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The need for an excellent antibacterial material that is
sufficiently powerful to never develop bacterial resistance is
urgent. In this study, a series of novel polyacrylonitrile-based
fibres with chelated Ag ions (referred to as Ag-SH-PANF)
were prepared by a two-step chemical modification process:
grafting and chelating. The properties of the as-prepared
Ag-SH-PANF were characterized by Fourier transform
infrared (FT-IR) spectroscopy, thermogravimetric analysis
(TGA), X-ray diffraction (XRD), scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS). The
antibacterial activities of Ag-SH-PANF were examined
against pathogenic bacteria, and an antibacterial mechanism
was explicated based on the release of Ag ions from the
fibres’ surfaces. The results showed that, although chelation
occurred between the Ag ions and the grafted amino,
sulfhydryl and disulfide groups, Ag-SH-PANF retained its
fine microstructure and thermal stability. Moreover, Ag-SH-
PANF displayed excellent antibacterial ability against
pathogenic bacteria as well as good washing durability.
In terms of the antibacterial mechanism, Ag ions are the
main bactericidal agents in the role of catalysts and are not
consumed in the antibacterial process. Nonetheless, a
relatively higher concentration of Ag ions can accelerate the
bactericidal process.
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1. Introduction

In our daily lives, we are inevitably exposed to harmful microbes that can grow and propagate rapidly
under suitable environmental conditions; these pathogens can even transmit diseases through
interpersonal contact and endanger our health [1]. Textile fibres are excellent habitats for these
microorganisms and can propel the spread of disease because of their hollow structures [2]. Endowing
fibres with antimicrobial abilities can not only kill bacteria but also protect the textile against the
degradation caused by moulds [3]. There are many ways to impart antibacterial properties to fibres;
among which, chemical modification has become the main focus in chemical and biomedical research.
Due to the strong binding between antibacterial agents and fibres, the as-prepared antibacterial fibres
maintain superb and long-lasting antibacterial effects [4]. Various antibacterial components are used for
preparing antibacterial materials, such as quaternary ammonium groups [5], quaternary phosphonium
groups [6,7], silver nanoparticles [8,9], silver ions [10,11], extracts from Chloranthus henryi [12] and
capsaicin [13]. Further, silver is the oldest antibacterial agent known to humans, having been used for
more than two thousand years [14]. To date, silver has been used in various forms such as silver ions,
silver nanoparticles and silver complexes, or implemented in composite materials [1,15–17]. Moreover, it
has been employed in many applications, including dental and medical implants, the healing of burn
wounds, cosmetics, food packaging, water and air purification, and domestic appliances [18–23]. The
widespread use of silver is attributable to its broad spectrum of antibacterial activity, and more
importantly, its low toxicity towards mammalian cells [24]. In addition, silver has the advantages of
thermal stability, low volatility, and biocompatibility, among others [8]. Furthermore, unlike antibiotics,
silver does not incur obvious bacterial resistance and has good antimicrobial activities against common
drug-resistant bacteria and fungi [25]. Currently, there is an urgent need to develop a novel antibacterial
material with excellent activity that is powerful enough to outpace bacterial evolution.

Polyacrylonitrile fibres (PANF) are excellent flexible materials that perform very similarly to wool
and, hence, are known as ‘synthetic wool’. PANF have good sunlight resistance, weather resistance
and mechanical strength, and they are mainly used to fabricate objects for everyday use such as wool
articles, blankets, sportswear, bulky yarns, hose tubes and parasols. PANF have a tight molecular
structure and good chemical stability [26,27], and they bear a large number of strongly polar cyano
groups (–CN) on their macromolecular chains, which can be conveniently converted into other groups
such as amides, carboxylic acids, amidoximes and hydrazides [28,29]. This makes PANF an ideal raw
material to prepare functional fibres, such as amine [30], quaternary ammonium [31], quaternary
phosphonium [7], sulfhydryl [32], carboxyl [33], carbon [34–37] and amidoxime [38] fibres, by
chemical modification. According to the hard and soft acid-base theory, silver ions belong to the
category of soft acids, which easily coordinate with soft bases. Besides, many studies have reported
that a sulfur-containing group as a typical soft base can efficiently coordinate with silver, mercury and
other soft acids [32,39,40]. Therefore, chemical modification is a good method to obtain stable silver
containing functional materials through the coordination reaction between sulfur-containing functional
groups and silver.

The aim of this study was to explore the possible antibacterial applications of modified PANF. Novel
PANF with chelated Ag ions (Ag-SH-PANF) were synthesized by a two-step procedure in which amino,
sulfhydryl and disulfide groups were first introduced and exposed on the surface of PANF by grafting
with cysteamine, and then Ag ions were fixed to the resulting –SH and –NH moieties by chelation. Thus,
Ag-SH-PANF with different Ag contents were prepared using the two-step procedure. The chemical
structure and surface topography of Ag-SH-PANF were characterized by Fourier transform infrared (FT-
IR) spectroscopy, thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS). The amount of Ag ions released from Ag-SH-PANF in different
soaking solutions was also examined by atomic absorption spectrometry (AAS), and finally, the
antibacterial activities of different Ag-SH-PANF against common pathogenic bacteria were tested.
2. Material and methods
2.1. Material and reagents
PANF (average fibre length = 30 mm, fibre diameter = 17 µm, acrylonitrile content≥ 90%, and linear
density = 1.92 dtex) were supplied by SINOPEC Anqing Petrochemical Co., Ltd, China. Cysteamine
hydrochloride (98% purity) was purchased from Wuhan Yuanda Hongyuan Co., Ltd, China. Ethylene
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Scheme 1. Reaction mechanism for the preparation of Ag-SH-PANF.
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glycol (analytical grade) was supplied by Luoyang Tiancheng Chemical Reagent Co., Ltd, China. Silver
nitrate (AgNO3, analytical grade) was purchased from Beijing Chemical Works. Sodium chloride,
peptone and beef extract powder were supplied by Beijing Aoboxing Biotechnology Co., Ltd, China.
Pathogenic Escherichia coli, Staphylococcus aureus and Candida albicans were provided by the Institute of
Biology, Henan Academy of Sciences, LLC, China. Deionized water was used in all experiments.

2.2. Preparation of polyacrylonitrile fibres with chelated Ag ions
PANF with chelated Ag ions (Ag-SH-PANF) were prepared by modifying and optimizing the reaction
conditions (i.e. solvent, liquid–solid ratio and reaction temperature) reported by Duan et al. [41], in
order that a larger scale (greater than 20 g) synthesis of Ag-SH-PANF could be reliably performed.
The procedure included two steps: grafting and chelating. A certain amount (approx. 15 g) of
cysteamine hydrochloride was dispersed in ethylene glycol (650 ml), and the resulting solution was
adjusted with sodium hydroxide (5.3 g) to render it weakly alkaline. Subsequently, PANF (15 g; the
precision scale was set to 0.0001 g) were added into the solution, and the system was reacted for 4 h
at 135 ± 2°C. After the reaction, the grafted SH-PANF were washed with deionized water until the pH
of the washing effluent was neutral. Finally, the samples of SH-PANF (1.0 g, the precision scale was
set to 0.0001 g) were soaked in different AgNO3 solutions with volumes ranging from 25 to 1000 ml
and a set Ag ion concentration of 1000 mg l−1, shaken at a constant temperature (25°C) on a
mechanical oscillator for 120 min and then washed with deionized water until no more Ag ions could
be detected in washwater. The obtained Ag-SH-PANF were dried to constant weight at 40°C. The
reaction mechanism is shown in scheme 1. The weight gain (ω%) after each reaction step was
gravimetrically determined, and calculated with the following relationship:

v% ¼ W1 �W0

W0
�100, ð2:1Þ

where W0 and W1 are the weights of the fibres before and after modification, respectively.

2.3. Characterization
FT-IR spectra were collected with a Nicolet IR200 spectrometer (Thermo Electron Scientific Instruments,
USA) in the range of 4000–400 cm−1; samples were prepared by the KBr pellet method. SEM (JSM-7500F,
JEOL, Japan) was performed to analyse the surface morphologies of the raw and prepared fibres after
coating the samples with platinum by spray deposition for 90 s under a 5 mA current. The thermal
stability of the fibres was characterized by TGA (LABSYS Evo, Setaram, France); samples were heated
from 60 to 800°C at 10°C min−1 under a constant flow of N2. XPS profiles for SH-PANF and Ag-SH-
PANF were recorded (Escalab 250Xi, Thermo, USA) using a monochromatic Al-Kα X-ray source.
XPSPEAK 4.1 software (Informer Technologies, USA) was used to fit the peaks to calibrate the
high-resolution XPS profiles.

2.4. Antibacterial activity assay
Representative microorganisms (E. coli, S. aureus and C. albicans) were used to evaluate the antimicrobial
activities of the fibres in this study. During the culture of E. coli and S. aureus, media composed of 5 g l−1

sodium chloride, 5 g l−1 beef extract and 10 g l−1 peptone, at a final pH of 7.2, were used. The medium
used for C. albicans culture was composed of 200 g l−1 potato and 20 g l−1 glucose. After the pathogens



Table 1. Ag-SH-PANF with different Ag contents.

Ag-SH-PANF adsorption volume (ml) Ag (%)
adsorption capacity of SH-PANF
for Ag (mg g−1)

1 25 2.40 24.59

2 50 4.68 49.13

3 100 8.60 94.09

4 150 10.93 122.70

5 200 12.91 148.24

6 300 15.11 178.01

7 400 15.96 189.87

8 500 17.13 206.65

9 600 17.21 207.91

10 1000 17.46 211.58
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were revived, a volume of 1.5 ml of bacterial culture was transferred and centrifuged at 4°C for 2 min at
12 000 r.p.m. The precipitate pellet was washed with sterile saline and then evenly dispersed in sterile
saline (20 ml) to produce the bacterial suspension. Ag-SH-PANF (0.1 g) were immersed in the as-
prepared bacterial suspension and the system was incubated for 24 h at 180 r.p.m. and 37°C.
Subsequently, bacterial suspension samples (1 ml) were taken out and diluted differently (from 10−5 to
10−7). Thereafter, the as-prepared bacterial suspensions (100 µl) were inoculated on the sterile agar
plates. Finally, the plates were cultured at 30°C for 48 h (for C. albicans) or 37°C for 24 h (for E. coli
and S. aureus) in an incubator. Meanwhile, a negative control group (no fibre in bacterial suspension)
was prepared. The living colonies were counted, and each sample was analysed three times. The
antibacterial ratio (%) was calculated using the following equation:

antibacterial ratio (%)¼ A� B
A

�100, ð2:2Þ

where A and B are the living colony numbers obtained from the negative control experiment (no fibres)
and the testing group, respectively.

2.5. Release of Ag ions from polyacrylonitrile fibres with chelated Ag ions
The concentration of Ag ions in solution after soaking the modified fibres was determined to evaluate the
Ag ions released from Ag-SH-PANF. Ag-SH-PANF (0.1 g) with varying Ag contents were added into
different soaking solutions (20 ml) and oscillated in a thermostatic oscillator at 180 r.p.m. and 37°C.
Except for the experiments to determine the effects of different soaking periods on the release of Ag
ions, the soaking period was set to be 24 h for all other experiments concerning the effects of different
soaking solutions on the release of Ag ions. Physiological saline composed of 0.9% NaCl solution and
S. aureus, E. coli and C. albicans solutions were the prepared corresponding bacterial suspensions (see
§2.4) used as the soaking solutions. After each time interval, the Ag ion concentration in each solution
was tested via AAS (ZEEnit 700, Analytik Jena, Germany).
3. Results and discussion
3.1. Preparation of fibres with chelated Ag ions
SH-PANF were prepared successfully by grafting cysteamine on PANF. We obtained a maximum weight
gain ratio of 43.4% for SH-PANF, with a sulfur content of 3.43 At.% (figure 7a, 2.57 mmol g−1, calculated
with hydrogen ignored), as observed through XPS analysis. Ag-SH-PANF samples were also prepared
successfully, promoted by the reaction of the fibres with aqueous AgNO3. Different adsorption
capacities and silver contents were achieved for different batches by changing the volume of the
AgNO3 solution supplied to the fibres; the corresponding adsorption capacities and Ag contents are
shown in table 1 and figure 1. The maximum Ag adsorption capacity was 211.58 mg g−1, and the
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Figure 2. Fibre morphologies before and after modification.
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corresponding Ag content of Ag-SH-PANF was calculated up to 17.46% according to the adsorption
capacity. Moreover, the morphologies of the fibres before and after modification did not change
significantly, although their colour shifted from the original white to a relatively dark shade, and from
brownish-red to dark brown depending on Ag incorporation, as shown in figure 2.

3.2. Structure of the fibres
Infrared spectroscopy is a reliable method for the analysis and identification of the structure of a
substance. Figure 3 shows the FT-IR spectra of PANF, SH-PANF and Ag-SH-PANF. Clearly, the
spectra of the modified fibres are significantly different from that of the unmodified PANF. For
SH-PANF, the absorption peak from 3150 to 3700 cm−1 becomes relatively strong and wide, which
results from the overlapping of the signal of O–H with that of N–H in cysteamine [42]. In addition,
the absorption peak at 2243 cm−1 is significantly reduced in the spectrum of SH-PANF, indicating a
reduction in the number of exposed –CN groups. The absorption peak at 1732 cm−1 disappears, and
that at 1661 cm−1 becomes relatively strong and wide, even overlapping with the peak at 1630 cm−1,
which can be ascribed to the hydrolysis of ester groups in methyl methacrylate, methyl acrylate or
2-methylene-1,4-succinic acid, the second or third monomers in PANF and the introduction of a great
quantity of amino groups during the grafting process, derived from cysteamine. These results indicate
that cysteamine was successfully grafted onto the fibres, and that the –CN groups were the reactive
sites. For Ag-SH-PANF, the corresponding spectrum shows a narrower absorption peak at 3150–
3700 cm−1 and a stronger and sharper peak at 1384 cm−1 that can be ascribed to the red-shift of the
peak at 1389 cm−1 (C–N) in the spectrum of SH-PANF. In addition, a new weak absorption peak
appears at 2424 cm−1 in the spectrum of Ag-SH-PANF, which belongs to the sulfhydryl group [43]; on
the other hand, this peak does not appear in the spectrum of SH-PANF. Moreover, a new weak
absorption peak appears at 520 cm−1 in the spectrum of SH-PANF, which belongs to disulfide group
[43]. However, this peak disappears in the spectrum of Ag-SH-PANF. All these phenomena can be
attributed to the formation of complexes between amino, sulfhydryl and disulfide groups with silver.
Figure 4 gives the XRD spectra of PANF, SH-PANF and Ag-SH-PANF; the fibres are completely
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converted into amorphous structures after modification, and no obvious diffraction peak appears after
silver adsorption. This shows that no silver crystals were produced on Ag-SH-PANF.

3.3. Thermal properties
The TGA results for PANF, SH-PANF and Ag-SH-PANF are presented in figure 5a,b. It can be easily
seen from figure 5b that the weight loss rate of PANF is much higher than those of the other two
fibres. According to figure 5a, in the case of PANF, there are two distinct plateaus in the TGA curve,
with the first decomposition temperature near 290°C. The cyclization of –CN groups contributes to
the first decomposition plateau, and the formation of a cross-linked structure in response to the
oxidation and dehydrogenation of the functionalities on the macromolecular chains contributes to the
second decomposition plateau [44]. After the desorption of atmospheric gases and the loss of water
near 120°C, only one prominent plateau is observed in the curve for SH-PANF, whereas two plateaus
appear again for Ag-SH-PANF. The second plateaus in SH-PANF and Ag-SH-PANF correspond to the
first plateau of PANF. However, the decomposition temperatures for SH-PANF and Ag-SH-PANF
are much lower than that of PANF, which is ascribed to the consumption of most –CN groups and
the simultaneous conversion to other functionalities (i.e. –C=N) during the grafting process. The third
plateau reflects the behaviour of the grafted cysteamine molecules and the cross-linked, oxidized and
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dehydrogenated macromolecular chains. However, after the whole process, Ag-SH-PANF gives a
significantly higher char yield of 69.2% than SH-PANF (56.5%) and PANF (49.4%), which may be
attributed to the large amounts of adsorbed silver. This finding accords with those of Duan et al. [32],
but are contrary to those stated by Sun et al. [45], who observed that the char yield of the unmodified
fibres was higher than that of heavy-metal-loaded fibres.

3.4. Surface morphology
As mentioned earlier, the grafting of cysteamine on PANF introduces amino, sulfhydryl and disulfide
groups on the fibre surface, and the chelation of silver on SH-PANF enriches the fibres’ surface with
Ag ions. Figure 6 shows the SEM images of PANF (a), SH-PANF (b) and Ag-SH-PANF (c), which
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reveal that the average diameter of SH-PANF is larger than that of PANF. This is probably attributed
to the swelling of the fibres during the grafting reaction [46]. The fibres’ surface morphology becomes
rough rather than smooth after modification, which is ascribed to the introduction of the cysteamine
residues and Ag ions. Compared with unreacted PANF, more crevices are apparent on the modified
fibres. Moreover, obvious randomly distributed protrusions appear, indicating that chemical
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modification helps to increase the surface area of the fibres, which enhances their adsorption properties

but diminishes their mechanical properties. However, since the crevices are evenly distributed on the
surface of the fibres, the overall macroscopic structure is maintained after the reaction.

3.5. Surface binding state and elemental speciation
XPS is a very effective technique for the qualitative and quantitative analysis of elements, solid surface
analysis and structural analysis of compounds. The surface binding states and elemental speciation of
SH-PANF and Ag-SH-PANF were analysed by both XPS survey scans and high-resolution scans, and
the data are presented in figure 7. The XPS profiles confirm the presence of S on the SH-PANF
surface, while binding energies (B.E.) corresponding to Ag3d were detected exclusively on the Ag-SH-
PANF surface (figure 7a,b). This indicates the successful loading of Ag on SH-PANF. Deconvolution
of the high-resolution XPS profile of N1s for SH-PANF before and after Ag chelation (figure 7c,e)
reveals that the major N1s peak comprises two signals (i.e. 399.28 and 400.70 eV) that can be
attributed to the nitrogen atoms of amino and cyano groups, respectively [32,46]. Deconvolution of
the high-resolution XPS profile of S2p (figure 7d,f ) reveals the presence of multiple peaks, assignable
to the sulfur atoms in sulfhydryl, disulfide and sulfo groups [47,48] at 163.64 and 165.08 eV, 164.40 eV
and 168.83 eV, respectively. It should be emphasized that the two peaks at 163.64 and 165.08 eV,
which shift to 162.75 and 164.05 eV after Ag chelation, belong to S2p3/2 and S2p1/2 in sulfhydryl
groups (similar values were reported by Dodero et al. at 162.2 and 164.1 eV [49]). Moreover, after the
chelation of Ag ions, the B.E.s of nitrogen and sulfur electrons in SH-PANF are decreased, which
indicates that more electronegative N and S atoms were detected. This suggests that the reaction
between –NH, –SH and S-S with Ag ions increases the electron density around N and S centres
[32,48,49]. Deconvolution of the high-resolution XPS profile of Ag3d (figure 7g) reveals two new
strong peaks at 367.82 and 368.42 eV for Ag-SH-PANF, indicating that Ag was successfully chelated.
These are attributed to silver ions bound to amino, sulfhydryl and disulfide groups, respectively
[50,51]. Consequently, we could confirm that the adsorption of Ag was achieved by its chelation with
the amino, sulfhydryl and disulfide groups of SH-PANF. Two additional peaks at higher B.E.s, 373.82
and 374.42 eV, were also detected and were assigned to Ag as well. The spacings between the four
peaks for Ag are in line with the predicted energy differences according to the spin-orbit splitting of
Ag3d, in which the doublet of Ag3d can be well fitted into two peaks for Ag3d5/2 and Ag3d3/2, with
a separation due to spin-orbit splitting of 6.0 eV [51].

3.6. Antibacterial activities
In this study, the antibacterial activities of the different fibres were tested by the improved shake flask
method; the results are shown in figure 8. PANF and SH-PANF demonstrate no antibacterial
performance against the tested pathogens, as set by the National Standard of China (GB/T 20944.3-
2008), which states that fibres have antimicrobial activity when the antimicrobial ratio is greater than or
equal to 70% against E. coli and S. aureus and greater than or equal to 60% against C. albicans [52]. Hence,
we focused only on Ag-SH-PANF, and we compared its antibacterial activities for different Ag contents
and exposure times. For E. coli, none of the Ag-SH-PANF samples showed antibacterial activity after
30 min contact. Within 1 h, only Ag-SH-PANF 10 (containing 17.46% Ag) proved effective, with an
antibacterial ratio of 85.99%. Upon extending the contact time to 2 h, neither Ag-SH-PANF 1 (containing
2.40% Ag) nor Ag-SH-PANF 2 (4.68% Ag) showed any bactericidal properties, but the antibacterial ratios
of the Ag-SH-PANF 3–10 fibres (with Ag contents as reported in table 1) were above 93.69%. Ag-SH-
PANF 2 achieved optimal antibacterial activity only after 4 h, when its antibacterial ratio reached 85.78%.
Ag-SH-PANF 1 proved effective only after 8 h, with a corresponding antibacterial ratio of 97.23%. When
the contact time with E. coli was extended to 24 h, all fibres showed excellent antibacterial activities and
antibacterial ratios up to 99.9999%. The trends in antibacterial activity against S. aureus and C. albicans
followed that against E. coli. With a short duration (30 min), none of the fibres showed activity. Within
1 h, the antibacterial ratios of Ag-SH-PANF 10 against S. aureus and C. albicans were 89.39% and 80.54%,
respectively. Ag-SH-PANF 1 and 2 were not effective against these two pathogens after 2 h, whereas Ag-
SH-PANF 3 (8.60% Ag) was inactive against C. albicans (fungi are usually more resistant than bacteria).
In addition, after 2 h, Ag-SH-PANF 4 (10.93% Ag) produced an antibacterial ratio of only 66.76% against
C. albicans. After 4 h, Ag-SH-PANF 2 was active towards S. aureus but inactive towards C. albicans;
however, Ag-SH-PANF 1 was not active against either of these two pathogens. Eventually, after 6 h, all
the fibres showed antibacterial activities against S. aureus and C. albicans; the longer the time, the higher
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Figure 8. Antibacterial activities of Ag-SH-PANF against (a) E. coli, (b) S. aureus and (c) C. albicans.

Table 2. Washability of Ag-SH-PANF.

washing times 1 5 10 20 50 100

antibacterial efficiency

(%) against E. coli

Ag-SH-PANF 1 99.9989 99.9937 99.9932 99.9909 99.9762 98.5926

Ag-SH-PANF 10 100 99.9999 99.9966 99.9956 99.9938 99.1777
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the antibacterial activity. In summary, the antibacterial activities of these fibres were directly proportional to
their silver contents and the exposure time to the pathogens. For comparison, the antibacterial properties of
AgNO3were also investigated; the results are shown in figure 8. Further, the used silvermass of AgNO3was
the same as the content of silver in 0.1 g Ag-SH-PANF 10. The results indicated that AgNO3 also did not
exhibit antibacterial performance against the tested pathogens after 30 min, but its antibacterial ratios
were much higher than Ag-SH-PANF 10. Within 1 h, the antibacterial ratios of AgNO3 against E. coli,
S. aureus and C. albicans were 85.65%, 91.18% and 83.58%, respectively, and the difference between Ag-
SH-PANF 10 and AgNO3 almost disappeared. After 2 h, the antibacterial ratio of AgNO3 reached up to
100% against all the tested pathogens. Therefore, the antibacterial trends of Ag-SH-PANF were consistent
with AgNO3. Moreover, the antibacterial activities of the fibres were the same as AgNO3 against the
tested pathogens and followed the order: S. aureus> E. coli > C. albicans.
3.7. Durability to washing
The Ag-SH-PANF fibres were washed multiple times in a 0.1% neutral hand detergent for 20 min, then
rinsed with distilled water and dried at 40°C overnight. A fibre sample (0.1 g) after this treatment was
subjected to the antibacterial tests. The results shown in table 2 reveal that the antibacterial ratios of
Ag-SH-PANF exposed to E. coli for 24 h only decrease slightly with the increase in the number of
wash cycles. However, the antibacterial activity is retained even after 100 washes. The antibacterial
ratios of Ag-SH-PANF 1 and 10 remain above 98%, indicating that these fibres are endowed with
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remarkable washing resistance. Thus, repeated washing cycles did not affect antibacterial activity,
proving that Ag-SH-PANF have potential to be used as durable antibacterial fibre-based materials.

3.8. Antibacterial mechanism of polyacrylonitrile fibres with chelated Ag ions
To study the mechanism underlying the antibacterial activity of Ag-SH-PANF, experiments on the effects
of different soaking solutions and soaking periods on Ag release were carried out; figure 9 clearly
displays the results. In figure 9a,c, the release of Ag is seen to increase with increasing Ag content of
the fibre. This trend is not associated with the type of the soaking solution, nor does the soaking
period have any evident effect on Ag release. The concentration of Ag ions in the soaking solutions
reaches equilibrium after 1 h. According to figure 9b, different soaking solutions had distinctive effects
on the release of Ag, and the concentration of released Ag found in different soaking solutions was
consistent with the antibacterial activities of the fibres (S. aureus > E. coli >C. albicans). This can be
correlated with the observation that the Ag concentration of a fibre has a significant effect on its
antibacterial activity. In figure 9d, we observe that the number of washings notably affects Ag release,
especially after 20 cycles, which may be an effect of the detergent used. However, after 20 cycles, the
Ag concentration in the soaking solution decreases only slightly and becomes stable until 100 washing
cycles. Subsequently, the Ag concentration in the soaking solution maintains a respectable and
somewhat constant value, which also ensures superior antibacterial activity.

These results show that the antibacterial activities of Ag-SH-PANF are closely related to the release of
Ag in the solution, which is consistent with the phenomenon reported by Sun et al. [11]. The results also
show that the antibacterial mechanism of Ag-SH-PANF is similar to that of Ag ions in solution, which
has been reported in many studies [8,10,11]. In these studies, the antibacterial mechanism can be
explained by a complex process that occurs when Ag ions encounter pathogens. When Ag ions
combine with electron-donating receptors (especially those bearing imidazole, sulfhydryl, carbonyl,
amino, disulfide and phosphate moieties) on cytomembranes and nucleic acids, intracellular
absorption and membrane-related enzyme inactivation can ensue. The membrane-related enzyme
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inactivation leads to denaturation of the bacterial cell’s envelope, which is ultimately lethal to the cell

[10,26,53]. Moreover, Davies & Etris [54] reported that microorganisms are not directly attacked by Ag
ions. Ag ions act as catalysts and are not consumed during the antibacterial process, but they can
accelerate the antibacterial process if present in a certain concentration range. This principle explains
why even Ag-SH-PANF with low Ag contents display very good antibacterial properties after being
in contact with bacteria for 24 h, whereas, fibres with high Ag contents achieve good antibacterial
performance more quickly.
ing.org/journal/rsos
R.Soc.Open

Sci.7:200324
4. Conclusion
In this study, we successfully prepared a series of new antibacterial fibres, Ag-SH-PANF, with different
Ag contents by a grafting and chelation sequence. The presence of Ag ions on the surface of Ag-SH-
PANF was confirmed by XPS and FT-IR spectroscopy, which showed that chelation takes place
between Ag ions and amino, sulfhydryl and disulfide groups. Moreover, XRD analysis confirmed that
no silver crystals were produced on Ag-SH-PANF. Antibacterial testing showed that Ag-SH-PANF are
excellent antibacterial agents against S. aureus, but less effective against E. coli, which is ascribed to
structural differences between the two bacteria. Furthermore, we observed that the antibacterial
activity of the fibres increased with the contact time between bacteria and fibres, as well as with the
initial Ag content of the fibres. In addition, the results of washing durability experiments indicated
the good washing durability of Ag-SH-PANF, whose antibacterial efficiency against E. coli remained
above 98% after washing the fibres 100 times, even though the Ag content of the fibre was only
2.40%. Finally, silver release experiments elucidated the antibacterial mechanism of Ag-SH-PANF was
the same as silver ions, in which silver ions are the main antibacterial factors, acting as catalysts and
therefore are not consumed in the antibacterial process. Nonetheless, a relatively high concentration of
silver ions can accelerate bacterial cell death within a certain concentration range.

Data accessibility. Our data are deposited at Dryad Digital Repository: https://doi.org/10.5061/dryad.3tx95x6c6 [55].
Authors’ contributions. L.C. and W.D. contributed equally to this work; they participated in all the experiments, did most of
the data analysis and wrote the manuscript; A.C. and L.J.L. prepared the fibres and completed the characterization of
the samples; S.H., J.T., G.P. and Y.D. completed the antibacterial experiments; L.Z. and D.L. conceived the research and
provided the necessary experimental equipment. L.Z. assisted the research, especially in the preparation of fibres. All
authors gave final approval for publication.
Competing interests. We declare we have no competing interests.
Funding. This work was supported by the Natural Science Foundation of Hunan Province (2018JJ3584) and Henan
Environmental Functional Materials Outstanding Foreign Scientist Studio Funding (GZS2018002).
Acknowledgements. We are particularly grateful to the Key Laboratory of Microbial Engineering, Henan Academy of
Sciences Institute of Biology, for supporting our antibacterial tests.
References

1. Gao D, Li Y, Lyu B, Lyu L, Chen S, Ma J.

2019 Construction of durable antibacterial and
anti-mildew cotton fabric based on P(DMDAAC-
AGE)/Ag/ZnO composites. Carbohydr. Polym.
204, 161–169. (doi:10.1016/j.carbpol.2018.
09.087)

2. Nischala K, Rao TN, Hebalkar N. 2011 Silica–
silver core–shell particles for antibacterial textile
application. Colloids Surf. B. Biointerfaces 82,
203–208. (doi:10.1016/j.colsurfb.2010.08.039)

3. Moritz M, Geszke-Moritz M. 2013 The newest
achievements in synthesis, immobilization and
practical applications of antibacterial
nanoparticles. Chem. Eng. J. 228, 596–613.
(doi:10.1016/j.cej.2013.05.046)

4. Zhang W, Dai X, Zhou J, Zhu G. 2017
Antibacterial Bombyx Mori silk fabric modified
with reactive chitosan quaternary ammonium
salt and its laundering durability. Fibers Polym.
18, 290–295. (doi:10.1007/s12221-017-6890-8)
5. Lin J et al. 2018 Durably antibacterial and
bacterially antiadhesive cotton fabrics coated by
cationic fluorinated polymers. ACS Appl. Mater.
Interfaces. 10, 6124–6136. (doi:10.1021/acsami.
7b16235)

6. Chang L, Wang J, Tong C, Zhang X, Zhao L. 2016
Antibacterial mechanism of polyacrylonitrile fiber
with organophosphorus groups against
Escherichia coli. Fibers & Polymers 17, 721–728.
(doi:10.1007/s12221-016-5933-x)

7. Chang L, Wang J, Tong C, Zhao L, Liu X. 2016
Comparison of antimicrobial activities of
polyacrylonitrile fibers modified with quaternary
phosphonium salts having different alkyl chain
lengths. J. Appl. Polym. Sci. 133, 43689. (doi:10.
1002/app.43689)

8. Rameshbabu N, Sampath Kumar TS, Prabhakar
TG, Sastry VS, Murty KVGK, Prasad Rao K. 2007
Antibacterial nanosized silver substituted
hydroxyapatite: synthesis and characterization.
J. Biomed. Mater. Res. A 80, 581–591. (doi:10.
1002/jbm.a.30958)

9. Hu J et al. 2019 A new anti-biofilm strategy of
enabling arbitrary surfaces of materials and devices
with robust bacterial anti-adhesion via spraying
modified microspheres method. J. Mat. Chem. A 7,
26 039–26 052. (doi:10.1039/C9TA07236E)

10. Kostic MM, Milanovic JZ, Baljak MV, Mihajlovski
K, Kramar AD. 2014 Preparation and
characterization of silver-loaded hemp
fibers with antimicrobial activity. Fibers
Polym. 15, 57–64. (doi:10.1007/s12221-
014-0057-7)

11. Sun Z, Fan C, Tang X, Zhao J, Song Y, Shao Z,
Xu L. 2016 Characterization and antibacterial
properties of porous fibers containing silver
ions. Appl. Surf. Sci. 387, 828–838. (doi:10.
1016/j.apsusc.2016.07.015)

12. Xu HT et al. 2020 Bioactive compounds:
antioxidant, antibacterial and antiproliferative

https://doi.org/10.5061/dryad.3tx95x6c6
https://doi.org/10.5061/dryad.3tx95x6c6
http://dx.doi.org/10.1016/j.carbpol.2018.09.087
http://dx.doi.org/10.1016/j.carbpol.2018.09.087
http://dx.doi.org/10.1016/j.colsurfb.2010.08.039
http://dx.doi.org/10.1016/j.cej.2013.05.046
http://dx.doi.org/10.1007/s12221-017-6890-8
http://dx.doi.org/10.1021/acsami.7b16235
http://dx.doi.org/10.1021/acsami.7b16235
http://dx.doi.org/10.1007/s12221-016-5933-x
http://dx.doi.org/10.1002/app.43689
http://dx.doi.org/10.1002/app.43689
http://dx.doi.org/10.1002/jbm.a.30958
http://dx.doi.org/10.1002/jbm.a.30958
http://dx.doi.org/10.1039/C9TA07236E
http://dx.doi.org/10.1007/s12221-014-0057-7
http://dx.doi.org/10.1007/s12221-014-0057-7
http://dx.doi.org/10.1016/j.apsusc.2016.07.015
http://dx.doi.org/10.1016/j.apsusc.2016.07.015


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.7:200324
13
activities in Chloranthus henryi. Sci. Adv. Mat.

12, 144–151. (doi:10.1166/sam.2020.3684)
13. Hao X, Chen S, Qin D, Zhang M, Guo Z. 2019

Antifouling and antibacterial behaviors of
capsaicin-based pH responsive smart coatings in
marine environments. Mat. Sci. Eng. C 108,
110361. (doi:10.1016/j.msec.2019.110361)

14. William R, Hill MD, Donald M, Pillsburg MA.
1940 Argyria-the pharmacology of silver. J. Am.
Pharm. Assoc. 29, 239–240. (doi:10.1002/jps.
3030290518)

15. Liang X et al. 2018 Recent advances in the
medical use of silver complex. Eur. J. Med.
Chem. 157, 62–80. (doi:10.1016/j.ejmech.2018.
07.057)

16. Zheng K, Setyawati MI, Leong DT, Xie J. 2018
Antimicrobial silver nanomaterials. Coord. Chem.
Rev. 357, 1–17. (doi:10.1016/j.ccr.2017.11.019)

17. Ou J, Wu B, Xue M, Wang F. 2019 Silver ions
anchored to fabric via coordination: evaluation
on washing durability and antibacterial activity.
Mater. Lett. 237, 134–136. (doi:10.1016/j.
matlet.2018.11.090)

18. Kim S, Park C, Cheon KH, Jung HD, Song J, Kim
HE, Jang TS. 2018 Antibacterial and bioactive
properties of stabilized silver on titanium with a
nanostructured surface for dental applications.
Appl. Surf. Sci. 451, 232–240. (doi:10.1016/j.
apsusc.2018.04.270)

19. Oryan A, Alemzadeh E, Tashkhourian J, Nami
Ana SF. 2018 Topical delivery of chitosan-
capped silver nanoparticles speeds up healing in
burn wounds: A preclinical study. Carbohydr.
Polym. 200, 82–92. (doi:10.1016/j.carbpol.
2018.07.077)

20. Mathew S, Jayakumar A, Kumar VP, Mathew J,
Radhakrishnan EK. 2019 One-step synthesis of
eco-friendly boiled rice starch blended polyvinyl
alcohol bionanocomposite films decorated with
in situ generated silver nanoparticles for food
packaging purpose. Int. J. Biol. Macromol. 139,
475–485. (doi:10.1016/j.ijbiomac.2019.07.187)

21. Bharti S, Mukherji S, Mukherji S. 2019 Water
disinfection using fixed bed reactors packed
with silver nanoparticle immobilized glass
capillary tubes. Sci. Total Environ. 689,
991–1000. (doi:10.1016/j.scitotenv.2019.
06.482)

22. Pulit-Prociak J, Grabowska A, Chwastowski J,
Majka TM, Banach M. 2019 Safety of the
application of nanosilver and nanogold in
topical cosmetic preparations. Colloids
Surf. B. Biointerfaces 183, 110416. (doi:10.1016/
j.colsurfb.2019.110416)

23. Štular D, Jerman I, Naglič I, Simončič B, Tomšič
B. 2017 Embedment of silver into temperature-
and pH-responsive microgel for the
development of smart textiles with
simultaneous moisture management and
controlled antimicrobial activities. Carbohydr.
Polym. 159, 161–170. (doi:10.1016/j.carbpol.
2016.12.030)

24. Drake PL, Hazelwood KJ. 2005 Exposure-related
health effects of silver and silver compounds: a
review. Ann. Occup. Hyg. 49, 575–585. (doi:10.
1093/annhyg/mei019)

25. Baker S, Prudnikova SV, Shumilova AA,
Perianova OV, Zharkov SM, Kuzmin A. 2019 Bio-
functionalization of phytogenic Ag and ZnO
nanobactericides onto cellulose films for
bactericidal activity against multiple drug
resistant pathogens. J. Microbiol. Methods. 159,
42–50. (doi:10.1016/j.mimet.2019.02.009)

26. Kalfon-Cohen E, Harel H, Saadon-Yechezkia M,
Timna K, Zhidkov T, Weinberg A, Marom G.
2010 Thermal-crosslinked polyacrylonitrile fiber
compacts. Polym. Adv. Technol. 21, 904–910.
(doi:10.1002/pat.1521)

27. Nunna S, Naebe M, Hameed N, Fox BL,
Creighton C. 2017 Evolution of radial
heterogeneity in polyacrylonitrile fibres during
thermal stabilization: an overview. Polym.
Degrad. Stab. 136, 20–30. (doi:10.1016/j.
polymdegradstab.2016.12.007)

28. Popescu V, Muresan EI. 2013 Performances of
chitosan grafted onto surface of polyacrylonitrile
functionalized through amination reactions. Ind.
Eng. Chem. Res. 52, 13 252–13 263. (doi:10.
1021/ie401494a)

29. Litmanovich AD, Platé NA. 2000 Alkaline hydrolysis
of polyacrylonitrile: on the reaction mechanism.
Macromol. Chem. Phys. 201, 2176–2180. (doi:10.
1002/1521-3935(20001101)201:16<2176::AID-
MACP2176>3.0.CO;2-5)

30. Kuang Y, He H, Chen S, Wu J, Liu F. 2019
Adsorption behavior of CO2 on amine-
functionalized polyacrylonitrile fiber. Adsorption
25, 693–701. (doi:10.1007/s10450-019-00070-0)

31. Pchelova NV, Budkute IA, Shcherbina LA,
Ustinov KY. 2014 Polyacrylonitrile fiber modified
by a quaternary ammonium salt. Fibre Chem.
46, 97–100. (doi:10.1007/s10692-014-9569-6)

32. Duan W, Wang J, Chang L, Zhao L, Tian Z,
Huang Z, Huang W. 2018 Adsorption of
mercury(II) from water by a novel sPAN fiber
containing sulfhydryl, carboxyl and amino
groups. RSC Adv. 8, 38 259–38 269. (doi:10.
1039/C8RA06998K)

33. Soldatov VS, Zelenkovskii VM, Orlovskaya LA.
2011 Sorption of bivalent ions by a fibrous
chelating ion exchanger and the structure of
sorption complexes. React. Funct. Polym.
71, 49–61. (doi:10.1016/j.reactfunctpolym.
2010.11.003)

34. Zhao H, Chen L, Yun J, Tang L, Wen Z, Zhang X,
Gu J. 2018 Improved thermal stabilities,
ablation and mechanical properties for carbon
fibers/phenolic resins laminated composites
modified by silicon-containing polyborazine.
Eng. Sci. 2, 57–66. (doi:10.30919/es8d726)

35. Li Y, Zhang T, Jiang B, Zhao L, Huang Y. 2019
Interfacially reinforced carbon fiber silicone resin
via constructing functional nano-structural
silver. Compos. Sci. Technol. 181, 107689.
(doi:10.1016/j.compscitech.2019.107689)

36. Zheng Y, Chen L, Wang X, Wu G. 2020
Modification of renewable cardanol onto carbon
fiber for the improved interfacial properties of
advanced polymer composites. Polymers 12, 45.
(doi:10.3390/polym12010045)

37. Wu Z, Li L, Guo N, Yang R, Jiang D, Zhang M,
Zhang M, Huang Y, Guo Z. 2019 Effect of a vinyl
ester-carbon nanotubes sizing agent on
interfacial properties of carbon fibers reinforced
unsaturated polyester composites. ES Mat.
Manuf. 6, 38–48. (doi:10.30919/esmm5f601)
38. Saeed K, Khan I, Shah T, Park S-Y. 2015
Synthesis, characterization and photocatalytic
activity of silver nanoparticles/amidoxime-
modified polyacrylonitrile nanofibers. Fibers
Polym. 16, 1870–1875. (doi:10.1007/s12221-
015-5373-z)

39. Mondal S, Chatterjee S, Mondal S, Bhaumik A.
2019 Thioether-functionalized covalent triazine
nanospheres: a robust adsorbent for mercury
removal. ACS Sustain. Chem. Eng. 7, 7. (doi:10.
1021/acssuschemeng.9b00567)

40. Ali J, Wang H, Ifthikar J, Khan A, Wang T, Zhan
K, Shahzad A, Chen Z, Chen Z. 2018 Efficient,
stable and selective adsorption of heavy
metals by thio-functionalized layered
double hydroxide in diverse types of water.
Chem. Eng. J. 332, 387–397. (doi:10.1016/j.
cej.2017.09.080)

41. Duan W, Zhao L, Huang Z, Tian Z, Huang W,
Wang J. 2017 Preparation of cysteamine
modified polyacrylonitrile fiber and its
performance for adsorption of Ag+. Chemistry
80, 202–207.

42. Ma N, Yang Y, Chen S, Zhang Q. 2009
Preparation of amine group-containing
chelating fiber for thorough removal of mercury
ions. J. Hazard. Mater. 171, 288–293. (doi:10.
1016/j.jhazmat.2009.06.001)

43. Zhu Z, Gu R, Lu T. 1998 Applications of Raman
spectroscopy in chemistry (in Chinese).
Shenyang, China: Northeast University Press.

44. Thielke M, Bultema L, Brauer D, Richter B,
Fischer M, Theato P. 2016 Rapid mercury(II)
removal by electrospun sulfur copolymers.
Polymers (Basel). 8, 266. (doi:10.3390/
polym8070266)

45. Sun C, Qu R, Ji C, Wang Q, Wang C, Sun Y,
Cheng G. 2006 A chelating resin containing S, N
and O atoms: synthesis and adsorption
properties for Hg(II). Eur. Polym. J. 42,
188–194. (doi:10.1016/j.eurpolymj.2005.
06.024)

46. Smuleac V, Butterfield D, Sikdar S, Varma R,
Bhattacharyya D. 2005 Polythiol-functionalized
alumina membranes for mercury capture.
J. Membr. Sci. 251, 169–178. (doi:10.1016/j.
memsci.2004.11.012)

47. Reddad Z, Gerente C, Andres Y, Le Cloirec P.
2002 Adsorption of several metal ions onto a
low-cost biosorbent: kinetic and equilibrium
studies. Environ. Sci. Technol. 36, 2067–2073.
(doi:10.1021/es0102989)

48. Hua R, Li Z. 2014 Sulfhydryl functionalized
hydrogel with magnetism: synthesis,
characterization, and adsorption behavior
study for heavy metal removal. Chem.
Eng. J. 249, 189–200. (doi:10.1016/j.cej.
2014.03.097)

49. Dodero G, De Michieli L, Cavalleri O, Rolandi R,
Oliveri L, Daccà A, Parodi R. 2000 l-Cysteine
chemisorption on gold: an XPS and STM
study. Colloids Surf. Physicochem. Eng.
Aspects 175, 121–128. (doi:10.1016/S0927-
7757(00)00521-5)

50. Romero-Cano LA, García-Rosero H, del Olmo-
Iruela M, Carrasco-Marín F, González-Gutiérrez
LV. 2018 Use of carbon paste electrodes as a
novel strategy to study adsorption mechanism

http://dx.doi.org/10.1166/sam.2020.3684
http://dx.doi.org/10.1016/j.msec.2019.110361
http://dx.doi.org/10.1002/jps.3030290518
http://dx.doi.org/10.1002/jps.3030290518
http://dx.doi.org/10.1016/j.ejmech.2018.07.057
http://dx.doi.org/10.1016/j.ejmech.2018.07.057
http://dx.doi.org/10.1016/j.ccr.2017.11.019
http://dx.doi.org/10.1016/j.matlet.2018.11.090
http://dx.doi.org/10.1016/j.matlet.2018.11.090
http://dx.doi.org/10.1016/j.apsusc.2018.04.270
http://dx.doi.org/10.1016/j.apsusc.2018.04.270
http://dx.doi.org/10.1016/j.carbpol.2018.07.077
http://dx.doi.org/10.1016/j.carbpol.2018.07.077
http://dx.doi.org/10.1016/j.ijbiomac.2019.07.187
http://dx.doi.org/10.1016/j.scitotenv.2019.06.482
http://dx.doi.org/10.1016/j.scitotenv.2019.06.482
http://dx.doi.org/10.1016/j.colsurfb.2019.110416
http://dx.doi.org/10.1016/j.colsurfb.2019.110416
http://dx.doi.org/10.1016/j.carbpol.2016.12.030
http://dx.doi.org/10.1016/j.carbpol.2016.12.030
http://dx.doi.org/10.1093/annhyg/mei019
http://dx.doi.org/10.1093/annhyg/mei019
http://dx.doi.org/10.1016/j.mimet.2019.02.009
http://dx.doi.org/10.1002/pat.1521
http://dx.doi.org/10.1016/j.polymdegradstab.2016.12.007
http://dx.doi.org/10.1016/j.polymdegradstab.2016.12.007
http://dx.doi.org/10.1021/ie401494a
http://dx.doi.org/10.1021/ie401494a
http://dx.doi.org/10.1002/1521-3935(20001101)201:16%3C2176::AID-MACP2176%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3935(20001101)201:16%3C2176::AID-MACP2176%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3935(20001101)201:16%3C2176::AID-MACP2176%3E3.0.CO;2-5
http://dx.doi.org/10.1007/s10450-019-00070-0
http://dx.doi.org/10.1007/s10692-014-9569-6
http://dx.doi.org/10.1039/C8RA06998K
http://dx.doi.org/10.1039/C8RA06998K
http://dx.doi.org/10.1016/j.reactfunctpolym.2010.11.003
http://dx.doi.org/10.1016/j.reactfunctpolym.2010.11.003
http://dx.doi.org/10.30919/es8d726
http://dx.doi.org/10.1016/j.compscitech.2019.107689
http://dx.doi.org/10.3390/polym12010045
http://dx.doi.org/10.30919/esmm5f601
http://dx.doi.org/10.1007/s12221-015-5373-z
http://dx.doi.org/10.1007/s12221-015-5373-z
http://dx.doi.org/10.1021/acssuschemeng.9b00567
http://dx.doi.org/10.1021/acssuschemeng.9b00567
http://dx.doi.org/10.1016/j.cej.2017.09.080
http://dx.doi.org/10.1016/j.cej.2017.09.080
http://dx.doi.org/10.1016/j.jhazmat.2009.06.001
http://dx.doi.org/10.1016/j.jhazmat.2009.06.001
http://dx.doi.org/10.3390/polym8070266
http://dx.doi.org/10.3390/polym8070266
http://dx.doi.org/10.1016/j.eurpolymj.2005.06.024
http://dx.doi.org/10.1016/j.eurpolymj.2005.06.024
http://dx.doi.org/10.1016/j.memsci.2004.11.012
http://dx.doi.org/10.1016/j.memsci.2004.11.012
http://dx.doi.org/10.1021/es0102989
http://dx.doi.org/10.1016/j.cej.2014.03.097
http://dx.doi.org/10.1016/j.cej.2014.03.097
http://dx.doi.org/10.1016/S0927-7757(00)00521-5
http://dx.doi.org/10.1016/S0927-7757(00)00521-5


royalsocietypublishing.org/
14
of silver ions onto functionalized grapefruit

peel. J. Electroanal. Chem. 830–831, 20–26.
(doi:10.1016/j.jelechem.2018.10.019)

51. Mahlangu T, Das R, Abia LK, Onyango M, Ray
SS, Maity A. 2019 Thiol-modified magnetic
polypyrrole nanocomposite: an effective
adsorbent for the adsorption of silver ions from
aqueous solution and subsequent water
disinfection by silver-laden nanocomposite.
Chem. Eng. J. 360, 423–434. (doi:10.1016/j.cej.
2018.11.231)
52. China GAQSIQ, China NSMC. 2008 Textiles –
Evaluation for antibacterial activity – Part 3:
Shake flask method (in Chinese). Beijing, China:
General Administration of Quality Supervision,
Inspection and Quarantine of the People’s
Republic of China, China natl stand. manag.
committee 2008, 6.

53. Kramer A, Guggenbichler P, Heldt P, Jünger M,
Ladwig A, Thierbach H, Weber U, Daeschlein G.
2006 Hygienic relevance and risk assessment of
antimicrobial-impregnated textiles. Curr. Probl.
Dermatol. 33, 78–109. (doi:10.1159/
000093938)

54. Davies RL, Etris SF. 1997 The development and
functions of silver in water purification and
disease control. Catal. Today 36, 107–114.
(doi:10.1016/S0920-5861(96)00203-9)

55. Chang L et al. 2020 Data from: Preparation
of polyacrylonitrile-based fibres with chelated
Ag ions for antibacterial applications. Dryad
Digital Repository. (doi:10.5061/dryad.
3tx95x6c6)
journ
al/rsos
R.Soc.Open

Sci.7:200324

http://dx.doi.org/10.1016/j.jelechem.2018.10.019
http://dx.doi.org/10.1016/j.cej.2018.11.231
http://dx.doi.org/10.1016/j.cej.2018.11.231
http://dx.doi.org/10.1159/000093938
http://dx.doi.org/10.1159/000093938
http://dx.doi.org/10.1016/S0920-5861(96)00203-9
http://dx.doi.org/10.5061/dryad.3tx95x6c6
http://dx.doi.org/10.5061/dryad.3tx95x6c6

	Preparation of polyacrylonitrile-based fibres with chelated Ag ions for antibacterial applications
	Introduction
	Material and methods
	Material and reagents
	Preparation of polyacrylonitrile fibres with chelated Ag ions
	Characterization
	Antibacterial activity assay
	Release of Ag ions from polyacrylonitrile fibres with chelated Ag ions

	Results and discussion
	Preparation of fibres with chelated Ag ions
	Structure of the fibres
	Thermal properties
	Surface morphology
	Surface binding state and elemental speciation
	Antibacterial activities
	Durability to washing
	Antibacterial mechanism of polyacrylonitrile fibres with chelated Ag ions

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


