicochemical properties like thermodynamical variability and
ransparent appearance, nanoproducts such as nanocarriers have
een especially studied (Bang, Yu, Hwang, & Park, 2009; Liu & Park,
009; Sonneville-Aubrun, Simonnet, & L’Alloret, 2004; Xia, Li, &
el, 2009). Although nanocarriers are lipid-based, their bioavail-
bility is imparted by biopolymers encapsulated inside or coated
n the exterior surface, or on the structure of the interior network.
ypically, these biopolymers are of natural origin, and their biocom-
atibility and biodegradative characteristics are a function of their
unctional groups (i.e., chitosan, cellulose, hyaluronic acid, silicate,
nd alginate, etc.).
Hyaluronan (hyaluronic acid, HA) is one such naturally occur-
ing polymer. HA is composed of unbranched repeating units of
lucuronic acid and N-acetyl glucosamine linked by �1-3 and �1-4
lycosidic bonds (Ambrosio, Borzacchiello, Netti, & Nicolais, 1999).
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Properties of HA including specific viscoelasticity, biocompatibility,
hydration and lubrication (Garg & Hales, 2004) make this polysac-
charide potentially very useful in the food, medical and cosmetic
industries. The presence of a carboxyl group on glucuronic acid
C-5 makes HA an ideal substrate for covalent conjugation with
amide and hydroxyl groups through amidification and esterifica-
tion, respectively (Bencherif et al., 2008; Choi et al., 2008). The
corresponding modified HA can be utilized in various forms includ-
ing films, hydrogels, as scaffolding, and in nanoparticles (Bencherif
et al., 2008; Choi et al., 2008; Hu, Wu, Cai, Ma, & Wang, 2009; Ren,
Zhou, Liu, Xu, & Cui, 2009). Besides retaining their inherently supe-
rior properties, HA derivatives acquire additional physicochemical
characteristics that can be tailored according to the desired require-
ments. So far, the application of HA derivatives has been mainly
focused on pharmaceuticals, tissue engineering, and drug deliv-
ery. In contrast, cosmetic and food applications have received scant
attention. A nanocarrier would represent a universal transporting
medium and, hence, warrants more intensive study.

Amphiphilic modifications on molecules are a prerequisite
for HA considering both its inherent structure and correspond-
ing nanocarrier formulation. Amphiphilic HA can be synthesized

through hydrophobic derivation on carboxyl or hydroxyl groups.
The grafted hydrophobic portion can be provided by alkyl,
amine, and poly-organic acid components (Choi et al., 2008;
Lee, Ahn, & Park, 2009; Mlčochová et al., 2007). Noticeably, tak-
ing account of bioavailability, the introduced components should

dx.doi.org/10.1016/j.carbpol.2010.08.001
http://www.sciencedirect.com/science/journal/01448617
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e nontoxic and nonirritating, thus, components that are bio-
ompatible and natural occurring are preferred. In this study,
lycerol �-monostearate (GMS), a saturated lipid whose pre-
ursor (stearic acid) occurs in many animal and vegetable fats
nd oils (http://en.wikipedia.org/wiki/Stearic acid), acted as the
ounterpart. Amphiphiles enable formation of nanocarriers via self-
ssembly with energy input, with the hydrophobic regions directed
nwards or outwards on the nanocarrier surface. Due to hampered
apability in delivering a water-soluble active component, lipid-
ased carriers have become broadly utilized (Wang, Dong, Chen,
astoe, & Li, 2009). Among these, nanoemulsions can be a substitute
or less stable liposomes and vesicles (Tadros, Izquierdo, Esquena,

Solans, 2004).
Typically, nanoemulsions can be prepared by a continu-

us/dispersion phase system consisting of two immiscible phases.
ne example is the self-nanoemulsifying drug delivery system

SNEDDS), in which isotropic mixtures of oil, surfactants and cosur-
actants form fine oil-in-water nanoemulsions upon mild agitation
Nazzal, Smalyukh, Lavrentovich, & Khan, 2002). Nanoemulsions
re very fine emulsions with a droplet diameter basically smaller
han 100 nm (range 50–200 nm) (Sonneville-Aubrun et al., 2004;
adros et al., 2004). Fine size contributes to weak flocculation,
oalescence, translucence and transdermal permeation, in which
roplet size plays an important role, where smaller size allows for
etter performance (Shakeel et al., 2007).

In this article, we report on the synthesis of a new
mphiphile through esterification between HA carboxyl groups
nd GMS hydroxyl groups, via crosslinking by 1-ethyl-3-(3-
imethylaminopropyl)-carbodiimide hydrochloride (EDC). The
mphiphiles were then used to prepare a nanoemulsion in an
il/water/surfactant (O/W/S) emulsifying system, where water-
olubilized HA-GMS acted as the continuous phase and methylene
hloride as the oil phase. Our objective was to develop a new,
maller-sized HA nanocarrier in a way that is mild and safe, and
hich could be applicable to food, medical or cosmetic use.

. Materials and methods

.1. Materials

Sodium forms of HA with a molecular weight (MW) of 110 kDa
nd 10 kDa were a gift of Kolon Life Science, Korea. EDC and monos-
earin (glycerol �-monostearate, GMS) were purchased from Tokyo
asei Kogyo Co., Ltd (Japan). N-Hydroxy succinimide (NHS, 97%)
as acquired from Aldrich Chemical. Methylene chloride was pur-

hased from Duksan Pure Chemical (Korea). Phosphate buffered
aline (pH 7.4) was purchased from Sigma–Aldrich. Various sur-
actants, polyoxyethylene sorbitan fatty acid esters (Tweens) and
orbitan fatty acid esters (Spans) were purchased from Samchun
ure Chemical (Korea). Water, used for synthesis and characteriza-
ion was purified by distillation, deionized and subjected to reverse
smosis using a Milli-Q Plus apparatus (Millipore, USA). All the
hemicals were analytical grade and were used as received.

.2. Synthesis of amphiphilic HA-GMS

GMS was conjugated to HA by the formation of ester linkages
hrough an EDC-mediated reaction. HA (190 mg) and EDC/NHS
ere dissolved in PBS (pH 7.4 and 4.75, respectively). EDC/NHS

olution was mixed with HA solution and maintained for 2 h

o achieve a 1:1:1 mole ratio to glucuronic acid residue of HA.
he solution was then added to GMS (60–540 mg) acetone solu-
ion dropwise with magnetic stirring. The reaction mixture was
eft at room temperature for 24–48 h. The resultant mixture was
entrifuged at 15,000 rpm, 4 ◦C in a Beckman Coulter Avanti J-
ymers 83 (2011) 462–469 463

E apparatus for 20 min/cycle until the obtained solution was not
turbid. The apparent solution was extensively dialyzed using a
Spectra/Por Membrane with a MW cut-off of 6000–8000 against
an excess volume of water/acetone (1:1 v/v–3:1 v/v)and distilled
water for 3 days, followed by lyophilization using a model FD5518
lyophilizer (Ilshin Lab., Korea) for 3 days.

2.3. Evaluation of HA-GMS characteristics

Structure of the cotton-like HA-GMS was evaluated by Fourier
transform infrared spectroscopy (FT/IR) and 1H nuclear magnetic
resonance (NMR) spectroscopy. The IR spectrum of HA-GMS was
recorded on an FT/IR-430 spectrometer (Jasco, Tokyo, Japan) at
20 ◦C as previously described (Chen, Lee, & Park, 2003). 1H NMR
spectra of samples were measured using a Varian Unity Plus-300
spectrometer at ambient temperature. The sample was dissolved
in deuterium oxide (D2O) and measured using 4000 Hz width, 45◦

pulse angle, 3.744 s acquisition time, and 48 scans with a delay of 2 s
between each scan. 1H NMR spectroscopy was used to determine
the esterification conversion on modified HA. Degree of substi-
tution (DS) was defined as the amount of GMS groups per one
HA disaccharide repeat unit, and was calculated from the ratio of
the relative peak integrations of the GMS ending methyl protons
(peaks at around approximately 1.0 ppm) and methyl protons in
HA acetamide (approximately 2.0 ppm) (Mlčochová et al., 2007).

2.4. Optimum screening and preparation of nanoemulsions

Considering the synthetic cost and experimental usage of HA-
GMS, preparation of nanoemulsions was divided into two major
segments. The first was screening for the optimum proportion
of the disperse phase without HA-GMS in the O/W/S emulsify-
ing system, where distilled water acted as the water phase in
nanoemulsion. The second was preparation of HA-GMS nanoemul-
sion with an optimal proportion.

2.4.1. Screening for the optimum surfactant proportion
An emulsifier blend for an optimal oil-in-water emulsion was

determined using the Atlas HLB method (Atlas HLB System, 1963).
A series of Tween and Span non-ionic emulsifiers were screened to
determine the required hydrophile–lipophile balance (HLB) value,
chemical type and concentration of the disperse phase for the
preparation of a stable, small droplet size and low polydispersity
oil-in-water emulsion. In this aspect, Span-80 (S80) and Tween-
80 (T80) were selected as the surfactant blend to determine the
required HLB value (O/W/S of 5:90:5 (w/w)) within 8–15. The HLB
values of the surfactant mixtures (HLBmix) were calculated accord-
ing to literature (Wang et al., 2009) who also applied Spans and
Tweens to adjust HLBmix, using the following equation:

HLBmix = fAHLBA + fBHLBB

where HLBA, HLBB are the HLB values, and fA, fB are the weight frac-
tions of Tween and Span, respectively. Mean size of droplets and
polydispersity were taken into account together for determining
the required HLB value. Using this value, variation in chemical types
of surfactants was assessed to find the desired surfactants combina-
tion (O/W/S = 5:90:5 (w/w)). The optimum amount of the disperse
phase was studied in gradient concentrations: 1, 2, 5, 10, 15, 20,
25, 30 and 35% (w/w). Upon the optimum conditions acquired,
the desirable O/S ratio, ranging from 0 to 100% (w/w) was then

determined. The size distribution and phase separation observed
during screening were considered as criteria for optimal choices.
Preparation of nanoemulsions relied on sonication. The disperse
phase composed of methylene chloride and surfactants were added
dropwise into the distilled water continuous phase, and a coarse

http://en.wikipedia.org/wiki/Stearic_acid
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mulsion formed after a 5 min period of magnetic stirring at 20 ◦C.
he coarse emulsion was further sonicated with a Sonics Vibra-Cell
V33 ultrasonic probe (Sonics & Materials, USA) at 150 W in an ice
ath for 3 min. The sonication step was repeated two times using a
ulse function (pulse on, 10.0 s; pulse off, 2.0 s).

.4.2. Preparation of HA-GMS nanoemulsion
Preparation of the HA-GMS nanoemulsion differed slightly

rom that for HA-GMS-free nanoemulsion. For the former, the
isperse phase was added dropwise to a HA-GMS PBS solution
1 mg/mL) instead of distilled water for formation of the coarse
mulsion. The coarse emulsion was further pulse-sonicated twice
s described above. Different from HA-GMS-free nanoemulsion,
ased on practical and secure consideration, HA-GMS nanoemul-
ion was evaporated under reduced pressure for 30 min at room
emperature to remove methylene chloride.

.5. Measurement of nanoemulsion properties

.5.1. Size and distribution analysis
The average particle size, polydispersity index (PdI) and zeta

otential were determined by quasielastic laser light scattering
sing a Zetasizer ZEN 3600 Nano Series apparatus (ZEN, UK). PdI is a
arameter used to define the particle size distribution of nanoparti-
les obtained from photon correlation spectroscopic analysis. It is a
imensionless number extrapolated from the autocorrelation func-
ion (Nidhin, Indumathy, Sreeram, & Nair, 2008). The calculation
or PdI is defined in ISO standard document 13321:1996. Presently,
liquots of the nanoemulsions were put into polystyrene latex cells
nd measured at a detector angle of 90◦, wavelength of 633 nm,
efractive index of 1.33, real refractive index was 1.423 (methy-
ene chloride) in HA-GMS-free nanoemulsion and was 1.46 (HA) in
A-GMS nanoemulsion, and temperature of 25 ◦C. Since the mean
anoemulsion droplet size varied over time during room tempera-
ure storage, the variations were traced across time from 0 to 96 h
nd size distributions were measured for different samples.

.5.2. Confocal laser scanning microscopy (CLSM)
Since screening and preparation of HA-GMS nanoemulsions

ere conducted separately, evidence for existence of HA-GMS on
he nanoemulsion surface was necessary. HA-GMS (10 kDa) was
abeled with rhodamine (Lee, Mok, Lee, Oh, & Park, 2007) with

inor modification. Briefly, HA-GMS PBS (pH 7.4) was mixed with
DC/HNS and left for 2 h. Rhodamine PBS (pH 7.4) was added
nd allowed to react for 2 h at 20 ◦C. The resulting solution was
ialyzed against distilled water for 24 h and lyophilized. Nanoemul-
ion was prepared with the rhodamine-labeled HA-GMS. With the
orresponding HA-GMS solution as a control, CLSM images were
btained using a LSM 5 Exciter apparatus (Carl-Zeiss, USA) at an
xcitation wavelength of 543 nm.

.5.3. Transmission electron microscopy (TEM)
Specimens were prepared by dropping the sample solution onto

carbon-coated copper grid. The specimens were allowed to air-
ry prior to TEM examination using Tecnai G2 F30 microscope
Philips-FEI, Holland). TEM studies were conducted at KBSI (Seoul).
.6. Statistical analysis

The assays were performed at least in triplicate on separate
ccasions. The data collected in this study are expressed as the
ean ± standard deviation.
Fig. 1. (a) FT/IR spectra; (b) 1H NMR of HA and HA-GMS.

3. Results and discussion

3.1. Synthesis and characterizations of HA-GMS

In the course of synthesis, different mole ratios of HA/GMS from
3:1 to 1:3, different pHs (4.75 and 7.4), and different synthesizing
times (24 and 48 h) were used to attain different DS of HA-GMS
with yields around 90%.

FTIR spectra of HA and HA-GMS are shown in Fig. 1a. The absorp-
tion bands at 3200–3600 cm−1 corresponded to the OH group of
HA, 1850–1630 cm−1 and 1260–1000 cm−1 were attributed to the
C O and C–O bonds respectively, and stretching vibrations near
2900 cm−1 and 1400–1500 cm−1 were assigned for sp3 and sp2 C–H
stretches. Since the introduction of carbohydrate chains via esteri-
fication, all of the absorptions above were sharper for HA-GMS than
those for HA, which verified the linkage of GMS monomers onto HA
chains.

The amount of crosslinked GMS on HA was quantitatively char-
acterized from the 1H NMR spectra using the integration method.
The characteristic peaks of N-acetyl group of HA (ı/ppm = 2.0 [t,
3H, –COCH3]) and GMS (ı/ppm 1.0 [t, 3H, CH3–(CH2)16–]) were
used for integration (Fig. 1b). As shown in Table 1, the DS of the

different products varied from 6.16 to 23% for HA-GMS (110 kDa),
with essentially no change for lower MW HA-GMS in all cases. The
pH values were selected based on two observations: First, conju-
gation crosslinked by carboiimide is most efficiently performed at
pH 3.5–4.5 (Nakajima & Ikada, 1995) and, since HA is unstable in
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Table 1
DS of HA-GMS synthesized under different conditions.

Time (h) NHA:GMS pH 7.4 NHA:GMS pH 4.75

1:3 1:1 2:1 3:1 1:3 1:1

HA (110 kDa)
24 – 6.50%a 6.21% 6.16% – –
48 23%b 14%c – – 16% 7%

HA (10 kDa)
48 6% 6%d – – 5% 5%
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–” denotes no detection.
uperscripts indicate different samples: aH6.5; bH14; cH23; dL6, where characters
enoted MW property of HA and the latter numbers are DS of HA-GMS.

n acid solution, pH 4.75 was chosen. Secondly, pH 7.4 was used in
he preparation of HA films using EDC as the crosslinking reagent
Young, Cheng, Tsou, Liu, & Wang, 2004). The DS of the products
uggested that excess GMS and neutral pH condition promotes a
igher DS value.

Upon consideration of the costs of synthesis and pH consistency,
radient DS samples were picked and labeled as H6.5, H14, H23 and
6 (Table 1), where the characters denote the MW property of HA
nd the numbers were the DS for specific samples.

.2. Screening of optimal surfactant ration

.2.1. Determination of required HLB
With our major study target being to prepare a stable and

mall droplet size nanocarrier, an emulsion was employed. In gen-
ral, nanoemulsions as stable against sedimentation or creaming
wing to their small droplet size (Forgiarini, Esquena, González,

Solans, 2001). However, they are metastable systems, whose
tructures depend on the preparative process (Sonneville-Aubrun
t al., 2004). For whatever emulsion system, the choice of the
orrect emulsifier is very crucial to improvement of emulsion
tability (Sajjadi, 2006). Certain mixtures of surfactants can pro-
ide better performance than use of a single surfactant (Rosen,
992; Scamehorn, 1986). In a mixed non-ionic surfactant system,
LB has been proven to be very useful in attaining the best type
f emulsifier for any given oil phase (Gullapalli & Sheth, 1999;
ang et al., 2009); the best type of emulsifier is designated the

equired HLB. For O/W emulsions, surfactants with higher HLB
end to stabilize the system, thus, HLB values ranging from 8
o 15 were presently chosen, from which the required HLB was
btained.

From the correlation between HLB and mean droplet size
Fig. 2a), the curve of mean droplet size exhibited a declining
rend rather than the spoon shape reported previously (Wang et
l., 2009). This was probably attributable to the finite solubility of
ethylene chloride in water. Methylene chloride was chosen as

he oil phase, based partly on its ability to diffuse into the aqueous
hase at a rapid rate facilitating particle formation upon evapo-
ation (Lemos-Senna, Wouessidjewe, Lesieur, & Duchêne, 1998),
hich minimizes toxicity. Another reason for the choice of methy-

ene chloride is that it offers solvent for lipophilic active ingredient,
utrient or drug before being evaporated. Referring to HLB calcula-
ion, higher values indicate surfactants own higher hydrophilicity,
hich facilitates reducing curvature of interface for the oil that

wns relatively high solubility, leading to smaller droplet size.
his is the likely explanation for the decreasing trend in mean
roplet size. In this case, PdI was assessed simultaneously to deter-
ine the required HLB. Considering our primary aim of achieving
maller droplet size, HLB displaying a lower PdI, including 12, 12.5
nd 13, met the demand (Fig. 2a). However, phase observation
f nanoemulsions revealed that phase separation was inclined to
ccur for HLB 13 after 24 h, which rendered these nanoemulsions
Fig. 2. Droplet size and polydispersity index of HA-GMS-free nanoemulsions, (a) as
a function of surfactant HLB in O/W/S (5/90/5) system; (b) as functions of disperse
phase concentration; (c) pseudo ternary diagram and emulsion appearances.

unstable in storage. Based on comprehensive consideration, 12.5
was selected as the required HLB for further study.
3.2.2. Optimal surfactants composition
At the required HLB, the optimum composition of the mix-

ture of surfactants was screened using various pairs of emulsifiers.
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Table 2
Correlation between size, PdI of HA-GMS free nanoemulsion, and compositions of
surfactants mixture (O/W/S = 5:90:5, w/w).

Composition Mean size (nm) PdI

T20–S20 106.20 ± 0.20 0.399 ± 0.008
T20–S60 75.64 ± 1.48 0.607 ± 0.007
T20–S80 69.92 ± 0.19 0.579 ± 0.008
T60–S20 70.80 ± 0.32 0.322 ± 0.002
T60–S60 93.34 ± 0.45 0.519 ± 0.005
T60–S80 70.95 ± 0.18 0.399 ± 0.007
T80–S20 57.98 ± 0.25 0.418 ± 0.006
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Table 3
Size distribution of HA-GMS free nanoemulsion with various ROS (5% disperse
phase).

ROSa Mean size (nm) PdI

0 264.03 ± 37.10 0.458 ± 0.059
10 112.23 ± 0.84 0.192 ± 0.008
20 98.04 ± 0.33 0.223 ± 0.002
30 82.70 ± 0.44 0.269 ± 0.009
40 66.80 ± 0.36 0.274 ± 0.004
50 49.31 ± 0.88 0.368 ± 0.012
60 39.74 ± 0.23 0.341 ± 0.007
70 40.65 ± 0.27 0.456 ± 0.008
80 37.93 ± 0.53 0.567 ± 0.023

and transient rise was evident for L6. Similar trends were observed
T80–S60 66.33 ± 0.52 0.570 ± 0.004
T80–S80 74.37 ± 0.81 0.480 ± 0.003

ote: T: Tween; S: Span.

s shown in Table 2, nanoemulsions with the smallest droplet
ize (58.0 nm) were prepared from the T80–S20 surfactant pair,
hich was composed of long chain hydrophilic (T80) and short

hain lipophilic (S20) surfactants. Even at required HLB, in every
hree surfactants pairs consisting of the same Tween ingredient the
mallest droplet sizes were obtained from the pairs with the largest
ifferences in surfactants chain length (i.e. T60–S20, T20–S80 and
80–S20). In addition, pairs involving T80 (i.e., C18 unsaturated
arbohydrate chain) displayed the smallest droplets size, consis-
ent with previous observations (Wang et al., 2009). The collective
esults support the suggestion that variation in carbohydrate chain
ength between the Tween and Span, as well as the presence of a
ouble bond in the chain, drive the formation of a looser film at the
ater/oil interface, which favors the formation of nanoemulsions
ith smaller droplet sizes.

.2.3. Optimal ratio of surfactant of disperse phase
In addition to the required HLB and surfactant composition, the

atio of surfactant (ROS, defined as the weight percentage of sur-
actants in the disperse phase) is also indispensable in screening
or optimal surfactants. Presently, prior to ROS measurement, gra-
ient concentrations (0–35% wt%)of the disperse phase made up of
80–S20 and methylene chloride in equal proportions were emul-
ified in distilled water (Fig. 2b). With increasing concentration, the
ean size of droplets initially reduced, being smallest at a concen-

ration of 5%, and then increased slowly. A similar trend was evident
or PdI, with the smallest droplet size occurring at a concentration of
%. It was indicated that larger amount of disperse phase resulted in
ider size distribution and larger droplet size. The smallest size did
ot come out with the lowest PdI, nevertheless, 5% concentration
lso gave rise to a relative smaller droplet size (55.6 nm). Further-
ore, the 2% disperse phase concentration including surfactant (1%

il phase) for nanocarriers was apparently a small fraction for active
omponent. Considering a practical application, a concentration of
% was selected for the following ROS measurements.

ROS measurement was carried out in different ratios shown in
able 3. A ROS of 0, in which the disperse phase was comprised
urely of methylene chloride, produced unstable nanodroplets on
he basis of statistical analyses and by the visually apparent aggre-
ation observed only moments after preparation. In the presence
f surfactants, nanodroplet quality was obviously improved, exhib-
ted a reduced mean size and lower PdI. At ROSs <70, incremental
hanges in the surfactant fraction led to decreasing droplet size
nd narrow size distribution. The smallest size appeared at ROS 60
39.7 nm). With the exception of ROS 100, after ROS reached 70 size
istribution in terms of PdI increased, which was likely attributable
o the disproportion of excess surfactants and oil, which were

nable to maintain the kinetic stability of the nanodroplets. Yet,
ure surfactants could disperse well in the continuous phase.

n an emulsion system, the oil phase requires a certain amount
f surfactants to satisfy the demand for the formation of stable
90 123.63 ± 7.68 0.204 ± 0.010
100 48.23 ± 0.29 0.307 ± 0.006

a Ratio of wt% surfactants in disperse phase.

nanoemulsions. In the presence of excess surfactant, the surplus
surfactants might themselves become emulsified as smaller size
droplets, producing an increased PdI. If so, the reason(s) were not
presently determined.

Fig. 2c depicts a pseudo ternary diagram of this emulsion and
the appearances of the nanoemulsions in the corresponding ROS.
The nanoemulsion was turbid when the oil fraction exceeded 50%
(ROS = 20). With increasing surfactants (ROS = 60), the nanoemul-
sion became transparent, and was especially evident at ROS = 100.
The different appearances and mean size of droplets reflected the
smaller size leading to higher clarity. The results indicated that
ROS 60 was the preferred ROS for our aim. Screening for optimal
proportion of the disperse phase was conducted in HA-GMS-free
nanoemulsions. In the case of HA-GMS nanoemulsions, ROS 50 and
60 were selected for subsequent study.

3.3. Characterization of HA-GMS nanoemulsions

In the course of the preparation of HA-GMS nanoemulsions,
methylene chloride was used as oil phase, T80–S20 mixture as sur-
factant with ROS = 50 and 60, and different samples of HA-GMS
(H6.5, H14, H23, and L6 solutions; each 1 mg/mL) as continuous
phase accounted for 95% (w/w) in the emulsion system. Consis-
tent with their amphiphilic nature, HA-GMS self-assembled on
the surface of nanodroplets with methylene chloride as hydropho-
bic template, anchored by GMS. Rhodamine labeling of HA-GMS
enabled labeled nanoemulsified droplets to emit red fluorescence
when excited by a laser beam. The subsequent CLSM observations
offered direct evidence for the existence of HA-GMS (sample L6) on
the droplet surface (Fig. 3). For emulsified groups, in which aggre-
gation of labeled rhodamine occurred, nanodroplets were apparent
based on brighter emitted fluorescence. In contrast, no fluorescence
was found for the L6 solution control, due to rhodamine disso-
lution in solution. Furthermore, CLSM observations indicated an
irregularly spherical droplet morphology.

3.3.1. Droplet size analysis
Mean size and size distribution were determined as soon as

nanoemulsions were prepared. Variations of size were tracked at
certain times up to 96 h (Fig. 4). For ROS 50 (Fig. 4a), all the sam-
ples displayed a decreasing trend in mean droplet size with time,
from 58.4, 57.5, 56.4, and 51.3 nm in for H6.5, H14, H23, and L6,
respectively, immediately following preparation, to 51.1, 49.9, 51.0,
and 45.8 nm (same respective order) 96 h later. The variations were
large during the first 24 h, but became smaller thereafter; a slight
for ROS 60 (Fig. 4b), which varied from 54.8, 53.6, 51.2, 42.0 nm
to 47.6, 43.8, 44.4, 36.9 nm (same respective order and time) for
each sample, except for earlier appearance of a turning point at
12 h. Whatever the ROS, droplet size appeared to be invariable 72 h
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ig. 3. CLSM of HA-GMS nanoemulsion (1 mg/mL) in methylene chloride/water/T8
isperse phase. L6 indicates low MW HA-GMS with DS = 6%.
fter preparation. Reduction of droplet size was mainly attributed
o the evaporation of methylene chloride. Removal of the oil phase
nduced loss of the supporting template and led to contraction
f these temporarily hollow particles. Since we did not utilize

ig. 4. Droplet size of HA-GMS nanoemulsions (1 mg/mL) in methylene
hloride/water/T80–S20 system as a function of storage time. (a) ROS = 50; (b)
OS = 60. Note. ROS: ratio of wt% surfactants in disperse phase. H6.5 indicates high
W HA-GMS with DS = 6.5%; L6 indicates low MW HA-GMS with DS = 6%.
system. L6 solution was used as the control. ROS: ratio of wt% surfactants in the

any crosslinking agent in this system, this contraction might have
bestowed an unstable impact to the nanodroplets. During storage
of nanoemulsions, instability was certainly observed; minor floc-
culation formed and precipitates were evident in emulsions. The
instable phenomena probably arose from the soft nature of colloidal
surfaces which made surfaces susceptible to collision and resulted
in adherence between droplets, especially as rearrangement of sur-
face components occurred in the course of size reduction. Zeta
potential provided another evidence for instability, which ranged
from −13.6 to −14.9 mV, and which was evidence of the unstable
scope for nanoemulsions.

Regarding the MW of HA, nanoemulsions obtained from lower
MW HA displayed an apparently smaller size in both ROS, which
is entirely consistent given the relationship between nanoparti-
cle size and material MW in which particle size decreases with
decreasing MW (Janes & Alonso, 2003). The reason may be a MW-
mediated molecular architecture. Presently, low MW HA owns
small extent of polymerization and gives rise to short carbohydrate
chains and small molecular size, which render high chain flexibil-
ity to assemble, small three-dimensional structures and weak steric
interference, favoring the formation of a compact assembly of HA-
GMS on the surface of droplets. Comparatively, bulky properties
and strong steric hindrance of high MW HA give a larger droplet
size. With respect to the effect of DS of HA, higher DS samples
with the same MW showed a smaller size that was independent
of ROS (i.e., H23 showed the smallest size in the first 24 h for ROS
50). However, the differences were not apparent at 96 h. Likewise,
for ROS 60, higher DS samples consistently maintained a superior
smaller size. The smallest size observed was 36.9 nm for L6 at 96 h.
The result agrees with a report that higher DS produces smaller
O-CMC nanoparticles (He & Zhao, 2007). The explanation is likely
a more compact structure of HA-GMS layer caused by the larger
amount of hydrophobic groups in higher DS samples, leading to
stronger hydrophobic effects which enhance their adsorption on to
the oil droplets and boost compactness of HA-GMS layer through
chain–chain interactions. The complex effects decrease particle size
consequently. The results support the suggestion that lower MW of
HA or higher DS of HA-GMS drives the formation of smaller sized
particles.

Besides the similarities from both ROS, some differences
appeared, among which the significant one referred to droplet size.
As discussed above, HA-GMS free nanoemulsions formulated with
ROS 50 and 60 in distilled water varied in droplet size (Table 3).

The features ought to be remained in a HA-GMS emulsion system
(Fig. 4). Table 4 offers a direct and concise comparison. A note-
worthy aspect of Table 4 is the control groups, despite equivalent
nanoemulsion formation in distilled water, the mean droplet sizes
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Table 4
Overall trend in mean size of HA-GMS nanoemulsions (1 mg/mL) in methylene chloride/water/T80–S20 system for each detected ROS over time.

ROSa Mean size of droplets (nm)

Control 0 h 12 h 24 h 48 h 96 h

50 37.04 ± 0.07 56.16 ± 2.96 53.57 ± 2.59 50.89 ± 2.34 50.55 ± 2.13 49.42 ± 2.27
60 31.18 ± 0.34 50.37 ± 2.26 45.43 ± 5.08 45.82 ± 4.98 44.77 ± 4.13 43.19 ± 4.13

Note: Control is nanoemulsion without HA-GMS, formed by oil, surfactants, and distilled water.
a Ratio of wt% surfactants in disperse phase.
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ig. 5. TEM of HA-GMS nanoemulsion (1 mg/mL) in methylene chloride/water/T8
urfactants in disperse phase.

iffer from those in Table 3. All the nanoemulsion preparations
n this table involved vacuum evaporation to eliminate methylene
hloride, which would stimulate contraction of droplets. Compar-
son of nanoemulsions with and without HA-GMS clearly shows
hat the presence of HA-GMS increases the average size of particles
n the manner of layer formulation on droplets’ surface. As antic-
pated, on overall view, ROS 60 showed an average smaller size
ased on all the samples in comparison with ROS 50.

.3.2. TEM
TEM was carried out after desiccation. ROS 50 and 60 with H23

ere taken as observational samples (Fig. 5a and b). The blurry
hadows on the background in each figure were due to retention
f stain by water. It was shown that the nanodroplets were spher-
cal and the average sizes (approximately 6 nm) were far smaller
han the mean size measured by Zetasizer and the results observed
n LCSM (Fig. 3). ROS 60 produced more consistently sized parti-
les than ROS 50. The substantial reduction in droplets size, for
ne hand, arose from the dry process, which gave rise to size
ontraction. For another, remove of template, methylene chloride,
he mass loss rendered relocation of surfactants and HA-GMS in
ody of spherical particles. Thirdly, the sizes measured by Zeta-
izer are hydrodynamic sizes, which featured by combination of
ater molecules on the HA chains and which likely enlarge parti-

le size. Besides the emulsion samples, flocculation that formed on
he bottom of nanoemulsion was sampled for TEM. A network of fil-
ments was observed in the flocculation on a 1 �m scale. As shown
n Fig. 5c, at a higher magnification, the fileceous structures were
omposed of particles and inter-matrix, nevertheless, aggregation
f particles was not found. These phenomena reflect the instability
f the nanoemulsion.
. Conclusions

In this study, a new HA based nanoemulsion with average size
maller than 100 nm was introduced. HA amphiphile was synthe-
ized in a mild and secure fashion through esterification. Serial of
system. (a) ROS = 50; (b) ROS = 60; (c) flocculation in ROS = 50. ROS: ratio of wt%

HA-GMS with different DS and Mw were obtained by modulating
HA Mw and molar ratio of HA and GMS. HA-GMS nanoemulsion was
prepared using O/W/S emulsion via ultrasonication, where methy-
lene chloride as oil phase, HA-GMS water solution as continuous
phase, mixture of Tween and Span as surfactant. Solvent evapora-
tion involved in formation of HA-GMS nanoemulsion to remove oil
phase. The optimal ratio of disperse phase occupied 5% (w/w) in
emulsion system, composing of Tween 80 and Span 20 at required
HLB 12.5 accounting for 60%. Mean size of HA-GMS nanoemulsion
appeared to be bigger than HA-GMS free nanoemulsion. Higher DS
or lower Mw was favored to form smaller emulsified droplets. LCSM
and TEM observations proved the particles in nanoemulsion were
spherical and evenly distributed. HA’s advantageous bioavailability
and the smaller size of the produced nanoemulsion certainly enable
it to be a potential nanocarrier either for lipophilic active ingredi-
ent, nutrients, or drugs, and exert promising and unique efficacies
compared with the large size carriers.
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