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The adhesion ability and adaptability of bacteria, coupled with constant use of the same bactericides, have made the increase in
the diversity of treatments against infections necessary. Nanotechnology has played an important role in the search for new ways
to prevent and treat infections, including the use of metallic nanoparticles with antibacterial properties. In this study, we worked
on the design of a composite of silver nanoparticles (AgNPS) embedded in poly-epsilon-caprolactone nanofibers and evaluated
its antimicrobial properties against various Gram-positive and Gram-negative microorganisms associated with drug-resistant
infections. Polycaprolactone-silver composites (PCL-AgNPs) were prepared in two steps. The first step consisted in the reduction
in situ of Ag+ ions using N,N-dimethylformamide (DMF) in tetrahydrofuran (THF) solution, and the second step involved the
simple addition of polycaprolactone before electrospinning process. Antibacterial activity of PCL-AgNPs nanofibers against E. coli,
S. mutans,K. pneumoniae, S. aureus, P. aeruginosa, and B. subtiliswas evaluated. Results showed sensibility of E. coli,K. pneumoniae,
S. aureus, and P. aeruginosa, but not for B. subtilis and S. mutans. This antimicrobial activity of PCL-AgNPs showed significant
positive correlations associated with the dose-dependent effect. The antibacterial property of the PCL/Ag nanofibers might have
high potential medical applications in drug-resistant infections.

1. Introduction

At present, bacteria have acquired the ability to adapt to stress
conditions and developed various mechanisms of resistance
due to excessive use of antibiotics, which makes them a
serious health problem. Consequently, there is a need to
develop new bactericidal materials [1]. Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus) are two of the
most commonbacteria that have shown important antibiotic-
resistance effects, producing serious intestinal, skin, and
other soft tissue infections including pneumonia, endocardi-
tis, and septicemia. Other types of bacteria commonly found
in important nosocomial infections are Pseudomonas aerug-
inosa (P. aeruginosa), Streptococcus pyogenes (S. pyogenes),

and Klebsiella pneumonia (K. pneumonia), which have also
developed high drug resistance to antibiotics therapies.Thus,
attention is drawn to treatment guidelines and the use of
novel antimicrobial agents with better bactericidal properties
[2]. In this situation, nanotechnology has focused on the
development of nanomaterials with the ability to interact with
biological entities that are pathogenic to humans. Among
these, synthesis of metal nanoparticles has attracted scientific
interest, because of the bactericidal properties shown by
metals like gold, copper, and silver which demonstrated
very interesting antimicrobial properties [3]. The antimi-
crobial activity of silver was described since antiquity and
nanoscale silver has been proven as a powerful bactericidal
agent because of its ability to cross biological membranes,
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so it is used for controlling bacteria in dental therapies,
catheters, burns, wounds, and others [4]. However, silver
nanoparticles (AgNPs) turn out to be toxic to human cells
at concentrations above 1% and in long treatments lead to
accumulation in the organism causing the disease called
argyria (bluish discoloration of skin). Therefore, it is neces-
sary to elaborate materials with low concentrations of silver
nanoparticles, in order to obtain a bactericidal effect without
being cytotoxic [5]. Administration of AgNPs as bactericidal
treatment needs a vehicle; polymeric matrices are the most
widely used materials for this purpose. Attachment of metal
nanoparticles to the polymericmatrix has been demonstrated
to improve physical, chemical, and mechanical properties
of polymers and bactericidal properties of nanoparticles.
Poly-𝜀-caprolactone (PCL) is a biodegradable, biocompat-
ible, bioresorbable, and nontoxic polymer widely used in
the biomedical area, tissue engineering, skin regeneration,
scaffolding support for fibroblasts, and growth of osteoblasts
in systems of continuous bone repair [6]. Pharmaceutical
industry uses polymer matrices as delivering systems for
active principles. This methodology allows the fabrication of
membranes for biomedical use as biological tissue regener-
ation for dressings, environmental remediation, and water
treatment [2, 7, 8]. Although it has been reported previously
in scientific literature, studies about synthesis, characteriza-
tion, and antimicrobial activity of PCL nanofibers by elec-
trospinning containing AgNPs against Gram-negative and
Gram-positive bacterial strains, includingmultidrug resistant
microorganisms, are necessary. Furthermore, it is recom-
mended to redesign novel and easy routes for the preparation
of PCL-AgNPs nanofibers and evaluate its antimicrobial
activity involving a large variety of microorganisms that
can offer a better understanding of bacterial inhibition
capacity for drug-resistant infections [2]. The objective of
this contribution was to prepare PCL nanofibers containing
AgNPs and evaluate their antimicrobial activity on several
microorganisms considered as drug-resistant bacteria by
minimum inhibitory concentration (MIC) method.

2. Methodology or Experimental Section

2.1. Materials. All the chemicals used were of analytical
grade. High purity water was employed. Silver, nitrate
(AgNO

3
), poly-𝜀-caprolactone with an average molecular

weight (Mw) of 80,000, N,N-dimethylformamide (DMF)
(≥98), and tetrahydrofuran (≥99.5%) were purchased from
Aldrich. All chemical reagents were used as received.
Müller-Hinton agar plates were used for antibiogram test.
Escherichia coli (ATCC 25922�), Streptococcus mutans
(ATCC 19615�), Klebsiella pneumoniae (ATCC 13883�),
Staphylococcus aureus (ATCC 25923�), Pseudomonas
aeruginosa (ATCC 27853�), and Bacillus subtilis (ATCC
19163�) microorganisms were obtained fromAmerican Type
Culture Collection.

2.2. Silver Nanoparticles Preparation. The synthesis of AgNPs
was carried out in one step. To a solution with ratio of 7 : 3
of dimethylformamide (DMF) and tetrahydrofuran (THF),
respectively, silver nitrate (AgNO

3
) was added as a precursor

agent. The solution was placed under magnetic stirring to
observe a color change to light yellow. Particle size was con-
trolled by the initial concentrations of silver nitrate (0mM,
1mM, 10mM, 50mM, and 100mM), according to previous
studies [2]. UV-Vis absorption spectra were measured at
room temperature in a Cary 100 spectrophotometer (Varian
Corp.) with a variable wavelength within 100–900 nm using
a 10mm quartz cell. Particle size and distribution were
measured in an HORIBA SZ-100 Nanoparticle Analyzer with
dynamic light scattering (DLS) technology.

2.3. Preparation and Fabrication of Nanofibers Scaffolds. The
second step was the preparation of nanofibers by electro-
spinning; the simple method consisted in forming a viscous
solution of PCL to 10% with the initial silver nitrate solutions
(0mM, 1mM, 10mM, 50mM, and 100mM) under magnetic
stirring at room temperature. The resulting viscous solution
of PCL with silver nanoparticles was loaded into a syringe
connected to a stainless steel needle of 1.25mm inner diam-
eter. The steel needle was connected to a high-voltage gen-
erator, and an aluminum foil served as the counterelectrode.
A dense web of fibers was collected on the aluminum foil.
The used electrical potential amounted to 13 kV, the distance
between the capillary and the substrate electrode was 15 cm,
and the feeding rate of the solution in syringe pump was
8 𝜇L/min. The electrospinning assay was performed at 22∘C.

2.4. Characterization of the Scaffolds. The morphologies of
the PCL-Agnanocomposites collected on carbon-coated cop-
per grids were observed with a scanning electronmicroscopy
(SEM, JEOLJSM-6400) operated at 20 kV. Before observa-
tion, the scaffolds were coated with platinum using a sputter
coating. Fiber diameter was measured from the SEM micro-
graphs. FTIR spectra were taken with an Alpha Platinum-
ATR spectrometer and transmission spectra of the samples
were obtained by forming fiber films.

2.5. Antibacterial Activity. Theantibacterial activities of PCL-
AgNPs nanofiber scaffolds were measured by disc diffusion
method. Six different microbial species, E. coli, S. mutans,
K. pneumoniae, S. aureus, P. aeruginosa, and B. subtilis, were
cultured in Müller-Hinton broth by 20 h at 37∘C before the
test. 100 𝜇L of standardized suspensions for each bacterium,
according toMcFarland scale (1.3 × 106 CFU/mL), was placed
on Müller-Hinton agar plates. Disc shape samples of PCL-
AgNPs hybrid nanofiber scaffolds with 1 × 1 cm2 dimension
were prepared and subjected to the inhibition zone tests. The
discs were sterilized with ultraviolet light for 2 hours and
subsequently placed on E. coli, S. mutans, K. pneumoniae,
S. aureus, P. aeruginosa, and B. subtilis culture plates. The
agar plates were incubated for 24 hours at 37∘C. The relative
antibacterial effect was found bymeasuring the clear zones of
inhibition formed around the discs using a Vernier caliper
instrument. The antimicrobial test for all microorganisms
and nanofibers was made in triplicate.

2.6. Determining the Minimum Inhibitory Concentration.
MIC was determined using the microbroth dilution method
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Table 1: AgNPs/PCL nanofiber diameters.

Nanofibers with AgNPs Diameter (nm) DE (nm)
PCL 763 114
PCL/Ag 12.5mM 708 105
PCL/Ag 25mM 664 93
PCL/Ag 50mM 612 98
PCL/Ag 100mM 559 94
DE = standard deviation.

in 90 tubes. In each tube, one Sensi-Disc with diameter
16mm containing concentrations of 0mM, 12.5mM, 25mM,
50mM, and 100mM of fiber PCL-AgNPs was placed. The
tubes were incubated at 37∘C for 24 hours. After that time,
absorbance of each tubewasmeasured.The antimicrobial test
for all microorganisms and nanofibers wasmade in triplicate.
The lowest concentration of scaffolds at which no turbidity
was seen was regarded as the MIC.

3. Results and Discussion

DLS results showed uniform and well-distributed AgNPs in a
range of 10–15 nm. Initial formation of AgNPs was visualized
from color changes in the solutions, from colorless to light
yellow. UV-Vis analysis exhibited well-defined plasmon band
absorption at 415 and 440 nm for Ag 1 to 10mM and 50
to 100mM; at higher concentration of silver, color changed
from pale yellow to dark brown, as reported previously [2].
On the other hand, the initial amounts of Ag nitrate and
reducing agents left no residue and the reaction was assumed
to be complete. This assertion was consistent with UV-vis
spectroscopy in the wavelength range of 200–300 nm, where
no residues of Ag+ could be detected.

SEM images (Figure 1) show that the obtained fibers
present a cylindrical smooth surface and free area of beads,
precipitates, and fractures. It is evident from the SEM images
of PCL-AgNPs nanofibers scaffolds that the electrospun
nanofibers were smooth and uniform with optimized elec-
trospinning parameters. Table 1 shows the average of the
PCL and PCL-AgNPs nanofibers. The diameters of these
nanofibers were observed to decrease upon an increment in
the content of the AgNPs. Due to the presence of AgNPs
in the solution, electrical charge and conductivity increased,
which resulted in a thinner diameter of the fibers. Fibers
formation was controlled by voltage, since it elongates and
breaks surface tension of polymer solution. Increasing sil-
ver concentration caused instability of Taylor cone and an
increase in fibers whipping movement.

Figure 1(e) shows STEMmicrographs of the PCL-AgNPs.
The AgNPs can be observed on the surface of the fibers with
round shape, which is mainly distributed from 80 to 190 nm
into the fibers, according to previous data reported [2]. The
addition polymer promotes the formation of agglomerates
(in dark) because of the change of polarity in the precursor
solution. EDX spectrum in the all zone demonstrates that
fibers composition consists of carbon, oxygen, and silver.
EDX analysis, as a result, provides direct evidence that

AgNPs are embedded in the nanofibers. Results obtained by
electron microscopy showed the existing relation between
size distribution and morphology of silver nanoparticles.
Dispersion and size are among themost important properties
of composites with biomedical applications. Therefore, this
work focused on obtaining fibers with small diameter and
great uniformity, so they could act as a mechanism for
delivering AgNPs.

3.1. Antibacterial Properties of PCL-AgNPs Nanofibers Com-
posite. The current PCL-AgNPs hybrid nanofiber scaffolds
were prepared with the aim of introducing antibacterial
activities into the PCL electrospun nanofiber to enhance
their applicability inmedical field.The agar diffusionmethod
showed the sensitivity of bacteria against the nanofibers
with Sensi-Discs at different concentrations of AgNPs, taking
the pure PCL nanofiber as control. Figure 2 illustrates the
comparative results of antibacterial activities of PCL and
PCL-AgNPs hybrid nanofibers. For S. aureus, E. coli, K.
pneumoniae, and P. aeruginosa, inhibition halo was directly
proportional to the AgNPs concentration. Furthermore, the
main bacteria associated with multidrug-resistance infec-
tions were analyzed according their microbiological charac-
teristics from cell membrane. Gram-negative bacteria (E. coli,
P. aeruginosa, and K. pneumoniae) were found, in general,
more sensitive to PCL-AgNPs nanofibers compared toGram-
positive strains (S. aureus, S. mutans, and B. subtilis). Figure 2
represents a selective mechanism of PCL-AgNPs nanofibers
that depends on the Ag concentration and the type of cell
membrane structure according to microbiological properties
from specific bacterial strain.

Gram-negative bacteria showed the best inhibition results
using PCL-AgNPs nanofiber scaffolds; therefore, the effec-
tiveness of these materials against three bacteria was demon-
strated. The Gram-negative bacteria present a cell wall
composed of an inner thin peptidoglycan layer and an
outer layer of liposaccharides. The scarce thickness of the
cell wall increases the susceptibility of these bacteria to
silver ions released by nanoparticles on the composite. By
contrast, previous studies report that Gram-positive bacteria
are resistant to silver ions. These bacteria resist exposure to
silver ions due to their cell wall with a thick peptidoglycan
layer composed of teicoic acids, which limits the uptake
of silver nanoparticles. However, specific response of each
bacterium depended on their metabolic characteristics. E.
coli, P. aeruginosa, and K. pneumoniae are Gram-negative
bacteria and their membranes present negative electrostatic
charges, which attract and facilitate diffusion of AgNPs.

The mechanism of antibacterial action by Ag nanoparti-
cles is not understood accurately. However, previous studies
have demonstrated the crucial role of electrostatic attrac-
tion between bacterial cells (negative) and nanoparticles
(positive). Previous researches using E. coli strains have
demonstrated that silver nanoparticles permeate through the
membrane easily and interact with protein synthesis, causing
structural changes and death [9].

The general MIC found for the most PCL nanofibers
containing AgNP was 12.5mM. According to average of
inhibition halo, the most sensitive bacteria to the PCL/Ag
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Figure 1: Images of PCL/Ag electrospun fibers from solution (a) 12.5mM, (b) 25.0mM, (c) 50mM, and (d) 100mM, (e) STEM image of
PCL/Ag fibers, and (f) EDX analysis of PCL/Ag fibers.

nanofibers at any Ag concentration (12.5–100mM) was P.
aeruginosa (34.25 ± 10.2mm), followed by E. coli (32.45 ±
9.6mm), K. pneumoniae (31.15 ± 7.8mm), and S. aureus (29.1
± 7.8mm); finally, the most resistant microorganisms were
S. mutans and B. subtilis in which no inhibition halo was
generated.

Through nonparametric statistical data analysis by
Kruskal-Wallis (Table 2) and using the inhibition halos
as response variable, it was noted that beginning from
the 12.5mM AgNPs concentration there is a significant

inhibition effect on S. aureus, E. coli, K. pneumoniae, and
P. aeruginosa (𝑝 < 0.01). This result suggests that the
inhibition halo is directly proportional to the increase in
concentration of AgNPs. The statistical analysis showed that
AgNPs have no significant effect (𝑝 > 0.01) on S. mutans and
B. subtilis, promoting no inhibitory effect even at high Ag
concentration.

Number of bacterial colonies inhibited by nanofiberswith
different AgNPs concentrations was quantified by dilution
method and pouring in plate. Pure PCL nanofibers were
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Figure 2: Antibacterial activity test of PCL-AgNPs at different concentrations.

Table 2: Kruskal-Wallis analysis using a 0.05 significance level.

Bacteria 𝑝 value Df 𝑋2

S. aureus 0.01556 3 10.3846
P. aeruginosa 0.01556 3 10.3846
K. pneumoniae 0.01556 3 10.3846
E. coli 0.01556 3 10.3846
B. subtilis N/A 3 N/A
S. mutans N/A 3 N/A

used as control. Minimum inhibitory concentration (MIC)
for S. aureus, E. coli, P. aeruginosa, and K. pneumoniae was
12.5mM. As seen in Figures 3 and 4, S. aureus growth
was inhibited 10.3% by the latter concentration, while 39.1%
was inhibited by nanofibers with 100mM of AgNPs. E. coli
growth inhibition was 27.2% (810,752CFU/mL) and 55.1%
(3,215,053 CFU/mL) by nanofibers with 12.5 and 100mM,
respectively. 9.5% (580,953CFU/mL) of P. aeruginosa was
inhibited by 12.5mM concentration. By contrast, 100mM
inhibited 62.6% (3,812,536CFU/mL). K. pneumoniae inhi-
bition was around 11.7% (648,421 CFU/mL) and 42.8%
(2,397,192 CFU/mL) by first and latter concentrations. Differ-
ent from these bacteria, great inhibition was not observed
for S. mutans and B. subtilis. Therefore, both microorgan-
isms are not sensitive to those concentrations of AgNPs.
These results agree with inhibition halos assay using Sensi-
Discs; both inhibition halo and MICs tests demonstrated a
dose-dependent antimicrobial activity of PCL/Ag nanofibers

Table 3: Analysis of variance with 0.05 of significance level.

Bacteria Df 𝐹 value Pr(>F)
S. aureus 3 44.341 1.57𝐸 − 05

P. aeruginosa 3 90.704 3.16𝐸 − 07

K. pneumoniae 3 94.486 2.50𝐸 − 07

E. coli 3 107.26 1.20𝐸 − 07

S. mutans 3 2.9451 0.1099
B. subtilis 3 4.5252 0.05311

promoting better antimicrobial effects on Gram-negative
bacteria than Gram-positive strains.

Differences in colony inhibition were determined
through an analysis of variance (ANOVA) with 0.05
of significance level, as shown in Table 3. Significant
differences were demonstrated for E. coli, P. aeruginosa,
K. pneumoniae, and S. aureus using nanofibers with either
12.5 or 100mM AgNPs. It was determined that an increase
in silver concentration enhanced bacterial inhibition.
Significant differences were not detected for S. mutans
and B. subtilis, and these bacteria were not inhibited by
any AgNPs concentration. Furthermore, a high correlation
exists between inhibited colonies of E. coli, P. aeruginosa,
K. pneumoniae, and S. aureus (CFU/mL) and AgNPs
concentrations, as shown in Table 4. On the contrary, such
correlation was not observed for B. subtilis and S. mutans,
supporting results from ANOVA test. Thus, bacterial
inhibition also depends on AgNPs concentration.
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Figure 3: Colony forming units and inhibitory effect of PCL/Ag nanofibers at different concentration against S. mutans, B. subtilis, S. aureus,
K. pneumoniae, E. coli, and P. aeruginosa.
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Figure 4: Bacterial inhibition percentage at different AgNps concentrations for B. subtilis, S. mutans, S. aureus, K. pneumoniae, E. coli, and P.
aeruginosa.

Table 4: Correlation between inhibition halo and AgNPs concen-
tration.

Bacteria Correlation
S. aureus 0.9634
E. coli 0.9965
K. pneumoniae 0.9962
P. aeruginosa 0.9982

BothKruskal-Wallis andANOVA tests demonstrated that
bacterial inhibition is directly related AgNPs concentration.
However, specific response of each bacterium depended on
their metabolic characteristics [10]. E. coli, P. aeruginosa, and
K. pneumoniae are Gram-negative bacteria and their mem-
branes present negative electrostatic charges, which attract

and facilitate diffusion ofAgNPs. Previous researches usingE.
coli strains have demonstrated that silver nanoparticles with
size of 12 nm permeate through the membrane easily and
interact with protein synthesis, causing structural changes
and death [11]. P. aeruginosa is associated with nosocomial
infections, so its inhibition is of great relevance [12]. S.
aureus and P. aeruginosa are associated with skin infections
caused by burns and postsurgery infections as well [13].
AgNPs have been reported to diminish adhesion capacity of
this bacterium, preventing growth [14]. Similar to S. aureus
and P. aeruginosa, PCL/Ag fibers inhibited growth of K.
pneumoniae, although at a smaller amount. This bacterium
generates capsule, so fiber effect was diminished. On the
other hand, the inhibitory effect of PCL/Ag fibers was lower
on Gram-positive bacteria. For example, S. aureus presented
smaller inhibition halo and CFU/mL than Gram-negative
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bacteria. This effect is associated with differences in cell wall
composition, because peptidoglycan layer is thicker in S.
aureus than other strains. Thus, diffusion was diminished
[11, 15]. In contrast, inhibitory effect on B. subtilis and S.
mutans was minimal. According to literature [16], B. subtilis
generates surfactants that reduce surface tension of medium
and promote rapid growth and bacterial dissemination.
S. mutans ferments sugars (mannitol and sorbitol), which
stimulates adhesion to surfaces. Moreover, this bacterium
bonds to other Streptococcus colonies and agglutinates by
dextrans [17].

The main advantage of using smaller AgNPs (<50 nm) is
their easy permeability through Gram-negative membranes.
Furthermore, contact surface is bigger due to their small
size. Incorporation of AgNPs into polymer matrices has been
researched in order to obtain a prolonged bacterial inhibitory
effect. Tran et al. [18] fabricated hydrophobic membranes
composed of PCL and PCL/polyethylene glycol with AgNPs
in weight percentages of 2.6%, 3.3%, and 4.5%, achieving
a constant delivering for 28 days. Silver concentration in
membranes was higher than the amount released. Inhibition
effect on S. aureus was 29% using composite with 2.6% of
silver, while 72% was inhibited with membrane with 4.5%
of silver. On the other hand, no significant differences were
detected for P. aeruginosa [15] which elaborated PCL and
PCL/hydroxyapatite with 0.5% of AgNPs concentration. E.
coli and S. aureuswere inhibited, with halos of 2.21 ± 0.14 cm2
and 1.66 ± 0.02 cm2, respectively, demonstrating the higher
sensitivity of Gram-negative bacteria towards AgNPs. It is
important to remark that previous research reported in
literature employed higher AgNPs concentrations than the
values used in this work.

4. Conclusions

PCL/Ag fibers with diameters ranging from 834 to 634 nm
were successfully obtained by electrospinning technique.
Orientation, morphology, and diameter were influenced by
the increment on AgNPs concentration. Bacterial growth
was not affected by pure PCL fibers; however, the pres-
ence and concentration of AgNPs determined gradually the
antimicrobial activity on the different bacterial strains, even
in lower silver concentrations. Also, Gram-negative bacteria
was demonstrated to be more sensitive PCL/Ag composites
than Gram-positive strains determining a dose-dependent
activity. PCL/Ag composites obtained by electrospinning
technique was demonstrated to have a high potential for
biomedical applications.
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