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ABSTRACT: Antibacterial polycaprolactone (PCL) electrospun fiber mats were prepared by coelectrospinning PCL with soluble eggshell
membrane protein (SEP) in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), followed by adsorption of silver nanoparticles (Ag NPs)
through hydrogen-bonding interaction between the amide groups of SEP and the carboxylic acid groups capped on the surfaces of
Ag NPs. The PCL/SEP fiber mat was characterized by X-ray photoelectron spectroscopy, indicating the presence of some SEP on the
fiber surface. The adsorption of Ag NPs was confirmed by transmission electron microscopy and quantitatively characterized by ther-
mogravimetric analysis. The pH value of the silver sol used for adsorption is very important in view of the amount and dispersion
state of Ag NPs adsorbed on the fibers. The Ag NP—decorated PCL/SEP fiber mats prepared at pH 3—5 exhibit strong antibacterial
activity against both gram-negative Escherichia coli and gram-positive Bacillus subtilis. Antibacterial PCL fiber mats were also obtained
similarly with the assistance of collagen (another protein) instead of SEP, showing that protein-assisted adsorption of Ag NPs is a ver-

satile method to prepare antibacterial electrospun fiber mats. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43850.
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INTRODUCTION

Electrospinning is an efficient nanotechnology for producing
ultrafine fibers. The electrospinning products are in the form of
fibrous mats as a result of random deposition of the fibers.
Polymer electrospun mats have shown a variety of promising
applications in various fields, such as filtration, catalysis, protec-
tive textiles, tissue engineering, drug delivery, wound dressing,
and medical implants, thanks to their unique structural charac-
teristics, such as high specific surface area and high porosity.'™
For some applications such as antibacterial filtration and wound
dressing, antibacterial activity is a must. However, most poly-
mer electrospun fiber mats do not possess intrinsic antibacterial
properties, and antibacterial polymer electrospun fiber mats are
usually prepared by incorporation of antibacterial agents,
including antibiotics, biocides, metal and metal oxide nanopar-
ticles, and chitosan.®™"

Silver has long been used as an antibacterial agent owing to its
broad-spectrum antibacterial activity, low toxicity to human
cells, and environmentally friendly features."*™'® It is widely
used in medical and food-packaging materials. With the rapid
development of nanotechnology in recent years, silver nanopar-
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ticles (Ag NPs) are receiving increasing attention because they
have a much larger specific surface area than bulk silver, which
allows for more efficient release of silver ions, and the nanopar-
ticles themselves possess antibacterial activity.'>'* The antibacte-
rial action of Ag NPs is more efficient than many other metallic
antibacterial nanoparticles, such as copper and zinc.'*

Polymer electrospun fiber mats containing Ag NPs have been
extensively investigated.'>'”>* There are mainly two prepara-
tion methods depending on when Ag NPs are introduced. The
first one is coelectrospinning a mixture of polymer/precursor
such as AgNO; or polymer/Ag NPs generated in or blended
into the electrospinning solution.'”'® The second involves
attachment of a precursor or Ag NPs on the fiber surfaces by
adsorption or magnetron sputtering after electrospinning.'®™>*
When a precursor is used, posttreatment of the fibers is needed
to generate Ag NPs by means of heating, UV radiation, NaBH,
reduction, plasma treatment, and so on.”*?! In the first method,
a large proportion of Ag NPs is embedded inside the fibers,
limiting their antibacterial performance. The second method is
advantageous since all the Ag NPs are on the fiber surfaces,
facilitating the use of their bactericidal function. However, mag-
netron sputtering needs special equipment, and adsorption
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requires that the fibers contain suitable functional groups that
have an affinity to silver.

It has been reported that Ag NPs can be adsorbed on nylon 6
fibers through hydrogen-bonding interaction between the amide
groups of nylon 6 and the carboxylic acid groups capped on the
surfaces of Ag NPs.”> We would wonder whether this type of
interaction could be generally applicable to assist the adsorption
of silver nanoparticles onto polymer electrospun fibers by incor-
porating a protein, which is rich in amide groups similar to
nylon 6, via coelectrospinning. This would facilitate the prepara-
tion of biocompatible fibers having antibacterial properties. Pol-
ycaprolactone (PCL) is a biocompatible and biodegradable
polymer and is frequently used in the biomedical field.** Solu-
ble eggshell membrane protein (SEP)?*? is a protein-rich prod-
uct isolated from natural eggshell membrane, an abundant
proteinous source consisting mainly of proteins such as collagen
type I, V, and X.”> Its processability, biocompatibility, and
degradability have been extensively investigated.*®*” In this
work, PCL/SEP blend fiber mat was used as a model system to
demonstrate the feasibility of the idea of using a protein to
assist adsorption of Ag NPs for the purpose of introducing anti-
bacterial function. The PCL/SEP fiber mat was obtained by coe-
lectrospinning a mixture of PCL and SEP in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) and characterized by field emis-
sion scanning electron microscopy and X-ray photoelectron
spectroscopy. The adsorption of Ag NPs on the surface of the
PCL/SEP fiber mat was confirmed by transmission electron
microscopy (TEM) and thermogravimetric analysis (TGA). The
antibacterial performance of the Ag NP-decorated PCL/SEP
fiber mats were evaluated using Escherichia coli and Bacillus sub-
tilis. Furthermore, SEP was replaced by a type I collagen to con-
firm the versatility of the method. Compared to the existing
methods for the preparation of Ag NP—containing PCL electro-
spun mats,”®" incorporation of a protein such as SEP can con-
siderably improve the biocompatibility and hydrophilicity of the
mats>® and therefore increase their applicability in the biomedi-
cal field, as wound dressing for example.

EXPERIMENTAL

Materials

Silver nitrate (AgNO;, AR) and sodium chloride (NaCl, AR)
were purchased from Beijing Chemical Works, Beijing, China.
Trisodium citrate (Nas;CqHs50,-2H,O, AR) was obtained from
Sinopharm Chemical Reagent Co, Beijing, China. Sodium boro-
hydride (NaBH,, 98.0-100%) was purchased from Fuchen Chem-
ical Reagent Works in Tianjin, China. Polycaprolactone (800c,
M,, = 80,000, M, /M, < 1.8) was obtained from Shenzhen Esun
New Material Co., Shenzhen, China. Collagen (Type 1, Sigma
C9789, Shanghai, China) was obtained from bovine Achilles ten-
don. Hydrochloric acid (HCI, 36-38%) was obtained from Bei-
jing Modern Oriental Fine Chemicals Co., Beijing, China. Agar
was purchased from Biotopped, Beijing, China. Tryptone and
yeast extract were obtained from Oxoid Ltd., Basingstoke, Eng-
land. Soluble eggshell membrane protein was prepared according
to a published procedure.”® All the solutions and sols were pre-
pared with deionized water unless otherwise specified, and all
chemicals were used without further purification.
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Scheme 1. Illustration for the preparation of Ag NP—decorated PCL/SEP
fibers. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Electrospinning

The electrospinning solutions were prepared by dissolving PCL,
PCL/SEP (9:1, mass ratio), and PCL/collagen (9:1, mass ratio)
in HFIP at room temperature. All the solution concentrations
are 7 wt %, and the solution was placed into a 10 mL syringe
with a 12# blunt-end needle. Electrospinning was conducted at
ambient conditions with an applied voltage of 12kV, receiving
distance of 12cm, and feeding rate of 2mL/h for 2.5h. The
nanofibers were collected on a grounded metal drum wrapped
with a layer of aluminum foil of size 12.5cm X 12.5cm and
then dried at 40 °C under vacuum for 24 h.**

Preparation and Adsorption of Ag NPs

The aqueous silver sol containing Ag NPs of a mean size of
Ilnm was prepared by a known chemical reduction
method.”?>?° The preparation procedure used NaBH, as a
reducing agent and Na;CsHsO,2H,0 as stabilizer. The molar
ratio of AgNO5/NaBH,/Na;CsHs07-2H,0 is 1:5:1. Briefly, to a
vigorously stirred solution of AgNO; (11.3mg) and trisodium
citrate (19.6 mg) in water (60mL) was rapidly added 5mL of
aqueous solution of NaBH, (12.7mg). After stirring for 1h at
room temperature, a deep-brown silver sol was formed.

For assembly of Ag NPs onto electrospun mats,”>***’ the pH
value of the silver sol was adjusted from pH9.7 (original) to
3.0, 4.0, and 5.0 by adding dropwise 1 M HCI just before use.
The electrospun mat supported by a filter paper was placed in a
vacuum funnel with a diameter of 3cm. A 10 mL portion of sil-
ver sol was filtered through the mat. Then the mat was thor-
oughly washed with deionized water and dried.

Characterization

Field emission scanning electron microscopy (FESEM) was car-
ried out on a JSM 7401, Tokyo, Japan operated at an accelerat-
ing voltage of 3kV to observe the morphology and diameter of
the nanofibers. The specimens were processed with Au spraying
before imaging. The average fiber diameters were obtained by
measuring and averaging the diameters of 50 fibers using JEOL
software (SMILEVIEW, Tokyo, Japan). TEM was performed on
a ZEM 2010, Tokyo, Japan operated at an accelerating voltage
of 120kV. For TEM observation, the fibers were directly electro-
spun onto copper grids covered with an ultrathin carbon layer
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Figure 1. FESEM images of (a) PCL, (e) PCL/SEP, and Ag NP-decorated PCL fibers prepared at different pH values: (b) 3.0, (c) 4.0, (d) 5.0; and Ag
NP-decorated PCL/SEP fibers prepared at different pH values: (f) 3.0, (g) 4.0, (h) 5.0.

by putting the copper grids next to the aluminum foil-covered
grounded metal drum. After collecting fibers, a droplet of pH-
adjusted silver sol was dropped on each fiber-containing grid
and allowed to stand for 20 min, followed by washing 10 times
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with deionized water. X-ray photoelectron spectroscopy (XPS)
data were obtained with a Thermo Scientific, ESCALab250Xi,
Shanghai, China multifunctional photoelectron spectroscopy
analyzer with 200 W Al Ka X-ray as the excitation source. The
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Table I. Surface Atom Contents (%) of PCL and PCL/SEP Fibers

C 0] N S
PCL 75.73 23.78 0 0
PCL/SEP 74.24 23.71 1.8 0.26

basic vacuum is 3 X 10 '° mbar, and the take-off angle of the
XPS was 45°. Water contact angles of the electrospun mats were
measured with a sessile drop method using a Dataphysics,
OCA-20 contact angle analyzer, Stuttgart, Germany. The droplet
volume was 4 pL, and five points were tested on each sample.
TGA, was performed on a (DTG-60, Kyoto, Japan) with a heat-
ing rate of 20 °C/min under N,. The test temperature range was
from room temperature to 550 °C. The data obtained from TGA
were used to determine the silver content of the fiber mats
using the principle that inorganic Ag NPs do not lose weight
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Table II. Amounts of Ag NPs (%) Adsorbed on PCL and PCL/SEP Fiber
Mats Obtained by TGA

Sample Neat sample pH=3 pH=4 pH=5
PCL 0 0.13 0.06 0.02
PCL/SEP 0 3.60 3.09 1.19

upon heating.The silver content was calculated after deducting
the residue of the corresponding electrospun mats used for
adsorption of Ag NPs.

Antibacterial Tests

The antibacterial activities of the electrospun mats were exam-
ined against E. coli and B. subtilis according to the AATCC 100
test method with slight modification. The electrospun mats
without Ag NPs were used as the control. The detailed proce-
dure is as follows.

Figure 2. TEM images of Ag NP—decorated PCL fibers prepared at different pH values: (a) 3.0, (b) 4.0, (c) 5.0; and Ag NP-decorated PCL/SEP fibers

prepared at different pH values: (d) 3.0, (e) 4.0, (f) 5.0.
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Figure 3. Time course of antibacterial activity of Ag NP—decorated PCL

and Ag NP-decorated PCL/SEP fiber mats against (a) E. coli and (b)
B. subtilis.

The electrospun mats in pieces of 1.5cm X 1.5cm  were
immersed into 75% ethanol for 30 min for sterilization and
dried in a superclean bench. Then, the mats were put on the
Luria-Bertani (LB) medium (containing NaCl 1%, tryptone 1%,
yeast extract 0.5%, and agar 2%, and the solvent is deionized
water). Care is taken to make sure that the mats and the plates
fit fully. A 10 uL portion of an aqueous suspension of bacteria
was dropped on each sample. After incubation at 37°C for a
predetermined time, the mats were removed from the LB plates
and put in tubes containing 1mL of deionized water, which
were then shaken for 5min to ensure that the bacteria on the
mats were completely washed off. Five batches of bacterial sus-
pension (100 uL each) were taken out and diluted to 10', 107,
10%, 10% and 10° times in sequence. Then 100 uL each of the
diluted solutions was placed onto an LB plate and incubated at
37°C for 18h. The plate count method®®*® was used to measure
the number of bacteria on each sample. Bacteria concentrations
on the test samples were recorded as A; (cfu/mL) and that on
the reference sample recorded as A, (cfu/mL). Every A; and A,
came from the mean values of three tests, and the formula for
calculating the antibacterial rate (P) is
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All the data on the antibacterial rates are expressed as the mean
plus or minus the standard deviation. One-way analysis of var-
iance was applied to assess the significance difference, where
p<0.05 is considered significant.

RESULTS AND DISCUSSION

Preparation of Ag NP-Decorated PCL and PCL/SEP Fiber
Mats

The preparation procedure for Ag NP—decorated PCL/SEP fiber
mat is illustrated in Scheme 1. First, an electrospinning solution
was prepared by dissolving PCL and SEP (10 wt % relative to
PCL) in HFIP at room temperature. Second, electrospinning
was conducted at ambient conditions, and the PCL/SEP fiber
mat was obtained straightforwardly. Third, a silver sol was fil-
tered through the PCL /SEP fiber mat to decorate the mat with

Ag NP-PCL, E. coli
Ag NP-PCL/SEP, E. coli
100 N I T "

sl IR 1
: /
o

|
3 4 5
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Antibacterial Rate (%)
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Figure 4. Antibacterial rates of Ag NP-decorated PCL and Ag NP-—
decorated PCL/SEP fiber mats against (a) E. coli and (b) B. subtilis. The
difference between Ag NP-decorated PCL and Ag NP-decorated PCL/SEP
fiber mats at the same pH value is statistically significant (p < 0.05).
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Figure 5. TEM images of Ag NP—decorated PCL/col fibers prepared at dif-
ferent pH values: (a) 3.0, (b) 4.0, (¢) 5.0.

Ag NPs. The pH values of the silver sol were 3, 4, and 5 and
should be adjusted from the original silver sol (pH =9.7)
freshly just before use to avoid sedimentation of the Ag NPs,
which could be severe upon storage, especially at pH 3. The Ag
NP-decorated PCL fiber mat is prepared in the same way.

The morphology and the surface elemental compositions of the
PCL and PCL/SEP fiber mats were investigated by FESEM and
XPS, respectively. As shown in Figure 1, smooth and bead-free
fibers were observed with an average diameter of 0.34 + 0.03 pm
for PCL/SEP fibers, which is much smaller than that of neat
PCL fibers (1.66 = 0.03 um) electrospun from the same solution
concentration, similar to the case of PLA/SEP fibers.”” This is
attributed to the increase in solution conductivity and the
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decrease in solution viscosity, since the molecular weight of SEP
is low and it contains polar groups such as amino, amide, and
carboxyl groups. The XPS results are listed in Table I. Signifi-
cant atomic concentrations of N and S were detected on the
surface of the PCL/SEP fiber mat, revealing the presence of
some SEP on the fiber surface, since neat PCL does not contains
N and S elements, but SEP does. Neat PCL fiber mat is hydro-
phobic with a water contact angle of 136°. In contrast, when
water was dropped onto the surface of the PCL/SEP fiber mat
during contact angle measurements, it penetrated into the mat
immediately, indicating superhydrophilicity. The remarkable
improvement in hydrophilicity further confirms the presence of
SEP on the fiber surfaces.

The morphology of Ag NP—decorated PCL and PCL/SEP mats
prepared at three different pH values was investigated by
FESEM. As shown in Figure 1, after adsorption of Ag NPs, the
fiber diameter has no obvious change and the porosity of the
mats is retained. Because it is difficult to see Ag NPs in FESEM
images because of their small sizes even at high magnifications,
TEM was envisaged to confirm adsorption of Ag NPs on the
fiber surfaces. The sample preparation process for TEM can
mimic to a great degree the corresponding mat-preparation
process, although the fiber-collection process on a copper grid
and the subsequent Ag NP-adsorption process are not exactly
the same as those for the fibrous mats. The TEM micrographs
are shown in Figure 2. Ag NPs were observed in either mono-
disperse or slightly agglomerated states. Only a few Ag NPs
were found on neat PCL fibers no matter which pH value was
used, whereas many more Ag NPs were found on PCL/SEP fiber
mats, with the highest amount and highest degree of agglomer-
ation observed at pH3. The TGA results listed in Table II are
basically in agreement with the TEM observation, where less
than 0.2% was found for the PCL fiber mats and up to 3.60%
for the PCL/SEP fiber mat prepared at pH 3.

These results show clearly that the incorporation of SEP can sig-
nificantly improve the amount of Ag NPs adsorbed on the
fibers. This could be attributed to the protein-rich feature of
SEP. SEP contains many amide groups that can have hydrogen-
bonding interactions with the carboxyl groups capped on Ag

100
80 <
-------- Ag NP (pH=3)-PCL/col
g0l | AgNP(pH=4)-PCL/col
s | Ll Ag NP (pH=5)-PCL/col
<
? W
B i
20
o v T b T v T v T b — _‘I ----- ’ 1
0 100 200 300 400 500 600
T(C)

Figure 6. TGA curves of Ag NP—decorated PCL/col fiber mats.
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Figure 7. Antibacterial rates of Ag NP-decorated PCL/col fiber mats
against E. coli and B. subtilis.

NPs. PCL contains ester groups in its molecular structure,
which can also have hydrogen-bonding interactions with car-
boxyl acid groups, but the amount and the strength of the
bonds formed between ester and carboxylic acid groups are
considerably less and weaker than those between amide and car-
boxyl acid groups.

Antibacterial Properties of Ag NP-Decorated PCL and Ag
NP-Decorated PCL/SEP Fiber Mats

The PCL and PCL/SEP fiber mats have no antibacterial activity
against both E. coli and B. subtilis since their antibacterial rates
are nearly zero using neat nutrient agar plate as the control. In
contrast, effective antibacterial activity against both E. coli and
B. subtilis was found for Ag NP-decorated PCL and Ag NP-—
decorated PCL/SEP fiber mats. As shown in Figure 3, the anti-
bacterial rates of all the Ag NP—decorated fiber mats increase to
a steady level after 2h and 5h of incubation for E. coli and B.
subtilis, respectively.

The values of antibacterial rates for all the fiber mats containing
Ag NPs at the contact time of 2h for E. coli and 5h for B. sub-
tilis are summarized in Figure 4. Obviously, all the fiber mats
containing SEP show significantly better antibacterial perform-
ance than those without SEP prepared at the same pH values
(p<0.05), especially in the case of B. subtilis, showing the use-
fulness of SEP in improving the antibacterial rates of PCL fiber
mats. For example, the antibacterial rate of the Ag NP-deco-
rated PCL/SEP fiber mat prepared at pH4 is 97.9% against B.
subtilis, while that of Ag NP—decorated PCL fiber mat prepared
at the same pH value is only 82.3%. This difference can be
attributed to the difference in the amount of Ag NPs adsorbed
on different fiber mats. The fiber mats containing SEP have
more Ag NPs on the surface and thus have better antibacterial
performance than those without SEP. It is noted that the anti-
bacterial rates of the Ag NP—decorated PCL and PCL/SEP fiber
mats increase when the pH of the silver sol used for adsorption
decreases from 5 to 3, being in agreement with the increasing
tendency of the amount of adsorbed Ag NPs. The increasing
tendency from pH5 to 3 is statistically significant (p < 0.05),
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except for Ag NP—decorated PCL/SEP fiber mats against E. coli,
where all of the samples have excellent antibacterial rates (over
97%).

The antibacterial performance of all the fiber mats containing
Ag NPs against E. coli is somewhat better than that against B.
subtilis, especially for the mats without SEP. For example, the
antibacterial rate of Ag NP—decorated PCL fiber mat prepared
at pH4 is 94.3% against E. coli after 2h of incubation, but only
82.3% against B. subtilis after 5h of incubation. This is most
likely due to the difference in the structure of the two types of
cell walls.**™** The cell wall of gram-negative bacteria (2-3 nm)
is thinner than that of gram-positive bacteria (20-80 nm),* so
it is much easier for gram-negative bacteria to be affected by Ag
NPs. Also, the cell wall of gram-negative bacteria contains 3-20
times more peptidoglycan than that of gram-positive bacteria.**
Because peptidoglycans are negatively charged, gram-negative
bacteria can permit more Ag" to reach the cytomembrane than
gram-positive bacteria, and therefore the activity of gram-
negative bacteria is more easily decreased by Ag NPs.

Considering the difference in Ag NP contents among the differ-
ent samples, the effect of Ag NP content on the antibacterial
activity is rather small, which is because Ag NPs are a type of
highly efficient antibacterial agent. With a small Ag NP content,
such as in the case of the PCL/Ag NP samples, the antibacterial
activity is already high, over 90% against E. coli for all three
PCL/Ag NP samples prepared at different pH values. The results
for the PCL/SEP/Ag NP samples with higher Ag NP contents
than the PCL/Ag NP samples do reveal an improvement in anti-
bacterial activity over the PCL/Ag NP samples, which is due to
the effect of Ag NP content, especially in the case of B. subtilis.

Universality of the Method

To confirm the universality of the idea of blending a protein to
assist adsorption of Ag NPs and increase the antibacterial activ-
ity, SEP was replaced by collagen, and a PCL/collagen (PCL/col)
9:1 fiber mat was prepared by electrospinning from HFIP. Ag
NPs were easily adsorbed on the fiber mat, as revealed by TEM
(Figure 5). The Ag NP content in Ag NP-decorated PCL/col
fiber mat was quantitatively measured by TGA (Figure 6). The
dispersion state and the amount of Ag NPs on the fiber mats
are similar to that of the PCL/SEP fiber mats.

As shown in Figure 7, all of the Ag NP—decorated PCL/col fiber
mats prepared at pH3, 4, and 5 exhibit excellent antibacterial
activity against both E. coli and B. subtilis, demonstrating that
collagen, another protein from a different resource than SEP,
can also effectively assist in adsorption of Ag NPs and conse-
quently increase antibacterial activity.

CONCLUSIONS

SEP-assisted adsorption of Ag NPs is a viable approach to
improve adsorption of Ag NPs and thus the antibacterial activ-
ity of PCL electrospun fiber mat. Up to 3.60% of Ag NPs can
be adsorbed on the PCL/SEP fiber surface through hydrogen-
bonding interaction between the amide groups of SEP and the
carboxylic acid groups capped on the surfaces of Ag NPs under
acidic conditions (pH 3-5). The antibacterial rates of Ag NP—
decorated PCL/SEP fiber mats can be over 99% against both
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gram-negative E. coli and gram-positive B. subtilis, which is an
important requirement for applications in the biomedical field.
Collagen can also assist adsorption of Ag NPs on a PCL fiber
mat, demonstrating the usefulness of a protein in the prepara-
tion of antibacterial electospun mats.
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