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Abstract: In this report, we designed and synthesized polyacrylonitrile/silver (PAN/AgNPs)
nanofibers via an in-situ method to obtain a washable with high-dispersed silver nanoparticles
membrane to form the hierarchically organized antibacterial mask to prevent the two-way effect of
bacteria from person to environment and environment to person. For this objective, the electrospun
PAN nanofibers were stabilized via the heating method. Different amounts of AgNPs were loaded
into the PAN nanofibers by using silver nitrate and sodium hydroxide solutions. The basic results
showed that AgNPs was homogenously loaded in PAN nanofiber matrixes. Furthermore, the release
profile based on two-stage release theory showed that when the negligible amount of AgNPs was
loaded into the nanofibers, the release significantly decreased, whereas antibacterial activity increased.
The greatest potential antibacterial activity of the lowest amount of AgNPs showed controllable
AgNPs release from PAN nanofibers that has a direct relationship with the washability and could
promote the application of the produced product.
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1. Introduction

Over the last 50 years, antibiotic resistance has been a major health concern in the world since
bacteria progressively adapted to antibiotics [1]. Consequently, scientific efforts have been made to
develop new compounds against bacteria and fungi [2], mainly in wound dressings [3] and textiles [4].
Textile is one of the most important necessities of daily life. Therefore, textile materials are a suitable
place for growing microorganisms such as fungi, algae, and bacteria, especially in medical textiles such
as surgical gowns, gloves, and masks [5]. Consequently, functional activity and structure of materials
related to antibacterial properties are very important [6].

However, many antibacterial additives such as phenols, inorganic salts, organometallics [5],
organic material like honey [7], and metallic nanoparticles, as well as zinc oxide, titanium oxide [8],
and silver nanoparticles (AgNPs) [9] with chemical characteristics [10–12] have been used in
electrospun nanofibers for wound dressings. However, silver nanoparticles among the antibacterial
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materials showed the greatest potential to be employed in various fields such as biomedical
textiles [13] or electronics [14], thanks to their unique properties in electroconductivity and antibacterial
activity [15]. In recent years, some studies have been done to form a breathing mask to control
surrogates of viral particles [16] and protective surgical face masks which impact [17] human
thermoregulation through impairment of convention, evaporation, and radiation processes [18,19].

However, the researchers did not focus on the stabilized AgNPs in the nanofiber structures to
produce an antibacterial mask by hierarchically organizing the nanofiber membrane to control the
AgNPs release by chemical bonding. Nanofibers showed the ability to be made into an ultrafine
solid with continuous fibers and a controlled surface and molecular structures for antibacterial
properties [7]. In addition, a wide range of polymers has been employed as primary materials
with specific arrangements for modification of the nanofiber surface with biochemical materials [8].
The electrospun nanofibers have great potential for a controlled drug delivery system. Release profile
plays a critical role in promoting the applications of products due to the toxicity of nanomaterials and
their effect on the environment via washing effluent. The textile product, as well as socks, could release
1360 µg-Ag/g-sock and leach as much as 650 µg of silver into 500 mL of distilled water over 24 h [20].

Therefore, we attempted to fabricate a polyacrylonitrile/silver (PAN/AgNPs) nanofibers
composite membrane for a washable antibacterial mask by the hierarchical arranging of layers.
PAN/AgNPs nanofibers composite membrane, due to its two-way protection against bacteria and dust,
was chosen as the main component of this research. The morphology of nanofiber and nanoparticles
has been studied by scanning electron microscope and transmission electron microscope (TEM).
Attenuated total reflection (ATR) and X-ray photoelectron spectroscopy (XPS) have been employed
for chemical characterization and confirming the presence of AgNPs in the nanofibers. Inductively
coupled plasma mass spectrometry (ICP-MS) was used for direct measurement of the ppm amount of
AgNPs upon release and loaded amount in nanofibers. Agar disc diffusion method was chosen for
antibacterial activity test.

2. Materials and Methods

2.1. Materials

Polyacrylonitrile (PAN) with (average Mw 150,000) dimethyl sulfoxide (99.9%) (DMSO) was
purchased from Sigma Aldrich Corporation USA, N,N-Dimethylformamide (DMF) (99.59%). Silver nitrate
(AgNO3, 99.8%), sodium hydroxide (NaOH, 97%), and hydrochloric acid (HCl, 35–37%) were purchased
from Wako Pure Chemical Industries, Ltd. (Nagano Kin, Nagano, Japan) and deionized water was used.

2.2. PAN/AgNPs Preparation

The 10% w/w PAN solution was prepared in DMF with stirring for 5 h at room temperature.
The spinning solution was loaded in a plastic syringe with a tip diameter of 0.6 mm and a copper
wire was chosen as the positive electrode. The distance from the capillary tip to the collector was kept
at 13 cm and then supplied with a voltage of 12 kV. The nanofibers were formed without beads at
room temperature and in 45% humidity. The resultant nanofibers mat was stabilized via heating at
250 ◦C for 2 h in an air atmosphere. The PAN/AgNPs was prepared by dipping the nanofibers mat
in a silver nitrate solution, followed by dipping in an alkaline solution. For this purpose, 1 gL silver
nitrate solution was prepared and the PAN nanofibers mat was supplied directly to 40 mL of silver
nitrate solution for 12 h. Then, PAN nanofibers containing the silver ions were rinsed with deionized
water and subjected to 40 mL sodium hydroxide solution of 1 g/L for 12 h. Nanofibers were placed
in deionized water for 15 min and shaken to wash out the extra sodium hydroxide and silver ions.
This cycle was repeated for three times to prepare the different amounts of silver nanoparticles
through the PAN nanofibers. Finally, the obtained PAN/AgNPs was dried at 30 ◦C and used for
characterization. The mechanism of chemical reaction of AgNPs with PAN nanofibers [21] is shown
in Figure 1.
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2.3. SEM & TEM Characterizations

The morphology of the nanofibers was observed by using scanning electron microscopy
(SEM, S-3000N, Hitachi Co., Nagano Kin, Nagano, Japan) with accelerating voltage of 12 kV. The dispersion
of nanoparticles on nanofibers was studied by transmission electron microscopy (TEM, 2010 Fas TEM,
JEOL, Nagano, Japan) with an accelerating voltage of 200 kV that was used to analyze the dispersion of
AgNPs on the nanofibers. The average diameter and size distributions of the nanofibers and AgNPs were
determined from SEM and TEM micrographs by image analysis software (image J, version 1.49).

2.4. ATR Characterizations

Attenuated total reflectance (ATR) spectroscopy (DuraSamplIR II, Smiths Detection Company,
London, UK) of the nanofibers was recorded between the wavelengths of 450 and 4000 cm−1 with
a resolution of 4 cm−1 and the addition of 128 scans at room temperature. The samples in solid and
dry form were directly supplied to ATR.

2.5. XPS Characterizations

X-ray photoelectron spectroscopy (XPS) was conducted on a Shimadzu-Kratos AXIS-ULTRA HAS
SV (Shimadzu Co., Ltd. Nagano, Japan) by using an Al X-ray source set at 10 kV and 15 mA to confirm
the presence of AgNPs in the nanofibers.

2.6. Release Profile Study by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The amount of loaded and released AgNPs from nanofibers was directly measured by inductively
coupled plasma mass spectrometry (ICP-MS) (SHIMADZU/ICPS-1000 IV, Nagano, Japan). The release
profile over a period of 72 h was studied by dipping 0.1 g of nanofibers in a plate containing 20 mL
of deionized water by shaking at 28 ◦C. During the release, 2 mL of solution was removed and
exchanged by deionized water at precise times (0.25, 0.5, 1, 2, 4, 8, 12, 24, 36, 48, 60, and 72 h).
The solution containing AgNPs, which was removed from the source each time, was subjected to
ICP-MS spectrometry for measurement of AgNPs released into the deionized water. The amount of
silver loaded into nanofibers was measured by dissolving the 0.01 g nanofibers in 5 mL DMSO and
diluting the 100 µL of the obtained clear solution with 900 µL deionized water and supplied to ICP-MS
spectrometry. The release profile was presented as a percentage based on the below formula:

Release (%) =
Mt
Mi

× 100 (1)

where Mt is the amount of AgNPs released after 72 h, Mi is the total amount of AgNPs loaded in PAN
nanofibers, and all calculations are done based on using 1 g nanofibers.

2.7. Microbiological Experiment

The antibacterial properties of PAN nanofibers containing different amounts of silver nanoparticles
were examined with two bacterial strains (Staphylococcus and Pseudomonas) with the disc diffusion
method. In this method, Pseudomonas and Staphylococcus were used as model bacteria. In this method,
the bacteria are cultured in tryptic soy broth liquid medium and incubated overnight at 35 ◦C. Bacteria
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from the prepared source were seeded by dispersing TSB containing the bacteria on the surface of
nutrient agar plates and nanofibers placed on the cultured diffusion plates for each strain and incubated
overnight at 35 ◦C. To measure the quantified antibacterial properties of samples, colony formation
unit method used base on ISO 22196. Briefly, the cell concentration of 105 per mL was prepared by
using each strain bacteria in PBS 1X after seeding in tryptic soy broth. The samples were placed in
each solution under shaking at 35 ◦C for 24 h. The series of dilutions were prepared using PBS 1X and
20 µL of each diluted solution containing bacteria placed on agar plates and incubated for almost 24 h
at 35 ◦C. The percentage of viable bacteria was calculated using the formula below:

CFU% =
CFUS

CFUC
× 100 (2)

where CFUS shows the colony formation unit for samples and CFUC is assigned to colony formation
unit for control.

2.8. Toxicity

The toxicity of nanofibers in the presence of AgNPs was evaluated by using direct contact based
on ISO 10993-5. Briefly, cells were seeded evenly over the surface of each plate and incubated at 37 ◦C
until the cells covered the whole surface. The samples were then placed on the cells layer in the center
of the plates and the culture medium was replaced. In order to determine the toxicity in accordance
with grade 0 (nontoxic) to grade 4 (severe toxic) evaluation, trypan blue was added after 24 h in each
plate and observed by microscope.

2.9. Tensile Strength

The mechanical properties of the final composite nanofiber with one cycle loaded AgNPS before
and after wash during 72 h were assessed using a universal testing machine (TENSILON RTC1250A,
A&D Company, Ltd., Nagano, Japan) under a cross-head speed of 1 mm/min at room temperature.
In accordance with ASTM D-638, the nonwoven nanofibers were prepared in the shape of a dumbbell to
test their tensile strength. Stress and strain were calculated by Formulas (3) and (4) as mentioned below:

Stress (Strength) =
Force(N)

Area (width ∗ thichness)
(3)

Strain (Elongation) =
Change in length(∆l)

Initial length(l)
× 100 (4)

3. Results and Discussion

3.1. Morphology of Nanofibers

In order to investigate the morphology of PAN/AgNPs nanofibers, SEM was employed to observe
the composite nanofibers as shown in Figure 2. It was observed that all PAN/AgNPs nanofibers were
prepared without beads and appreciable surface morphology. On the other hand, size distributions
and the average nanofiber diameters were calculated by Image J software and it was analyzed that the
average diameter was affected by the load of the AgNPs to the PAN nanofibers. The average diameter
of the PAN nanofibers without AgNPs was 263 nm and it was changed to 290, 250, and 302 nm,
respectively, as the number of dipping cycles was increased. It was observed that cycle two had a size
distribution near to pure PAN nanofibers that may have happened due to choosing the nanofibers
randomly. From the morphology study, it was concluded that the number of dipping cycles had
a significant effect on the size distributions of nanofibers.
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Figure 2. SEM images & nanofibers diameter distributions of Neat PAN nanofibers: (a), PAN/AgNPs
nanofibers having one dipping cycle: (b), PAN/AgNPs nanofibers having two dipping cycles: (c),
and PAN/AgNPs nanofibers having three dipping cycles: (d).

In order to investigate the AgNPs morphology, TEM was used to analyze the dispersion of
nanoparticles into the nanofibers as shown in Figure 3. It was observed that there was a uniform
dispersion of nanoparticles on the nanofibers with different size distributions. These results confirmed
that the number of dipping cycles did not have a significant effect on the dispersion of nanoparticles,
and dispersion of AgNPs was also uniformly increased by increasing the dipping cycles. On the
other hand, the size distributions of AgNPs showed that the average size for AgNPs did not have
significant differences among the cycles and it was calculated at 20 nm, 18 nm, and 21 nm, respectively,
by increasing the cycles. However, as shown in Figure 3c, the maximum size for AgNPs in the third
cycle was around 39 nm. It seems that increasing the number of dipping cycles of PAN/AgNPs could
cause agglomeration and have a significant effect on the appearance of the bigger particle.
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3.2. Study of ATR-FTIR Spectra

In order to investigate the chemical structure of the functional groups of a pure PAN nanofiber
mat, a stabilized pure PAN nanofiber mat and a PAN nanofiber mat containing the different amounts
of AgNPs were studied by using ATR-FTIR spectroscopy as shown in Figure 4. In the ATR-FTIR



Nanomaterials 2018, 8, 461 6 of 12

graph for neat PAN nanofibers before stabilization, CH stretching peak appeared at 2914 cm−1 and
C≡N band was around 2241 cm−1 stretching, and a strong signal at 1666 cm−1 appeared due to the
C=O band. After stabilization, obvious peaks were observed about C≡N and C=O changed and an
extensive band at 3344 cm−1 was related to symmetric stretching of the NH group formed, and in
comparison to Zhang et al., it seems that this peak appeared due to stabilization of PAN nanofibers [22].
It was observed that this peak due to the presence of aliphatic CH and CH2 vibration appeared in 1634,
1452, and 1351 cm−1. However, the presence of a strong peak at 1031 cm−1 was attributed to the C-N
functions group of PAN nanofibers [23].

On the other hand, with the in situ synthesis of the AgNPs on the nanofibers, the intensity of strong
peaks at 3344 cm−1 and 1031 cm−1 decreased significantly. It seems that this phenomenon appeared due
to the reaction between the Ag ions with NH and the C-N group through the nanofibers [21]. However,
the presence of NH and C-N groups created the active sites for absorbing Ag ions with a negative
charge and AgO synthesized by reduction of Ag ions in the presence of the PAN nanofibers matrix.
However, the functional groups related to PAN nanofibers at 2928 cm−1, 2243 cm−1, and 1452 cm−1,
respectively, due to the presence of CH2 stretching, C≡N, and CH2 vibrations, appeared without any
changes in the various amounts of AgNPs and it seems that the presence of AgNPs did not have
any effect on changing the chemical structure of PAN nanofibers. The chemical reaction between the
AgNPs with PAN nanofibers occurred flowing by covalence bonding with NH and C-N groups as
shown in Table 1.
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Figure 4. ATR Spectra of PAN nanofibers: (a), stabilized neat PAN nanofibers: (b), PAN/AgNPs
nanofibers one cycle loaded: (c), PAN/AgNPs nanofibers two cycles loaded: (d), PAN/AgNPs
nanofibers three cycles loaded: (e).

Table 1. Spectroscopy data

Functional Group Absorption(s) (cm−1) Notes

CH2 2922 CH stretching in CH and CH2 groups (a)
C≡N 2243 Stretching (a)
C=O 1666 Stretching (a)
CH 1456 CH blending (a)
CN 1091 CN blending (a)
NH 3340 stretching vibration (b)
CH2 2932 CH stretching in CH and CH2 groups (b)
C≡N 2243 Stretching (b)
C=O 1641 Stretching (b)
CH 1455 CH blending (b)
CN 1031 CN blending (b)
CH2 2922 CH stretching in CH and CH2 groups (c), (d) and (e)
C≡N 2247 Stretching (c), (d) and (e)
CH 1456 CH blending (c), (d) and (e)



Nanomaterials 2018, 8, 461 7 of 12

3.3. Study of XPS Spectra

In order to confirm the presence of silver nanoparticles on the nanofibers, the XPS spectra were
studied and the resultant graph is shown in Figure 5. The Ag3d peaks for all samples appeared at
368.6 eV and 374.8 eV, respectively, due to assigning as Ag3d5/2, Ag3d3/2, and the slitting between
core levels calculated by 6.2 eV that indicate a normal state of AgNPs. However, the peaks related
to AgNPs have been compared with literature that focused on synthesizing the AgNPs with the
immersed polymer matrix [24]. The result showed that the AgNPs was synthesized successfully and
the intensity increased by increasing the dipping cycles on the PAN nanofibers, and the presence of
the PAN nanofiber matrix did not have a significant effect on the chemical structure of AgNPs.
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3.4. The Release Profile of Silver into the Water

The amount of loaded AgNPs in 1 g PAN nanofibers was calculated as 2447, 4898, and 11,262 ppm
for the cycles 1, 2, and 3, respectively, as shown in Figure 6A and Table 2. Figure 6B,C shows the
release behavior of AgNPs from PAN nanofibers for five days within two different temperatures.
Recently, much research has been attempted to control the release of AgNPs from nanofibers, but the
research does not demand the properties for preparing the washable nanofibers containing silver
nanoparticles [25,26]. However, the theoretical comparison of results for two-stage with a limited
desorption release which matched with one cycle loaded AgNPs into the PAN nanofibers in comparison
to Zupančič et al. has been studied. Two-stage release based on Zupančič et al.’s research defines
a process where the embedded drug is released from nanopores of the individual nanofibers or from
the outer surface of these fibers in contact with water [27]. From the results, it was confirmed that the
release profile would be improved by the composition of nanoparticles with nanofibers. The release of
AgNPs may happen from the mat nanofibers and be collected between nanofiber pores. This release
continued from the pores to the environment, which was translated by an improvement of the release
profile. However, the release profiles of cycle 2 and cycle 3 revealed sigmoid shapes uncharacteristic of
the two-stage in comparison to the research of Alexander L. Yarin et al., which studied and described
the release profiles of the two-stage desorption theory [28]. Furthermore, the results showed the ability
of one cycle loaded with AgNPs to control the leached nanoparticles to deionized water during 120 h
thanks to its ability to control the amount of release, which had a direct relation with washability, and it
was around 6.19% and 11.24% for 28 ◦C and 37 ◦C, respectively, of loaded AgNPs. However, the release
profile for both temperatures at 28 ◦C and 37 ◦C in comparison to previous literatures showed that the
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in situ method for AgNPs loading in PAN nanofibers had a significant effect on controlled release and
matching the release profile with two-stage theory.
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Table 2. The release profile of PAN nanofibers containing AgNPs with different cycles.

Sample Loaded AgNPs in
1 g Nanofiber

Release Percentage
after 120 h 28 ◦C

Release Percentage
after 120 h 37 ◦C

One cycle loaded 2447 ppm 6.19% 11.24%
Two-cycles loaded 4898 ppm 39.05% 46.73%

Three cycles loaded 11,262 ppm 27.93% 33.23%

3.5. Antibacterial Activity

The antibacterial efficiency of the PAN/AgNPs nanofibers was examined by agar diffusion
method. In this method, Pseudomonas and Staphylococcus bacteria were used as model bacteria.
Mishra S. K. et al. in 2016 showed that the antibacterial properties of silver nanoclusters which
synthesized the AgNCs by in situ method had toxicity around 56% at the maximum amount of
AgNCs [29]. However, G. Aleksander et al. evaluated the biocompatibility and antibacterial properties
of poly (l-lactide-co-glycolide)/AgNPs. Herein, they concluded that 3 wt % AgNPs incorporated
with poly (l-lactide-co-glycolide) has good biocompatibility despite this concentration showing weak
antibacterial results [30].

The results of antibacterial efficiency are shown in Figure 7. The results show that the treated
nanofibers with AgNPs have an effective antibacterial activity against Pseudomonas and Staphylococcus
bacteria but it also shows that AgNPs presence in the nanofiber matrix has more effect against
Pseudomonas than against Staphylococcus. When the numbers of immersing cycles were increased,
the antibacterial properties were also increased as shown in Figure 7. The PAN/AgNPs nanofibers with
three cycles of loading AgNPs had great potential for use, with an additional layer for preparing the
antibacterial breath mask. The results from antibacterial activity showed that direct interaction between
PAN nanofibers containing AgNPs and bacteria may lead to the zones of inhibition surrounding
the nanofibers, going proportionally greater with the increase of amount of AgNPs. However,
the increase of zones of inhibition showed the greatest potential of antibacterial properties for PAN
nanofibers when the amount of AgNPs was the highest [31–33]. Results from quantified antibacterial
properties of samples showed that the amount of release had a direct effect on the viability of bacteria.
However, the disc diffusion method showed different behavior from the colony formation method,
possibly resulting from a pool of AgNPs in a limited area in the disc diffusion method while the
released AgNPs diluted and dispersed in the solution. Furthermore, Swarnali Maiti et al. showed
in their research of antimicrobial activities of silver nanoparticles that when a 50 µg/mL amount of
AgNPs is increased to 80 µg/mL, the antibacterial properties significantly decreased. The results from
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quantitative and qualitative antimicrobial measurement showed that increasing the concentration of
AgNPs did not help to improve antibacterial properties [34].Nanomaterials 2018, 8, x FOR PEER REVIEW  9 of 12 
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The results as displayed in Figure 8 showed that the presence of large amounts of AgNPs caused
the toxicity of nanofibers while the pure PAN nanofibers did not show any toxicity in contact with
cells. However, the sample with one cycle loaded AgNPs had the minimum rate of toxicity less than
grade 1 with appropriate antibacterial properties. Samples with two and three cycles loaded AgNPs
had the maximum toxicity (grade 4). From the results obtained, the sample with one cycle loaded
AgNPs had suitable biocompatibility for use as an antibacterial layer for preparing the breath mask.
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3.6. Mechanical Properties

In order to investigate the mechanical strength behavior of the PAN nanofibers, PAN/AgNPs
nanofibers and washed PAN/AgNPs nanofibers with one cycle loaded AgNPs were studied as shown
in Figure 9. It was analyzed that neat PAN nanofibers had the maximum tensile strength 0.9 MPa
with 18% elongation while PAN/AgNPs nanofibers had 1.8 MPa tensile strength and 52% elongation,
which was larger than neat PAN nanofibers. However, results showed that AgNPs presence had
a significant effect on tensile strength of PAN nanofibers. Therefore, mechanical strength behavior of
PAN/AgNPs nanofibers after 72 h washing in deionized water showed that PAN/AgNPs nanofibers
had maintained the appreciable mechanical properties with tensile strength around 1.1 MPa with 40%
elongation, which was again greater than neat PAN nanofibers as shown in Figure 9. Hence, due to
the hierarchical structure of the designed breath mask, PAN/AgNPs nanofibers will support layers of
fabrics that cover the PAN/AgNPs nanofibers, while mechanical strength behavior in Figure 9 were
reported without any supports.
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4. Conclusions

Herein, we successfully designed a washable, hierarchically organized, antibacterial mask by in
situ synthesis of metallic nanoparticles on PAN/AgNPs nanofibers. On the basis of characterizations,
it was concluded that PAN/AgNPs nanofibers, which were fabricated with one cycle loading AgNPs
(2247 ppm/gr nanofiber) made ideal membranes for antibacterial properties despite their lowest
antibacterial properties in comparison to cycles two and three. It seems that the ability of one
cycle loading AgNPs is enough for the preparation of a washable antibacterial mask. The release
profile of AgNPs in the 1 gr of PAN nanofibers has been shown to control the release ratio during
120 h that emphasized the ability of this method for preparing washable antibacterial products.
Therefore, PAN/AgNPs nanofibers fabricated with one cycle of loading AgNPs had the optimal
potential for antibacterial properties and biocompatibility. Results showed this type of membrane
is the most suitable use of nanofibers to form the hierarchically organized antibacterial breath mask
with appropriate biocompatibility (less than grade 1) to prevent the two-way effect of bacteria from
person to environment and environment to person. The tensile strength results showed loading silver
nanoparticles increased the mechanical properties of PAN nanofibers even after 120 h washing with
deionized water. Hence, this proposed antibacterial breath mask would fulfill the stated and implied
needs of customers.



Nanomaterials 2018, 8, 461 11 of 12

Author Contributions: D.K. was the principal investigator under the supervision of I.S.K. and Y.T. M.Q.K. did
the experiment and reviewed the draft of manuscript. A.S. did the antibacterial activity. Y.I., S.R. & T.Y. did the
characterizations related to this work.

Acknowledgments: Authors are thankful to IFES for providing facilities to do characterizations.

Conflicts of Interest: Authors declare no conflicts of interest

References

1. Hsueh, P.-R.; Chen, W.-H.; Luh, K.-T. Relationships between antimicrobial use and antimicrobial resistance
in gram-negative bacteria causing nosocomial infections from 1991–2003 at a university hospital in Taiwan.
Int. J. Antimicrob. Agents 2005, 26, 463–472. [CrossRef] [PubMed]

2. Basualdo, C.; Sgroy, V.; Finola, M.S.; Marioli, J.M. Comparison of the antibacterial activity of honey from
different provenance against bacteria usually isolated from skin wounds. Vet. Microbiol. 2007, 124, 375–381.
[CrossRef] [PubMed]

3. Chen, H.; Lan, G.; Ran, L.; Xiao, Y.; Yu, K.; Lu, B.; Dai, F.; Wu, D.; Lu, F. A novel wound dressing based
on a konjac glucomannan/silver nanoparticle composite sponge effectively kills bacteria and accelerates
wound healing. Carbohydr. Polym. 2018, 183, 70–80. [CrossRef] [PubMed]

4. Emam, H.E.; Saleh, N.H.; Nagy, K.S.; Zahran, M.K. Functionalization of medical cotton by direct
incorporation of silver nanoparticles. Int. J. Biol. Macromol. 2015, 78, 249–256. [CrossRef] [PubMed]

5. Liu, J.; Liu, C.; Liu, Y.; Chen, M.; Hu, Y.; Yang, Z. Study on the grafting of chitosan–gelatin microcapsules
onto cotton fabrics and its antibacterial effect. Colloids Surf. B Biointerfaces 2013, 109, 103–108. [CrossRef]
[PubMed]

6. Teo, W.-E.; Ramakrishna, S. Electrospun nanofibers as a platform for multifunctional, hierarchically organized
nanocomposite. Compos. Sci. Technol. 2009, 69, 1804–1817. [CrossRef]

7. Khan, M.Q.; Lee, H.; Khatri, Z.; Kharaghani, D.; Khatri, M.; Ishikawa, T.; Im, S.-S.; Kim, I.S. Fabrication
and characterization of nanofibers of honey/poly (1,4-cyclohexane dimethylene isosorbide trephthalate) by
electrospinning. Mater. Sci. Eng. C 2017, 81, 247–251. [CrossRef] [PubMed]

8. Khan, M.Q.; Lee, H.; Koo, J.M.; Khatri, Z.; Sui, J.; Im, S.S.; Zhu, C.; Kim, I.S. Self-cleaning effect of
electrospun poly (1,4-cyclohexanedimethylene isosorbide terephthalate) nanofibers embedded with zinc
oxide nanoparticles. Text. Res. J. 2017. [CrossRef]

9. Zhang, Y.; Lee, M.W.; An, S.; Sinha-Ray, S.; Khansari, S.; Joshi, B.; Hong, S.; Hong, J.-H.; Kim, J.-J.; Pourdeyhimi, B.
Antibacterial activity of photocatalytic electrospun titania nanofiber mats and solution-blown soy protein
nanofiber mats decorated with silver nanoparticles. Catal. Commun. 2013, 34, 35–40. [CrossRef]

10. Dong, C.; Zhang, X.; Cai, H.; Cao, C.; Zhou, K.; Wang, X.; Xiao, X. Synthesis of stearic acid-stabilized silver
nanoparticles in aqueous solution. Adv. Powder Technol. 2016, 27, 2416–2423. [CrossRef]

11. Fernandes-Negreiros, M.M.; Araújo Machado, R.I.; Bezerra, F.L.; Nunes Melo, M.C.; Alves, M.G.C.F.;
Alves Filgueira, L.G.; Morgano, M.A.; Trindade, E.S.; Costa, L.S.; Rocha, H.A.O. Antibacterial, antiproliferative,
and immunomodulatory activity of silver nanoparticles synthesized with fucans from the alga dictyota mertensii.
Nanomaterials 2017, 8, 6. [CrossRef] [PubMed]

12. Tanvir, F.; Yaqub, A.; Tanvir, S.; Anderson, W.A. Poly-l-arginine coated silver nanoprisms and their
anti-bacterial properties. Nanomaterials 2017, 7, 296. [CrossRef] [PubMed]

13. Chernousova, S.; Epple, M. Silver as antibacterial agent: Ion, nanoparticle, and metal. Angew. Chem. Int. Ed.
2013, 52, 1636–1653. [CrossRef] [PubMed]

14. Song, R.; Li, X.; Gu, F.; Fei, L.; Ma, Q.; Chai, Y. An ultra-long and low junction-resistance ag transparent
electrode by electrospun nanofibers. RSC Adv. 2016, 6, 91641–91648. [CrossRef]

15. Dubey, P.; Gopinath, P. Fabrication of electrospun poly (ethylene oxide)–poly (capro lactone) composite
nanofibers for co-delivery of niclosamide and silver nanoparticles exhibits enhanced anti-cancer effects
in vitro. J. Mater. Chem. B 2016, 4, 726–742. [CrossRef]

16. He, X.; Reponen, T.; McKay, R.; Grinshpun, S.A. How does breathing frequency affect the performance of an
n95 filtering facepiece respirator and a surgical mask against surrogates of viral particles? J. Occup. Environ. Hyg.
2014, 11, 178–185. [CrossRef] [PubMed]

17. Li, Y.; Leung, P.; Yao, L.; Song, Q.W.; Newton, E. Antimicrobial effect of surgical masks coated with
nanoparticles. J. Hosp. Infect. 2006, 62, 58–63. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ijantimicag.2005.08.016
http://www.ncbi.nlm.nih.gov/pubmed/16280243
http://dx.doi.org/10.1016/j.vetmic.2007.04.039
http://www.ncbi.nlm.nih.gov/pubmed/17540520
http://dx.doi.org/10.1016/j.carbpol.2017.11.029
http://www.ncbi.nlm.nih.gov/pubmed/29352894
http://dx.doi.org/10.1016/j.ijbiomac.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/25907009
http://dx.doi.org/10.1016/j.colsurfb.2013.03.040
http://www.ncbi.nlm.nih.gov/pubmed/23624277
http://dx.doi.org/10.1016/j.compscitech.2009.04.015
http://dx.doi.org/10.1016/j.msec.2017.08.011
http://www.ncbi.nlm.nih.gov/pubmed/28887970
http://dx.doi.org/10.1177/0040517517723026
http://dx.doi.org/10.1016/j.catcom.2013.01.002
http://dx.doi.org/10.1016/j.apt.2016.08.018
http://dx.doi.org/10.3390/nano8010006
http://www.ncbi.nlm.nih.gov/pubmed/29295570
http://dx.doi.org/10.3390/nano7100296
http://www.ncbi.nlm.nih.gov/pubmed/28953233
http://dx.doi.org/10.1002/anie.201205923
http://www.ncbi.nlm.nih.gov/pubmed/23255416
http://dx.doi.org/10.1039/C6RA19131B
http://dx.doi.org/10.1039/C5TB02351C
http://dx.doi.org/10.1080/15459624.2013.848037
http://www.ncbi.nlm.nih.gov/pubmed/24521067
http://dx.doi.org/10.1016/j.jhin.2005.04.015
http://www.ncbi.nlm.nih.gov/pubmed/16099072


Nanomaterials 2018, 8, 461 12 of 12

18. Roberge, R.J.; Kim, J.-H.; Coca, A. Protective facemask impact on human thermoregulation: An overview.
Ann. Occup. Hyg. 2011, 56, 102–112. [PubMed]

19. Skaria, S.D.; Smaldone, G.C. Respiratory source control using surgical masks with nanofiber media.
Ann. Occup. Hyg. 2014, 58, 771–781. [PubMed]

20. Reidy, B.; Haase, A.; Luch, A.; Dawson, K.A.; Lynch, I. Mechanisms of silver nanoparticle release,
transformation and toxicity: A critical review of current knowledge and recommendations for future
studies and applications. Materials 2013, 6, 2295–2350. [CrossRef] [PubMed]

21. Wang, Y.; Yang, Q.; Shan, G.; Wang, C.; Du, J.; Wang, S.; Li, Y.; Chen, X.; Jing, X.; Wei, Y. Preparation of
silver nanoparticles dispersed in polyacrylonitrile nanofiber film spun by electrospinning. Mater. Lett. 2005,
59, 3046–3049. [CrossRef]

22. Zhang, W.-X.; Wang, Y.-Z.; Sun, C.-F. Characterization on oxidative stabilization of polyacrylonitrile
nanofibers prepared by electrospinning. J. Polym. Res. 2007, 14, 467–474. [CrossRef]

23. Chen, I.H.; Wang, C.-C.; Chen, C.-Y. Fabrication and structural characterization of polyacrylonitrile and
carbon nanofibers containing plasma-modified carbon nanotubes by electrospinning. J. Phys. Chem. C 2010,
114, 13532–13539. [CrossRef]

24. Zhang, C.; Yang, Q.; Zhan, N.; Sun, L.; Wang, H.; Song, Y.; Li, Y. Silver nanoparticles grown on the surface of pan
nanofiber: Preparation, characterization and catalytic performance. Colloids Surf. A Physicochem. Eng. Aspects
2010, 362, 58–64. [CrossRef]

25. Mokhena, T.; Luyt, A. Electrospun alginate nanofibres impregnated with silver nanoparticles: Preparation,
morphology and antibacterial properties. Carbohydr. Polym. 2017, 165, 304–312. [CrossRef] [PubMed]

26. Jiang, H.; Hu, Y.; Li, Y.; Zhao, P.; Zhu, K.; Chen, W. A facile technique to prepare biodegradable coaxial
electrospun nanofibers for controlled release of bioactive agents. J. Controll. Release 2005, 108, 237–243. [CrossRef]
[PubMed]
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