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Silk has been widely used in the clothing industry due to their soft and smooth features, good
biocompatibility, good heat dissipation, warmth and ultraviolet resistance. The application of fragrance
to silk can significantly improve the performance of silk. However, there are two key scientific problems
that need to be solved: slowing down the release rate of fragrances and increasing the scent lasting time
of silk. In this study, cationic and temperature-sensitive liposomes were designed and prepared to
encapsulate eugenol. These fragrance-loaded liposomes significantly slowed down the release rate of the

Keywords: fragrance and controlled the release rate of the fragrance in a thermo-sensitive manner. The liposomes
Eugenol
Silk adhered to the silk through electrostatic adsorption interaction. The positive charge on the fragrance-

Cationic and temperature-sensitive
liposomes

Slow release of fragrance
Controlled release of fragrance

efficiency.

loaded liposomes neutralized much negative charge on silk and thereby increasing the adhesion
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Silk is a textile composed of silk fibroin, so it has good
biocompatibility [1-3]. In addition, silk is soft and smooth. The
friction coefficient of silk on the human body is the lowest among
all types of fibers. Furthermore, silk also has good heat dissipation,
warmth and ultraviolet resistance. Therefore, silk is widely used in
the clothing industry.

With the development of the fine chemical industry, fragrances
are widely used in daily life [4-7]. Adding fragrances to silk can
significantly improve the performance of silk. However, the
fragrance is highly volatile, which causes the fragrances to be
released from the silk quickly [8,9]. On the one hand, this leads to
an excessively strong aroma, which affects the user experience. On
the other hand, this also leads to a short scent lasting time.
Therefore, slowing down the release rate of fragrances and
increasing the scent lasting time of silk are the key scientific
problems that need to be solved if fragrances are applied to silk.

Nanoscience and nanotechnology are widely used in the
encapsulation, delivery, sustained release and controlled release
of drugs. Cationic nanoparticles can adsorb anionic drugs, such as
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DNA and proteins, by electrostatic interaction [10-12]. Mesopo-
rous nanomaterials can adsorb small molecule drugs and release
the drugs slowly due to their large surface tension [13-17]. Many
nanomaterials are combined with drugs to form prodrugs, thereby
achieving sustained and controlled release of drugs [18-22]. The
micelles and liposomes based on the hydrophilic-hydrophobic
interaction can encapsulate the drugs and achieve slow and
controlled release of the drugs [23-27]. These nanomaterials have
the potential to encapsulate fragrances and release fragrances
slowly. There are two problems to be solved to prolong the scent
lasting time of silk. Firstly, the fragrances are released from
nanomaterials controllably. That is, when using silk, the nano-
materials promote the release of fragrance. When silk is not used,
the release of fragrance is inhibited. Secondly, the adhesion of
nanomaterials to silk needs to be strong.

Since silk is mainly composed of silk fibroin, the surface
potential of silk is negative. In addition, silk is mainly used close to
the body. In this study, cationic and temperature-sensitive
liposomes were designed and prepared to encapsulate eugenol
based on these two characteristics of silk. As shown in Fig. 1, the
cationic and temperature-sensitive polymer poly[N-isopropyla-
crylamide-co-2-(dimethylamino)ethyl acrylate-phenylboronic
acid] (p(NIPAM-co-DMAEA-PBA)) was synthesized. The lipid
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Fig. 1. The schematic diagrams of the preparation of EG@LC-PNDB, the application
of EG@LC-PNDB to silk and the control release of eugenol.

molecules, p(NIPAM-co-DMAEA-BPA), cholesterol and eugenol
were self-assembled. The fragrance-loaded liposomes were named
EG@LC-PNDB. The EG@LC-PNDB adhered to silk by electrostatic
interaction. When the temperature was higher than the low critical
phase transition temperature (LCST), p(NIPAM-co-DMAEA-PBA)
shrinks. This disrupted the structure of EG@LC-PNDB, thereby
promoting the release of fragrance molecules.

N-Isopropylacrylamide (NIPAM, 98%), 2-(dimethylamino)ethyl
acrylate (DMAEA, 98%), 4-(bromomethyl)phenylboronic acid (PBA,
98%), 2-aminoethanethiol (AET, 97%), 2,2’-azoisobutyronitrile
(AIBN, 99%) and cholesterol (95%) were purchased from J&K
Scientific. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[(polyethylene glycol)-2000] (DSPE-PEG2000), 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) and r-aphosphatidyl-
choline(soy-hydrogenated) (HSPC) were purchased from A.V.T.
(Shanghai) Pharmaceutical Co., Ltd. Methanol, hexane, N,N-
dimethylformamide (DMF) and chloroform were purchased from
Sinopharm Chemical Reagent Co., Ltd. And these chemicals were
all of analytical grade and used without further purification.

p(NIPAM-co-DMAEA-PBA) with three molar ratios of NIPAM to
DMAEA-PBA (90:10, 80:20 and 70:30) were synthesized. When the
molar ratio of NIPAM to DMAEA-PBA was 90:10, the synthesis
method was as follows. DMAEA (141.5 mg), NIPAM (1018.4 mg),
AET (14.77 mg) and AIBN (6.95 mg) were dissolved into methanol
and then putted into a Schlenk bottle. The system was degassed by
freeze-pump-thaw cycles and recharged with N, for three times.
The reaction was then heated at 65 °C for 24 h under stirring. The
reaction solution was then carried into ice cold hexane. The
precipitate was collected by filtration and then dried under
vacuum for 24 h to obtain p(NIPAM-co-DMAEA). The p(NIPAM-co-
DMAEA) was characterized by 'H NMR on a Bruker 600 MHz
spectrometer. The p(NIPAM-co-DMAEA) and PBA were dissolved in
DMEF at room temperature for 24 h to synthesize PNIPAM-BMAEA.
The product was purified by dialysis against methanol and
deionized water. The dialysate was then lyophilized to obtain p
(NIPAM-co-DMAEA-PBA). The p(NIPAM-co-DMAEA-PBA) was
characterized by 'H NMR on a Bruker 600 MHz spectrometer.
The LCST was measured by a differential scanning calorimetry
(DSC).

The lipid molecules (DPPC and HSPC), cholesterol, p(NIPAM-co-
DMAEA-PBA) and eugenol were dissolved in chloroform and mixed
uniformly. The solvent was then removed on a rotary evaporator at
37°C. The solutes formed a thin lipid film. The solutes were under
vacuum to remove residual chloroform. In the following, the lipid
film was hydrated in deionized water under ultrasonic condition
for 30 min to obtain the eugenol-loaded liposomes (EG@LC-PNDB).

The preparation method of EG@LC-PEG is similar to that of
EG@LC-PNDB. In brief, DPPC, HSPC, cholesterol, DSPE-PEG2000
and eugenol were dissolved in chloroform and mixed uniformly.
Chloroform was then removed on a rotary evaporator at 37 °C and
the solutes formed a thin lipid film. The residual chloroform was
then removed under vacuum. The lipid film was hydrated in
deionized water under ultrasonic condition for 30 min to obtain
EG@LC-PEG.

The average size and zeta potential of EG@LC-PNDB were
measured by dynamic light scattering (DLS). The morphology of
EG@LC-PNDB was observed by transmission electron microscope
(TEM). The encapsulation efficiency of EG@LC-PNDB was measured
by an ultraviolet-visible spectrophotometer (UV-vis) at 278 nm
wavelength.

The EG@LC-PNDB was carried into a dialysis bag (MWCO 3500)
and incubated in deionized water at different temperature under
horizontal shaking (150rpm). At predetermined time intervals,
deionized water (0.5 mL) was removed to be detected and fresh
deionized water (0.5 mL) was added. The concentration of eugenol
in the removed deionized water was measured by a UV-vis at
278 nm wavelength. The release of eugenol was calculated by the
formula: Eugenol release (%) = W;/W, x100%, where W is the
weight of eugenol in the deionized water, W5, is the weight of total
eugenol in the EG@LC-PNDB.

The silk was soaked in the EG@LC-PNDB at room temperature
for 12h and then was dried at 50°C for 30 min. The surface
potentials of untreated silk and EG@LC-PNDB-treated silk were
measured by an electrokinetic analyzer for solid surface analysis:
SurPASS™ 3 (Anton Paar, Austria). The adhension efficiency of
eugenol in silk was measured by a UV-vis. Briefly, the EG@LC-
PNDB-treated silk was soaked in methanol under ultrasonic
condition for 30 min. The concentration of eugenol in the methanol
was measured by a UV-vis at 278 nm wavelength. In the statistical
analysis, all data were expressed as mean + SD unless otherwise
indicated, and statistical significance was analyzed using one-way
ANOVA.

The synthetic route of p(NIPAM-co-DMAEA-PBA) was shown in
Fig. 2A. Firstly, p(NIPAM-co-DMAEA) was synthesized by a
polymerization reaction. The PDMAEA was thermo-sensitive block
and shrank when the temperature was higher than the LCST.
Secondly, p(NIPAM-co-DMAEA-PBA) was synthesized by an addi-
tion reaction. There were quaternary amine groups at the block of p
(DMAEA-PBA), so the p(DMAEA-PBA) was cationic block. The LCST
and electropositivity were the most important indicators of p
(NIPAM-co-DMAEA-PBA). These two indicators were stated with
the molar ratio of NIPAM to DMAEA-PBA. So, p(NIPAM-co-DMAEA-
PBA) with three molar ratios of NIPAM to DMAEA-PBA (90:10,
80:20 and 70:30) were synthesized. Fig. 2B showed the 'H NMR
spectra of p(NIPAM-co-DMAEA), which proved the successful
synthesis of p(NIPAM-co-DMAEA). Fig. 2C showed the 'H NMR
spectra of p(NIPAM-co-DMAEA-PBA). The chemical shifts at
7.32 ppm and 7.60 ppm was caused by the benzene ring at PBA,
which indicated the successful synthesis of p(NIPAM-co-DMAEA-
PBA).

The LCSTs of p(NIPAM-co-DMAEA-PBA) with different molar
ratios of NIPAM to DMAEA-PBA were then measured by DSC. As
shown in Fig. 3A, as the molar ratio of NIPAM to DMAEA-PBA
decreased, the LCST of p(NIPAM-co-DMAEA-PBA) increased. The p
(NIPAM-co-DMAEA-PBA) needed to change the phase when the
silk was used, and it could not change the phase when the silk was
not used. Besides, the silk usually touched the body when it was
used, and placed in the room when it was not used. Therefore, the
LCST of p(NIPAM-co-DMAEA-PBA) should be between room
temperature and human body temperature. P(NIPAM-co-
DMAEA-PBA) with molar ratio of NIPAM to DMAEA-PBA was
100:0 and 90:10 was eligible and the LCSTs were 33.5°C and
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Fig. 2. (A) The synthetic route of p(NIPAM-co-DMAEA-PBA). (B) The 'H NMR
spectra of p(NIPAM-co-DMAEA). The red, blue and black lines represented molar
ratios of NIPAM to DMAEA of 90:10, 80:20 and 70:30, respectively. (C) The 'H NMR

spectra of p(NIPAM-co-DMAEA-PBA). The red, blue and black lines represented
molar ratios of NIPAM to DMAEA-PBA of 90:10, 80:20 and 70:30, respectively.

35.8°C, respectively. When the proportion of DMAEA-PBA
increased, the cationic quaternary ammoniums increased. There-
fore, p(NIPAM-co-DMAEA-PBA) with a molar ratio of 90:10 was
chosen to encapsulate eugenol. In order to explore the effects of p
(NIPAM-co-DMAEA-PBA), DSPE-PEG2000 was chosen to replace
the p(NIPAM-co-DMAEA-PBA) and the fragrance-loaded liposome
was named EG@LC-PEG. The blank carriers were named LC-PDNB
and LC-PEG, respectively. The hydrodynamic diameters of LC-
PDNB, EG@LC-PDNB, LC-PEG and EG@LC-PEG were measured by
DLS. As shown in Fig. 3B, the average diameters of LC-PDNB,
EG@LC-PDNB, LC-PEG and EG@LC-PEG were 318.8,342.0, 214.8 and
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Fig. 3. (A) The LCST of p(NIPAM-co-DMAEA-PBA) with different molar ratios of
NIPAM to DMAEA-PBA. (B) The hydrodynamic diameters of LC-PDNB, EG@LC-PDNB,
LC-PEG and EG@LC-PEG. (C) The zeta potentials of LC-PDNB, EG@LC-PDNB, LC-PEG
and EG@LC-PEG. (D) The TEM image of EG@LC-PDNB.

220.2 nm, respectively. The zeta potentials of LC-PDNB, EG@LC-
PDNB, LC-PEG and EG@LC-PEG were also detected by DLS. As
shown in Fig. 3C, the zeta potential of LC-PDNB and EG@LC-PDNB
reached 45.2 mV and 43.0 mV, respectively. By contrast, the zeta
potential of LC-PEG and EG@LC-PEG was -4.8mV and -4.0 mV.
That was, EG@LC-PEG was anionic liposome, which might be due
to the large number of phospholipids in the EG@LC-PEG. The
morphology of EG@LC-PDNB was observed by TEM. As shown in
Fig. 3D, the EG@LC-PDNB was spherical and the diameter was
about 200 nm, which was small than the hydrodynamic diameter
that measured by DLS. This might be due to the hydration of the
liposome.

In the following, the encapsulation efficiencies of the eugenol-
loaded liposomes were measured by a UV-vis. As shown in Fig. 4A,
the encapsulation efficiency of EG@LC-PDNB was 35.0%, which was
1.46 times that of encapsulation efficiency of EG@LC-PEG. The
release profiles of eugenol were shown in Fig. 4B. After 3 h, 78.6% of
free eugenol was released and nearly 90% of free fragrance was
released after 12 h. By contrast, after 144 h (7 days), less than 30% of
fragrance was released from the eugenol-loaded liposomes. This
result showed that liposomes could slow the release rate of
eugenol. At 25°C and 37°C, the release profiles of eugenol from
EG@LC-PEG were almost the same. This result indicated that
EG@LC-PEG did not controllably release fragrance in a thermo-
sensitive manner. By contrast, the release rate of eugenol from
EG@LC-PDNB at 37 °C was significantly faster than its release rate
at 25°C. 28.5% of eugenol was released from EG@LC-PDNB at 37 °C,
which was 2.16 times that of the release percentage at 25 °C. This
result proved the thermo-sensitive performance of EG@LC-PDNB.
These results demonstrated that liposome could slow down the
released rate of fragrance and p(NIPAM-co-DMAEA-PBA) contrib-
uted to the control release of fragrance in a thermo-sensitive
manner. The surface potentials of different silks were then
measured. As shown in Fig. 4C, the surface potential of untreated
silk was -125.6 mV, which proved the strong negative charge on
the surface of untreated silk. After attaching EG@LC-PEG, the
surface potential of the silk was up to -129.4 mV, which was due to
the negative charge on the EG@LC-PEG. By contrast, the surface
potential of EG@LC-PDNB treated silk was only -35.4 mV. That was,
much negative charge on the silk was neutralized by the positive
charge of EG@LC-PDNB. The adhesion efficiency was shown in
Fig. 4D. The adhesion efficiency of EG@LC-PDNB was up to 19.57%,
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Fig. 4. (A) The encapsulation efficiencies of EG@LC-PDNB and EG@LC-PEG. (B) The
release profiles of eugenol from different samples at different temperature. (C) The
zeta potentials of untreated silk and eugenol treated silk. (D) The adhesion
efficiencies of EG@LC-PDNB and EG@LC-PEG. Mean £ SD is shown (n=3). ***P<
0.005.
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which was 2.57 times that of the adhesion efficiency of EG@LC-
PEG. This might be caused by two reasons. Firstly, the encapsula-
tion efficiency of EG@LC-PDNB was distinctly higher than the
encapsulation efficiency of EG@LC-PEG. Secondly, the electrostatic
interaction significantly improved the adsorption of EG@LC-PDNB
on silk.

In summary, cationic and temperature-sensitive polymers
p(NIPAM-co-DMAEA-PBA) was synthesized. The LCST of
p(NIPAM-co-DMAEA-PBA) was 35.8°C when the molar ratio of
NIPAM to DMAEA-PBA was 90:10. Subsequently, liposomes based
on p(NIPAM-co-DMAEA-PBA) were prepared to load eugenol and
the liposomes were named EG@LC-PDNB. P(NIPAM-co-DMAEA-PBA)
provided EG@LC-PDNB with much positive charge and increase
the encapsulation efficiency of eugenol. Besides, the structures of
liposomes significantly slow down the release rate of fragrance.
P(NIPAM-co-DMAEA-PBA) contributed to the control release
of fragrance in a thermo-sensitive manner. In the following,
EG@LC-PDNB was added into the silk by electrostatic interaction
and much negative charge on the silk was neutralized by the
positive charge of EG@LC-PDNB. The electrostatic interaction
between EG@LC-PDNB and silk obviously increased the
adhesion efficiency. Therefore, cationic and temperature-sensitive
EG@LC-PDNB could slow down the release rate of fragrances and
increase the scent lasting time of silk.
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