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Bacteria, viruses, and temperatures change can affect the preservation of food and medicines, so it is nec-
essary to develop an intelligent textile for antibacterial and thermal regulation. In this paper, we used
coaxial electrospinning technology to achieve antibacterial thermo-regulating intelligent textiles. The
polyacrylonitrile (PAN)/curcumin is the sheath, and n-octadecane is the core. The composite fiber has
excellent comprehensive properties. When the curcumin concentration is 10 wt%, the antibacterial effect
is the best, and the bacteriostatic rate is 100%. When the core feed rate is 0.25 mL/h, the latent heat can
reach 123.94 J/g. The multifunctional textiles have potential application value in the clothing fabrics,
preservation and storage quality of functional foods, biomedical products, and other fields.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

Since bacteria, viruses, and other microorganisms widely exist
in nature such as food, water, and air, they pose a huge threat to
human health [1–5]. Therefore, it is crucial to develop a low-cost
[6], high-performance [7,8] antibacterial material. Among many
microorganisms, E. coli and S. aureus are widely present in various
foods and can multiply rapidly [9,10]. They can cause severe food
poisoning and bacterial infections and are the most harmful
human pathogens, so we should suppress their presence [11–14].
Therefore, textiles with antibacterial functions have attracted
attention because they can protect people from bacteria.

Curcumin is a yellow pigment extracted from the ginger plant
turmeric. [15,16] It is one of the most popular natural food color-
ings in the world [17]. It has the advantages of being natural
[18], green [19], and has pharmacological effects such as antibacte-
rial [17,20,21], anti-inflammatory [22], and antiviral [23]. Studies
have shown that curcumin attacks the permeability of cell mem-
branes and cell walls to rupture cells, resulting in a bactericidal
effect. Many people use curcumin as an antibacterial agent and
study antibacterial fiber membranes [24]. Wang et al. used cur-
cumin, konjac glucomannan, and zein to prepare nanofiber films
with great antibacterial effects [25]. Yakub et al. prepared antibac-
terial nanofibrous membranes with curcumin and polylactic acid
[26].

Although antibacterial fibers can protect food, medicine, and
other substances from bacteria, temperature changes will shorten
their shelf life, so it is necessary to make antibacterial fiber have
the function of thermo-regulation. However, there are few reports
on antibacterial membranes with thermo-regulation functions so
far. Phase change material (PCM) is something that absorbs and
releases latent heat by changing the state of matter to maintain a
constant temperature [27,28]. Heat is absorbed and stored during
melting and released during crystallization. PCMs have been used
widely in clothing, food packaging, and other fields [29–31]. The
n-octadecane is a typical organic solid–liquid PCM. The advantages
of this material include low price, low corrosiveness, good stability,
high latent heat storage capacity, and an appropriate phase transi-
tion temperature [32–34]. However, PCMs are easily leaky when
repeatedly melted and cooled, limiting their practical applications
[31,35–37]. The coaxial electrospinning method can solve this
problem very well [34,38]. This method can directly add PCMs to
nanofibers through coaxially arranged spinnerets to prepare
core-sheath structure nanofibers with small pore size, high poros-
ity, high specific surface area, and stable thermal properties [39–
42]. Using this method, antibacterial and thermo-regulation func-
tions can be well integrated into the fabric. With the development
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Fig. 1. Schematic diagram of coaxial electrospinning.
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of coaxial electrospinning technology, core-sheath structure nano-
fibers have been used widely in aerospace, clothing, thermal regu-
lation of electronic components, and other fields [37,43–46].

In this paper, we prepared composite nanofibers with antibac-
terial and thermo- regulation functions by coaxial electrospinning
technology. The advantages of PAN as a polymer substrate include
thermal stability, mechanical properties, and great spinnability
[47–50]. The antibacterial agent was curcumin, and the PCM used
n-octadecane. Add curcumin to PAN to prepare nanofibers with
antibacterial function. The n-octadecane was encapsulated in the
nanofibers to endow the fibers with the thermal regulation func-
tion. The effect of curcumin concentration on the bacteriostatic
rate and the effect of the core feed rate on the encapsulation rate
of n-octadecane was also systematically discussed. Antibacterial
thermo-regulation fibers with excellent comprehensive properties
were prepared successfully. The multifunctional nanofiber mem-
brane has great application potential in the field of food and
biomedicine.

Experimental procedure

Materials

Polyacrylonitrile (PAN, Mw = 140,000) was purchased from
Sinopec Shanghai Petrochemical Co. Ltd. China. NaCl and N, N-
dimethyl formamide (DMF) were purchased from Hangzhou Gao-
jing Fine Chemical Industry Co. Ltd. Petroleum ether (AR, bp 90–
120 �C) and n-octadecane (99%, melting temperature is around
28 �C) were purchased from Aladdin Chemistry Co., Ltd. Curcumin
(AR, Mw = 368.38 Da) was purchased from Ron’s reagent. Agar
powder and peptone were purchased from Hangzhou Baisi
Biotechnology Co., Ltd. Yeast infusion powder was purchased from
Macklin Biochemical Technology Co., Ltd.

Methods

To obtain the sheath solution, 12 wt% PAN and different concen-
trations of curcumin (0 wt%, 4 wt%, 6 wt%, 8 wt%, 10 wt%) were
added to DMF and magnetically stirred for 12 h. The core material
is n-octadecane. The applied high voltage and the distance from
the tip to the collector were 25 kV and 18 cm, respectively. The
sheath feed rate was 0.6 mL/h, and the core feed rate was
0.05 mL/h, 0.10 mL/h, 0.15 mL/h, 0.20 mL/h, 0.25 mL/h
respectively.

The stainless-steel double spinneret consisted of an internal
spinneret (outer/inner diameters were 0.72/0.41 mm) and an
external spinneret (outer/inner diameters were 1.49/1.01 mm).
Use the heating unit and dehumidifier inside the electrospinning
machine to keep the ambient temperature and the relative humid-
ity at 40 �C and 30%, respectively.

Characterizations

Use the FE-SEM (ULTRA55, Zeiss) to observe the morphology of
the nanofibers, the acceleration voltage is 3 kV. All the samples are
presoaked in petroleum ether for 24 h and then coated with a thin
layer of gold. Use ImageJ software to measure the diameters of 30
random fibers, and calculate their average values. The core-sheath
structure of the nanofibers is investigated by FE-TEM (JEM-2100,
JOEL) at an accelerating voltage of 200 kV. Nanofibers are depos-
ited directly on 400 mesh carbon-coated copper grids, and then
the copper grids are presoak in petroleum ether for 24 h to remove.
Measured tensile properties by multifunctional mechanical tester
(KES-G1) with a tensile rate of 0.1 cm/s at 25 �C. The samples are
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cut into small pieces of 0.5 � 2 cm, and the thickness was accurate
to 1 lm. DSC (Q2000) is carried out in nitrogen flow with a heating
and cooling rate of 10 K/min. Samples are heated from 5 to 50 �C
and cooled from 50 to 5 �C. Characterizing the chemical structure
of nanofibers by FTIR (Nicolet Nexus-560, Madison, WI, USA). The
spectral range is 350–4000 cm�1. Through TGA (L81/1750, LINSEIS
Company, Germany), we obtained the thermal stability and
decomposition properties of the fiber membrane. Using an
improved modified AATCC 100–1999 method [51,52], E. coli and
S. aureus were model microorganisms. The bacteriostatic reduction
rate (BR) of the microorganism is calculated as follows:

BR = B-A/B � 100%, ð1Þ

A and B are the surviving microorganisms (CFU)/mL on the agar
plates of the experimental group and the control group after 24 h.
The procedure is repeated three times.
Results and discussion

A new type of antibacterial thermo-regulated composite fiber
was prepared by electrospinning technology. As shown in Fig. 1,
connect the core and sheath solution with the stainless-steel dou-
ble spinneret. A suitable high voltage was applied to the needle,
and the electric field force stretched the solution to form a jet,
and the fiber was obtained on the collector finally. This method
can encapsulate the PCM in nanofiber and form core-sheath struc-
ture nanofiber. The polymer sheath can maintain the stability of
the fiber shape, provide mechanical strength, and effectively pre-
vent PCM leaks during the transition between solids and liquids.

Curcumin, which has antibacterial properties, was added to the
sheath solution to make the antibacterial fiber. Fig. 2 shows the
SEM images of PAN/Cur fibers with different curcumin concentra-
tions. As seen in the SEM images, the surface of pure PAN fiber was
smooth and had a uniform cylindrical shape. After adding cur-
cumin to PAN, the fiber morphology did not change significantly.
The fiber surface was still smooth without particles or beads, indi-
cating that the curcumin was dissolved in the sheath solution com-
pletely. Fig. 3 was the average diameter of the fiber. With the
increase in curcumin concentration, the fiber’s average diameter
also increases. The possible reason was that with the curcumin
concentration increase, and the viscosity of the solution increases,
the molecular chain entanglement also increases, so the PAN/Cur
fiber average diameter increases.



Fig. 2. SEM images of PAN/Cur fiber with curcumin concentration of (a) 0 wt%, (b) 4 wt%, (c) 6 wt%, (d) 8 wt%, (e) 10 wt%.

Fig. 3. The average diameters of PAN/Cur nanofibers containing different curcumin
concentrations.

Fig. 4. Optical image of antibacterial effect of the
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Test the antibacterial properties of the fiber. As shown in the
figure, Fig. 4 shows the antibacterial effect of the fibrous mem-
brane on E. coli and S. aureus after adding different concentrations
of curcumin. Fig. 5 was the bacteriostatic rate of the fibrous mem-
brane. The fibrous membrane without curcumin has no antibacte-
rial effect, and Petri dishes were overgrown with colonies. With the
increase of curcumin concentration, the antibacterial effect of the
fibrous membrane was getting better and better. When the cur-
cumin concentration was 10 wt%, the antibacterial effect was the
best, there were no colonies on the petri dish, and the bacterio-
static rate of the fibrous membrane against E. coli and S. aureus
was 100%. Comparing the antibacterial effect of the fibrous mem-
brane on E. coli and S. aureus, curcumin has a far better antibacte-
rial effect on S. aureus than E. coli. This phenomenon may be
related to the composition and structure of the cell wall. The cell
wall of E. coli is a phospholipid membrane, and the cell wall of S.
aureus is a peptidoglycan layer. Curcumin is more likely to com-
bine with the peptidoglycan layer to destroy the cell structure, so
the fiber has a better bacteriostatic effect on S. aureus [53].

Encapsulating n-octadecane in PAN/Cur fibers to prepare core-
sheath nanofibers. Fig. 6 shows the SEM image of PAN/Cur@Oct
fiber membrane against E. coli and S. aureus.



Fig. 5. Bacteriostatic rate of the fiber membrane against E. coli and S. aureus.
Fig. 7. The average diameter of PAN/Cur@Oct nanofibers at different core feed rate.
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fibers. The morphology of PAN/Cur@Oct fibers did not change
much compared with PAN/Cur fibers. The surface of the PAN/Cur@-
Oct fiber was smooth and showed a uniform cylindrical shape,
indicating that the n-octadecane was encapsulated inside the
fibers rather than sprayed simply on the surface. Fig. 7 shows the
average diameter of PAN/Cur@Oct fiber. Changing the core feed
rate, the average diameter of the composite fiber did not change
much, indicating that the fiber’s average diameter was indepen-
dent of the core feed rate.

Fig. 8 was the DSC curve of PAN/Cur@Oct fiber, and Table 1 was
the corresponding data. As the core feed rate increases, the latent
heat value of the nanofiber also increases. The latent heat value
cannot be increased infinitely. The latent heat value finally reaches
its highest point when the core feed rate was 0.25 mL/h, and this
condition was the PAN/Cur fiber maximum encapsulation rate. Cal-
culation of the n-octadecane loading in nanofiber can be done by
the formula:
Fig. 6. The SEM images of PAN/Cur@Oct nanofibers with different core feed rate
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Encapsulation ratio (%) = 4Hm;PCM=Sheath / 4Hm;PCM �100%, ð2Þ

where 4Hm,PCM/Sheath and 4Hm,PCM represent the melting enthalpy
values of nanofibers and pure n-octadecane. The highest latent heat
value of PAN/Cur@Octa was 123.94 J/g, while n-octadecane was
255.03 J/g [46]. Therefore, the n-octadecane encapsulation rate
was 48.6%.

Fig. 9 displays the core-sheath structure of the nanofiber. At the
same core feed rate, the polymer sheath with curcumin has a
higher n-octadecane loading than the pure PAN polymer sheath.
The possible reason was that after adding curcumin to the polymer,
the viscosity of the solution increases, and the encapsulation effi-
ciency of n-octadecane also increases.

Fig. 10 demonstrates the antibacterial effect of the fiber after
encapsulating n-octadecane. After encapsulating n-octadecane in
PAN/Cur fiber, the bacteriostatic rate of the PAN/Cur@Oct nanofi-
brous membrane was 100%. It indicates that the encapsulated n-
octadecane had no effect on the antibacterial effect of the fibers,
and the composite fiber had good antibacterial properties.
s: (a) 0.05 mL/h, (b) 0.10 mL/h, (c) 0.15 mL/h, (d) 0.20 mL/h, (e) 0.25 mL/h.



Fig. 8. DSC curves of PAN/Cur@Oct fibers with core feed rate of 0.05 mL/h, 0.1 mL/h, 0.15 mL/h, 0.2 mL/h, 0.25 mL/h (a) heating stage, (b) cooling stage.

Fig. 9. TEM images of (a) PAN@Oct, (b) PAN/Cur@Oct fibers with the sheath feed rate of 0.6 mL/h and the core feed rate of 0.25 mL/h.

Table 1
DSC data of PAN/Cur@Oct fibers and n-octadecane.

Samples Core feed rate (mL/h) Tm (�C) 4Hm (J/g) Tc (�C) 4Hc(J/g)

PAN/Cur@Oct 0.05 19.96 23.98 31.40 23.93
0.1 18.12 52.11 31.70 50.69
0.15 17.37 73.86 34.82 71.81
0.2 17.61 109.38 34.62 106.47
0.25 17.20 123.94 35.48 120.44

n-octadecane 28.36 255.03 19.76 251.31
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Thermal stability of PAN, curcumin, n-octadecane, and PAN/
Cur@Oct were evaluated using thermogravimetric analysis (TGA).
Fig. 11 shows the relationship between sample temperature and
percent weight loss. The results show that n-octadecane initially
decomposes at about 120 �C and completely decomposes at about
250 �C. Curcumin initially decomposes at around 250 �C, and PAN
initially decomposes at about 310 �C. There are two stages of
decomposition of the PAN/Cur@Oct fibers. In the first stage, n-
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octadecane was thermal decomposed, and the mass loss was the
amount of n-octadecane loaded on the nanofiber. The second stage
was the thermal decomposition of curcumin and PAN. The decom-
position temperature of n-octadecane in the composite fibers was
increased, indicating that the core-sheath fiber can increase the
decomposition temperature of PCMs and improve the thermal sta-
bility of PCMs [46].



Fig. 11. Thermogravimetric analysis curves of curcumin, PAN, n-octadecane, PAN/
Cur@Oct.

Fig. 10. Optical image of antibacterial effect of PAN, PAN/Cur, and PAN/Cur@Oct fibers against E. coli and S. aureus.

Fig. 12. Fourier transform infrared spectra of curcumin, PAN, n-octadecane, PAN/
Cur@Oct.
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Fig. 12 was the infrared spectrum of curcumin, PAN, n-
octadecane, PAN/Cur@Oct. The infrared peak of curcumin at
3501 cm�1 and 1626 cm�1 corresponds to the stretching vibration
peak of phenolic (–OH) and carbonyl (C@O). The peak at 1800–
1650 cm�1 was the carbon-based region [25]. In the spectrum of
n-octadecane, 2922 cm�1 and 2853 cm�1 represent the C–H sym-
metric stretching vibrations in the methyl and methylene groups.
The 1469 cm�1 was the characteristic absorption peak of the C–H
bending vibration. The absorption peak at 717 cm�1 was the long
carbon chains [38,46]. Stretching vibrations of the nitrile group
(–CN) were found at 2237 cm�1 for the PAN film [48]. The spec-
trum of composite fiber shows all characteristic absorption peaks
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of the core and sheath and does not form new absorption bands.
It indicates that the PAN/Cur@Oct fiber was coated with n-
octadecane successfully and had no chemical reaction.

Fig. 13 shows the stress–strain curve of nanofibrous fabrics. The
mechanical strength of pure PAN fibers was the best. After adding
curcumin to PAN, the elongation of the fibers did not change much,
but the mechanical strength decreased slightly. The likely reason
was that curcumin destroys the internal connections of the fibers.
After encapsulation of n-octadecane in the PAN/Cur sheath, the
mechanical strength decreased slightly, and the elongation of the
fiber decreased a lot. Because it was the loaded brittle n-
octadecane weakens the mechanical properties of the nanofibers
[38,46].



Fig. 13. Stress–strain curves of PAN, PAN/Cur, PAN/Cur@Oct fiber.
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Conclusions

In summary, we prepared smart nanofibrous membranes with
antibacterial and thermal regulation functions by coaxial electro-
spinning. Adding curcumin to polyacrylonitrile imparts excellent
antibacterial function to the fiber. The TEM image shows that
PAN/Cur@Oct fiber has a core-sheath structure, and the polymer
coats n-octadecane successfully, giving the fiber thermal regula-
tion function. After the polymer was loaded with n-octadecane,
the bacteriostatic rate was still 100%, indicating that the composite
fiber had good comprehensive properties. Therefore, this work pro-
vides strong support for the application study of multifunctional
textiles.
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