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Abstract: In recent years, textiles with antimicrobial properties have attracted more and more
attention. As natural antimicrobial agents, essential oils” potential application value lies in their ability
to provide textiles with antimicrobial functions. In this paper, organic solvent extraction (n-hexane,
petroleum ether, ethanol) and steam distillation were used to extract saffron petal essential oil (SPEO).
It was found that organic solvent extraction (ethanol) had the highest extraction rate and the most
apparent bacteriostatic effect. SPEO-Ms were prepared using the composite condensation method
with gelatin and chitosan. The microstructure, encapsulation efficiency, slow-release performance,
infrared spectrum, and thermal stability of the SPEO-Ms were evaluated. The results showed that
the microencapsulated essential oil had good bacteriostatic properties. Antimicrobial cotton fabric
was prepared by impregnating microcapsules onto cotton fibers. The effects of the microcapsules’
concentration on the whiteness, air permeability, moisture permeability, and bacteriological inhibition
of the fabric were investigated. The results revealed that SPEO-Ms have the potential to be used as a
new antimicrobial agent in textiles.

Keywords: saffron flower petal essential oil; microcapsule; antimicrobial cotton fabric; cotton fabric

1. Introduction

Plant-based essential oil is a kind of natural high-concentration extract obtained by
the distillation or physical pressing of plant roots, skins, fruits, seeds, flowers, and leaves.
These essential oils are mainly composed of volatile organic compounds with a low molec-
ular weight and have been shown to have environmentally protective characteristics [1].
The various compounds contained in them possess therapeutic properties, including an-
timicrobial, antioxidant, anti-inflammatory, and antiviral effects [2,3]. As a result, essential
oil is often used in preservation and anticorrosion applications and is also employed in
the chemical, medicine, and health-care industries [4,5]. Different types of essential oils
have been studied around the world, including those from basil [6], rose [7], cinnamon [8],
thyme [9], cloves [10], and saffron [11-14].

Studies of saffron mainly focus on its stigma, which only accounts for 7.4% of the
whole flower [15]. There are few studies on saffron petal essential oil. Up to the present,
studies on saffron flower petal essential oil have mainly focused on its antioxidant [16],
anti-inflammatory [17], antidepressant [18], and other pharmacological [19-21] capabilities.
However, there are few reports on its role in bacteriostasis, and there are currently no
studies exploring the application of SPEO as an antimicrobial agent in cotton knitting.
SPEO has the potential to be used as a natural antimicrobial agent in textile cotton in
the future; however, SPEO in its liquid state is unstable, volatile, and easily affected by
external environmental factors such as light, temperature, and oxygen [22], thus limiting
its application in the textile field.
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Microencapsulation technology uses one or more polymerized film-forming materials
to coat tiny particles of solids, liquids, or gases; these particles range in size from several
nanometers to thousands of microns. Microencapsulation can change the state of substances,
control the release of volatile substances, improve the hydrophilicity of plant essential oils,
protect the release of core materials, and extend the storage time of active ingredients [23,24].
Liquid essential oil can be transformed into solid microcapsules by microencapsulation
technology, which not only improves the stability of essential oil, but also expands the
range of its possible applications in the textile industry. At present, microcapsules are
mainly prepared by multiple condensation [25], spray drying [26], layer self-assembly [27],
and microfluidics [28], among other methods. The complex condensation method is
considered true microencapsulation because the core material is completely surrounded by
a wall material. The complex condensation method has the advantages of mild processing
conditions, less damage to the core material, and a high encapsulation rate [29].

Polysaccharide and protein are two kinds of natural water-soluble polymers that
are—in addition to being nontoxic and harmless—easily biodegradable, making them
the most commonly used composite wall materials in the complex condensation method.
Chitosan, as a hydrophilic cationic polymer in polysaccharides, can protonate under acidic
conditions and form a film of polyanions. It also has a good bacteriostatic ability and
degradability [30,31]. Gelatin is a biodegradable, biocompatible, nontoxic, safe, and abun-
dant water-soluble protein. The excellent properties of chitosan and gelatin have caused
them to be widely used in the wall materials of microcapsules [32].

Cotton fabric is one of the most commonly used fabrics in the textile field [33] due to
several advantages: it is soft, absorbs moisture well, and is good at retaining heat. In recent
years, due to the impact of the novel coronavirus epidemic, people have begun to pay
more attention to the antimicrobial and antiviral potential of textiles, and the technology of
infusing textiles with antimicrobial agents has become a popular area of research [34].

Microcapsule technology is widely used in antimicrobial textiles because of its slow
release and isolation properties [23], which enable the finished fabric to maintain its antimi-
crobial activity for a long time. The common antimicrobial functional finishing techniques
include impregnation [35], fiber modification [36], and fabric coating [37]. The impregna-
tion method is widely used in essential-oil microencapsulation technology because of its
simplicity and negligible effect on the active substances.

In this study, four kinds of saffron petal essential oil (SPEO) were prepared from
saffron petals, and the influence of different preparation methods on SPEO was investigated.
Using SPEO as the core material and gelatin and chitosan as the wall material, saffron petal
essential oil microcapsules (SPEO-Ms) were prepared via the complex condensation method.
The embedding rate, particle morphology, slow-release effect, thermal stability, and infrared
spectrum of the microcapsules were evaluated. In addition, SPEO-Ms were grafted onto
knitted cotton by the impregnation method in order to imbue a functional textile with
antimicrobial properties. The physical and mechanical properties of antimicrobial cotton
were then evaluated, as was the effect of the preparation process on the antimicrobial
properties of SPEO.

2. Materials and Methods
2.1. Materials
2.1.1. Reagents

Petroleum ether (AR) and n-hexane (AR) were provided by Wuxi Yasheng Chemical
Co., Ltd. (Wuxi, China) and Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai,
China), respectively. Ethanol (AR), ethyl acetate (AR), calcium chloride (AR), and sodium
hydroxide (AR) were supplied by Nanjing Chemical Reagent Co., Ltd., Nanjing, China.

Gelatin (BR, 80%-95% deacetylation) and chitosan (CP, Type B) were purchased from
Shanghai Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) The glacial acetic acid
(AR) was produced by Shanghai Jiuyi Chemical Reagent Co., Ltd. (Shanghai, China). The
Twain 80 was produced by McLean Biology Co., Ltd., Shanghai, China. Glutaraldehyde
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(AR) was provided by Aladdin Shanghai, China. Waterborne polyurethane (F0402) was
provided by Shenzhen Jitian Chemical Co., Ltd. The cotton fabric (PPJ21700034) was
purchased from China Shenzhen Cotton Times Technology Co., Ltd. (Shenzhen, China).

2.1.2. Microorganisms and Growth Conditions

Escherichia coli (ATCC25922), Staphylococcus aureus (ATCC6538), and Candida albicans
(ATCC10231) were purchased from Shanghai Luwei Biotechnology Co., Ltd. (Shanghai,
China). The liquid culture medium, lysogenic broth, and potato dextrose agar were pre-
pared by the Biological Laboratory of Nanjing Forestry University.

2.2. Pretreatment of Saffron Petals

Fresh saffron was dried naturally after the stamen or pistil was removed; it was then
crushed with a grinder (MKCA®6-2], MASUKO, Tokyo, Japan), and the petals were sifted
through a #10 mesh and placed in cold storage, away from any light sources.

2.3. Preparation of Saffron Petal Essential Oil (SPEO)
2.3.1. Steam Distillation

A quantity of 50.0 g of saffron petals was carefully weighed, after which steam dis-
tillation extraction was performed over the course of 8 h. The distillate was extracted
using ethyl acetate three times, and then a small amount of anhydrous CaCl, was added
and allowed to dry overnight. After filtration, the distillate was pressure-reduced and
concentrated using a rotary evaporator (QYRE-2A, Qiyu Co., Ltd., Shanghai, China), to
be used at a later time. The extraction rate of essential oil was calculated according to
Equation (1).

2.3.2. Organic Solvent Extraction

Petroleum ether, n-hexane, and ethanol were measured out at 500 mL, and then 50.0 g
of precision material was added to each of them. After being sealed, the mixtures were
placed in the dark for 48 h. After drying the anhydrous CaCl,, the filtrate was concentrated
and decompressed for reserve use. The extraction quality of the essential oil was calculated
according to Equation (1)

_ The quality of the extracted essential oils

Extraction rate of essential 0il(%) = x 100% 1)

The quality of the raw materials

2.4. GC-MS Chromatographic Conditions

The composition and content of the SPEO were analyzed by GC-MS (ISO, Cyber
Technology, WA, USA). Gas chromatography conditions: a TG-5MS elastic quartz capillary
column (0.25 mm x 30 mm; membrane thickness = 0.25 pm), a carrier gas consisting of
high-purity helium (99.999%), and a carrier gas flow rate of 1.0 mL/min. No shunt injection
was used; the sample size was 1 puL. Heating procedure: the initial temperature was 80 °C
(maintained for 2 min) and was increased to 200 °C at a rate of 15 °C/min, before being
increased to 280 °C at a rate of 20 °C/min. This constant temperature was maintained for
15 min. The inlet temperature was 250 °C.

Mass spectrum conditions: the MSD ion sources used EI sources, the ion source was
at a temperature of 200 °C, the electron energy was 70 eV, and the scan range was 30
to 500 m/z. The components were determined by the NIST05 Mass Spectrometry Stan-
dard Library, and the relative contents of each component were calculated using the area
normalization method.

2.5. Preparation of Saffron Petal Essential Oil Microcapsules (SPEO-Ms)

Saffron petal essential oil microcapsules were prepared using gelatin and chitosan as
wall materials through the complex condensation method [38].
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Relative release rate(%) = 1

After several orthogonal tests, the following optimal process conditions were settled
upon: (1) 1% chitosan solution (solution A) was prepared by dissolving 0.1 g of chitosan
in 10 mL of 1% glacial acetic acid solution; (2) 1 g of gelatin was dissolved in 100 mL of
deionized water and stirred by a magnetic stirrer (DF-101S, Shanghai Lichen Bangxi Instru-
ment Technology Company, Shanghai, China) at 50 °C until the gelatin was completely
dissolved; 1.1 g of SPEO and Tween 80 were added to the mixture at a ratio of 2:1, and the
mixture was emulsified (GBP-USC201L, CSIC715, Hangzhou, China) at 700 W for 5 min
until a homogeneous mixture (solution B) was obtained; (3) solution A was slowly added to
solution B over the course of half an hour and was then again stirred at 600 rpm and 50 °C
for 30 min to ensure that it was completely and evenly mixed; (4) the PH was adjusted
(PHS-25, Shengke Instrument Equipment Co., Ltd., Shanghai, China) to 5.4 with a 10%
sodium hydroxide solution and stirred continuously for 1 h at room temperature; (5) when
the temperature of the overall solution dropped below 5 °C, 0.5 mL of 25% pentediol was
slowly added for curing; (6) the microcapsule suspension was obtained by continuous
stirring for 4 h; the microcapsule powder was obtained by filtering, washing, and drying.
The temperature of the powder was brought to 4 °C and sealed for storage.

2.6. Determination of SPEO-M Encapsulation Efficiency

SPEO was diluted with ethanol and its maximum absorption wavelength was de-
termined through full-wavelength scanning. The absorbance of different concentrations
of SPEO was measured at the maximum absorption wavelength, and a standard curve
was plotted. In total, 0.5 g of microcapsule powder was weighed precisely, dissolved
in 50 mL of absolute ethanol, sonicated for 30 min, and centrifuged at a high speed for
10 min. The absorbance at the maximum absorption wavelength (441 nm) of the super-
natant was measured, and the loading capacity of SPEO-Ms was calculated according to
the drawn standard curve. The embedding rate was calculated by Equation (2) [39], and
the experiment was repeated three times. The average value was used as the final result.

. . o Total amount of SPEO in microcapsules o
Encapsulation effciency (%) = Initial total amount of SPE Op x100%  (2)

2.7. Surface Morphology of Microcapsules

The structure and morphology of the microcapsules were observed using an opti-
cal microscope (Dimension Edge, Bruker, Karlsruhe, Germany) and a scanning electron
microscope (ESEM; Quanta 200, FEI, Hillsboro, OR, USA).

The microcapsule suspension was diluted and dropped on a glass slide. The cover
glass was used to disperse it evenly before its structure was observed under an optical
microscope. The microcapsule suspension was diluted in a predetermined proportion and
dropped on the loading platform. After gold spraying, the morphology of the microcapsule
was observed with an environmental scanning electron microscope.

2.8. Sustained Release Properties of Microcapsules

First, 10 g of SPEO-Ms (prepared under optimal conditions) was precisely weighed
and placed in glass Petri dishes to be stored at a constant temperature of 25 °C. The samples
were weighed at certain intervals and centrifuged in ethanol; the absorbance of the super-
natant was measured, and the relative cumulative release rate was calculated according to
Equation (3) to evaluate the sustained release performance of the microcapsules.

The oil content of the microcapsules at this time
The oil content of the original microcapsules

x 100% 3)

2.9. Thermogravimetric Analysis

The thermal stability of the samples was measured via thermogravimetric analysis
(TGA; 209 F1, Netzsch, Selb, Germany). A quantity of 8 mg of each of essential oil, gelatin,
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chitosan, and CPEO-Ms was put into a TGA furnace. The temperature was increased from
30 to 700 °C at a constant rate of 20 °C/min, with nitrogen at a flow rate of 20 mL/min,
acting as the protective gas.

2.10. Fourier Transform Infrared Spectroscopy

A Fourier transform infrared spectrometer (VERTEX 80 V, Bruker, Ettlingen, Germany)
was used to test the essential oil, gelatin, chitosan, and SPEO-Ms.

2.11. Antimicrobial Properties

Escherichia coli (ATCC25922), Staphylococcus aureus (ATCC6538), and Candida albi-
cans (ATCC10231) were used as experimental bacteria.

The antimicrobial properties of the samples were determined using an agar diffusion
test. The filter paper (d = 6 mm) was immersed in the sample so that the sample was evenly
distributed across the filter paper. The filter paper was placed on a medium (d = 90 mm)
of a mixed bacterial suspension and agar (55 °C) and incubated for 24 h at 37 °C (48 h for
fungi at 28 °C). The antimicrobial activity of the samples was determined by measuring the
diameter of the antimicrobial zone.

The antimicrobial properties of the cotton fabric were tested via the flask oscillation
method. The untreated cotton fabric (Pgg,1) and the antibacterial-treated cotton fabric
(Psg/L, Prog/L, P15g/L, Paog/1) were cut into 5 mm x 5 mm pieces and weighed 0.75 g each,
forming a single pattern. The pattern was then placed into a conical flask containing 70 mL
of a liquid medium and 5 mL of the bacterial solution to be tested at a set temperature
of 25 °C at a speed of 250 r/min, with an oscillation period of 18 h. After the oscillation,
the bacterial solution was removed from the conical bottle and diluted; then, 1 mL of the
diluted bacterial solution was absorbed and evenly smeared onto the solid medium. The
coated petri dish was then placed into the constant temperature incubator at 37 °C for
48 h and measured. The inhibition rate was calculated according to Equation (4), where Y
is the antimicrobial rate (%), Wy is the concentration of viable bacteria in the flask of the
control sample without antimicrobial treatment after 18 h of mixing (CFU/mL), and W; is
the concentration of viable bacteria (CFU/mL) in the flask after the sample has been mixed
for 18 h with the antimicrobial treatment.

Wy — Wy

Y =
Wi

x 100% 4)

2.12. Preparation of Antimicrobial Cotton

The cotton knitting was soaked in distilled water with a small amount of caustic
soda and stirred at 80 °C for 1.5 h. After this was completed, it was washed with clean
water twice and set aside to dry. In order to prepare the finishing solution, different
concentrations of SPEO-Ms (0, 5, 10, 15, 20 g/L), waterborne polyurethane (mass fraction
3%), and a certain amount of distilled water were mixed at room temperature for 30 min so
that the microcapsules were evenly distributed in the system. Then, the pretreated cotton
knitwear was put into microcapsule finishing solutions of different concentrations with a
bath ratio of 1:30 and impregnated for 90 min at 40 °C. After dipping, they were baked at
80 °C for 3 min, then dried at room temperature and labeled Py, /1, P55/, P10g/L, P15g/L/
and Pygg 1, respectively. To normalize the water content of the cotton, the treated cotton
knitwear was set in an environment with a constant temperature and humidity level.

2.13. Physical Properties of Antimicrobial Cotton

An analytical balance (Statotious, Satori Instruments Co. Ltd., Beijing, China) was
used to determine the gram weight of the cotton fabric. The cotton fabric was cut to
150 mm x 200 mm, weighed three times, and averaged to obtain the final result.

The whiteness of the cotton fabric was measured by a whiteness meter (WSB-2, Wen-
zhou Instrument Company, Wenzhou, China). The measurements were repeated five times
for each pattern, and the average of the five measurements was used as the result.
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The breathability test was conducted using a breathability tester (YG46E1-3, Suzhou
Metrology Co. Ltd., Suzhou, China) in accordance with the GB/T-2009 standard, and
the style specification was 100 mm x 100 mm. Each group tested three samples simulta-
neously, with pressure differences of 200 Pa. The average value was used after the test
was completed.

A fabric moisture permeability meter (YG601H-2, Suzhou Metrology Co. Ltd., Suzhou,
China) was used to test according to GB/T12704.1-2009. The temperature was set at 38 °C,
the relative humidity was 50%, and the gas flow rate was 0.3-0.5 m/s. For each pattern, the
average of the three tests was used as the result.

3. Results and Discussion
3.1. Characterization of SPEO
3.1.1. Effect of Different Extraction Methods on the Essential Oil of Saffron Petals
As can be seen in Table 1, the darker color of the essential oils extracted from or-

ganic solvents indicated that the pigments in saffron petals were more easily dissolved in
organic solvents.

Table 1. Results of different extraction methods for saffron petals.

Method of Extraction T(11111)1 ¢ Morphology of Extracts Extrac(t:/o)n Rate
Steam distillation 8 Pale yellow paste 0.17
Organic solvent extraction (n-hexane) 48 Tan paste 2.05
Organic solvent extraction
(petroleum ether) 48 Tan paste 2.57
Organic solvent extraction (ethanol) 48 Dark brown paste 20.80

The extraction rates of SPEO also differed according to which of the four extraction
methods were used; for example, the extraction rate when organic solvent extraction was
used was higher than that which occurred via steam distillation. The extraction rates of
different organic solvent extraction methods also differed considerably. While the extraction
rates of petroleum ether and n-hexane were about the same, the extraction rate of ethanol
was shown to be much higher than that of the other methods, reaching 20.80%. This is likely
due to the difference in the polarity of different organic solvents, as well as the variability
in the solubility of small molecules in saffron petals.

3.1.2. Analysis of Components

As can be seen in Table 2, a total of 70 components were identified by the four methods,
and the components contained in the saffron flower petal extracts prepared by different
methods varied greatly.

A total of 22 components were identified in the extracts prepared using steam distilla-
tion, among which the following components accounted for a relatively high portion of the
overall content: n-hexadecanoic acid (25.33%), dodecanoic acid (16.96%), methyl linoleate
(13.97%), linolic acid (12.12%), hexadecanoic acid, methyl ester (8.89%), and tetradecanoic
acid (3.83%).
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Table 2. Results of GCMS analysis of saffron petal extracts obtained by the four extraction methods.

Area (%)
Peak Compound Organic Solvent Extraction
Steam Distillation
n-Hexane Petroleum Ether Ethanol
1 2(5H)-Furanone - - - 5.18
2 Methyl 6-oxoheptanoate - - - 1.72
3 4H-Pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl- - - - 24.81
4 2(3H)-Furanone, dihydro-4-hydroxy- - - - 1.86
5 5-Hydroxymethylfurfural - - - 5.47
6 2-Dimethylsilyloxytetradecane - - - 2.38
7 Trioxsalen - - - 4.64
8 Sucrose - - - 1.18
9 Dodecanoic acid 16.96 - - 8.63
10 n-Hexadecanoic acid 25.33 5.01 2.97 1.08
11 Heptadecanoic acid - - - 1.18
12 12,15-Octadecadienoic acid, methyl ester - - - 12.31
13 Linolic acid 12.12 0.97 3.21 2.31
14 11-n-Decyltetracosane - - - 4.84
15 Octacosane - 13.46 - 0.89
16 Phthalic acid, dodecyl octyl ester - - - 3.91
17 3-Methylheptacosane - 19.6 - 1.55
18 Octacosanol - 4.5 1.91 16.06
19 3-Methylnonacosane - 2.76 - -
20 Nonanoic acid 1.01 - - -
21 [1,1’-Bicyclopropyl]-2-octanoic acid, 2’-hexyl-, methyl ester 0.81 - - -
22 Dodecanoic acid, methyl ester 0.66 - - -
23 Dodecanoic acid, TMS derivative 0.97 - - -
24 Tetradecanoic acid 3.83 - - -
Cyclopropanebutanoic acid,
25 2-[[2-[[2-[(2- 1.25 - - -
pentylcyclopropyl)methyl]cyclopropyllmethyl

26 Pentadecanoic acid 0.97 - - -
27 Hexadecanoic acid, methyl ester 8.89 - - -
28 Hexadecanoic acid, 14-methyl-, methyl ester 1.74 - - -
29 Palmitic acid trimethylsilyl ester 2.47 - - -
30 o-Linolenic acid 0.70 - - -
31 methyl linoleate 13.97 - - -
32 Heptadecanoic acid, 16-methyl-, methyl ester 0.76 - - -
33 Icosanal 0.64 1.24 - -
34 Nitrazepam 2.06 - - -
35 4,8,12,16-Tetramethylheptadecan-4-olide 1.01 1.79 - -
36 Tetratetracontane 1.16 - - -
37 Tetracontane 1.12 - - -
38 1,2-Benzenedicarboxylic acid, isodecyl octyl ester 1.57 - - -
39 Cyclotetradecane - 1.12 - -
40 1-Hexadecene - 1.8 - -
41 (-)-Epicedrol - 0.39 - -
42 2-Methylheptacosane - 091 - -
43 1-Nonadecene - 1.71 - -
44 16-Hexadecanoyl hydrazide - 0.45 - -
45 1-Docosene - 1.23 - -
46 Heneicosane - 1.04 - -
47 Ethyl linoleate - 0.44 - -
48 n-Tetracosanol-1 - 1.05 - -
49 Octacosane, 2-methyl - 4.63 - -
50 Docosanal - 1.61 - -
51 Nonacosane - 26.51 - -
52 Pentacosane - 1.77 - -
53 3-Methylpentacosane - 1.20 - -
54 Tetracosane, 11-decyl- - 3.97 - -
55 19-Heptatriacontanol - 0.84 - -
56 Undecane - - 8.29 -
57 Hexadecane - - 11.38 -
58 Methyl salicylate - - 4.85 -
59 Tetradecane, 2,6,10-trimethyl- - - 9.12 -
60 Dodecane, 2,6,11-trimethyl- - - 10.46 -
61 Tridecane - - 2.74 -
62 1-Octadecanesulphonyl chloride - - 3.99 -
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Table 2. Cont.

Area (%)
Peak Compound Organic Solvent Extraction
Steam Distillation
n-Hexane Petroleum Ether Ethanol
63 Octadecane, 6-methyl- - - 2.20 -
64 Tetradecane - - 14.71 -
65 Hexadecane, 2,6,11,15-tetramethyl- - - 8.93 -
66 Pentadecane, 2,6,10-trimethyl- - - 2.40 -
67 Eicosane, 2-methyl- - - 6.44 -
68 Docosane - - 1.88 -
69 Heptacosane - - 2.96 -
70 Octadecane, 1-chloro- - - 1.56 -

“_n

indicates absence of the compound.

A total of 25 components were identified in the extract prepared via organic solvent
extraction (n-hexane), and the components accounting for a relatively high portion of the
overall content as revealed by this method were nonacosane (26.51%), 3-methylheptacosane
(19.6%), octacosane (13.46%), n-hexadecanoic acid (5.01%), octacosane, 2-methyl (4.63),
octacosanol (4.5%), and tetracosane, 11-decyl- (3.97%).

A total of 18 components were identified in the extracts prepared via organic solvent
extraction (petroleum ether), among which the following components accounted for a rel-
atively high portion of the overall content: tetradecane (14.71%), hexadecane (11.38%), dode-
cane, 2,6,11-trimethyl- (10.46%), tetradecane, 2,6,10-trimethyl- (9.12%), hexadecane,2,6,11,15-
tetramethyl- (8.93%), undecane (8.29%), eicosane, 2-methyl- (6.44%), methyl salicylate
(4.85%), and 1-octadecanesulphonyl chloride (3.99%).

A total of 18 components were identified in the extracts prepared via organic solvent
extraction (ethanol), among which the following components accounted for a relatively
high portion of the overall content: 4H-pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl-
(24.81%), octacosanol (16.06%), 12,15-octadecadienoic acid, methyl ester (12.31%), do-
decanoic acid (8.63%), 5-hydroxymethylfurfural (5.47%), 2(5H)-furanone (5.18%), 11-n-
decyltetracosane (4.84%), trioxsalen (4.64%), and phthalic acid, dodecyl octyl ester (3.91%).

By comparison, n-hexadecanoic acid and linoleic acid were present in the extracts
produced by all four extraction methods. Studies have shown that n-hexadecanoic acid
has antioxidant and antimicrobial abilities [40]. The higher proportions of 4H-pyran-
4-one,2,3-dihydro-3,5-dihydroxy-6-methyl- (DDMP), octacosanol, dodecanoic acid, and
2(5H)-furanone in ethanol extract from saffron petals suggest a strong biological activity.
Studies have shown that DDMP is a strong antioxidant [41] and octacosanol can treat and
prevent various metabolic and cardiovascular diseases [42], while dodecanoic acid and
2(5H)-furanone have antimicrobial and antifungal properties [43,44]. It may be that the
synergistic action of these active substances causes the ethanol extract of saffron petals to
display its strong inhibitory effect on Escherichia coli, Staphylococcus aureus, and Candida
albicans. This also reveals the potential application of the ethanol extract of saffron petals as
a new, natural antimicrobial agent.

3.1.3. Antimicrobial Capacity of SPEO

Measuring the antimicrobial zone diameter is one of the effective methods used to
judge the antimicrobial performance of extracts.

From Figures 1-3 and Table 3, it can be seen that the antimicrobial activity of SPEO
prepared by different extraction methods was significantly different. SPEO extracted with
n-hexane had no significant inhibitory effect on S. aureus, while SPEO extracted with
steam distillation and petroleum ether only had a significant inhibitory effect on S. aureus.
However, the SPEO extracted from the organic solvent (ethanol) had obvious inhibitory
effects on Escherichia coli, Staphylococcus aureus, and especially on Candida albicans. As shown
in Table 3, the diameter of the antimicrobial zone in this instance reached 16.1 mm. From
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this, one may conclude that differences in the content of SPEO components extracted by
different extraction methods led to differences in antimicrobial activity.

IO

Figure 1. Inhibition of steam distillation extract (a), n-hexane extract (b), petroleum ether extract (c),
and ethanol extract (d) on Escherichia coli.

Figure 2. Inhibitory effects of steam distillation extract (a), n-hexane extract (b), petroleum ether
extract (c), and ethanol extract (d) on Staphylococcus aureus.

Figure 3. Inhibitory effects of steam distillation extract (a), n-hexane extract (b), petroleum ether
extract (c), and ethanol extract (d) on Candida albicans.

Table 3. Diameter of antimicrobial zone of different extracts against E. coli, S. aureus, and C. albicans.

Method of Extraction E. coli (mm) S. aureus (mm) C. albicans (mm)
Steam distillation - 121 £0.7 -
Organic solvent extraction/(n-hexane) - - -
Organic solvent extraction (petroleum ether) - 112+ 0.6 -
Organic solvent extraction (ethanol) 112+ 04 124+ 09 161 +1.1

“_n

indicates no obvious bacteriostatic performance (diameter of the bacteriostatic zone < 6 mm).

3.2. Characterization of SPEO-Ms
3.2.1. UV Standard Curve for SPEO

The absorbance of different SPEO concentrations was measured with an ultraviolet
spectrophotometer (Tu-1900, AOE Instruments, Shanghai, China) at 441 nm. The resulting
standard curve (y = 2.7415x + 0.0088, R? = 0.9919) is shown in Figure 4. The results show
that the SPEO concentration was linearly correlated with the peak area.
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Figure 4. UV standard curve for SPEO.

3.2.2. Microcapsule Structure Analysis

The surface structure of the SPEO-Ms is shown in Figure 5. The microcapsule structure
was spherical and maintained a uniform size, and the surface was smooth, without obvious
depressions or notches. This is because glutaraldehyde can react with nitrogen atoms on
the amide and amine groups of gelatin and chitosan to form covalent bonds, allowing the
essential oil to be wrapped in them [45]. However, under the condition of rapid drying, it
can be seen from the figure that an adhesion between microcapsules takes place.

e
, » - o LA

Figure 5. ESEM images of SPEO-Ms at magnification of 3000 x.

3.2.3. Morphology

Figure 6 shows the macroscopic and microscopic morphology of the microcapsule
suspension. Figure 6a shows that the microcapsule suspension was stratified: the lower
layer consisted of precipitated microcapsule particles, and there was no yellow oil layer
in the upper layer, which indicated that the SPEO was successfully coated. Figure 6b
shows a microscopic image of SPEO-Ms. In this image, the microcapsules were well-
dispersed. Based on the microcapsules with larger particle sizes, it was obvious that they
had a multicore structure with SPEO wrapped inside of it. This structure allowed the
microcapsule to better control the release of the SPEO core.
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Figure 6. The macroscopic (a) and microscopic (b) morphology of the microcapsule suspension.

3.2.4. Sustained-Release Effect

Figure 7 shows that SPEO-Ms exhibited a sustained release behavior that tended
to be flat and was mainly divided into a fast-release phase and a stable-release velocity
phase. During the first stage (0-8 d), the release rate of the microcapsule core material
was faster, which was due to the high oil content of the newly prepared SPEO-Ms and the
large difference in the concentration of essential oil inside and outside the microcapsule.
In the second stage (8-15 d), the release of SPEO tended to be flat mainly because the
release rate of SPEO decreased as the release time increased; meanwhile, the difference
in SPEO concentrations between microcapsules decreased, along with those inside the
microcapsules. After 10 days, the retained microcapsule core material still accounted for
54% of the initial microcapsule core material, indicating that microcapsule technology was
capable of delaying the release of essential oils. Compared with the microcapsules prepared
by other preparation methods, they showed the characteristics of a rapid release in the
early stage and stable release in the late stage [46]. However, the release curve in this study
was relatively flat, which was probably caused by the difference in wall materials and
preparation methods [47].

60

;\5‘ 45 - & @ ® e o @
N
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Time(d)

Figure 7. Sustained-release performance of SPEO-Ms.

3.2.5. Thermal Stability

The thermogravimetric analysis is one of the important indexes used to evaluate the
thermal stability of materials. As can be seen in Figure 8, SPEO was very sensitive to heat,
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and its mass decreased rapidly between 35 °C and 100 °C, indicative of SPEO volatility. At
this temperature, the mass of SPEO-Ms hardly changed, because the microencapsulated
SPEO was coated with complex agglomerates formed by gelatin and chitosan. As these
had a good thermal stability, they were able to confer this property to SPEO-Ms as well.
When combined with DTG (see Figure 8b), the decomposition process of microcapsules
mainly occurred between 210 °C and 435 °C. This was because electrostatic attraction had
broken the covalent bond between the gelatin and chitosan, destroying the original complex
condensates [48]. In the final stage (435-700 °C), the core material was completely released,
and the carbonization of the organic matter that followed the decomposition of the wall
material accounted for the slow reduction of the weight loss rate [49].

0.1
100 0.0
Ge!alin 0.1
80  Chitosan _ 0.2 Gelatin
SPEO £ -0.3 = Chitosan
S 604 ——SPEO-Ms g0 e
< £-0.4
2 S ——SPEO-Ms
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= 40/ £ 0.
-0.6
20+ -0.7
_0‘ 8 -
04 -0.91
100 200 300 400 500 600 100 200 300 400 500 600 700

Temperature /°C Temperature /°C

(a) (b)
Figure 8. TGA (a) and DTG (b) curves for gelatin, chitosan, SPEO and SPEO microcapsules.

3.2.6. FTIR Analysis

Figure 9 shows the FTIR spectra of gelatin, chitosan, SPEO, and SPEO-Ms. The charac-
teristic peaks of gelatin were located at 3432 ecm~1, 2974 em~1, 1637 em ™1, and 1237 em ™1,
corresponding to amino N-H stretching vibrations, alkyl C-H stretching vibrations, amide
carbonyl C=0 stretching vibrations, and C-N stretching vibrations of atoms in the amide
bond, respectively.

4 f
2974 1657 12371048

3432

1648
2878

3402

Transmittance(%)

1645

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm ')

Figure 9. FTIR spectra: a = gelatin; b = chitosan; ¢ = SPEO; d = SPEO microcapsules.
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The characteristic peaks of chitosan could be attributed to -NH; and -OH stretching
vibrations (3402 cm~!), C-H stretching vibrations (2878 cm~!), and characteristic amide
absorption (1648 cm™1).

The hydroxyl group, carboxylic acid, and amine in gelatin can form hydrogen bonds
with the hydroxyl group and ammonium group in chitosan, thereby encapsulating SPEO [50].

The wave number of the characteristic peak of SPEO was 3340 cm™!; the wide peak
corresponded to the hydroxy-OH stretching vibration peak; the 2923 and 2853 cm~! peaks
belonged to the C-H antisymmetric stretching vibration peak and symmetric stretching
vibration peak in the methylene group and methyl group, respectively; the 1736 cm~! peak
belonged to the carbonyl C=O stretching vibration peak; the 1457 cm~! peak belonged to the
C=C skeleton vibration in the benzene ring. The peak at 1368 cm ! was the C-H bending
vibration peak in the saturated hydrocarbon group; the peaks at 1172 cm~! and 1038 cm ™!
corresponded to the C-O stretching vibration peak; and the peaks at 875, 843, 772, and
682 cm ! corresponded to the oscillating vibration in the C-H plane on the benzene ring.

The FTIR spectrum of SPEO-Ms contained the characteristic peak of SPEO, and the
corresponding absorption peaks of the benzene ring and carbonyl group were significantly
weakened, confirming that SPEO was successfully encapsulated by the wall material.

3.2.7. Antimicrobial Activity

The bacteriostatic effect of SPEO-Ms on Escherichia coli, Staphylococcus aureus, and
Candida albicans is shown in Figure 10. It can be seen that SPEO-Ms prepared after being
embedded with SPEO maintained excellent antimicrobial activity. The average diameters
of the antimicrobial zones were 11.2, 11.5, and 13.8 mm, respectively. Compared with the
SPEO-Ms analyzed before embedding (Table 3), the size of the bacteriostatic zone was
slightly decreased, which may have been caused by a decrease in essential oil concentration
after embedding. However, the prepared SPEO-Ms also possessed a slow-release capability,
allowing them to maintain their antimicrobial ability for a longer period of time.

E. coli S. aureus C. albicans

Figure 10. Antimicrobial effect of SPEO-Ms on E. coli, S. aureus, and C. albicans.

3.3. Characterization of Antimicrobial Cotton Knitwear
3.3.1. Surface Morphology

Figure 11 shows cotton fabric containing different concentrations of microcapsules.
It can be seen from Figure 11f that the SPEO-Ms successfully adhered to the cotton fabric,
and the microcapsule morphology still maintained its spherical shape without ruptures or
depressions. As the concentration of microcapsules increased, the microcapsules agglom-
erated on the fiber surface. When the concentration of microcapsules reached 20 g/L, an
extreme agglomeration of microcapsules occurred, so that a large number of microcapsules
did not adhere to the fiber surface uniformly (Figure 11e).
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Figure 11. Sem images of (a) Pog /1, (b) P5g/1, (¢) P1og L, (d) P15g/1, (€) Pagg /1 at 600 x magnification
and (f) Psg 1, at magnification of 5000 x.

3.3.2. Physical Properties

Table 4 lists the results for gram weight, whiteness, and permeability of raw cotton
fabric and antimicrobial cotton containing different concentrations of microcapsules.
The weight and whiteness of the original cotton fabric were 1.50 g and 82.1%, re-
spectively. With the increase of microcapsule concentration, the gram weight of the
antimicrobial cotton initially increased rapidly and then slowly, while the whiteness
decreased rapidly and then slowly, which confirmed that the microcapsule successfully
adhered to the surface of the cotton fiber. When the microcapsule concentration reached
15 gL~1, the microcapsule concentration on the cotton fabric was close to saturation,
at which point the gram weight and whiteness of the cotton fabric changed slowly as
the microcapsule concentration increased. This was likely due to the agglomeration of
microcapsules that could not effectively adhere to the fiber surface as the concentration
of microcapsules increased.

Table 4. Weight, whiteness, MAP, and WVP of untreated cotton and antimicrobial cotton.

Sample Grammage Whiteness MAP WVP

(g) (%) (mm s—1) (g m—2 day~1)
Pog/L 1.50 £ 0.13 82.11 £ 1.50 1658 £+ 12.33 4233.02 + 16.33
Pse/L 1.68 £0.11 61.30 £2.23 1568 + 14.20 416542 +17.52
Piog/L 1.82 £0.12 55.10 £ 2.89 1436 + 11.28 4112.65 £ 16.82
Pi5g/L 1.98 £+ 0.08 4533 £3.33 1262 £ 15.60 3998.30 £+ 15.21
Pyg/L 2.08 £0.15 44.18 + 5.50 1366 £ 18.63 4031.71 £ 8.62

The air permeability method (MAP) describes the property of air passing through
the pores of a fabric from the high-pressure side to the low-pressure side. As shown
in Table 4, the air permeability of the cotton fabric without antimicrobial treatment was
1658 mm s~ !; the degree of air permeability initially decreased before rising with the
increase in microcapsule concentration. When the microcapsule concentration reached
15 gL, the air permeability reached 1262 mm s~!. This was due to (1) the use of a binder
in the preparation of the antimicrobial cotton, which, after drying, pulled the bond between
the fibers closer; and (2) microcapsules filling the pores between the fibers, resulting in
a decrease in air permeability. However, when the microcapsule concentration was too
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high, a poor bonding of the interface between the two phases occurred due to the clumped
microcapsules, promoting the diffusion of gas molecules between the fibers and increasing
the air permeability.

Water vapor permeability (WVP) refers to the difference in water vapor pressure
between the two sides of the material based on the specified temperature and relative
humidity, as well as the amount of water vapor transmitted by the material of 1 square meter
within 24 h [51]. As can be seen from Table 4, an increase in microcapsule concentration
also caused WVP to initially decrease, but then increase. This trend may be attributable
to the same factors that were observed to influence MAP; namely, that the adhesive and
microcapsules caused the fibers to become more tightly bonded, reducing the number of
pores. When the microcapsule concentration was too high, the free space volume in the
system decreased due to the agglomeration of microcapsules, so the WVP also increased.

3.3.3. Antimicrobial Activity

The oscillating flask method is an effective method for performing a quantitative
analysis on the antimicrobial properties of cotton fabrics. Figures 12-14 show the inhibitory
effects of antimicrobial cotton containing different concentrations of SPEO-Ms on Escherichia
coli, Staphylococcus aureus, and Candida albicans. When Figures 12-14 are considered along
with Table 5, it becomes clear that the treated cotton fabric had a significant inhibitory effect
on bacteria and fungi. With the increase in microcapsule concentration, the antimicrobial
rate of the cotton fabric also increased. When the concentration of microcapsules reached
15 g/L, the antimicrobial rates of the cotton fabrics against Escherichia coli, Staphylococcus
aureus, and Candida albicans reached 88.89%, 90.20%, and 96.13%, respectively. When
the microcapsule concentration was increased, the antimicrobial effect remained almost
the same. This suggested that when the microcapsule concentration reached 15 g/L, the
microcapsule content on the cotton fabric reached its saturation state.

Figure 12. Inhibition of E. coli by untreated cotton and antimicrobial cotton.
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Figure 14. Inhibition of C. albicans by untreated cotton and antimicrobial cotton.
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Table 5. Inhibition rates of untreated cotton and antimicrobial cotton against E. coli, S. aureus,
and C. albicans.

E. coli S. aureus C. albicans
Sample Colony Inhibition Rate Colony Inhibition Rate Colony Inhibition Rate
Counting (%) Counting (%) Counting (%)
(CFU mL-110-6) ° (CFU mL-110-6) ° (CFU mL-110-6) °
Pog /1. 117 - 102 - 155 -
Psg /L 35 70.09 30 70.59 34 76.06
Piog/L 18 84.62 14 86.27 13 91.61
Pisg/L 12 88.89 10 90.20 6 96.13
Poog/L 12 88.89 9 91.18 6 96.13

4. Conclusions

SPEO extracted via an organic solvent extraction method had a higher extraction rate
and better bacteriostatic ability than that extracted by other methods. The encapsulation
rate of SPEO-Ms was 65.52% when the composite condensation method was used, wherein
gelatin and chitosan served as the wall materials. The strong bonding between the two
wall materials was confirmed by ESEM and FTIR. TGA and sustained-release experiments
showed that the synthesized microcapsules had a good stability and the ability to slow
the release of core material. The microcapsules were successfully adhered to cotton fibers
utilizing the dipping method. The addition of microcapsules could reduce the whiteness,
air permeability, and moisture permeability of cotton fabric. When the concentration of
microcapsules reached 15 g/L, the concentration of microcapsules that adhered to the
cotton fiber reached a saturation point. Inhibition tests showed that although the inhibitory
capacity of SPEO decreased due several factors, it maintained its inhibition capacity against
E. coli, Staphylococcus aureus, and Candida albicans. These results show that SPEO-Ms can be
used as a natural antimicrobial agent in the preparation of antimicrobial cotton fabric.
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