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a b s t r a c t

The six fragrances, camphor, citronellal, eucalyptol, limonene, menthol and 4-tert-butylcyclohexyl
acetate, which represent different chemical functionalities, were encapsulated with a polymer-blend
of ethylcellulose (EC), hydroxypropyl methylcellulose (HPMC) and poly(vinyl alcohol) (PV(OH)) using
solvent displacement (ethanol displaced by water). The process gave ≥40% fragrance loading capacity
with ≥80% encapsulation efficiency at the fragrance to polymer weight ratio of 1:1 and at initial polymer
eywords:
anoparticles
ragrance
ncapsulation
ontrolled release

concentrations of 2000–16,000 ppm and the obtained fragrance-encapsulated spheres showed hydrody-
namic diameters of less than 450 nm. The release profile of the encapsulated fragrances, evaluated by both
thermal gravimetric and electronic nose techniques, indicated different release characteristics amongst
the six encapsulated fragrances. Limonene showed the fastest release with essentially no retention by
the nanoparticles, while eucalyptol and menthol showed the slowest release.
GA
ssential oil

. Introduction

Components in essential oils are secondary metabolites with
nique odors. They are used worldwide not only in folk medicine,
pa, cosmetics and toiletries, but also in many scented house-
old and occupational products. Scientific studies on the biological
ctions of these essential oils have already started to accumulate
Fukumoto et al., 2006; Moretti et al., 2002; Morita et al., 2003).
hese unique odorous molecules are being synthesized or isolated
rom natural sources and used as fragrance components in various
ndustries. However, many of these fragrance molecules are unsta-
le due to their reactive functionalities, such as aldehyde, ketone
nd terpenes. Degradation not only causes changes in their sensory
haracteristics, but also, in many cases, creates allergenic products
Karlberg et al., 1992; Matura et al., 2005, 2006). It has been known
hat control of the volatilization rate and degradation is the heart of
rolonging the sensory characteristics of fragrance materials. One

ay of doing so is encapsulation, which provides both stabilization

nd a controlled release of the entrapped materials. Other benefits
f encapsulation include ease of handling (e.g. a stable solid encap-
ulated product instead of an unstable volatile liquid), improved

∗ Corresponding author. Tel.: +66 2 218 7634; fax: +66 2 254 1309.
E-mail address: psupason@chula.ac.th (S. Wanichwecharungruang).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.02.020
© 2010 Elsevier B.V. All rights reserved.

safety (e.g. reduced flammability) and an increased applicability to
various products (e.g. water dispersible essential oil-encapsulated
spheres can be easily applied in water based formulations). How-
ever, the fragrance release properties are the key issue in selecting
a particular encapsulation technology.

The existing fragrance encapsulation technologies includes dou-
ble emulsion preparation (Edris and Bergnståhl, 2001), molecular
inclusion into a host, such as cyclodextrin (Wang and Chen, 2005),
incorporation into solid lipid nanoparticles using appropriate lipids
and surfactants (Lai et al., 2006), coacervation with various carbo-
hydrates with and without the use of crosslinking agents (Soper
et al., 2000; Chang and Dobashi, 2003), interfacial polymerization
based on various polymers, such as polyurethane-urea (PUU) and
phenol–formaldehydes (Ouall and Lahoussine, 2006; Scarfato et al.,
2007; Hwang et al., 2006a,b; Rodrigues et al., 2008) and in situ
polymerization, such as the synthesis of fragrance-encapsulated
mesoporous silica spheres (Wang et al., 2008). Amongst these,
interfacial polymerization and complex coacervation are the two
most popular choices.

Partial solubility in water of many essential oils’ components

usually causes instability in the microencapsulation by interfa-
cial reactions because of the change in the hydrolytic stability of
the particle during polymerization reaction. Moreover, side reac-
tions between the monomers with several reactive functionalities
of the essential oil’s components can lead to some alteration of the

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:psupason@chula.ac.th
dx.doi.org/10.1016/j.ijpharm.2010.02.020
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Fig. 1. The chemical structure of the six fragrance molecules.

ncapsulated products, especially in the PUU system. To avoid such
rawbacks, the environmental unfriendly phenol–formaldehyde
melamine–formaldehyde) has been used. The system is neither
iocompatible nor biodegradable which limits its applications.

Complex coacervation has been reported and patented by sev-
ral authors as a method for fragrance prolongation (Soper et
l., 2000; Bachtsi and Kiparissides, 1996; Jean-Pierre et al., 1998;
arkus and Linder, 2004). However, the coacervated products gen-

rally have a weak mechanical resistance, due to water solubility
f the polymer, making them inappropriate for many applications
here a long shelf-life and a good mechanical strength are required.

he use of crosslinking agents to improve the stability, although
t has been demonstrated, possesses the drawbacks of side reac-
ions between the encapsulated material and the residues of the
rosslinking agents.

For fragrance-encapsulated polymeric microspheres, the
elease of the fragrance component(s) incorporated in the polymer
s controlled by the initial loading of the fragrance(s) in the polymer
nd the ability of the fragrance molecules to diffuse through the
olymeric barrier into the surrounding environment. Interactions
etween fragrance molecules and the polymer matrix, together
ith the vapor pressure of the volatile substances on each side

f the matrix, are the major driving forces influencing diffusion.
he characteristics of the encapsulated fragrance-blend are the
esult of the release rates of each component. Thus, it is essential
o understand the release profile of each component in order to
redict the change of odorous note throughout the application.

To the best of our knowledge, biocompatible polymeric nano-
arriers which can encapsulate fragrance molecules effectively
ithout the use of crosslinking agents and also give highly sta-

le encapsulated products with a satisfying long lasting controlled
elease property, are very rare, if ever reported. In this paper, we,
herefore, demonstrate the fragrance encapsulation process using
blend of non-toxic, biocompatible and biodegradable polymers.

ix common fragrance molecules of different chemical functional-
ties, camphor (ketone), citronellal (aldehyde), eucalyptol (ether),
imonene (unsaturated hydrocarbon), menthol (alcohol) and 4-tert-
utylcyclohexyl acetate (ester) (Fig. 1), were encapsulated and their
elease profiles were investigated.

. Materials and methods

Hydroxypropyl methylcellulose (HPMC; Mn 90,000; D.S.
ethoxy 1.10–1.60; M.S. propylene oxide 0.10–0.30), poly(vinyl
lcohol) (PV(OH); Mw 124,000–186,000, 87–89% deacety-
ated), ethylcellulose (EC; Mn 175,000; ethoxy content 48%),
-tert-butylcyclohexyl acetate or Vertenex, and (1R)-(+)-
amphor or (R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-one
ere purchased from Aldrich (Steinheim, Germany). (3R)-
al of Pharmaceutics 391 (2010) 267–273

citronellal or (R)-3,7-dimethyloct-6-en-1-al, d-limonene or
(R)-4-isopropenyl-1-methylcyclohexene (1R, 2S, 5R)-menthol or
(1R, 2S, 5R)-2-(2-propyl)-5-methylcyclohexanol, and eucalyptol or
1,3,3-trimethyl-2-oxabicyclo[2,2,2]octane were purchased from
Acros Organics (Geel, Belgium). Dialysis tubing cellulose mem-
branes (MWCO) 12,400 Da, size 76 mm × 49 mm were purchased
from Sigma–Aldrich (Steinheim, Germany).

1H nuclear magnetic resonance (NMR) analyses were per-
formed using a Varian Mercury spectrometer, which operated at
400.00 MHz for 1H in deuterated chloroform (CDCl3) with tetram-
ethylsilane (TMS) as an internal standard (Varian Company, Palo
Alto, CA, USA). Centrifugation was performed on Allegra 64R et
Avanti 30 (Beckman Coulter, Inc., Fullerton, CA, USA). Thermal
gravimetric analysis (TGA) was carried out on a simultaneous ther-
mal analysis Model STA490C (NETZSCH, Selb, Germany).

2.1. Self-assembling of the polymer-blend

Self-assembling of polymer-blend into particles was induced
by solvent displacement (water displacement of ethanol). A solu-
tion of the polymer-blend (HPMC:PV(OH):EC at a w/w/w ratio of
1:1:6) was prepared at 70 ◦C using 75% (v/v) aqueous ethanol to
obtain the solution of the appropriate concentration. The mixture
(20 mL) was then placed into a dialysis bag and dialyzed against
water (5 × 1000 mL). The final volume of the obtained suspension
was adjusted to 50 mL by adding water. This self-assembly of the
polymer-blend into nanoparticles was carried out at initial poly-
mer concentrations of 2000, 4000, 8000, 12,000, 16,000, 18,000,
24,000 and 28,000 ppm. The final volume of the suspension usually
doubled the volume of the polymer solution used at the beginning
so the final concentrations of the polymer in the obtained suspen-
sion were adjusted to 1000, 2000, 4000, 6000, 8000, 9000, 12,000
and 14,000 ppm, respectively, by adding water. The particle size
distribution and zeta potential of the obtained suspensions were
acquired by dynamic light scattering (DLS) using a Mastersizer S
and Zetasizer nanoseries (Mulvern Instruments, Worcestershire,
UK) equipped with a He–Ne laser beam at 632.8 nm (scattering
angle of 173◦). Each measurement was carried out in triplicate and
an average value is reported.

Morphology and approximate sizes were characterized using
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and atomic force microscopy (AFM). The pho-
tographs of SEM were obtained using JSM-6400 (JEOL, Ltd., Japan).
A drop of the nanoparticle suspension was placed on a glass slide
and dried overnight. The sample was coated with a gold layer under
vacuum at 15 mA for 90 s. The coated sample was then mounted on
an SEM stud for visualization. The accelerating voltage used was
15 kV. TEM photographs were obtained using JEM-2100 (JEOL, Ltd.,
Japan) with an accelerating voltage of 120 kV in conjunction with
selected area electron diffraction (SAED). The AFM photographs
were acquired with Nano Scope IV (Veeco Metrology Group, CA,
USA). A glass slide was dipped into the obtained suspension to gain
the dried smooth film of nanoparticles on surface of the glass slide.

2.2. Fragrance encapsulation

2.2.1. Particles with various fragrance contents
Camphor was encapsulated into the polymer-blend at camphor

to polymer weight ratios of 1:1 and 2:1. For each composition,
80 mg of the polymer-blend were dissolved in 20 mL of 75% (v/v)
aqueous ethanol at 70 ◦C. Then the desired amount of camphor

(80 and 160 mg) was added to the cool solution and the mix-
ture was placed into a dialysis bag and dialyzed against distilled
water (5 × 500 mL) in a tightly closed container with no void vol-
ume between the dialysate and the lid. The final volume of the
resulting colloidal suspension (suspension in the dialysis bag) was
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measurement, switching between a reference and a sample line
must be performed. Four electrically controlled solenoid valves
were used for this system (Fig. 2). When a pair of two solenoid
valves is open, another pair will be automatically closed. This guar-
antees there is no mixing of the gas from the reference and sample
A. Sansukcharearnpon et al. / Internationa

djusted to 40 mL with water. Ten milliliters of the obtained sus-
ension were filtering centrifuged (centrifugal-filtering devices
ith MWCO 100000, Amicon Ultra-15, Millipore, Ireland) and the

btained solid was dissolved in 5 mL ethanol. The ethanol solution
as quantified for camphor using headspace analysis in com-

ination with gas chromatography/mass spectroscopic detector
headspace-GC/MS) with the aid of a calibration standard curve.
alibration standards were freshly prepared in ethanol with the
nal volume of 5 mL. The encapsulation efficiency percentage (%
E), loading capacity (% loading) and yield of the process (% yield)
ere each determined as follows:

EE =
[

weight of encapsulated fragrance
weight of fragrance used initially

]
× 100 (1)

loading =
[

weight of encapsulated fragrance
weight of fragrance − encapsulated particles

]
× 100

(2)

yield =
[

weight of fragrance − encapsulated particles
weight of polymer and fragrance used initially

]
× 100

(3)

Similar processes were repeated for the other five fra-
rances which included citronellal, eucalyptol, limonene, menthol
nd 4-tert-butylcyclohexyl acetate. The aqueous suspensions of
ragrance-encapsulated nanoparticles so obtained were subjected
o a morphological analysis by SEM, TEM, AFM and DLS.

Part of the fresh aqueous suspension was centrifuged at
5,000 × g for 30 min and the obtained white solid was air-dried at
oom temperature (overnight). The freshly dried particles were dis-
olved in deuterated chloroform and subjected to 1H NMR analysis
n order to confirm the presence of the encapsulated fragrance. The
reshly dry samples were subjected to a controlled release study
sing the e-nose and TGA.

.2.2. Headspace-gas chromatography in conjunction with mass
pectroscopic detector (headspace-GC/MS)

Headspace-GC/MS analysis was carried out on the Agilent
890N/5975i GC/MS equipped with a headspace oven of Agi-

ent 7694 (Agilent Technologies, Wilmington, DE, USA). The
eadspace sample (ethanol solutions of the centrifuged fragrance-
ncapsulated spheres and the calibration standards) was loaded
n a 20 mL capped flat bottom headspace vial with headspace alu-

inum crimp caps with PTFE/silicone septa (Agilent technologies,
SA), and heated in a headspace oven at 85 ◦C for 20 min before

he headspace gas was automatically transferred into the GC sys-
em. The transfer line was held at 110 ◦C for 0.4 min, before being
ushed into a GC system for 2 min. A Restex 10624 Stabilwax col-
mn (30 m × 0.32 mm ID × 0.25 �m) (Restex Corp., Pennsylvania,
SA) was used. The carrier gas was helium under a constant flow

ate of 1 mL/min. The initial GC oven temperature was 40 ◦C which
as held for 3 min and was then ramped by 6 ◦C/min to 220 ◦C and
eld for 2 min. The inlet temperature was 260 ◦C. The mass spec-
rometer was operated in an electron impact (EI) mode, using the
otal ion scan mode with scanning from mass 50 to 500 Da. One

L of the headspace gas from each sample was injected with the
uto-sampler into the above GC/MS.

.2.3. Citronellal-encapsulated particles prepared at various

oncentrations

The appropriate amount of polymer-blend (80, 120, 160,
20 and 640 mg) was dissolved in 20 mL of 75% (v/v) aqueous
thanol. The mixture was then stirred and heated at 70 ◦C until
clear solution was obtained and citronellal (same amount to the
al of Pharmaceutics 391 (2010) 267–273 269

polymer-blend) was added. The mixture was then placed into a
dialysis bag and dialyzed against water. The final volume of the
suspension was adjusted to 40 mL with water. The % EE, % load-
ing and % yield were determined as described above. The obtained
citronellal-encapsulated particles were subjected to morphological
analysis by SEM and DLS.

2.3. Determination of the release profiles

The release profiles of the centrifuged-air-dried particles were
acquired by quantitating the amount of fragrances remained in
samples which had been left uncovered for specified times. Quan-
tification was carried out using the electronic nose and thermal
gravimetric analysis.

2.3.1. Electronic nose (e-nose)
Electronic nose analysis was carried out using a home-made

instrument (Fig. 2) consisting an array of eight commercial gas
sensors which respond to various kinds of volatile organic com-
pounds such as alcohol, aldehyde, ketone acid and hydrocarbon.
This range of chemical sensitivity should be sufficient to detect
most volatile components in aroma oil. Seven 50 mg-samples were
left in open containers (20 mL flat bottom headspace vial, O.D. × H.
20 mm × 70 mm) at 30 ◦C. At the specified collection time, each vial
was capped and subjected to e-nose analysis. Release profile was
compared to the corresponding unencapsulated fragrance sample.

Unencapsulated camphor sample was prepared by adding
20.5 mg of camphor into a vial and the polymer-blend (in this case
29.5 mg) was added to make the total weight of 50 mg. The sample
was thoroughly mixed. The other five unencapsulated fragrance
samples were prepared similarly but the amounts of fragrance
added into the vials were 19.9, 22.1, 8.0, 21.0 and 21.0 mg for cit-
ronellal, eucalyptol, limonene, menthol and 4-tert-butylcyclohexyl
acetate samples, respectively. Amounts of polymer-blend added
were adjusted accordingly, as to get the final weight of 50 mg. Seven
vials were prepared for each fragrance and they were left opened
at 30 ◦C. At the specified collection time, each vial was capped and
subjected to e-nose analysis.

Analysis was carried out by putting the sample vial into the
chamber for analysis, with a blank vial (containing only polymer-
blend) in the reference chamber. It is necessary that during the
Fig. 2. Diagram showing the working principle of the e-nose system.
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ig. 3. Representative SEM and TEM images of spheres obtained with the starting pol
he figures are representative of products from at least three independent preparat

ines. Then, the gas from the reference or sample flows to the sensor
hamber. In the experiment, the reference lines were measured for
min in the first stage. Then, the gas from headspace of the sam-
le vial was presented into the sensor chamber for 1 min. In each
xperiment, the measurement of reference and sample was iter-
ted at least five times. The data acquisition was carried out on an
SB-DAQ-Card National Instruments NI USB-6008 and the mea-

urement program was written using LabVIEW version 8.0.29. The
R/R0 values of the sensors were recorded for each combination of

bove variations. The sensors response (sensitivity of sensors) was
lotted by % (R/R0) with time.

.3.2. Thermal gravimetric analysis (TGA)
TGA was used to determine the weight loss related to the release

f fragrance from the sample. The centrifuged and air-dried sam-
les (or unencapsulated fragrance samples prepared similarly to
hose used in the e-nose experiment) were kept in open con-
ainers at 30 ◦C and a specific amount (30 mg) was taken to TGA
nalysis at appropriate times. For particles encapsulated with cit-
onellal, limonene and 4-tert-butylcyclohexyl acetate, the thermal
rograms were started with heating from room temperature to
00 ◦C at a constant heating rate of 50 ◦C/min and the temper-
ture was held at 100 ◦C for 30 min in order to evaporate the
ater molecules out from the samples. Then, the temperature was

ncreased at a heating rate of 5 ◦C/min from 100 ◦C to 200 ◦C and
eld at 200 ◦C for 40 min before being ramped at the same heat-

ng rate to 300 ◦C. The thermal programs for particles encapsulated
ith camphor, eucalyptol menthol and fresh powder, were started

y ramping from ambient temperature to 100 ◦C at heating rate of
0 ◦C/min and held for 15 min as above, and then increasing from
00 ◦C to 150 ◦C at a heating rate of 5 ◦C/min and held for 20 min
efore being increased from 150 ◦C to 300 ◦C at a heating rate of
0 ◦C/min.

. Results and discussion
.1. Self-assembly of the polymer-blend

When ethanol in the polymer-blend solution was displaced
y water, the formation of milky white aqueous particle suspen-

Table 1
Particle sizes and zeta potential of the nanoparticles prepared at diff

Starting polymer
concentration (ppm)

Hydrodynamic dia
empty particles (nm

2000 253.0 ± 1.3 nm (PD
4000 267.7 ± 2.8 nm (PD
6000 362.9 ± 3.7 nm (PD
8000 357.9 ± 0.7 nm (PD

12,000 363 ± 4.3 nm (PDI =
16,000 358 ± 3.9 nm (PDI =

Data are shown as the mean + S.D. and are derived from 3 repeats.
concentrations of (a) 2000–16,000 ppm, (b) 18,000 ppm and (c) 24,000–28,000 ppm.

sion was observed. SEM analyses of the dry particles and the
aqueous suspension revealed similar results of spherical parti-
cles in which their sizes varied with the initial concentration of
the polymer solution used. At starting polymer concentrations of
2000–16,000 ppm, smooth surface-spherical particles with diam-
eters less than 400 nm were obtained (Fig. 3a), while at starting
polymer concentrations of 18,000 ppm, jagged spherical particles
with diameters ∼1 �m were observed (Fig. 3b). Increasing the
initial polymer concentration to 24,000–28,000 ppm resulted in
∼2 �m particles being created (Fig. 3c). Higher still polymer con-
centrations (32,000 ppm) resulted in the significant formation of
precipitates.

Amongst the three polymers used in the blend (EC, HPMC and
PV(OH)), EC is the only polymer that is insoluble in water, thus upon
slow displacement of ethanol by water, EC chains self-assembled
into spheres with probably most of the hydrophobic ethoxyl moi-
eties oriented away from the surrounding water medium and with
most of the hydroxyl groups of the sugar units oriented outwards
to have a maximum interaction with water molecules. During such
self-assembling process, some PV(OH) and HPMC chains could be
trapped along with the EC molecules through entanglements, thus
making the spherical walls being composed of the polymer-blend.
Some of the PV(OH) and HPMC chains must also be left in the aque-
ous medium because of their good water solubility. In this stage
they act as stabilizers for the polymer-blend-spheres. Upon dry-
ing, these two polymers also cover up the surface of the spheres,
making them readily dispersible in water.

All the obtained particles showed no morphological change
after either heat treatment at 100 ◦C for 30 min or strong
mechanical agitation by stirring at 2400 rpm, indicating both the
relative thermal and the mechanical stabilities of the polymer-
blend-particles. Although some settling of the microspheres in
suspensions prepared from initial polymer concentrations of
≥20,000 ppm was observed, they could easily be redispersed by
agitation.
Fine-tuning of the particles’ size could be achieved through
adjusting the starting polymer concentration (Table 1). All par-
ticles of sizes 250–360 nm showed a similar zeta potential of
approximately −30 mV, indicating acceptable stability. Thus, it was
concluded that a likely stable aqueous suspensions of the polymer-

erent initial polymer concentrations.

meter of the
)

Zeta potential of the
empty particles (mV)

I = 0.08) −30.11
I = 0.14) −33.24
I = 0.20) −26.32
I = 1.48) −32.87
1.68) −26.53
1.83) −27.19
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Table 2
The encapsulation efficiency (at a fragrance:polymer weight ratio of 1:1) and the properties of the encapsulated fragrances prepared from a starting polymer concentration
of 4000 ppm.

Fragrance Vapor pressure of the
fragrance (mm Hg at
25 ◦C)

Boiling point of
the fragrance (◦C)

% EE (suspension) % Loading
(suspension)

% Loading (after
centrifuged and
air-dried)

Diameter of the
fragrance-encapsulated
spheres (nm)

Camphor 0.65 204 85.7 ± 0.8 46.2 ± 0.2 41.1 ± 4.3 287 ± 3.1
Citronellal 0.28 203 92.3 ± 1.6 48.0 ± 0.4 39.7 ± 4.9 278 ± 3.6
Eucalyptol 1.65 177 84.0 ± 2.1 45.6 ± 0.6 44.3 ± 3.2 295 ± 2.6

79.7 ±
85.2 ±
84.2 ±
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Limonene 1.98 176
Menthol 0.0323 212
4-tert-butylcyclohexyl acetate 0.0498 229

lend-particles could be prepared up to a maximum concentration
f 8000 ppm (starting polymer concentration of 16,000 ppm).

.2. Encapsulation

Six fragrances were carefully selected for encapsulation so as
o encompass molecules of different chemical functionalities. They
onsisted of camphor (ketone), citronellal (aldehyde), eucalyptol
ether), menthol (alcohol), limonene (unsaturated hydrocarbon)
nd 4-tert-butylcyclohexyl acetate (ester).

First, the encapsulation was carried out at a starting polymer
oncentration of 4000 ppm using two weight ratios between fra-
rance and polymer, i.e., 1:1 and 2:1. It should be mentioned here
hat a special closed container was used during dialysis in which
either air nor void volume was allowed in the system in order to
void partition of fragrance molecules into the void space. It was
ound that dialysis in this air-free condition gave a suspension with
o precipitation, while in contrast a significant amount of precip-

tate was found (especially at high polymer concentrations) when
here was an air-contact to the surface of the dialysis bag (data
ot shown). We speculate that the air-contact interfered with the
elf-assembly through solvent evaporation and favoring precipitate
ormation at the air-interface. Encapsulation efficiency and loading
apacity were then obtained through analysis of the obtained parti-
le suspensions. Encapsulation efficiency was ≥80% at 1:1 fragrance
o polymer ratio (Table 2). However, the 2:1 fragrance to polymer
atio resulted in observable non-dispersible floating fragranced
um which complicated the determination of loading capacity and
ncapsulation efficiency. Thus, the maximum fragrance to poly-
er ratio was limited to 1:1 in all further studies. Satisfyingly,

ll six fragrances could be loaded into the nanospheres at a fra-
rance:polymer ratio up to 1:1 and the obtained spheres possessed

ragrance loading of ≥44%.

SEM images indicated a similar spherical shape amongst the
ix fragrance-encapsulated polymeric spheres (see an example of
enthol-encapsulated spheres in Fig. 4a). TEM pictures showed

articles with obvious core (Fig. 4b), while the AFM photographs

ig. 4. Representative (a) SEM, (b) TEM and (c) AFM images of menthol-encapsulated pol
000 ppm and with a 1:1 menthol to polymer weight ratio. Images are representative of 5
3.4 44.4 ± 1.1 16.2 ± 5.2 280 ± 2.9
1.1 46.0 ± 0.3 41.8 ± 4.4 279 ± 3.2
1.5 45.7 ± 0.4 42.3 ± 4.7 298 ± 3.1

of the encapsulated nanoparticles indicated soft and not rigid poly-
meric spheres (Fig. 4c).

When ethanol was displaced by water, self-assembling of the
water-insoluble EC, likely with some entanglements with HPMC
and PV(OH) occurred as described previously. With the pres-
ence of fragrance molecules, self-assembly occurred together with
the entrapment of the water-insoluble fragrance molecules. The
stability of the fragrance-loaded spheres is then a result of the
hydrophobic interactions between the fragrance molecules and the
ethoxy moieties of the EC chains. The amount of HPMC and PV(OH)
was probably more prominent towards the rim of the sphere. All the
six fragrances could be entrapped well into the spheres, indicating
a wide window of encapsulation capability of the polymer-blend-
spheres.

Confirmation of the successful encapsulation was carried out
by sonicating the dry fragrance-encapsulated spheres in CDCl3
(5 min at 40 kHz, 25 ◦C) and then subjected the resulting solution to
1H NMR analysis. Resonance of protons from fragrance molecules
could be observed clearly for all encapsulated products (data not
shown), confirming the presence of fragrances in the spheres. In
addition, no degradation was observed for all six fragrances.

To investigate if fragrance-encapsulated spheres could be
prepared at other concentrations, encapsulation at a citronel-
lal:polymer weight ratio of 1:1 was evaluated using starting
polymer concentrations of 2000, 4000, 6000, 8000, 12,000,
16,000 and 32,000 ppm. SEM and TEM images of the products
indicated that citronellal-encapsulated nanospheres (diameter
between 200 and 450 nm) were formed at starting polymer
concentrations of ≤16,000 ppm while at 32,000 ppm citronellal-
encapsulated microparticles (diameter around 1–2 �m) were
obtained together with some non-dispersible polymeric masses
mixed with citronellal oil (gum-like material). Quantitative analysis

of the encapsulated products indicated 88 ± 1.8, 85 ± 1.6, 84 ± 2.2,
86 ± 2.1, 83 ± 2.0 and 80 ± 2.8% EE for particles prepared at the
starting polymer concentrations of 2000, 4000, 6000, 8000, 12,000
and 16,000 ppm, respectively. However, at the starting polymer
concentration of 32,000 ppm, only 51 ± 5.6% EE was obtained. The

ymeric nanoparticle suspension prepared at the starting polymer concentration of
independent samples.
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ow encapsulation efficiency at high polymer concentration agreed
ell with a significant formation of a non-dispersible polymeric
ass observed.
All the above results clearly indicated that the polymer-blend

f HPMC:PV(OH):EC at a (w/w/w) ratio of 1:1:6 could effec-
ively nanoencapsulate all six fragrances with different chemical
unctionalities through solvent displacement of the ethanol by
ater and gave fragrance-encapsulated nanospheres with excel-

ent water dispersibility. The process could be carried out at initial
olymer concentrations of up to 16,000 ppm (with a similar con-
entration of fragrance) to give a % EE of ≥80%.

.3. Release behavior

In this work dry fragrance-encapsulated particles was obtained
hrough centrifugation and air-drying. Fragrance lost during
he drying process was noticed. Ethanol dissolution of the

ry fragrance-encapsulated particles was carried out and the
ragrance contents were determined using headspace-GC–MS anal-
sis. Results indicated that the lost varied with drying time (data
ot shown). Also different fragrance gave different lost. Although
he six suspensions (camphor, citronellal, eucalyptol, limonene,

ig. 6. The release profiles of the fragrance-encapsulated particles (prepared as a nano
rance:polymer weight ratio of 1:1 and subjected to centrifugation and air-drying), co
ragrance remained in the sample relative to amount of fragrance found in the sample
1 ± 4.3, 40 ± 4.9, 44 ± 3.2, 16 ± 5.2, 42 ± 4.4 and 42 ± 4.7% for camphor, citronellal, eucaly
espectively. Data are present as average values of two experimental data points which a
weight ratio of 1:1) as analyzed by TGA. Each point is the average value of two data
points that are within 10% of each other. Initial fragrance loading of the dry samples
was 40 ± 4.9, 16 ± 5.2, 42 ± 4.4 and 42 ± 4.7% for citronellal, limonene, menthol and
4-tert-butylcyclohexyl acetate-encapsulated particles, respectively.
menthol and 4-tert-butylcyclohexyl acetate) initially contained
comparable fragrance loading (Table 2), the dry particles con-
tained different fragrance loading, i.e., 41 ± 4.3, 40 ± 4.9, 44 ± 3.2,
16 ± 5.2, 42 ± 4.4 and 42 ± 4.7% loading for camphor, citronellal,

particle suspension with an initial polymer concentration of 4000 ppm and a fra-
mpared to the unencapsulated fragrances. The profiles are shown as amount of

on day 0 of the same sample. Initial fragrance loading of the dry samples was
ptol, limonene, menthol and 4-tert-butylcyclohexyl acetate-encapsulated particles,
re within 15% of each other.
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ucalyptol, limonene, menthol and 4-tert-butylcyclohexyl acetate-
ncapsulated particles, respectively.

For the centrifuged-air-dried samples, the TGA analysis, based
pon the weight loss from the solid sample, where the reduction of
he amount of fragrances remaining in the samples corresponds to
he fragrance release behavior of the sample (Fig. 5), revealed that
hree (citronellal, menthol and 4-tert-buthylcyclo-hexyl acetate)
f the four tested fragrances showed delayed release kinetics, but
hat limonene did not. Since the TGA analysis relies on getting
he dry sample weight (initial weight after water evaporation),
amples in which the fragrance significantly co-volatilizes out
ith water during the preheating period, such as camphor- and

ucalyptol-encapsulated spheres, cannot be analyzed by this tech-
ique. However, the e-nose can be used to monitor the release
f all six encapsulated products (Fig. 6). For the four common
ragrances analyzed, the TGA and e-nose results agreed well and
ndicated that limonene-encapsulated particles gave the most sig-
ificant burst at the beginning and only a very small percentage of

imonene remained to be released at later times. Therefore, it was
oncluded that encapsulation of limonene into the polymer-blend-
articles could not effectively help in prolonging the release of this
ragrance. However, release behaviors of all other five fragrances
ould be prolonged by this polymeric encapsulation but to differ-
nt extents. It should be pointed out here that each release profile
f the unencapsulated fragrance shown in Fig. 5 was obtained from
he mixture of fragrance and polymer-blend, not from the pure fra-
rance (see details in Section 2). Interactions between fragrance
olecules and polymer matrix could delay the volatilization of the

ragrance. It was noticed that after being encapsulated, the vapor
ressure and boiling point of the fragrance were no longer the major
actors determining the release rate. Rather the release characteris-
ics are likely to be governed by the ability of the fragrance to diffuse
hrough the polymer matrix, and different fragrance molecules pos-
ess different chemical interactions with the polymer-blend-shell,
nd thus diffusion rates.

. Conclusion

We have successfully demonstrated that a blend of HPMC,
V(OH) and EC can be used to encapsulate five (out of six) diverse
ragrances with different functional groups and act as fragrance
eservoirs for a more sustained controlled release. Through solvent
isplacement (in this case, water displacing ethanol), fragrance
ncapsulation with a ≥80% EE was obtained at a fragrance:polymer
atio of 1:1 to give an aqueous suspension of the fragrance-
ncapsulated nanospheres (diameter of less than 450 nm) at a
aximum concentration of 16,000 ppm or 1.6% (w/v) suspension.

he process was applicable to all six tested fragrances, represen-
ative of compounds with different chemical functionalities, but
ne, limonene (an unsaturated hydrocarbon), showed no signif-

cant retention in the nanoparticles. Smaller particles could be
repared at lower polymer concentrations, while preparation at
igher polymer concentrations (32,000 ppm) gave microparticles
diameter > 1000 nm), but at the encapsulation efficiency of ∼51%.
ifferent fragrance molecules showed different release character-
al of Pharmaceutics 391 (2010) 267–273 273

istic from the polymeric spheres, i.e., limonene showed the fastest
release while eucalyptol and menthol showed the slowest release,
and the release rate of the encapsulated fragrance was independent
of the fragrance’s vapor pressure.
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