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Abstract
The adhesion of microorganisms on biomaterials can impair its effective application. The addition of antimicrobial agents is a promising alternative to overcome this limitation. In this work, films of polycaprolactone (PCL) and
nanostructured β-AgVO3 (SV) were produced by solvent casting with 0.1, 0.5,
and 1.0 wt% of SV. The effect of SV on the structure of PCL was investigate
using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
Raman spectroscopy, differential scanning calorimetry (DSC), and scanning
electron microscopy (SEM). The antimicrobial activity of the films against
Staphylococcus aureus and Escherichia coli was evaluated by the agar diffusion
method and by direct contact test. FTIR confirmed the presence of SV into the
PCL films, with chemical interaction between them. SEM showed that SV
nanorods were well dispersed and with good interfacial adhesion with PCL.
XRD diffraction and Raman spectroscopy showed that the presence of SV
increased the number of nucleation sites, reducing the size of crystallites and
increasing the amorphous domains in the PCL matrix, consequently reducing
crystallinity. This behavior was confirmed by DSC, which showed a reduction
in the crystallinity with increasing SV content. Films with 1 wt% of SV showed
antimicrobial activity against Staphylococcus aureus in direct contact test.
KEYWORDS
biocompatibility, biomedical applications, films, nanoparticles, nanowires and nanocrystals

1 | INTRODUCTION
The development and research of innovative biomaterials
with antimicrobial properties, biocompatible, and nontoxic have attracted interest from the scientific community for application in the biomedical and dental
products.1 Moreover, antimicrobial properties are highly
desirable in products and equipment intended for biomedical and dental applications, due to the tendency of
J Appl Polym Sci. 2020;e50130.
https://doi.org/10.1002/app.50130

microbial proliferation on the materials contact surface
and the tissue formation region, in the case of
scaffolds.2–4
Polycaprolactone (PCL) is a synthetic, flexible, biodegradable, biocompatible, and hydrophobic aliphatic
polyester.5–9 Furthermore, PCL has a cost-efficient perspective, good processability, low melting temperature
(60 C), and also takes a very long time to degrade compared with other biopolymers, like poly(lactic acid)
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(PLA), and polyhydroxyalkanoates (PHA) family.10,11 For
this reason, it is one of the most widely used biopolymers
in the medical and dental areas, as scaffolds in tissue
engineering and cartilage, fibers for guided bone regeneration, in the use of medical implants, sutures, dressings
and in the drug distribution control system, and in the
environmental area, as ecologically friendly biodegradable plastics.7,9,12–16
However, biopolymers have certain undesirable properties when biomedical and dental applications are
intended, as insufficient mechanical properties, lack of
bioactivity, and low antimicrobial activity.17,18 In this
way, it is necessary to modify the biopolymer to improve
the thermal, mechanical properties, cell adhesion potential, cell proliferation, and antimicrobial properties. One
way would be by incorporating nanoparticles, such as,
silver vanadate (AgVO3), in the biopolymer matrix during
the processing.19–21
AgVO3 is a nanoparticle that presents low toxicity to
human cells, excellent antimicrobial activity, and shows
several applications, such as, sensors, batteries,
photocatalyst, and antimicrobial agent, especially in the
biomedical field; besides being considered the most common form of the solid-state silver vanadate oxides.22–26
The crystalline AgVO3 have four different polymorphs in
its crystallography, alpha (α), beta (β), gamma (γ), and
delta (δ), but the more commons are alpha and beta.22,27
β-AgVO3 presents a monoclinic space group and is thermodynamically stable with considerable antibacterial
activity, especially due to the silver nanoparticles
(AgNPs) that precipitated in its surfaces. α-AgVO3 is a
metastable phase, and little is known about its antimicrobial properties.24
β-AgVO3 nanoparticle has shown promising antimicrobial activity on Gram-positive bacteria (Staphylococcus
aureus21 and Enterococcus faecalis), Gram-negative bacteria (Escherichia coli28 and Pseudomonas aeruginosa) and
fungi (Candida albicans29), reaching a broad spectrum of
antimicrobial action. β-AgVO3 has shown antimicrobial
potential in dental resin30 due to the ability to act on the
surface of bacteria, which may vary according to the
shape, size, and surface charge of the particle.30
There are a limited number of researchers that have
reported the improvement in antimicrobial property with
the addition of β-AgVO3 in the polymer matrix, one of
them is the research conducted by Castro et al.20 The
authors incorporated concentrations of 0.5, 1, 2.5, 5, and
10 wt% of β-AgVO3 in dental acrylic resins (poly(methyl
methacrylate) (PMMA), and verified the influence of
these nanoparticles on the antimicrobial (metabolic activity of C. albicans and Streptococcus. mutans) and mechanical properties. As the results, incorporation of 10 wt%
β-AgVO3 significantly reduced the microbial metabolic
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activity. The nanoparticle did not change the mechanical
properties of hardness and surface roughness of the
resins but caused a decrease in flexural strength with the
addition of amounts greater than 1 wt%.
S. aureus and E. coli are some of the main microorganism that affect biomaterials, reducing their performance and resulting in serious injuries for the patients.
S. aureus is a pathogenic microorganism capable of causing a broad range of clinical infections, especially related
to foreign bodies, as prostheses used as cardiac valves,
joints, intravascular catheters, breast implants, and scaffolds, among others.31 The formation of S. aureus biofilm
on biomaterials results in severe infections and may
cause the failure of implants and prostheses.32 E. coli is
also a pathogenic microorganism that can be commonly
transmitted in hospitals and cause most of urinary catheters infections.33,34
The adhesion of microorganism in prostheses and
implants surfaces competes with the cell integration,
impairing the biological effect desired. Besides, infections
caused by microorganism can results in the failure of the
biomaterial.35 In order to minimize and avoid the problems caused by microorganism, antimicrobial agents,
such as, β-AgVO3, have been added into biomaterials.
Although PCL has already been used as biomaterials,
such as, scaffolds,36 membranes,37 catheter,38 joint
regeneration,39 among others, this polymer still presents
complications related to microorganism adhesion. To the
best of our knowledge, it is the first time that β-AgVO3 is
incorporated into PCL matrix. In this way, this work
studied the influence of β-AgVO3 on the chemical, thermal properties, morphological characteristics, and antimicrobial properties of PCL to obtain bionanomaterials
with desirable properties for application as prostheses
and implants, in the dental and biomedical products.

2 | EXPERIMENTAL
2.1 | β-AgVO3 synthesis
Nanostructured β-AgVO3, labeled as SV, was synthesized
through a hydrothermal process, according to the methodology proposed by de Menezes et al.22 Initially,
0.7197 g of silver nitrate (AgNO3) (Neon, 99%, Brazil) and
0.5109 g of ammonium metavanadate (NH4VO3) (Neon,
99%, Brazil) were separately dissolved in 50 ml of
deionized water. The two obtained aqueous solutions
were mixed and stirred for 10 min at room temperature.
Then, the final solution was transferred into a 200 ml
Teflon-lined stainless-steel autoclave, which was heated
at 180 C and maintained for 8 h in an oven. The product
was filtered and washed with deionized water and
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absolute ethyl alcohol (C2H6O) (Neon, 95%, Brazil).
Finally, the material was dried in conventional oven at
60 C for 12 h.

10 to 50 , at room temperature, with step size of 0.02 ,
and 30 s per step. The crystallite size (C) was calculated
for the main peak with highest intensity (100) by
Scherrer's equation (Equation 1):

2.2 | PCL/SV nanocomposite films
PCL/SV nanocomposite films were prepared by solvent
casting, according to the methodology described by
Montagna et al40 and Montanheiro et al41 SV (0.0, 0.1,
0.5, and 1.0 wt%) and chloroform (CHCl3) (Synth, 100%,
Brazil).
(1:10 wt/v) were sonicated for 4 min in a Sonics Vibra
Cell (VC750, 20 Hz) ultrasonic processor with 25% of
amplitude. Then, PCL (Sigma–Aldrich, Saint Louis) with
density of 1.145 g/cm3 and Mw equal to 80,000 g/mol,
was solubilized in chloroform (1.1:10wt/v) at 30 C under
stirring until the entire polymer mass has been dissolved
and resulted in a viscous solution. Subsequently, the solution containing the SV was stirred with the PCL solution
and sonicated again for 2 min. The final solution was cast
onto Petri dishes covered with aluminum foil to obtain
films after solvent evaporation at room temperature for
6 h. Samples were labeled according to Table 1.

C=

0:9λ
βcosθ

ð1Þ

where λ is the wavelength of Cu radiation (0.154 nm), β
is the width at half height in nanometers, and θ is the
Bragg angle in the plan related to the peak. The width at
half height was obtained by the following equation
(Equation 2):
β=

ρ2π
360

ð2Þ

where ρ is the half-height width of the peak (FWHM).42
The crystallinity degree (Xc) of the neat PCL and
nanocomposites was calculates by the crystalline and
noncrystalline areas (Equation 3):
Xc =

Ic
Ic + Ia

ð3Þ

2.3 | Characterization

where Ic is the area of crystalline peaks and Ia is the area
of noncrystalline peaks.43

2.3.1 | Fourier transform infrared
spectroscopy (FTIR)

2.3.3 |

SV and the nanocomposites were characterized by
Fourier-transformed infrared (FTIR) spectroscopy in a
PerkinElmer Spectrum One equipment, using universal
attenuated total reflectance (UATR) from 400 to
4000 cm−1.

2.3.2

|

X-ray diffraction (XRD)

XRD analysis was performed in a PANalytical Philips
X'Pert diffractometer operating with CuKα radiation
(λ = 1.54178 Å) at 45 kV and 40 mA. The data were collected using transmission technique, in the 2θ range from
TABLE 1

Composition and nomenclature of samples

Composition

Nomenclature

Neat PCL

PCL

PCL/0.1 wt% β-AgVO3

PCL/0.1SV

PCL/0.5 wt% β-AgVO3

PCL/0.5SV

PCL/1.0 wt% β-AgVO3

PCL/1.0SV

Raman spectroscopy

Raman spectroscopy of neat PCL and PCL/SV
nanocomposites was performed in a Horiba LabRam HR
Evolution equipment excited in the visible range with an
Ar laser with 532 nm. A research grade Leica DM LM
microscope with objective magnification of 100× was
used to focus the laser beam on the sample. The analysis
was performed between 200 and 1800 cm−1, with laser
filter of 25%, cumulative acquisition time of 60 s and
3 accumulations.

2.3.4 | Differential scanning
calorimetry (DSC)
DSC analyses of neat PCL and PCL/SV nanocomposites
were performed on a Netzsch Phoenix DSC 2014 F1.
Small amounts (10 mg) of dried samples were placed into
aluminum pans. Samples were heated at a heating rate of
10 C/min from 25 to 200 C, in a N2 atmosphere with a
gas flow of 20 ml/min, to eliminate the heat history. Subsequently, samples were cooled to 0 at 10 C/min, to
obtain the crystallization temperature (Tc). After that,
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where ΔHm is the melting enthalpy obtained by DSC,
ΔH0m is the theoretical melting heat value for 100% crystalline PCL, which was taken as 132 J/g,44 and ΦPCL is
the mass fraction of PCL in the nanocomposites.

(106 cells.ml−1) were prepared in saline solution (NaCl
0.9%) with the aid of a spectrophotometer (AJX-1600,
AJMICRONAL) (S. aureus wavelength 490 nm; absorbance 0.029; E. coli wavelength of 600 nm, absorbance of
0.005). Aliquots of 100 μl of the suspension were plated,
with the aid of a sterile swab, on the surface of the
Mueller-Hinton agar. Plates were left open under aseptic
conditions for 10 min, for drying. Subsequently, three
sterile specimens were distributed at equidistant points
on the culture medium and incubated at 37 C for 24 h.
After the period of incubation, the formation of the zone
of inhibition was analyzed. This assay was carried out in
triplicate on in three different occasions (n = 9/group).

2.3.5 | Transmission (TEM) and
scanning electron microscopy (SEM)

2.3.7 | Antimicrobial activity assessment
by direct contact test

SV morphology was observed in a transmission electron
microscopy (TEM) using a JEM 2100–JEOL and Field
Emission Gun-Scanning electron microscopy (FEG-SEM)
using a MIRA3–TESCAN.
The morphological surface of PCL and PCL/SV
nanocomposites was observed by SEM using an Inspect
S50–FEI Company® microscope, with detectors of secondary electrons mode (SE) and an accelerating voltage
of 7.5 kV. The samples were fixed on aluminum stubs
and covered with gold.
The cryogenic fracture surface morphology of PCL
and PCL/SV nanocomposites was analyzed by Field
Emission Gun-Scanning Electron Microscopy (FEGSEM) using a MIRA3-TESCAN. The samples were
cryogenically fractured, fixed on aluminum stubs, and
covered with gold.

The antibacterial activity was also tested in a direct contact test. The sample groups tested were neat PCL,
PCL/0.1SV, PCL/0.5SV, and PCL/1.0SV. The specimens
were sterilized as described above. Standardized bacterial
suspension of S. aureus and E. coli at a concentration of
106 cells/mL was obtained. For direct contact test, the
specimens were immersed individually in microtubes
containing 900 μl of BHI broth and, after, 100 μl of the
bacterial suspension was added. The tubes were incubated at 37 C for 24 h, under aerobiosis. Thereafter, successive serial dilutions were obtained and plated on BHI
agar. Plates were incubated at 37 C for 24 h, under aerobiosis. Subsequently, the number of colony-forming units
per milliliter (CFU ml−1) was determined. A negative
control group, without any sample of PCL or PCL/SV
nanocomposite specimen, was included in the experiments. This assay was carried out in triplicate on in three
different occasions (n = 9/group). The bacterial reduction
percent (R%) was determined according to Equation 5:

they were heated to 250 C at 10 C/min, to obtain the
melting point (Tm) and the melting enthalpy (ΔHm). The
degree of crystallinity (Xc) of the samples was determined
by the following equation (Equation 4):

X c ð%Þ =


ΔH m
× ФPCL × 100
ΔH 0m

ð4Þ

2.3.6 | Antimicrobial activity assessment
by agar diffusion method

Rð%Þ = ð½B− A=AÞ × 100
The antimicrobial activity of PCL and PCL/SV
nanocomposites was evaluated using the agar diffusion
method, according to CLSI (Clinical and Laboratory
Standards Institute).45 Staphylococcus aureus (ATCC
6538, Gram-positive bacterium) and Escherichia coli
(ATCC 10799, Gram-negative bacterium) were plated on
brain heart infusion (BHI) agar and plates were incubated at 37 C for 24 h, under aerobiosis. PCL and
PCL/SV film discs (33.4 mm2) were sterilized by exposition to UV light (ultra-violet) for 10 min per side. Sterility
testing was performed to prove the efficacy of the procedure, by using both liquid and solid culture media.
The sample groups tested were neat PCL, PCL/0.1SV,
PCL/0.5SV, and PCL/1.0SV. Standardized suspensions

ð5Þ

where B is the mean number of bacterial colonies
(CFU ml−1) observed in the control and A is the mean
number of bacterial colonies (CFU ml−1) after contact
with PCL/SV nanocomposites.46

2.3.8 |

Data analysis

The normal distribution of data was verified by ShapiroWilks test. Data were compared by One-way ANOVA
and Dunnett's multiple comparison test. The level of significance of 5% was adopted. The software used was GraphPad Prism v 7.0.
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3 | R E SUL T S
3.1 | Fourier transform infrared
spectroscopy (FTIR)
FTIR measurements were conducted to evaluate the
changes on PCL matrix produced by the SV nanorods
incorporation. Figure 1(a) shows the FTIR analyses of
SV, PCL, and PCL/SV nanocomposites with 0.1, 0.5, and
1.0 wt% of SV. Neat SV presents two main bands, located
at 774 and 457 cm−1, attributed to V O vibrations.21 PCL
shows main bands located at 2947 and 2863 cm−1, attributed to C H vibrations, 1717 cm−1 attributed to C O
vibrations47 and at 1168 cm−1 due to C O stretching.48
The composites have the same characteristic bands as
the neat PCL; however, a new absorption band could be
observed at about 502 cm−1, which intensity became
stronger with increasing SV content in PCL. The presence of this new band not only confirms the presence of
SV into PCL composites but also might indicate an interaction between PCL and the V O bonds in the SV surface, due to the shift in the band wavelength.49,50
Interaction between the polymer matrix and the
nanoparticle is an important key to obtain improved
composite properties, such as, mechanical, thermal, and
rheological.51–55 Polymer-filler interfacial interactions are
intermolecular interactions that occur between the polymer chains and the filler, such as, hydrogen bonding and
van der Waals forces, for example, which are generated
by the transient or permanent dipoles of the
molecules.52,56–59 In some cases, surface modifications of
fillers are necessary to obtain effective dispersion and
interaction with the matrix. Weak interfacial interaction

FIGURE 1

may be resultant from differences in polarity between the
filler and the matrix, for example.60 Well dispersed
nanoparticles may also be responsible for strong matrixfiller interactions.61

3.2 | Raman spectroscopy
Figure 1(b) displays the Raman spectra of SV, neat PCL,
and its nanocomposites. Raman spectroscopy is an
important nondestructive technique used to characterize
the microstructure of several materials. Concerning SV,
characteristic bands were observed, being the most
intense at 884 cm−1, related to stretching vibrations of
V O Ag, Ag O Ag, and O V O.62 The band at
840 cm−1 is associated to stretching vibrations of V O
groups in (V2O7)−4 ion and Ag-O-V stretching vibrations.62 Ag O Ag bridges stretching vibrations are
assigned to the band at 805 cm−1, while VO4 deformation
mode is associated with the band at 728 cm−1.62 Raman
band at 515 cm−1 is attributed to asymmetric stretching
of V O V in the polymeric chains of metavanadate.62
The asymmetric deformation of VO43− tetrahedron is
associated with the bands at 384 and 334 cm−1.62 The
bands at 271 and 243 cm−1 are associated with asymmetrical and symmetrical folding of VO43− tetrahedron,
respectively.62
The characteristic bands of PCL were also observed.
The narrow band at 1720 cm−1 is related to C O
stretching mode.63,64 The group of bands at 1470, 1440,
and 1415 cm−1 are associated with CH2 groups scissor
vibration, while the bands at 1300 and 1280 cm−1 are
assigned to CH2 groups wagging vibration.63,64 The bands

(a) Fourier transform infrared spectra and (b) Raman spectra of SV, PCL, PCL/0.1SV, PCL/0.5SV, and PCL/1.0SV
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at 1108, 1065, and 1030 cm−1 are related to C O C
stretching vibrations, and the band at 912 cm−1 is attributed to C COO scissoring.63,64 All the observed bands
are relatively narrow and intense, indicating the presence
of crystalline domains for neat PCL. The absence of
bands related to amorphous domains, as the band at
850 cm−1 (C COO scissoring), 1097 cm−1 (C O C
stretching), and 1733 cm−1 (C O stretching), leads the
conclusion that the PCL films are highly crystalline.64
Regarding the PCL/SV nanocomposites, the characteristic bands of PCL and the most intense bands of SV
(884 cm−1) can be observed. Thus, both PCL and SV did
not suffer any modification in composition during the
fabrication process of nanocomposites.65 However, the
widening of the band at 1720 cm−1, measured by the full
width at half height (FWHM), can be observed after the
incorporation of SV, when compared with the neat PCL
(Table 2).
The addition of higher amounts of SV resulted in
wider bands. Compared with neat PCL, the addition of
0.1% of SV increased the FWHM in about 13%, while the
incorporation of 1.0% of SV increased the FWHM in
about 64%. Usually, the widening of Raman bands in
semi-crystalline materials is associated with the growth
of amorphous domains, reducing the polymer
crystallinity.64
Similar results were found by Kołodziej et al.64 The
authors reported an increase in the FWHM of the band
at 1720 cm−1 after the incorporation of multi-walled carbon nanotubes (MWCNTs) in PCL. The results were associated with the reduction of material crystallinity due to
the growth of amorphous domains.
According to the Raman results, the incorporation of
SV in PCL significantly affected the PCL molecular chain,
reducing the crystallinity.

3.3 | X-ray diffraction (XRD)
XRD measurements were performed to characterize the
crystalline structure of neat PCL and nanocomposites
and verify if the SV incorporation interferes in the basic
crystalline structure of PCL. Figure 2 shows the XRD
T A B L E 2 Calculated full width at half height (FWHM) of neat
PCL and nanocomposites, concerning the band at 1720 cm−1
Sample

FWHM

PCL

8.3

PCL/0.1SV

9.4

PCL/0.5SV

11.1

PCL/1.0SV

13.6

patterns of SV, neat PCL and its nanocomposites with
0.1, 0.5, and 1.0 wt% of SV. SV (Figure 2(a)) showed diffraction peaks attributed to the monoclinic β-AgVO3
phase with Joint Committee on Power Diffraction Standards (JCPDS) 29–1154.22 Neat PCL and nanocomposites
(Figure 2(b)) exhibited diffraction peaks indexed to the
orthorhombic space group, P21 21 21 −D42 , which is the
characteristic crystalline structure of PCL.66,67 Two distinct diffraction peaks are verified for all samples at
around 2θ = 21.4 and 23.8 , corresponding to the (110),
and (200) planes, respectively.68 A small shoulder at
around 2θ = 22.2 can also be observed and is related to
the plane (111).69
The position of these peaks remains substantially
unchanged when PCL is compared with the
nanocomposites, indicating that the incorporation of SV,
in any concentration, does not affect the basic crystalline
structure of PCL.70 Also, very small peaks at around 28.5
and 30.0 can be observed for the nanocomposites, especially the PCL/1.0SV, which are attributed to SV most
intense peaks and indicate the presence of SV in the
nanocomposites.
Table 3 presents the calculated crystallite size for
(100) plane, crystallinity degree (Xc), and lattice parameters for neat PCL and nanocomposites. The sizes of crystallite for all samples were very similar. Usually, the
crystallite size of polymers tends to reduce after the incorporation of nanofiller.55 However, in this case, only a
slight reduction was observed after the incorporation of
SV nanorods, indicating that the nanomaterials have no
effect on this parameter. The calculated lattice parameters for neat PCL was a = 6.7 Å, b = 5.3 Å, and
c = 16.1 Å, similar to those found in the literature.66 The
nanocomposites showed similar lattice parameters, indicating that no reaction or atomic replacement between
PCL and SV nanorods happen.
As mentioned in FTIR discussion, the interaction
between polymer matrices and nanofillers happen
through intermolecular interactions, such as, van der
Waals forces that are generated by transient or permanent dipoles.52,56–59 In this way, the addition of
nanofillers in PCL will not interfere in the short range
arrangement of the polymeric structure.71 The results of
crystallite size and lattice parameters confirms that the
incorporation of SV, in any concentration, does not affect
the basic crystalline structure of PCL.
A reduction in the crystallinity degree was observed
for the nanocomposites, being 5.5%, 9.0%, and 13.6% for
PCL/0.1SV, PCL/0.5SV, and PCL/1.0SV, respectively,
compared with neat PCL. SV nanoparticles can act in the
two main mechanism of crystallization: nucleation and
growth. The presence of nanomaterials in a polymeric
matrix induces the formation of more nucleation sites,
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F I G U R E 2 (a) X-ray diffraction (XRD) patterns of SV, (b) XRD patterns of PCL, PCL/0.1SV, PCL/0.5SV, and PCL/1.0SV, and
(c) focused peaks between 26 and 36 for PCL, PCL/0.1SV, PCL/0.5SV, and PCL/1.0SV

TABLE 3

Crystallinity degree, crystallite size, and lattice parameters of neat PCL and nanocomposites
Lattice parameters


Sample

2θ ( )

C (nm)

Xc (%)

a (Å)

b (Å)

c (Å)

PCL

21.4

21.1

88.5

6.7

5.3

16.1

PCL/0.1SV

21.6

19.0

83.6

6.6

5.3

17.0

PCL/0.5SV

21.6

20.0

80.5

6.6

5.3

17.0

PCL/1.0SV

21.4

20.3

76.4

6.7

5.3

17.5

wwhich lead to a faster crystallization rate. In this way,
SV nanorods probably reduce the mobility of PCL molecular chains during the crystallization process, hampering
the complete crystallization.69 According to Table 3,
higher incorporation of SV nanorods resulted in lower Xc

values. The incorporation of large number of
nanoparticles in a polymeric matrix will lead to an
increased formation of nucleating sites. As result, a faster
crystallization will happen, producing a less perfect
arrangement.
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F I G U R E 3 Differential scanning calorimetry thermograms of (a) first heating, (b) cooling, and (c) second heating for neat PCL,
PCL/0.1SV, PCL/0.5SV, and PCL/1.0SV

From the XRD results, it can be concluded that SV
has a substantial effect on PCL crystallization, reducing
the crystallinity degree.72 These values are in accordance
with the results obtained by Raman spectroscopy, which
showed the widening of the band at 1720 cm−1, associated with the growth of amorphous domains. On the
other hand, properties as crystallite size and lattice
parameters were not affected, maintaining the primary
structure of the polymer. These results indicates that the
incorporation of SV nanorods into PCL leaded to a limit
disordered effect, since it interfered only in the arrangement of polymeric chains in the long range.71

3.4 | Differential scanning calorimetry
Figure 3 presents the DSC curves of first heating, cooling,
and second heating of neat PCL and its nanocomposites;

and Table 4 shows the thermal characteristics derived
from the DSC curves, which have the purpose of presenting and identifying the transition temperatures.
In the first heating (Figure 3(a)), an endothermic
peak of melting temperature (Tm), at 55.4, 54.3, 54.9, and
57.0 C was observed for neat PCL, PCL/0.1SV,
PCL/0.5SV, and PCL/1.0SV, respectively. The melting
temperature of neat PCL in this study is in agreement
with the literature.10 The Tm of PCL/0.1 SV and PCL/0.5
SV nanocomposites was unaltered, when compared with
neat PCL. However, the Tm of PCL/1.0SV, sample with
highest concentration of SV, was slightly shifted to a
higher temperature (2.8% increase).
Furthermore, significant changes were observed in
the melting temperature in the second heating (Figure 3(c)),
more specifically in the samples of neat PCL,
PCL/0.5SV, and PCL/1.0SV, in which the Tm values
were increased. In general, for semi crystalline
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T A B L E 4 DSC analysis, Melting temperature (Tm) and degree of crystallinity (Xc), from first and second heating, crystallization
temperature (Tc) from cooling
First heating

Second heating

Samples

Tm ( C)

Xc (%)

Cooling
Tc ( C)

PCL

55.4

50.4

26.6

63.8

73.5

PCL/0.1 SV

54.9

51.4

26.5

54.3

68.1

PCL/0.5 SV

54.9

50.2

27.0

64.1

66.6

PCL/1.0 SV

57.0

41.7

29.4

59.3

48.1

polymers, the molecular chains can be partly in the
crystal and partly in the surrounding melt during the
process of heating. In this way, with increasing temperature, a small fraction of the chain can be removed from
the crystal and transferred to the melt phase. Also with
a decrease in the temperature, the molecular chain can
be attached again to the crystal. This event does not
happen likewise to the initial stage, meaning that the
attachment may happen in a different position. Moreover, it may have a larger part inside or around the crystal, what could be influenced by the rate of heating
and/or cooling. In those mechanisms, known as “reversible process”, segments of the same macromolecule can
be attached or detached from the crystal without the
need of nucleation sites, only with variation in temperature. When the polymer is heated again, the behavior
may be different from the first heating, and as a result, a
difference in the melting or crystallization temperature
is observed.11,73 In this case, this differences in the melting temperature comparing the first and second heating
can be justified by the reversible process.
Concerning the exothermic peak from the cooling
process (Figure 3(b) and Table 4), the crystallization temperature (Tc) showed no significant changes between the
neat PCL and the nanocomposites PCL/0.1SV and
PCL/0.5SV. However, there was an increase of approximately 10.5% in Tc values for PCL/1.0 SV, compared with
neat PCL. According to the literature, a higher Tc demonstrates that the polymer have an increased number of
nucleation sites during crystallization.74,75 Thus, a greater
crystallization capacity will be achieved when the
amount of energy for crystallization is low. When adding
SV nanoparticles to the PCL matrix, the crystallization
temperature slightly increased, especially for the
nanocomposite with 1.0% of SV nanoparticles in the PCL
matrix. This is an indication that SV nanoparticles may
have acted as a heterogeneous nucleating agent, besides
having influenced in the nucleation free energy for the
PCL matrix.76 Kong et al77 reported the same behavior by
adding a bioresource starch-based nanoparticles (SNPs)
in the PCL matrix.

Tm ( C)

Xc (%)

Another study, in which the same behavior was
observed, was carried out by Jiao et al,78 which developed
composites based on hydroxyapatite (HA) (20 wt%) and
polycaprolactone (PCL) by melt blending process, for
application in tissue engineering scaffolds. In this study,
the authors verified that the addition of the HA particles
made the PCL molecular chain absorbed on the surface
of HA and contributed to heterogeneous nucleation,
increasing the crystallization rate of PCL, and crystallization ability.
According to Table 4, both values of Xc, in the first as
well as in the second heating, showed a reduction as the
content of SV nanoparticles increased in the PCL matrix.
However, in the first heating, PCL/0.1SV and PCL/0.5SV
samples did not show differences in Xc values when compared with neat PCL, only the sample with the highest
content of SV nanoparticles (PCL/1.0SV), showed a significant reduction of 17.2% in Xc values.
Concerning the Xc values from the second heating, all
nanocomposites showed a significant reduction, being
7.3%, 9.4%, and 34.5%, for PCL/0.1SV, PCL/0.5SV, and
PCL/1.0SV, respectively, compared with neat PCL. Thus,
the presence of SV nanoparticles in the PCL matrix
influenced the crystallization behavior, decreasing the Xc
of the nanocomposites. The crystallinity degree measured
by XRD showed similar behavior. A reduction in the
crystallinity degree was also observed, being 5.5%, 9.0%,
and 13.6% for PCL/0.1SV, PCL/0.5SV, and PCL/1.0SV,
respectively, compared with neat PCL. Some minor difference between the Xc values obtained by XRD (Table 3)
and DSC (Table 4) was observed. These small differences
might be caused by the different nature of analysis, since
DSC measures crystallinity during the heating process
while XRD measures the polymer structure at an equilibrium state with solid morphologies.79 However, even
with these discrepancies among the Xc results, both DSC
and XRD showed a pattern in crystallinity results:
smaller crystallinity for the nanocomposites with higher
number of nanorods.
Usually, the crystallization process is composed of
two main mechanisms: nucleation and growth. The
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addition of SV nanoparticles resulted in a high nucleation
and a faster crystallization rate, producing a less perfect
arrangement and smaller stacking of molecular
chains.74–76 Furthermore, higher content of nanoparticles
in the PCL matrix, influenced the lower the Xc value.
Therefore, the reduction in the Xc values for the
nanocomposites compared to the neat PCL, may be
related to the growth of the crystals during the crystallization. Due to space restrictions and the high nucleation
rate, combined with the low mobility of the molecular
chains, a great number of nuclei collide and limit their
growth, hindering complete crystallization, and consequently, decreasing the Xc values of the nanocomposites.
These values are in accordance with the results reported
by XRD and Raman. This same behavior was reported by
Li et al.80
Furthermore, this reduction in the Xc values of the
PCL/SV nanocomposites, may be related to the size of the
vanadate nanoparticles, because in addition to the good dispersion, the nanoparticles had large sizes,22 which may
have made crystallization difficult. Similar behavior was
observed by Montanheiro et al,81 which studied the influence of the pre-dispersion of carbon nanotube (CNT) in
the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
matrix to obtain nanocomposites PHBV/CNT.

3.5 | Transmission and scanning
electron microscopy
Figure 4 shows SV morphological characteristic obtained
by FEG-SEM and TEM analyses. FEG-SEM images
(Figure 4(a)) shows the nanorod structure with diameters
of about 60 nm and length of several micrometers, and
smooth surfaces. The rod-like SV morphology was confirmed by high-resolution TEM images (Figure 4(b)),
which reveals a strong contrast between the SV nanorods
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and homogeneous circular nanoparticles on SV surfaces,
with diameters of about 15 nm.82 Those circular
nanoparticles are AgNPs anchored on the SV nanorod
surfaces. AgNPs precipitates on SV surfaces through
AgNO3 reduction (Ag+ to Ag0).83 The large atomic number difference between SV nanorods and AgNPs results
in a strong contrast, being the AgNPs darker in TEM
image. The AgNPs decorated on SV nanorods are
expected to exhibit enhanced antimicrobial performance,
since the antimicrobial activity happens with the contact
between the bacteria and Ag+ ions released by Ag-decorated SV.29
Figure 5 shows the morphological surface of neat
PCL,
PCL/0.1SV,
PCL/0.5SV,
and
PCL/1.0SV
nanocomposite films. All samples present smooth surface, with small pores, resulting from the solvent evaporation process. The same morphological surface with the
presence of pores was observed by Natu, Sousa, and Gil84
and Siqueira et al.85 According to Li et al,86 the final morphology of PCL is also strongly influenced by the volatility of solvents. Thus, when the evaporating ability of the
solvent is high, time is not enough for PCL molecular
chains to align along, in the presence or not of particles,
loads, and others, for example. Furthermore, this final
PCL morphology is called epitaxial crystals.
Figure 6 shows the morphological cryo-fractured surfaces of neat PCL, PCL/0.1SV, PCL/0.5SV, and
PCL/1.0SV nanocomposites. The cryogenic fracture
was performed in order to verify the homogeneity and
dispersion of SV nanoparticles into the PCL matrix;
and the neat PCL sample was used as a comparison
standard.
In Figure 6(a) the cryo-fractured surface of PCL is
smooth and homogeneous, when compared with the
PCL/SV nanocomposites (Figures 6(b)-(d)). Regarding
the nanocomposites, all samples have rougher morphological surfaces compared with neat PCL, but with good

F I G U R E 4 SV images obtained
by (a) FEG-SEM, and (b) TEM
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F I G U R E 5 SEM micrographs
of (a) neat PLC, (b) PCL/0.1SV,
(c) PCL/0.5 SV, and (d) PCL/1.0 SV,
with 500× magnification

F I G U R E 6 FEG-SEM
micrographs of the cryo-fracture
surface: (a) neat PCL,
(b) PCL/0.1SV, (c) PCL/0.5SV, and
(d) PCL/1.0V
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distribution of the SV nanoparticles in the PCL matrix
(identified with white arrows in the micrographs).
Hydrophilic particles, when dispersed in a hydrophobic and nonpolar matrix, as the case of SV nanoparticles
and the PCL matrix, respectively, could result in low
adhesion between particle/matrix and poor dispersion.
Thus, the good dispersion and adhesion of the SV
nanoparticles in the PCL matrix, which was observed in
the present work, may be due to the methodology used to
obtain the nanocomposites, which proved to be viable
and efficient. Li et al80 analyzed the cryofractured surface
of PCL and nanocellulose (NC) nanocomposites, and
reported morphology very similar to that observed in the
present work.

3.6 | Antimicrobial activity
The antimicrobial activity of the films against Staphylococcus aureus and Escherichia coli was tested to evaluate
the application of PCL/SV films as biomaterials. Sterility
tests did not detect contamination of the specimens, proving the efficacy of the adopted sterilization method. No
inhibition halos were observed for both S. aureus and
E. coli in the agar diffusion method.
Figure 7(a) shows the results obtained for
antibacterial activity of neat PCL and nanocomposites
with SV and the control group on S. aureus using the
direct contact test.
Significative reduction in S. aureus viable cell counts
was observed for the groups with neat PCL (p = 0.05)
and PCL/1.0SV (p = 0.03), when compared with control
group. The bacterial reduction for PCL/1.0SV was 52%
when compared with the control and 7% when compared
with neat PCL. No significative reduction in the counts of
S. aureus was observed for the groups with PCL/0.1SV
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and PCL/0.5SV when compared the control group. However, reductions of 24% and 33% were observed for
PCL/0.1SV and PCL/0.5SV, respectively, when compared
with the control.
For E. coli, no significant reduction in viable cells
count in relation to the control was observed, although
the PCL/1.0SV group showed a reduction in the average
concentration of E. coli (Figure 7(b)). For this sample, a
reduction of 42% was observed when compared to the
control, and of 5% when compared with neat PCL. Samples PCL/0.1SV and PCL/0.5SV showed a bacterial
reduction of 32% and 29%, respectively, compared to the
control. The differences of response between Grampositive and Gram-negative bacteria can be related to
the morphological differences in their cell wall and in
the thickness of peptidoglycan layer that can result in
differences
in
susceptibility
to
antimicrobial
compounds.87–89
Antibacterial activity of PCL/1.0SV in liquid medium
on S. aureus was observed in this study. Samples with
lower concentrations did not show statistically significant
antibacterial activity, which may be explained by the
small concentration of SV present in the sample, and possibility of embedment of the filler by the polymer. This
behavior is commonly observed in polymer composites
with good interaction between the filler and the
matrix.81,90,91
Higher filler concentrations would probably result in
some amount of exposed SV on the samples surface, allowing the antimicrobial effect of SV. These data corroborate that found by Castro et al92 who tested acrylic resin
incorporated with SV particles in different concentrations, using the agar diffusion method. The authors
observed antibacterial action from the concentration of
2.5% SV in S. aureus. Kreve et al, (2019)29 noticed in the
same methodology that SV particles mixed in denture

Concentration of (a) Staphylococcus aureus and Escherichia coli (b) (colony forming units per milliliter, CFU ml−1) after
24 h of contact with neat PCL and PCL/SV nanocomposites. The results are represented by the mean and standard deviation. ANOVA was
applied followed by Dunnett's multiple comparison test. *, Significant difference. N.S., non-significant difference

FIGURE 7
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resin, in concentrations of 1%, 2.5%, 5%, and 10% did not
show antibacterial action on S. aureus.
The differences in the results of antimicrobial activity
obtained by agar diffusion and direct contact methodologies, suggest that higher concentrations of Ag+ ions are
not capable of leaving PCL's surface and diffuse through
the agar. In fact, some works have showed that β-AgVO3
nanorods presents the leaching of Ag+ ions by less than
1%. In this way, β-AgVO3 antibacterial activity is mostly
due to the contact between the PCL/SV films and the
bacteria.93 The porous morphology of the films (Figure 4)
favors the antibacterial effect in liquid medium and the
absence of effect in solid medium. The liquid medium
has better contact with the surface, penetrating into the
pores and increasing the possibility to have contact with
some exposed SV nanorods and Ag ions.
On the other hand, in the agar diffusion method, the
need of diffusion of the substance through the agar is considered one limitation. As observed in Figure 4, no exposed SV
is observed on the film's surfaces. In this way, there is no
contact between the solid agar and the SV particles, responsible for the antimicrobial activity. This fact may be responsible for the absence of antimicrobial activity in solid agar.
The antibacterial effect of AgVO3 stems from the the
contact of Ag+ ions with different bacterial cellular targets, causing loss of cellular function.20 DNA, proteins,
and cellular membrane are the most affected targets,
inhibiting replication and causing morphological changes
and oxidative stresses due to reactive oxygen species .94
Ag+ ions interacts with thiol groups in proteins, inducing
to the inactivation of bacterial proteins. Also, these ions
alter DNA molecules, hindering bacterial replication.94
This finding can expand the applications of the PCL
polymer incorporated with SV as biomedical material for
production of scaffolds, catheters, and membranes with
combined antimicrobial activity and cell proliferation.
Those biomaterials are usually used in contact with liquid medium of the human body, favoring the Ag+ ions
release and avoiding infections by pathogenic microorganisms. Further studies are necessary to improve the
antibacterial activity of the PCL/SV nanocomposites
without compromising their biocompatibility. Higher
amounts of SV added to the PCL matrix will probably
enhance the antibacterial activity; however, the cytotoxicity can also be increased.

4 | C ON C L U S I ON S
This article reported the production and characterization
of PCL/SV nanocomposites, by a simple methodology, and
with potential results to be applied as biomaterial with
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antimicrobial activity. FTIR spectroscopy showed good
interaction between the PCL matrix and the SV particles,
which was confirmed by SEM. TEM images showed a rodlike morphology for SV with AgNPs decorating its surfaces. The addition of SV into the PCL matrix caused a
reduction in the size of crystallites and in the overall crystallinity, which could be advantageous for some mechanical properties. The sample produced with 1 wt% of SV into
PCL exhibited antibacterial activity against S. aureus in
direct contact test, expanding the range of possible applications of this material. The antibacterial activity is mostly
resultant of Ag+ ions released by AgNPs on SV nanorods
surfaces. Higher concentrations of SV incorporated into
the PCL matrix could result in even better antimicrobial
activity and efficiency against other microbial species.
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Kovalskii, J. Polčák, I. Y. Zhitnyak, N. A. Gloushankova, L.
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