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Fragrances are frequently added to a variety of products, including food, cosmetics and health products.
However, the high volatility and instability of essence limit its application in some fields. In this study,
mesoporous silica nanoparticles (MSNs) were prepared to encapsulate eugenol, which could reduce the
volatilization of the fragrance molecules. A facile approach was presented to synthesize MSNs with three

different pore diameters for encapsulating eugenol. In addition, the properties of MSNs including mean
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particle size, morphology, encapsulating efficiency and release tendency were characterized. Results
showed that the larger the pore diameters of MSNs, the more aromatic molecules were adsorbed.
Furthermore, the release mechanism was described as the smaller the pore diameters of MSNs, the
slower the release of eugenol.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Fragrances have been applied widely in food, daily chemical,
clothing and medicine industries, which can beautify people’s lives
[1-4]. However, most fragrance molecules are unstable [5,6].
During storage and production, their sensitive or volatile aromatic
components are easy to deteriorate and lose [7,8]. Therefore, the
key to improving the effect of fragrances and prolonging the
service life of fragrant products is to design and prepare materials
capable of slow-release the molecules.

Controlled release of aromatic molecules has always been a
research hotspot in fragrance industry. With the developments of
nanoscience and nanotechnology, many kinds of nanomaterials
have been used to load and slowly release fragrance molecules, and
the diffusion of the fragrance molecules is controlled by entrapping
them into carriers. For example, cationic nanomaterials can adsorb
anionic molecules through electrostatic interaction [9-12]. Some
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carriers can covalently bind molecules to load molecules through
chemical bonds [13-17]. Small molecules are encapsulated into
nanoparticles such as micelles and liposomes, in order to realize
the slow release of molecules [18-21]. A large number of methods
have been reported to improve the slow release of fragrance,
achieve stability, and realize durability of fragrance. However,
different fragrances have different appropriate release rates. In
addition, different people have different preferences for aroma
concentration. The fragrance release rates of most nano-fragrances
are untunable. Aromatic products are in great demand and the
price is relatively low. Considering the industrial requirements of
aromatic products, the preparation process of fragrance-loaded
nanomaterials should be simple. However, it is difficult for most
nanomaterials to realize low-cost and large-scale industrial
production.

Mesoporous silica nanoparticles (MSNs) have strong adsorption
capacity for volatile molecules due to their large specific surface
area and pore volume [22-28]. Besides, it is expected that the
encapsulation and release characteristics of fragrance molecules
can be changed by adjusting the mesopores of MSNs. Therefore,
MSNs are suitable for encapsulating and slowly releasing fragrance
molecules. In addition, mesoporous silica nanoparticles have
simple preparation and low production costs. Therefore, MSNs is
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suitable for loading perfume molecules and large-scale industrial
production.

In this study, MSNs with tunable pore diameters were
synthesized to load eugenol and the fragrance-loaded MSNs were
named eugenol@MSNs. Eugenol is a perfume molecule with
obvious scent of clove. It can be used for resisting bacteria and
lowering blood pressure, and can also be used for preparing
essence of cosmetics and daily chemical products [29,30]. In
addition, studies have shown that eugenol also has the effect of
regulating the central nervous system [31]. By changing the
amount of n-hexane, different pore diameters were obtained.
Subsequently, the effect of pore size on encapsulation and release
of fragrance molecules was further explored (Scheme 1).

MSNs were prepared firstly. Tetraethyl orthosilicate (TEOS,
98%), hexadecyltrimethylammonium bromide (CTAB, 99%), n-
hexane and eugenol (98%) were obtained from J&K Scientific.
Ammonium hydroxide (28%) and ethanol (99%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. All other chemicals
such as ethanol were obtained locally.

1.0 g of CTAB was dissolved in 160 mL of deionized water. 7 mL
of ammonium hydroxide was then added into CTAB solution under
stirring for 30 min. Then, different volumes of n-hexane were
mixed with 5mL TEOS, and then slowly added to the above
solution drop by drop (finished within 30 min) at 35°C for 12 h
under stirring. The white precipitate (MSNs) was then collected by
filtration under reduced pressure.

The morphologies of MSNs were observed using scanning
electron microscope (SEM). The inner structures of MSNs were
observed using transmission electron microscopy (TEM, JEOL
2100F). Then, the specific surface areas, pore size and pore volume
of MSNs were measured and calculated by the Brunauer-Emmett-
Teller (BET) method. Before measurement, the samples were
degassed in vacuum at 180 °C for at least 6 h.

The obtained MSNs (100 mg) were dispersed into eugenol
(10 mL) under vigorous stirring for 24 h. The unloaded eugenol was
then removed by filtration under reduced pressure to obtain
eugenol@MSNs.

Thermogravimetric analysis (TGA) was used to determine the
thermostability of the fragrance and calculated the encapsulation
efficiency of eugenol. This experiment was performed in the
temperature from 25 °C to 600°C at a heating rate of 10 °C/min
under a constant nitrogen flow (20 mL/min). The encapsulation
efficiency (f) was obtained according to formula (1):

w, W,
100 —f 100 — W,

(1)
where W is the weight loss of the eugenol@MSNs and W, is the
weight loss of the MSNs.

Then, the eugenol (20mg) and eugenol@MSNs (20 mg of

eugenol was contained) were dissolved into ethanol (5 mL),
respectively. The four groups of solution were then taken place
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Scheme 1. The schematic diagram of the preparation of eugenol@MSNs.
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into dialysis bags (M.W. 3500) and incubated in ethanol (50 mL) at
25°C under horizontal shaking (150rpm). At different time,
solutions (0.5 mL) were removed and the same volume of fresh
ethanol was added. The concentration of eugenol in the ethanol
was measured by ultraviolet-visible spectrophotometer (UV-vis)
at 278 nm wavelength. The release percentage of eugenol was
calculated using formula (2):

Released percentage (%)= W;/W, x 100%

(2)

where W is the weight of eugenol in the ethanol, W, is the weight
of total eugenol in the nanoparticles.

All the data were analyzed in triplicate and presented as a mean
value with standard deviation (mean =+ SD).

Mesoporous silica nanoparticles (MSNs) were prepared via sol-
gel method. The morphology and size of MSNs were observed by
TEM. As shown in Figs. 1A-C, all of them were spherical and the
diameters were about 120 nm. Besides, all of the MSNs were
uniformity and stability. These results indicated that the amount of
n-hexane had almost no effect on the morphology and size of
MSNs. The inner structures of MSNs were also observed by TEM
(Figs. 1D-F). As shown in Fig. 1, there were obvious pore structures
in MSNs. Besides, when the amount of n-hexane increased, the
pore diameter of MSNs increased obviously. Therefore, n-hexane
could significantly adjust the pore diameters of MSNs.

MSNs adsorbed fragrance molecules through mesoporous
structure. Therefore, the performance of mesoporous structure
is one of the most important characteristics of MSNs. The
mesoporous structure of MSNs has been observed by TEM. The
pore diameters, specific surface areas and pore volumes were
measured by N, adsorption-desorption isotherm. As shown in
Fig. 2A, the N, adsorption-desorption isotherms of all MSNs
showed type IV isotherms. Compared with MSNs prepared by
adding only 2 mL n-hexane, MSNs prepared by adding 25 mL and
30mL n-hexane had large and obvious H2 hysteresis loop.
Therefore, relatively large cage-type mesopores were formed
when the amount of n-hexane was increased. The pore diameters
of MSNs were then calculated. As shown in Fig. 2B, when the
amount of n-hexane is 2 mL, 25 mL and 30 mL, the pore diameters
of MSNs are 2.4nm, 4.1nm and 5.9 nm, respectively. The BET
specific surface areas of MSNs with different pore diameters had
similar specific surface areas, all of which were above 1300 m?/g
(Fig. 2C). However, the pore volumes of MSNs with different pore
diameters varied greatly. As shown in Fig. 2D, when large cage-
type mesopores were formed, the pore volume of MSNs increased
significantly, exceeding 2 cm?/g.

In the following, eugenol was encapsulated into MSNs and the
fragrance-loaded nanoparticles were named eugenol@MSNs. The
thermostability of eugenol@MSNs was detected by TGA. As shown
in Figs. 3A-C, the free eugenol was almost completely decomposed
at 160°C. In contrast, eugenol encapsulated in MSNs could be
completely decomposed at above 200 °C. This result indicated that
the thermostability of MSNs encapsulated perfume was improved
significantly. Moreover, the thermal stability of eugenol encapsu-
lated in MSNs was better when the pore size decreased. The
encapsulation efficiencies of eugenol were calculated by the TGA
results. As shown in Fig. 3D, with the increase of pore sizes of
MSNs, the encapsulation efficiency of eugenol increased signifi-
cantly. Especially, when the pore diameter of MSNs was 5.9 nm, the
encapsulation efficiency of eugenol reached 63.7%. The pore
volume of MSNs with the pore diameter of 2.4 nm was smallest, so
the encapsulation efficiency of eugenol@MSNs with the pore
diameter of 2.4 nm was lowest. Interestingly, the pore volumes of
MSNs with the pore diameter between 4.1 nm and 5.9 nm were
closed, but the encapsulation efficiency of eugenol@MSNs with the
pore diameter of 5.9 nm was significantly increased compared with
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Fig.1. The SEM images of MSNs obtained by sol-gel methods under the same conditions except that different amounts of n-hexane were used: (A, D)2 mL, (B, E) 25 mLand (C,

F) 30 mL. Scale bar: 1 wm (A-C), 200 nm (D-F).
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Fig. 2. (A) The N, adsorption-desorption isotherms at 77 K for MSNs. (B) The pore
diameters distributions of MSNs. (C) The specific surface areas of MSNs. (D) The
pore volumns of MSNs. The mean + SD is shown (n=3).
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Fig. 3. (A-C) The TGA curves of eugenol, MSNs and eugenol@MSNs with different
pore diameters: (A) 2.4nm, (B) 41nm and (C) 5.9nm. (D) The encapsulation
efficiencies of eugenol@MSNs with different pore diameters. The mean + SD is
shown (n=3).
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that of eugenol@MSNs with the pore diameter of 4.1 nm. This
might be due to the fact that when the pore diameters of MSNs
increased, it was easier for fragrance molecules to enter the deep
area of the long mesopores of MSNs.

Subsequently, the release profiles of eugenol were studied. As
shown in Fig. 4, free eugenol was released rapidly. Nearly half of
the free fragrance was released within 1 h. Almost all free eugenol
was released within 2 h. In contrast, less than 35% of the fragrance
was released from eugenol@MSNs with 72 h. These results proved
that eugenol@MSNs could slow down the release rate of eugenol.
The large specific surface areas of MSNs provided large adsorption
capacity. The fragrance molecules were thus released slowly
[32,33]. There was no significant difference in specific surface areas
between the MSNs with pore diameters of 2.4 nm, 4.1 nm and
5.9 nm. However, there were obvious differences in release rates of
eugenol between the MSNs with pore diameters of 2.4 nm, 4.1 nm
and 5.9 nm. Therefore, the pore size also affected the release
performance of the fragrance molecules. Eugenol@VMSNs had the
best sustained-release performance when the pore diameter of
MSNs was 2.4nm. Only 21.92% of eugenol was released from
eugenol@MSNs within 72 h. However, when the pore size of MSNs
was 4.1 nm and 5.9 nm, the sustained release performance of
eugenol@MSNs was almost identical. This result indicated that the
sustained release performance of eugenol@MSNs decreased with
the increase of the pore size of MSNs. However, when the pore
diameter of MSNs was larger than 4 nm, the pore size no longer
affected the sustained-release performance of eugenol@MSNs.

Fragrances are involved in every aspect of our lives. The slow
release of fragrances is very important for the application of
fragrance products. Although there have been a lot of researches on
sustained release of fragrances, most of them have not studied the
cost of sustained release of fragrances and whether it can be
produced in large scale. This is the key to transform from scientific
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Fig. 4. The release profiles of free eugenol and eugenol@MSNs with different pore
diameters. The mean + SD is shown (n=3).
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research to application. MSNs are low-cost nanomaterials that can
be industrially produced in large scale. In addition, MSNs also have
excellent stability. Therefore, the slow release of fragrances based
on MSNs has a very good application prospect. However, for the
loading and slow release of fragrances, most studies focus on
surface modification, pore volume and specific surface area of
MSNs. This makes it more difficult and expensive to prepare MSNs.
In this study, the effects of pore diameters on the encapsulation
and release of fragrances was explored. More importantly, the pore
size could be adjusted by changing the amount of n-hexane, which
hardly increased the cost and difficulty of MSNs. The larger the
pore diameters of MSNs, the more fragrance molecules were
absorbed and the release of eugenol was more rapid. But there was
a little difference in the encapsulation efficiencies of euge-
nol@MSNs with the pore size between 2.4 nm and 4.1 nm. Besides,
there was significant difference in the release rate of eugenol from
eugenol@MSNs with the pore size between 4.1 nm and 5.9 nm.
Therefore, encapsulating more fragrance molecule was more
important, 5.9 nm was the most suitable pore diameter. If slow
release of aromatic molecules was more important, 2.4 nm was the
most suitable pore diameter.

In summary, MSNs with tunable pore size was prepared by
adjusting the amount of n-hexane. With the increase of n-hexane,
the pore size of MSNs increased significantly. All MSNs with
different pore sizes had large specific surface area and pore
volume. Especially, when the relatively large cage-type mesopo-
rous were formed, the pore volume of MSNs increases obviously.
Eugenol was then encapsulated into MSNs and the nano-fragrance
was named eugenol@MSNs. The thermostability of eugenol
encapsulated in MSNs was significantly improved. Besides, with
the increase of pore size of MSNs, the encapsulation efficiency of
eugenol increased significantly. Eugenol@MSNs had obvious
sustained-release performance. In addition, with the decrease of
pore size of MSNs, the sustained-release performance of Euge-
nol@MSNs was improved obviously.
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