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ABSTRACT: Environmentally resilient antimicrobial coatings are becoming increasingly
required for a wide range of applications. For this purpose, nanocomposite thin films of
poly(vinylidene fluoride) (PVDF) filled with several types of functionalized nano-
diamonds (NDs) were processed by solvent casting. The effects of ND inclusion and
functionalization in their morphological, structural, optical, thermal, and electrical
properties were evaluated taking into account the type of the nanofiller and a
concentration up to 2 wt %. The morphology, structure, and thermal features of the
polymer matrix are governed by the processing conditions, and no noticeable changes occurred due to the presence of the ND fillers.
The polymer crystallized mainly in the α phase with a crystallinity of ≈60%. In turn, the optical transmittance from 200 to 800 nm
and the dielectric constant effectively depended on the ND type and content. The inclusion of the ND particles effectively provided
antimicrobial properties to the films, which depended on the ND functionalization. This study thus shows that the incorporation of
functionalized NDs into PVDF allows the development of antimicrobial coatings with tailorable optical and dielectric properties,
which could be of great importance to face nowadays pandemic crisis scenario.

KEYWORDS: nanodiamonds, poly(vinylidene fluoride), solvent casting, polymer composites, antimicrobial films

■ INTRODUCTION

Polymer composite science and technology is a rapidly
increasing field of research, mostly due to the possibilities on
tailoring material functional properties for application in a large
variety of areas. The introduction of small amounts of a
nanomaterial within a polymeric matrix can lead to large
enhancements to its features, such as optical, mechanical,
electrical, and thermal properties.1,2 Furthermore, new func-
tional properties can be added otherwise not existing in the
polymer matrix, such as magnetic3 or photochromic4 response,
among others. Other properties that can be added and/or
enhanced are those related to the applicability of the materials
as coatings, such as tailored hydrophobicity,5 self-cleaning,6 or
antimicrobial features.7

Among the many nanomaterials synthetized in recent years,
nanocarbons have been intensively used for several purposes.
In particular, diamond nanostructures (nanodiamonds, NDs)
were synthesized for the first time in the 1960s and remained
practically unexplored until the 1990s when important
breakthroughs led to an increasing interest in the applications
of these nanostructures. NDs present enhanced mechanical
properties (including Young’s modulus and hardness), elevated
electrical resistivity and thermal conductivity (up to about
2000 W/m·K), high surface area with tunable surface structure,
and optical properties such as photoluminescence (nitrogen-
vacancy centers). Further, they are biocompatible, chemically
stable, and resistant to severe environment conditions and offer
the possibility to attach different functional groups to their

surface without losing the main features of the diamond
core.8−10 Thus, the aforementioned properties along with the
rich chemistry of the surface make NDs excellent nanostruc-
tures for developing polymer composites, and nowadays, NDs
are being explored for a large number of applications, such as
drug delivery, cancer therapy, biosensors, surgical implants,
tissue engineering, biomedical imaging, tribology and lubrica-
tion, and antimicrobial applications.8,11,12 Yet, other materials
composed by nanostructures of carbon, e.g., carbon nanotubes,
fullerene, diamond-like carbon, and graphene demonstrated to
have a wide spectrum of antibacterial activities for different
pathogens.13 As such, they have been investigated as fillers in
polymeric matrices for developing materials displaying
antifouling, antibiofilm, and antimicrobial properties14 in a
similar approach to other antimicrobial materials comprising
nanostructures. Standard antibacterial coatings or surfaces are
usually produced by incorporating antimicrobial agents, such
as copper and copper alloys,15 silver compounds,16 or organic
molecules containing quaternary ammonium chemical
groups.17 However, concerns about the cytotoxicity of these
nanoparticles against human cells have been expressed.18,19
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Due to their biocompatibility, tailorable surface chemistry
and large surface area, NDs have already been studied for non-
toxic antimicrobial/antifungal materials20 as well as for other
applications like adsorption and controlled release of anti-
cancer drugs, such as 4-hydroxytamoxifen,21 paclitaxel,22 and
tetracyclines.23,24 Combining the attachment of specific drugs
to the ND surface with controlled release provides a new
opportunity for anticancer chemotherapeutics. Its elevated
hardness, Young’s modulus, rich chemistry of the surface, and
chemical properties make the core of NDs suitable to enhance
the mechanical and chemical properties of bioresorbable
polymer scaffolds for tissue engineering, as demonstrated in
PLGA (poly(lactic-co-glycolic acid)) filled with phospholipid
ND compound (NDPC), which has been successfully
evaluated for bone tissue engineering in vivo and in vitro.25

ND particles are also stable in aqueous media, making them
suitable to use in the design of modified electrodes and a
promising material for electrochemical sensors with high
analytical performance.26

With the introduction of NDs to polymeric matrices, the
composites obtained have superior thermal, mechanical, and
optical properties that, combined with the biocompatibility
and chemical stability of the NDs, provide important options
for biomedical applications.8,27 Among the broad range of
polymer matrices able to be combined with ND fillers, PVDF
(poly(vinylidene fluoride)) and copolymers are an attractive
choice in the case of multifunctional polymer coatings due to
their remarkable electroactive characteristics, namely, pyro-,
piezo-, and ferroelectric effects, which makes them a suitable
choice to develop advanced and functional materials, including
sensors and actuators.12,28 PVDF can crystallize in five distinct
phases, α, β, and γ being the most common. This polymer has
some outstanding features such as high chemical and UV
resistances, mechanical strength, hydrophobicity, thermal
stability, and flexibility compared to several commercial
polymeric materials, which drives the manufacture of new
PVDF-based nanocomposites for technological applica-
tions.28,29 The electroactive properties of PVDF have been
used to develop new strategies for tailoring bacterial behavior,
either growth or inhibition of Staphylococcus epidermidis and
Escherichia coli, mainly when mechanically stimulated.30 This
study reports the production of ND/PVDF composites by
solvent casting. It is worth noting that solvent casting
approaches are gaining increasing interest as they allow
processing by additive manufacturing fabrication processes,
such as spray, screen, or even ink-jet printing,31 suitable for the
implementation of coatings and devices. The morphology,
structural, optical, thermal, and electrical properties of the
ND/PVDF composite films were evaluated as well as their
antimicrobial characteristics, which proved to be suitable to
develop antiseptic materials of high interest to deal with
pandemic crises in order to avoid bacterial co-infections. In
fact, serious secondary bacterial infections are considered an
important complication of SARS-CoV-2 virus infection
(COVID-19).32

■ EXPERIMENTAL DETAILS
Materials. PVDF (Solef 1010) was obtained from Solvay. DMF

(N,N-dimethylformamide, 99.5%) solvent was acquired from Fluka.
uDiamond Molto (non-functionalized ND, hereafter denoted as
NDM), with 5 nm average particle size, was obtained from
Carbodeon Ltd. Oy, Vantaa (Finland). Functionalized samples,
namely, uDiamond Vox P (carboxyl monofunctionalized, hereafter

denoted as NDO), uDiamond Amine P (amine monofunctionalized,
hereafter denoted as NDA), and uDiamond Hydrogen P (hydrogen
monofunctionalized, hereafter denoted as NDH), were also obtained
from the same supplier.

Sample Preparation. The ND/PVDF-based composites followed
a typical solvent casting method using the doctor blade technique.29

Initially, the ND particles were dispersed in DMF and placed in an
ultrasound bath for 4 h. The PVDF powder was added to the solution
at a ratio of 10/90 wt % of PVDF/DMF, and the relative
concentration of the ND fillers to polymer varied between 0.25 and
2 wt %. The solution was magnetically stirred at 40 °C, until the
PVDF sample completely dissolved, and then spread with a bar coater
on top of a clean glass substrate. Solvent evaporation was performed
at 210 °C (above the melting temperature of PVDF) in an oven
(Binder, ED23) to obtain composite films with a thickness of 20−25
μm and a compact morphology to evaluate the effect of nanofillers−
polymer interactions in the crystallization of the composites as these
processing conditions lead to preferential crystallization in the α phase
of PVDF.29 Hereafter, the polymer composites will be identified by
the ND nanoparticles functionalization type (NDM, NDA, NDO, and
NDH, respectively) and the respective nanofiller amount (in wt %).

Sample Characterization. Surface element quantification of the
ND/PVDF composites was carried out by X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra HSA spectrometer). A
monochromatic Al Kα X-ray source (1486.7 eV) was used in fixed
analyzer transmission (FAT) mode at 15 kV (90 W), with 40 eV of
pass energy for regions ROI and a survey of 80 eV. A charge
neutralization system was used to acquire data at a pressure of <1 ×
10−6 Pa. Survey and multiregion spectra were obtained for C1s, O1s,
and N1s peaks, and the values of binding energy were referred to the
C1s peak at 284.6 eV. The obtained spectra were fitted to Gaussian
and Lorentzian curves with CASA XPS software after a Shirley
background subtraction.

The nanoparticles distribution and composites morphology were
analyzed by SEM (scanning electron microscopy, NanoSEM - FEI
Nova 200 (FEG/SEM)), with 15 kV of accelerating voltage. Prior
evaluation, a thin layer of gold (20 nm) was deposited on the samples
by magnetron sputtering (Polaron SC502).

AFM (atomic force microscopy, CSInstruments setup) was
performed to study the surface roughness of the samples. Measure-
ments were performed in squares of 20 × 20 μm2 in the non-contact
resonant mode (73 kHz of frequency and 84° of amplitude) to avoid
samples damage and AFM tangling.

The surface wettability was studied by contact angle measured in a
Dataphysics system OCA20 at room temperature with ultrapure water
(5 μL) in different spots for each sample. The SCA20 software
allowed one to determine the contact angle, and the results are
presented as an average of six measurements per sample with the
respective standard deviation (SD).

The UV−Vis spectroscopy experiments (Jasco V-670 spectropho-
tometer) were performed at room temperature to study the optical
characteristics of the composites, within the range of 200−900 nm.

Fourier transform infrared spectroscopy (FTIR) in attenuated total
reflectance (ATR) mode (Jasco FT/IR-4100) was performed to study
the polymer phase in the composites. Thirty-two scans with a
resolution of 4 cm−1 were carried out in the range of 4000−600 cm−1.
Considering that the polymer crystallizes mainly in the α or β phases,
the α-PVDF relative content (F(α)) was calculated considering the
absorbance at 766 cm−1 (Aα) and 840 cm−1 (Aβ) and the absorption
coefficients at the correspondent wavenumber (Kα = 6.1 × 104 cm2·
mol−1; Kβ = 7.7 × 104 cm2·mol−1) after eq 1:28
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The thermal properties of the composites were analyzed by DSC
(differential scanning calorimetry) thermography (Perkin-Elmer DSC
8000). The measurements were performed at a heating rate of 10 °C/
min, under a flowing nitrogen atmosphere, in the range of 25−250
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°C. 30 μL perforated aluminum pans were used to release volatiles.
The degree of crystallinity (χc) was determined by the melting
enthalpy of the sample (ΔHf) and the melting enthalpy of PVDF
100% crystalline (ΔH100, 104.6 J/g) through eq 2:33

H
Hc

f

100
χ =

Δ
Δ (2)

Prior to the electrical characterization circular gold electrodes (5
mm diameter) were deposited on both film sides by sputtering
(Polaron SC502 sputter coater) under the following conditions: 3 ×
30 s at ≈20 mbar and ≈20 mA.
The dielectric analysis was performed measuring the capacity (C)

and the dielectric loss (tan(δ)) at room temperature with a LCR
meter (Quadtech 1920) applying a signal voltage of 1.0 V sweeping
the frequency from 500 Hz to 1 MHz. To calculate the dielectric
constant (ε′) the geometrical parameters (error of ≈1%) of the
parallel plate capacitor were considered.
The a.c. conductivity (σ′) was calculated from dielectric measure-

ments through the angular frequency (ω), the permittivity of the free
space (ε0), and the imaginary part of ε′ dependent of frequency (ε″)
by eq 3:

0σ ωε ε′= ″ (3)

The d.c. electrical conductivity (σ) was determined after obtaining
the d.c. volumetric electrical resistivity (ρv) from the characteristic IV
curves obtained with a picoammeter/voltage source (Keithley 487)

through the electrical resistance (R), sample thickness (L), and
electrode area (A) by eq 4:

R
L
A

1
vσ

ρ= =
(4)

Antimicrobial and Antibiofilm Activity. The inhibition of
bacterial growth was assessed against a Gram-negative, Escherichia coli
(E. coli) strain ATCC 8739 acquired from the American Type Culture
Collection (LGC Standards S.L.U, Spain). To prepare the bacterial
inoculum, a single colony was isolated from an agar plate and grown
in Nutrient Broth (NB, Dehydrated Culture Media, Panreac)
overnight, at 37 °C and 110 rpm, until the stationary phase was
reached. The bacterial cell population was estimated using
spectrophotometer optical density (OD) readings at 600 nm and
adjusted as required in each experiment. This process was performed
for all bacterial assays.

Nanodiamond Bacteriostatic Activity. Bacterial susceptibility
to the non-functionalized and different functionalized NDs was
measured in suspension through a microdilution assay performed in
NB. Succinctly, various concentrations of ND working solutions were
prepared by performing 10-fold serial dilutions of a starting solution
of 0.16 mg·mL−1. A 96-well polystyrene plate was filled with 75 μL of
ND diluted solutions and 75 μL of bacterial inoculum, obtaining the
final concentration of 5 × 105 CFU (colony-forming units) mL−1. The
bacterial growth was assessed after 24 h through OD measurements at
600 nm with a microplate reader (Biotek Cytation3). The reported

Figure 1. XPS spectra and deconvolution of C1s (a, d, g, j), O1s (b, e, h, k), and N1s (c, f, i, l) regions of the different ND samples: NDM (a−c),
NDO (d−f), NDA (g−i), and NDH (j−l).
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growth inhibition rates were the mean values of four independent
experiments with the respective SD.
Film Bacteriostatic Activity. E. coli bacteriostatic activity

assessed in contact with the processed ND/PVDF composite films
was evaluated. First, the films were cut into disks of 13 mm in
diameter, sterilized, and placed on 24-well nontreated polystyrene
plates. A bacterial inoculum of 5 × 105 CFU·mL−1 was incubated
overnight at a temperature of 37 °C. The bacterial cultures were
further diluted in phosphate buffer solution (PBS) and plated (100
μL) on a NB agar plate and incubated at 37 °C. After 24 h, the
number of CFUs was determined, which allowed the quantification of
viable bacteria present on the inoculated solution. Five independent
assays were performed, and bacterial cells incubated only with NB
were used as a control.
Biofilm Inhibition Test. The quantification of biofilm total

biomass, growing over the materials, was evaluated using crystal violet
assay. For optimal biofilm growth, a concentration of 5 × 106 CFU·
mL−1 E. coli inoculum was grown above the sterilized films on 24-well
nontreated polystyrene plates for 24 h at 37 °C. Then, the medium
was discarded, and biofilms washed with sterile PBS. This process was
repeated three times to exclude non-adhered bacteria. Biofilms were
further fixed using heat (60 °C) for 60 min. A solution of crystal violet
at 0.1% (w/v) in PBS was placed in contact with the material and
incubated for 10 min at RT. Crystal violet was removed, and samples
were cleaned with distilled water three times. The residual stain was
diluted with 30% acetic acid and a microplate reader (Biotek
Cytation3) was used to measure the absorbance at 595 nm. PVDF
1010 films were used as a control sample, where cells adhered at
certain extent and formed a biofilm.
Live/Dead Kit. The bacteria growing on the materials were further

visualized under a fluorescence microscope after live/dead staining
using a LIVE/DEAD BacLight Bacterial Viability Kit for microscopy
(Invitrogen, US). E. coli was grown for 24 h on 24-well nontreated
polystyrene plates over the sterilized films at 37 °C. Then, the samples
were washed twice with PBS. The adhered cells were stained in dark
conditions for 15 min with 0.1% (v/v) SYTO9 and 0.1% (v/v)
propidium iodide. The samples were then visualized in a fluorescence
microscope (Olympus BX51 microscope), and the obtained fields
were captured using a magnification of 40X.

■ RESULTS AND DISCUSSION
Chemical Analysis of Nanodiamond Fillers. Figure 1

shows the XPS results of the ND samples. The C1s peak
around 286 eV (Figure 1a,d,g,j) is assigned to sp3 bonded
carbon (C−C) and the peak at ≈284.6 eV refers to sp2 carbons
(CC) associated to specific defects in the surface of the
NDs.34 The peaks at around 287 eV (C−O) and 288 eV (C
O) deal with ND oxygenated surface groups.
The O1s spectra (Figure 1b,e,h,k) were deconvoluted in

three peaks attributed to CO (529 eV), C−O (1) in ether,
alcohol, and epoxy groups (530 eV), and C−O (2) in ester and
carboxyl groups (532 eV). The oxygen content on the surface
of the samples followed the order NDO > NDM > NDA >
NDH, with the NDO sample (carboxylated) showing the
highest oxygen content (9.5%), as expected, due to several
oxygenated groups, as previously reported for samples
thermally oxidized in air.35 Non-functionalized ND (NDM)
also showed a high oxygen content (6.3%) as a result of its
production and purification procedures,36 i.e., detonation with
the explosive precursors 1,3,5-trinitroperhydro-1,3,5-triazine
and 2,4,6-trinitrotoluene followed by a treatment with boiling
acid to remove the impurities and the amorphous carbon
resulting from the soot of detonation. The XPS results show
that the treatments for hydrogenation and amination to obtain
NDH and NDA materials resulted in the removal of most of
the oxygenated groups from the surface, thereby reducing the
oxygen concentration to about 2%.

The XPS profiles differ in the quantity of oxygenated groups
in the surface and of sp2 carbon. The lowest ratio of sp2/sp3

was registered in the non-functionalized NDM material (0.94),
which shows that the functionalization treatments lead to an
increase in the number of surface structural defects of ND.
The N1s XPS spectra of the ND samples (Figure 1c,f,i,l) can

be deconvoluted in four components: the peak N6 is assigned
to pyridinic-N groups (≈399 eV), the peak N5 corresponds to
pyrrolic-N groups (≈400 eV), and the peak NQ deals with
quaternary nitrogen (≈401);37 the peaks at ≈403 and ≈405 eV
are linked to N oxides.38 The N content of the samples differed
from 1.5% to 2.1%, characteristic of NDs obtained by
detonation.39−41 Nitrogen was present in the initial explosive
mixture used to produce the NDs and was therefore likely
incorporated into the diamond lattice.36,42

Morphology and Topography. The distribution of the
NDs within the PVDF sample and the morphology of the
composites were studied by SEM (Figure 2). Given the results
similarity observed through SEM micrographs, only represen-
tative images are shown.

Figures 2a and b show the surface of the composites NDH
and NDM, respectively, which is mostly regular and
homogeneous throughout its extension and with the character-
istic PVDF spherulitic structure. It is notorious that small pores
are present between the spherulites, which resulted from high
temperatures (210 °C) during the polymer processing.43 In the
inset of Figure 2b, it is possible to observe a ND aggregate near
to the pore. The cross sections of the samples NDO 0.5 wt %,
NDA 2 wt %, NDH 0.25 wt %, and NDM 2 wt % are presented
in Figures 2c to f, respectively. All ND filler types appear well
distributed and scattered along the section of the PVDF
sample, also presenting homogeneous sizes in a submicron
range. However, it is possible to identify some ND clusters of
larger size in both the NDO and NDA samples, being more
visible in the NDO sample, indicating that ND nanofillers with

Figure 2. SEM micrographs of the surface of (a) NDH 0.5 wt %, (b)
NDM 2 wt %, and the cross section of (c) NDO 0.5 wt %, (d) NDA 2
wt %, (e) NDH 0.25 wt %, and (f) NDM 2 wt %.
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higher oxygen content are more difficult to disperse, similar to
what was verified in a previous study.12

The topography of the samples was analyzed by AFM
measurements for pristine PVDF and samples with 2 wt % of
nanofiller content (Figure 3).
The analysis of Figure 3 shows that no relevant differences

can be found between the overall topography of the PVDF
sample and composites. The surface of the PVDF sample
shows hills and valleys characteristic of the polymer film
surface,5 and this morphology is also present in the composite
sample surface. A tendency for smaller ridges is observed
compared to the pristine sample, indicating that the ND fillers
contribute to a slight smoothing of the surface as a result of the

interactions between the polymer and ND nanostructure.
However, the addition of the ND nanofillers does not induce
drastic changes in the roughness (Ra) of the samples, which
present variations of Ra ranging between ≈10 and 100 nm for
the NDH 2 wt % and PVDF, respectively.
The effect of the ND nanofillers in the wettability of the

composites was evaluated by water contact angle, and the
results are presented in Figure S1. It can be seen that water
contact angle is not significantly influenced by the different
types of NDs in the polymer matrix since all of them present
similar values of approximately 81° for the materials with 0.25
wt %. This was expected since AFM measurements also
showed similar topography and roughness among the samples.

Figure 3. 3D AFM images of PVDF (a) and composites with 2 wt % of nanofillers NDM (b), NDO (c), NDA (d), and NDH (e).

Figure 4. (a) UV−Vis absorbance spectra of pristine PVDF and various ND/PVDF composite films. (b) Optical absorbance as a function of ND
content and type.
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Nevertheless, by increasing the content of filler from 0.25% to
2%, the wettability is increased. While pristine PVDF presents
a contact angle of approximately 84°, the inclusion of the NDs
decreases the contact angle to values below 80°. In general, the
greater the surface roughness, the smaller the water contact
angle.44 The inclusion of the particles induces an even more
uneven surface, thus increasing wettability.
Optical, Structural, and Thermal Properties. In Figure

4 are shown the UV−Vis spectra of the PVDF pristine polymer
and ND/PVDF composites (Figure 4a) and the dependence of
the absorbance of the nanocomposite films with ND filler
concentration and type (Figure 4b).
By analyzing the UV−Vis spectra of the PVDF composite

films with embedded NDA, NDH, NDM, and NDO between
200 and 800 nm (Figure 4a), it is verified that the ability of the
nanocomposites in absorbing UV radiation increased with the
presence and weight content of the ND fillers, being about 10
times higher for the NDH sample with 2 wt % than for the
pristine PVDF in the UV region. This proves that ND particles
have the ability to attenuate the transmission of UVA, UVB,
and UVC radiation enabling their use as a UV filter.45 In the
near-infrared spectral region (750−800 nm), the nano-
composites were transparent, thus observing a general decrease
in absorbance for almost all samples.12,46 Figure 4b shows that
the absorbance (at both the wavelengths of 400 and 600 nm)
increased with increasing of the nanofiller concentration,
regardless the ND type, presenting an increment of about 40%
from 400 to 600 nm for the films with higher nanofiller
concentration (2 wt %). The variations of the concentration
and type of ND embedded into the PVDF films enable one to
tune, to a certain extent, the optical properties of the
composite samples in order to achieve specific application
demands, specifically the absorption of UV radiation, which
allows their use as components of sunscreens for UV
radiation.47 The films are near to transparent in the spectral
regions of visible and near infrared and absorb in the UV
region, providing effective protection from the UV radiation,
and this behavior is similar to that reported for thin films of
poly(vinylpyrrolidone) with NDs.45

Through FTIR-ATR spectroscopy, it was possible to identify
the PVDF polymer phases and their relative content in the
composites, which made it possible to reveal any effects of the
nanofillers on the polymer crystallization. Figure 5 shows that
all samples crystallized mainly in the non-polar α phase, with

residual traces of the β phase. The exclusive and characteristic
absorption bands of α-PVDF (766, 795, and 976 cm−1) were
found in the spectra, which was expected considering the
selected processing conditions from the melt.28 The α phase
concentration, determined by eq 1, ranged between about 92%
and 94% with the maximum value obtained for the sample with
0.5 wt % of NDO. Furthermore, no traces of γ-PVDF were
detected. Thus, the addition of the ND fillers and the applied
surface functionalizations did not interfere in the crystallization
of PVDF and did not promote the nucleation of γ-PVDF, as
observed in previous works with similar composites with ND12

or with carbonaceous nanofillers.48

Figure S2 and Table T1 (Supporting Information) show
representative thermograms and the corresponding sample
crystallinity. The melting temperature (Tm) and the degree of
crystallinity were determined from the DSC thermograms and
eq 2, respectively. All the samples present the endothermic
peak at approximately 170 °C (Figure S2, Supporting
Information) ascribed to the melting of the α phase of the
polymer,28 which is in agreement with the α phase amounts
mentioned above. No shifts were detected in the melting peak
of the composites in comparison with the pristine PVDF film,
with the exceptions of 2 wt % of NDM and 2 wt % of NDO
films, which exhibited a shift of approximately +2 and −2 °C,
respectively. In the case of 2 wt % of NDO, presumably larger
interactions between ND nanofillers and the polymer matrix
led to the enhancement of the composite thermal stability.49

The degree of crystallinity (Table T1, Supporting Information)
was determined through the enthalpy of the thermogram’s
melting peak, and the highest value (≈63%) was obtained for
the PVDF film. Considering the experimental error of 3% in
the calculation of the crystallinity, the differences in the degree
of crystallinity were not significant (Table T1, Supporting
Information). Nevertheless, it seems that the incorporation of
the nanofillers to the polymer slightly reduces the degree of
crystallinity, with a minimum of ≈58% in the case of 0.5 wt %
NDA. This would suggest that the ND particles acted as
defects during the crystallization process,49 independently of
the filler type or content.

Electrical Properties. Figure 6 shows the dielectric
response (Figures 6a and b), a.c. (Figure 6c), and d.c. (Figure
6d) electrical conductivity.
Figure 6a shows a slight decrease in the dielectric constant

(ε′) with the increase in frequency (500 Hz to 1 MHz), typical
of PVDF due to the dipolar relaxation characteristics of the
polymer.50 The presence of ND nanofillers did not change this
dependence of ε′ with the frequency; nonetheless, a general
increase in ε′ is observed for all composite films (7−9)
compared to the pristine PVDF film (6−7), similar to that
reported elsewhere for similar nanocomposites.12 Nonetheless,
no relation can be established between the increase in ε′ and
the type and content of the ND nanofillers, being most
probably related to interfacial trapped charges and Maxwell−
Wagner−Sillars relaxation,51 which depend on the specific
characteristics of the surfaces of the different ND functional-
ization types. The dielectric loss tangent (tan(δ)) in the range
of 500 Hz to 1 MHz is presented in Figure 6b, showing a
similar frequency dependence for all samples with a maximum
value of tan(δ) of approximately 0.1 at 1 MHz. It should be
noted that the relative increase in ε′ in the composites was not
accompanied by an increase in the dielectric loss since pristine
PVDF and the different composites all present similar tan(δ)
values, reinforcing the aforementioned behavior of the

Figure 5. FTIR-ATR spectra of PVDF polymer and various ND/
PVDF composites.
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interfaces in the dielectric response. The overall behavior of
the dielectric loss, in the referred frequency range, was similar
for all samples, decreasing slightly up to 104 Hz and increasing
markedly for frequencies above 105 Hz, typically attributed to
the polymer αa relaxation as well as to the contribution of
localized charges and the crystallite/amorphous region
interfaces.52 The a.c. conductivity (σ′) in Figure 6c increased
with increasing frequency with no noticeable differences
between composites and pristine PVDF films, meaning that
the intrinsic nature of the PVDF sample was not modified.53

The relation between ε′ at 1 kHz and d.c. electrical
conductivity (σ) with the nanofiller type and content is
presented in Figure 6d. It is shown that ε′ (Figure 6d, top)
tends to increase with the incorporation of ND nanofillers, the
pristine PVDF sample presenting ε′ ≈ 6.5 and the composite
with 0.5 wt % of NDA displaying the maximum ε′ ≈ 9. An
increase in ε′ by approximately 1.5−2.5 was verified in the
nanocomposite samples regardless the type and the concen-
tration of ND, whereas little significant differences were found
between them. The aminated sample showed relatively higher
values among the composites, with the exception of the sample
NDA 0.25 wt %. The σ of the composites (Figure 6d, bottom)
did not change significantly with respect to that of the pristine
PVDF film; the d.c. conductivity had the same order of
magnitude (10−14 S/cm) for all samples and the differences
were within experimental errors.
Antimicrobial and Antibiofilm Activity. E. coli is

responsible for a high number of infections worldwide, from

mild infections such as common urinary infections to serious
ones like hemorrhagic colitis, responsible for many large-scale
outbreaks in recent years.54 The susceptibility of E. coli toward
NDs was measured in culture media to assess the capability of
these nanostructures alone, i.e., before being incorporated in
the composite, for inhibiting the growth of bacteria. Increasing
concentrations of NDs in suspension were then put in contact
with E. coli overnight, and the optical density was measured
after 24 h incubation, which is an indication of ND
bacteriostatic activity. The determination of ND capability to
inhibit bacterial growth comes from the knowledge that the
nanoscaled material has the ability to interact with the
membrane of the bacterial cell due to its larger surface area,
inducing high local membrane perturbance, which eventually
leads to cell leakage and thus death.55,56 Figure 7 shows that
amine-containing NDs (NDA) possessed higher ability to
prevent the E. coli growth followed by the hydrogenated
(NDH) and carboxylated (NDO) variants. However, non-
functionalized NDs (NDM) showed no bacteriostatic activity,
evidenced by a linear OD with increasing concentration, which
means that NDM did not affect the susceptibility of bacteria.
The surficial functional groups of the NDs thus play an
essential role on the antimicrobial activity of these structures.
As expected, the NDs comprising amino groups, thus
providing a cationic nature to the structures, are the ones
with higher antimicrobial activity. It has been widely proven
that cationic nanostructures are able to effectively induce
bacterial cell damage.55,57

Figure 6. Electrical properties measured at room temperature: dielectric constant (a), dielectric loss (b), a.c. electrical conductivity as a function of
frequency (c), dielectric constant (at 1 kHz), and d.c. conductivity as a function of filler content and type (d).
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Despite the fact that most of the NDs in suspension show
antibacterial activity, the incorporation into the PVDF matrix
may narrow the interaction with bacteria and the antimicrobial
effect. Therefore, the corresponding PVDF composites were
further tested for their antimicrobial activity. The nano-
composites comprising the highest concentration of NDs (2 wt
%) were chosen to study the effect of the addition of ND
structures to the films, not losing focus on the influence of
polymer’s morphology on the interaction with bacteria.
The tests were performed both at the surface of the materials

through the evaluation of the total biomass and bacteria
adhered to their surfaces as well as by studying the capability to
induce a killing effect on the bacteria in suspension over the
material. It was observed that the antimicrobial properties of
the film materials were mainly confined to the surface since no
CFU reduction in suspension was observed. These results are
presented in Figures 8 and 9. In Figure 8a, it can be observed
that the amount of E. coli in solution was not affected since no
relevant differences were found in terms of log reduction. This
indicates that the material itself was not antimicrobial or did
not leach the ND filler into the solution, which could induce
bacterial death.
Nevertheless, by observing the surface of the material,

analyzed with crystal violet assay (Figure 8b) and live/dead kit
(Figure 9), all the nanocomposites inhibited, to a different
extent, the formation of biofilm when compared to the PVDF
film without any ND. The inclusion of nanodiamonds on the

material surface thus influenced the capability of bacteria to
adhere and form the biofilm. This is in line with previous
studies that demonstrated that some specific nanostructured
surfaces such as ridges, nanopillars, and grooves are able to
avoid the bacteria adhesion and inhibit biofilm formation.58,59

Since the herein developed materials present a very similar
topography (Figures 2 and 3), it is proposed that the
antimicrobial activity of the films is due to the NDs themselves,
which act by contact killing due to their nanosized structure.
Figure 9 clearly shows that the E. coli cells adhered to the

PVDF surface, most of the cells staining green, indicating a
high level of bacterial viability and to a lesser extent to the
NDM nanocomposite material, which presents a relatively
higher cell density among the ND/PVDF composites. On the
other composite materials, besides having less cell density on
the surface, they were mainly dead (represented in red), with
the highest number of dead cells found over the NDH and
NDA containing composites. These results corroborate with
the results shown in Figure 7 where these functionalized NDs
were found to induce more bacteriostatic activity.
With respect to the possible mechanism of action of the

NDs, it can be hypothesized that NDs are able to kill bacteria
through contact killing mechanism via the interaction with
nanosized clusters that disrupt the cell membrane. It has been
reported that specific nanostructures, mainly positively charged
ones, have the ability to interact with the bacterial cell
membrane due to their larger surface area, inducing high local
membrane perturbance, which eventually leads to cell leakage
and thus death.55,60 In fact, cationic biocides and surfactants
(e.g., quaternary ammonium compounds), both possessing

Figure 7. Dose-dependent effect of the non-functionalized and
functionalized NDs in the inhibition of E. coli growth, measured after
overnight contact with bacteria at OD at 600 nm.

Figure 8. Antimicrobial activity of the pristine PVDF and ND/PVDF films (2 wt %) measured using (a) CFUs (colony-forming units) of E. coli
growing in suspension over the nanocomposites and (b) the total biomass growing on material’s surface assessed by crystal violet assay.

Figure 9. Fluorescence microscopy live/dead images of 24 h grown E.
coli bacteria incubated over the nanocomposites and PVDF as a
control (live cells in green and dead cells in red).
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positively charged moieties, were reported to impart
bactericidal properties for a wide range of bacteria.61,62

It could thus be concluded that these NDs acted by contact
killing and were not leached from the material. Thus, the
developed composites can be used as antimicrobial coatings,
being the NDA and NDH enriched composites particularly
suitable for this application. Moreover, the polymer matrix
enables green chemistry approaches63 during processing,
including additive manufacturing technologies.64

■ CONCLUSIONS
ND/PVDF composites were processed by solvent casting
using ND fillers of four different types of surface functionaliza-
tion (i.e., non-functionalized (NDM), aminated (NDA),
hydrogenated (NDH), and carboxylated (NDO)) and
concentrations (0.25, 0.5, 1, and 2 wt %).
The samples showed homogeneous surface morphology and

regular dispersion of ND fillers across the PVDF sample for all
composites, while the overall surface topography was similar
between the composites and pristine PVDF sample. The
contact angle was therefore very similar among the samples,
slightly increasing with the increase in ND concentration in the
PVDF matrix.
As compared to the pristine PVDF film, composite films

showed up to 10 times higher absorbance in the UV region and
about 40% higher absorbance in the visual light region (i.e., at
400 and 600 nm) in the case of the NDH sample 2 wt %. All
films crystallized in the α-PVDF phase (92−94%), with smaller
traces of β-PVDF, so the filler type or filler content did not
affect the α phase crystallization of PVDF. The dielectric
constant (ε′) of the composite films increased with about 2
with the incorporation of ND, and the dielectric loss (tan(δ))
remained almost constant. The inclusion of ND imparted
antibiofilm properties to the films, with the type of ND
functionalization being an essential factor to kill the bacterial
cells through contact killing. NDH and NDA containing
composites induced improved bactericidal activity when
compared to NDM and NDO, most probably due to the
effective interaction with the membrane of the bacterial cell. In
short, the incorporation of several ND fillers into PVDF
enables one to tune the optical properties of the nano-
composites, increases the dielectric constant while not affecting
the dielectric loss, and successfully imparts antimicrobial
properties to the films without relevant modification of the
characteristics of PVDF. These composites represent promis-
ing candidates to produce functional coatings and sensors due
to the outstanding properties of the polymer, including
through additive manufacturing processes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.0c00869.

Water contact angle (Figure S1), DSC thermograms
(Figure S2), and degree of crystallinity (Table T1)
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
João Nunes-Pereira − Centre for Mechanical and Aerospace
Science and Technologies (C-MAST), Universidade da Beira
Interior, 6200-001 Covilha,̃ Portugal; Centro de Fiśica das
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phosphate buffer solution; PLGA, poly(lactic-co-glycolic acid);
PVDF, poly(vinylidene fluoride); SD, standard deviation;
SEM, scanning electron microscopy; XPS, X-ray photoelectron
spectroscopy
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