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Council for Nutritional and Environmental Medicine (CONEM, Norway), reviewer for more than

50 highly reputed international journals, invited reviewer for several book publishers, and editorial

board member of several international journals. She also edited several special issues and research

topics in highly reputed journals and is currently editing several books for renowned publishers.
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Medical devices are a typical and important part of health care for both diagnostic and therapeutic
purposes. Nonetheless, these devices (e.g., catheters, implants, dentures, or prostheses) recurrently
lead to the appearance of several types of infections. In fact, there is a high rate of colonization of
abiotic surfaces (such as biomaterials from medical devices), due to an induction of biofilm-growing
microorganisms, which are progressively resistant to antimicrobial therapies. The biofilm structures
are composed of attached and structured microbial communities, surrounded by an exopolymeric
matrix. They are the predominant mode of microbial growth, as they offer ecological advantages,
such as protection from the environment, nutrient availability, metabolic cooperation, and acquisition
of new traits. Furthermore, there are single and multiple-species communities of biofilms, most of
them particularly difficult to eradicate and a source of many recalcitrant infections. Undeniably, it is
now recognized that most infections are connected to a biofilm etiology.

Numerous methods have been established to fight device-related infections. Among them, there are
natural products (e.g., phenolic compounds), surface coating/functionalization of biomaterials (e.g.,
peptides, β-lactams), or inorganic elements (e.g., copper and silver nanoparticles). These options are
recognized mainly as having a broad-spectrum bacterial/fungal activity, being decisive to understand
how these infections develop and to progress/find new biomaterials. Antifouling coatings (e.g.,
repellents or low adhesion to microorganisms, or antimicrobial coatings), improvement of biomaterials’
functionalization strategies, and support tissues’ bio-integration are some of them.

Eight papers were published in this issue, six of them being research papers with promising new
developments. The reports describe the bioactivity of amorphous titania nanoporous and nanotubular
coatings [1], the use of a method to increase the antimicrobial efficiency of a cold atmospheric plasma
jet (CAPJ) [2], an electrospinning technique to acquire anti-infective terephthalate nanofibers loaded
with silver nanoparticles [3], or the use of similar silver nanoparticles on the surface of titanium
alloy implants, discussing nanotechnology and the antimicrobial effect of biomaterials [4]. Another
report evaluated the effect of autoclaving sterilization in several parameters (such as morphology or
biocompatibility) of implants modified by nanocomposite coatings [5], and, finally, a report focused on
the efficacy of echinocandins (first-line antifungal drugs) for the treatment of systemic fungal infections
derived exclusively from biofilm cells (mimicking a catheter-derived biofilm infection). Regarding
reviews, two papers were published. The first one discussed the occurrence of candidiasis infections
in diabetes mellitus (DM) and its complications (such as species, hospitalization, organs involved),
and the second one discussed the management of Streptococcus mutans–Candida spp. oral biofilms’
infections, and the latest chemical and natural drugs used for this. These papers, which address the
medical implications of the topics covered, will be summarized in the following lines.

Piszczek et al. [1] concluded that surface-modified titanium alloy implants present the most
suitable physicochemical and biological properties for a potential orthopedic application, with the
important advantage of not having long-term release of mutagenic substances. Other work explains
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that CAPJ can destroy the Escherichia coli cell wall and damage its DNA structure, offering effective
antimicrobial activity and being a new and significant approach to fight bacterial infections [2].
Likewise, terephthalate nanofibers loaded with silver nanoparticles have been indicated as a possible
new approach in anti-infective therapy against Gram-positive and Gram-negative bacteria and fungi
for wound dressings or implant coatings. The silver-decorated fibers revealed low cytotoxicity and
inflammatory effects and, importantly, increased antibiofilm activity, stressing the anticipation of the
use of these systems with antimicrobial activity [3]. A method for assembling two different systems
of dispersed silver nanoparticles [4] has proved useful against Gram-positive and Gram-negative
bacteria and yeasts. The results indicate high biocidal properties and biocompatibility (low toxicity) of
the studied systems (particularly for one, Ti6Al4V/TNT5/0.6AgNPs). In another paper [5], the same
authors describe the morphology, structure and mechanic alterations of nanotubular titania coatings,
related to the autoclaving processes. They reveal that this sterilization method does not affect its
morphology and structure, but it requires the elimination of adsorbed water particles from its surface,
in order to avoid damage to the architecture of nanotubular coatings. The last research work is related
to the efficacy of the treatment of an in vivo infection originated from Candida glabrata biofilm cells.
Rodrigues et al. [6] indicated that caspofungin or micafungin does not have a significant impact on liver
and kidney fungal burden or in the recruited inflammatory infiltrate (immune response). These results
underline the greater virulence of biofilms cells’ infections (e.g., originating from medical devices),
when compared to their planktonic counterparts.

Regarding reviews, both papers were related to fungal biofilms [7,8]. The first one assessed the
incidence and prevalence of several Candida spp. infections in DM patients. The authors show that
DM clearly predisposes individuals to fungal infections, specifically related to Candida spp., due to the
patient’s general state of immunosuppression. In fact, patients have longer hospitalization periods,
and candidiasis cases are commonly associated with the prolonged use of indwelling medical devices.
These issues increase the disease-management-associated costs. Lastly, an article emphasized and
discussed the use of new synthetic and natural drugs, besides other strategies, with promising results for
both S. mutans–Candida spp. oral mixed biofilms treatment and control. These biofilms (among the most
common in oral infections) have undergone several studies, including innovative drugs/therapeutic
methods (e.g., photodynamic therapy, several naturally-occurring biomolecules, and chlorhexidine
added to silver nanoparticles), revealing different, but promising, clinical approaches [8].
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Abstract: An increasing interest in the fabrication of implants made of titanium and its alloys
results from their capacity to be integrated into the bone system. This integration is facilitated by
different modifications of the implant surface. Here, we assessed the bioactivity of amorphous
titania nanoporous and nanotubular coatings (TNTs), produced by electrochemical oxidation of
Ti6Al4V orthopedic implants’ surface. The chemical composition and microstructure of TNT layers
was analyzed by X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). To increase
their antimicrobial activity, TNT coatings were enriched with silver nanoparticles (AgNPs) with the
chemical vapor deposition (CVD) method and tested against various bacterial and fungal strains
for their ability to form a biofilm. The biointegrity and anti-inflammatory properties of these layers
were assessed with the use of fibroblast, osteoblast, and macrophage cell lines. To assess and exclude
potential genotoxicity issues of the fabricated systems, a mutation reversal test was performed (Ames
Assay MPF, OECD TG 471), showing that none of the TNT coatings released mutagenic substances in
long-term incubation experiments. The thorough analysis performed in this study indicates that the
TNT5 and TNT5/AgNPs coatings (TNT5—the layer obtained upon applying a 5 V potential) present
the most suitable physicochemical and biological properties for their potential use in the fabrication
of implants for orthopedics. For this reason, their mechanical properties were measured to obtain full
system characteristics.

Keywords: Ti6Al4V implants; anodization process; XPS; antimicrobial activity; genotoxicity
assessment; anti-inflammatory properties; mechanical properties
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1. Introduction

The design and manufacture of implants, which are safe and highly accepted as being biocompatible
with the human body, is a priority of modern medicine [1,2]. Works aimed at solving this issue are
supported by the intense investigations on novel biomaterials and the development of modern
technologies. The application of additive technologies (e.g., selective laser sintering, selective laser
melting, commonly called 3D printing), which, allow for bone implant fabrication with anatomical
accuracy, and lead to the shortening of the surgery duration and postoperative recovery, is a good
example [3–5]. Titanium and titanium alloy powders are materials widely used in the aforementioned
above-mentioned additive technologies due to the fact that implants fabricated using these powders
show desirable mechanical properties, allowing them to transfer large loads. Therefore, these materials
offer great potential for applications in orthopedics, dentistry, and spine surgery [6–8]. The advantage
of the additive technology is its ability to fabricate porous systems, which can increase the ingrowth
of bone and the anchorage of the implants [8,9]. However, low osteoconduction and integration of
titanium-based implants with the bone for long-term survival, their weak anti-inflammatory properties,
and the possibility of toxic components releasing into the human body requires surface modification
and the formation of a layer, which significantly eliminates these above-mentioned adverse factors.
These surface modifications can be carried out into two ways: (a) The roughness and wettability changes
of the titanium implants’ surface, which can stimulate a durable connection between the implant
and the bone [9–11]; and (b) the formation of bioactive coatings, which accelerate bone formation
(e.g., hydroxyapatite layers [12,13]) or increase their biocidal activity (e.g., bio-functional magnesium
coating, as well as silver nanoparticles [14–16]). The formation of an oxide layer (passivation layer) on
the surface of titanium/titanium alloy implants, which is practically insoluble and largely responsible
for their high corrosion resistance and biocompatibility, is an important way to approach implants’
surface modification [17]. The implants’ surface oxidation process control lead to the fabrication of
titania coatings of defined architecture, porosity, and microstructure, on titanium-based implants’
surface, which may contribute to an improvement of their mechanical properties and to their bioactivity
increase [18–21].

From a practical point of view, the anodic oxidation of titanium-based implants’ surface in the
HF solution, leading to the formation of first-generation TiO2 (TNT) nanotube coating, seems to be
particularly interesting [22–25]. Depending on the value of the applied potential [U], this method
allows the following to be obtained: (a) Ordered porous layers (U = 3–10 V), consisting of nanotubes
with common walls; (b) ordered tube layers (U = 10–30 V), composed of separated titania nanotubes;
and (c) oxide coatings with a sponge-like structure (above U = 30 V) [24,26]. Produced TNT coatings, as
obtained, are amorphous and form a uniform oxide layer of a thickness c.a. 150 nm on the entire surface
of the substrate. The type of produced coating has a direct impact on the surface wettability, its porosity,
and roughness, as well as on the mechanical properties. Moreover, it was found that the substrates
covered with the TNT layer are characterized by more vigorous cell growth (fibroblasts) and better
integration of bone with the implant surfaces [20,25,26]. The enrichment of TNT coatings with silver
nanoparticles (AgNPs) using chemical vapor deposition (CVD) and atomic layer deposition (ALD)
techniques, allowing control of their size and dispersion, was another direction of our works [27–30].
Forming a TNT/AgNPs system, we exploited the antimicrobial properties of silver nanoparticles
without exceeding the potentially acceptable and safe dose of silver ions [16,28–30]. The composite
systems produced in this way could prevent the formation of bacterial biofilms that form on the
implant surface, thus being difficult to eradicate.

Our previous research [20,21,24–31] focused on the development of technology to produce
the bioactive coatings on the surface of Ti6Al4V alloy substrates, i.e., widely used material in the
construction of orthopedic implants. However, in order to implement the developed nanocoatings into
implant fabrication, it is necessary to estimate their bioactivity in detail. Therefore, we focused on the
wide-ranging immunological studies on selected coatings, i.e., TNT5 (porous one produced at U = 5 V),
TNT15 (tubular one produced at U = 15 V), TNT5/AgNPs, and TNT15/AgNPs (TNT5 and TNT15
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coatings enriched with silver nanoparticles), as well as on studies intended to exclude their potential
genotoxicity. Studies on the antimicrobial potential of produced coatings that counteract the colonization
and biofilm formation by selected bacterial and fungal strains on TNT- and TNT/AgNPs-modified
Ti6Al4V surfaces were especially important for us. The results of all of these investigations are
presented and discussed in this paper.

2. Materials and Methods

2.1. The Modification of the Ti6Al4V Implant Surface and the Characterization of Titania Coatings

The studied Ti6Al4V implants were modified by the fabrication of titania coatings on their surface
using the anodization oxidation method, in accordance with a previously described procedure [25].
The implants were produced by 3D technology using selective laser sintering (SLS; EOS M 100; EOS
GmbH Electro Optical Systems, Krailling, Germany) of Ti6Al4V powder, the chemical composition of
which was consistent with ASTM F136-02a (ELI Grade 23) [32]. The crystallographic structure of the
produced implants was confirmed by the XRD diffraction pattern (Figure S1) [33]. The anodization of
the implants’ surface was carried out at room temperature using 0.3 wt% aqueous HF solution as an
electrolyte, the anodization time t = 30 min, and potentials of U = 5 V (TNT5) and 15 V (TNT15). After
the anodization, the samples of the Ti6Al4V/TNT5 and Ti6Al4V/TNT15 systems were dried in a stream
of argon at room temperature (RT), and additionally immersed in acetone and dried at 396 K for 1 h.
Half of the TNT5 and TNT15 samples were enriched with silver nanoparticles using the CVD technique
(metallic silver precursor—[Ag5(O2CC2F5)5(H2O)3]) under earlier described conditions [27,30]. The
morphology of the produced coatings was studied using quanta field-emission gun scanning electron
microscope (SEM; Quanta 3D FEG; Carl Zeiss, Göttingen, Germany). A 30.0 kV accelerating voltage
was chosen for SEM analysis and the micrographs were recorded under high vacuum using a secondary
electron detector (SE). The structure of the produced oxide layers was analyzed using X-ray diffraction
(XRD; PANalytical X’Pert Pro MPD X-ray diffractometer, PANalytical B.V., Almelo, The Netherlands,
using Cu-Kα radiation; the incidence angle was equal to 1 deg) and raman spectroscopy (RamanMicro
200 PerkinElmer, PerkinElmer Inc., Waltham, MA, USA). X-ray photoelectron spectroscopy (XPS)
spectra of the investigated samples were obtained with monochromatized Al Kα-radiation (1486.6
eV) at room temperature using an X-ray photoelectron spectrometer (PHI 5000 Versaprobe, Physical
Electronics, Inc., Chanhassen, MN, USA). The sample surface was sputtered using an Ar+ ion beam
for 3 times. Energy of 2.5 keV was used for each sputter and the duration of each sputter was 2 min.
All surface-modified implants (named for the publication needs as TNT5, TNT15, TNT5/AgNPs, and
TNT15/AgNPs) as well as non-modified Ti6Al4V and silver-enriched Ti6Al4V/AgNPs were cut into 8 ×
8 × 2 and 10 × 10 × 2 mm pieces and used in all biological experiments.

2.2. Wettability and Surface Free Energy of Biomaterials

The wettability and surface free energy of the produced titania-based nanocoatings were
determined using earlier described methods [25,34,35]. The contact angle was measured using
a goniometer with drop shape analysis software (DSA 10 Krüss GmbH, Hamburg, Germany). Each
measurement was repeated three times.

2.3. Immunological Assessment

2.3.1. Cell Culture

Human osteoblast-like MG 63 cells (European Collection of Cell Cultures, Salisbury, UK, cat.
no. 86051601) were cultured at 310 K in 5% CO2 and 95% humidity in Eagle’s minimum essential
medium (EMEM) containing 2 mM L-glutamine, 1 mM sodium pyruvate, MEM non-essential amino
acid, heat-inactivated 10% fetal bovine serum (FBS), 100 μg/mL streptomycin, and 100 IU/mL penicillin
(all compounds from Sigma-Aldrich, Darmstadt, Germany). The culture medium was changed every
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2–3 days. The cells were passaged using 0.25% trypsin- ethylenediaminetetraacetic acid (EDTA)
solution (Sigma-Aldrich Darmstadt, Germany). The murine macrophage cell line RAW 264.7 was
obtained from European Collection of Cell Cultures (Salisbury, UK, cat. no. 91062702). The cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% Fetal Bovine Serum (FBS),
100 μg/mL streptomycin, and 100 IU/mL penicillin (all compounds from Sigma-Aldrich). Macrophages
were maintained at 310 K in a 5% CO2/95% humidified atmosphere, subjected to no more than 15
cell passages and utilized for experimentation at approximately 70%–80% confluency. L929 murine
fibroblast cells (American Type Culture Collection, Manassas, VA, USA) were cultured at 310 K in a
humidified atmosphere with 5% CO2. The culture medium consisted of RPMI 1640 medium containing
2 mM l-glutamine (Sigma-Aldrich, Darmstadt, Germany), 10% heat-inactivated fetal bovine serum
(FBS), 100 IU/mL penicillin, and 100 μg/mL streptomycin (PAA Laboratories GmbH, Cölbe, Germany).
L929 cells were passaged using a cell scraper.

2.3.2. Cell Proliferation Assays

The effect of the tested specimens on the cell proliferation (measured after 24, 72, and 120 h) was
studied using the MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma Aldrich,
Darmstadt, Germany) assay. MG-63 osteoblasts and L929 fibroblasts were seeded onto the autoclaved
tested nanolayers placed in a 24-well culture plate (Corning, NY, USA) at a density of 1 x 104 cells/well
and cultured for 24, 72, and 120 h. RAW 264.7 macrophages were seeded onto the substrates at a density
of 25 × 104 cells/well and cultivated for 24 and 48 h. Moreover, the proliferation rate of the RAW 264.7
cell line was assessed for the cells stimulated with lipopolysaccharide (LPS; derived from Escherichia
coli; 0111:B4, Sigma Chemicals, St. Louis, MO, USA) at a dose of 10 ng/mL, which was added to the cell
growth medium to create the pro-inflammatory environment. The control cells were incubated on the
test samples without the presence of LPS. After the respective incubation time, the substrates were
rinsed with phosphate-buffered saline (PBS, pH 7.4; 1 ×working concentration, contains 155.2 mM
NaCl, 2.97 mM Na2HPO4 × 7H20 and 1.06 mM KH2PO4) and transferred to a new 24-well culture plate.
The MTT (5 mg/mL; Sigma-Aldrich) solution in a respective culture medium without phenol red was
added to each well and the plates were incubated for 3 h. Then, the MTT solution was aspirated and
500 μL of dimethyl sulfoxide (DMSO; 100% v/v; Sigma Aldrich, Darmstadt, Germany) was added to
each well. Finally, the plates were shaken for 10 min. The absorbance was measured at the wavelength
of 570 nm with the subtraction of the 630 nm background, using a microplate reader (Synergy HT;
BioTek, Winooski, VT, USA). The blank groups (the plates incubated without the cells) were treated
with the same procedures as the experimental groups. All measurements were done in duplicate in
five independent experiments.

2.3.3. MG-63 Osteoblasts Morphology Observed by SEM

The analysis of the morphology changes and number of MG-63 osteoblasts growing on the surface
of TNT coatings and Ti6Al4V orthopedic implants, which were produced using selective laser sintering
3D technology, was performed using scanning electron microscopy (SEM; Quanta 3D FEG; Carl Zeiss,
Göttingen, Germany). In the case of the TNT coatings, the cells were seeded onto the specimens placed
in the 24-well plate at a density of 1 × 104 cells/well, whereas the osteoblasts growing on the surface of
the Ti6Al4V orthopedic implant placed in the 6-well plates were seeded at a density of 1 × 104 cells/cm2.
After the selected incubation time, the nanolayers were rinsed with PBS to remove non-adherent cells
and fixed in 2.5% v/v glutaraldehyde (Sigma Aldrich, Darmstadt, Germany) for a minimum of 4 h
(maximum 1 week). Then, the samples were washed again with PBS and dehydrated in a graded
series of ethanol concentration (50%, 75%, 90%, and 100%) for 10 min. Finally, the specimens were
dried in vacuum-assisted desiccators overnight and stored at room temperature until the SEM analysis
was performed.

8



J. Clin. Med. 2020, 9, 342

2.3.4. Alkaline Phosphatase Activity Assay

MG-63 osteoblasts were seeded onto the tested nanolayers placed in a 24-well culture plate at a
density of 1 × 104 cells/well and cultured for 24, 72, and 120 h. Then, the samples were washed with PBS
and lysed in 0.2% (v/v) Triton X-100 (Sigma Aldrich, Darmstadt, Germany), with the lysate centrifuged
at 14.000× g for 5 min. The clear supernatants were used to measure the alkaline phosphatase (ALP)
activity, which was determined using the ALP assay kit from Abcam (London, UK, cat. no. ab83369)
according to the manufacturer’s instructions. The intracellular total nuclear protein concentration
in the final supernatants was determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA) and the ALP activity was normalized to it.

2.3.5. ELISA Quantification of Cytokines and Nitric Oxide

Murine macrophage cell line RAW 264.7 were seeded in triplicate onto the tested specimens placed
in 24-well tissue culture plates (Corning, NY, USA) at a density of 25 × 104 cells/well and cultured for
24 and 48 h. The pro-inflammatory environment was created by adding 10 ng/mL of LPS to the cell
growth media. The control cells were incubated on the tested substrates without the presence of LPS.
Protein levels of the pro-inflammatory cytokines, interleukin (IL) 1β, IL-6, and tumor necrosis factor
(TNF) α; anti-inflammatory cytokine, IL-10; and total nitric oxide, secreted into the cell culture media
were measured with sandwich enzyme-linked immunosorbent assays (ELISA) kits from R & D Systems
(Minneapolis, MN, USA; cat. no. MLB00C, M6000B, MTA00B, M1000B and KGE001, respectively),
according to the manufacturer’s instructions. Colorimetric changes in the assays were detected using a
Synergy HT Multi-Mode Microplate Reader. The sensitivity of the 1β, IL-6, TNF-α, IL-10, and total
NO (nitric oxide) kits were less than 4.8, 1.8, 7.21, 5.22, and 0.78 μmol/L, respectively. To eliminate
variation due to differences in the cell density among the samples, the cytokines and NO production
were normalized to a number of 105 cells.

2.4. Genotoxicity Assessment

The genotoxicity of implant coatings was assessed with the use of the bacterial-reverse mutation
test (Ames test) according to the OECD (Organization for Economic Co-operation and Development)
guideline 471 for testing chemicals [www.oecd.org]. First, 10 × 10 × 2 mm pieces of unmodified and
modified implants were incubated in 0.5 mL of PBS in 310 K for 28 days, after which the solution was
screened for mutagenicity in four Salmonella typphimurium strains: TA98, TA100, TA1535, TA1537, and
one Escherichia coli uvrA (pKM101) strain with the use of Ames MPFTM Penta 2 Microplate Format
Mutagenicity Assay (Xenometrics, Netherlands). The number of revertant colonies corresponds to the
mutagenicity potential of each condition. 2-nitrofluorene (2-NF), 4-Nitroquinoline 1-oxide (4-NQO),
N4-Aminocytidine (N4-ACT), and 9-Acridinamine Hydrochloride Hydrate (9-AAC) were mutagens
used as strain-specific positive controls (according to the manufacturer’s protocol) [34].

2.5. Microbiological Assessment

2.5.1. Microbial Strains and Growth Conditions

Bacterial reference strains: Staphylococcus aureus ATCC 43300 (MRSA, methicillin-resistant S.
aureus), Staphylococcus aureus ATCC 29213 (MSSA, methicillin-susceptible S. aureus), Escherichia coli
ATCC 25922, Streptococcus gordonii ATCC 10558, and Streptococcus mutans ATCC 25175; and fungal
reference strains: Candida albicans ATCC 10231 and Candida glabrata ATCC 90030 were used in the
study. Bacteria were cultured on tryptic soy agar (TSA; BTL, Warsaw, Poland) or tryptic soy broth (TSB;
BTL, Poland) containing 0.25% glucose (TSB/Glu). Fungi were culture on Sabouraud Agar (SDA; BTL,
Warsaw, Poland) or Roswell Park Memorial Institute (RPMI) without phenol red (Sigma, Indianapolis,
USA) containing 0.25% glucose (RPMI/Glu).
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2.5.2. Anti-Adhesive and Anti-Biofilm Properties of Titanium Surfaces Tested

Microbial strains were grown on appropriate liquid media for 24 h at 310 K. Then, microbial
suspensions in TSB/Glu (bacteria) or RPMI/Glu (fungi) at the optical density of OD535 = 0.6
(nephelometer type Densilameter II, Brno, Czech Republic) were prepared. Biomaterial samples
were added to 1 mL of microbial suspensions into the wells of 24-well tissue culture polystyrene plates
(Nunc S/A, Roskilde, Denmark) and incubated for 24 h at 310 K in stable conditions to form a microbial
biofilm. Microbial suspensions alone (without biomaterial) and liquid media only were used as a
microbial growth control and negative control, respectively. Alamar Blue (AB; BioSource, CA, San
Diego, USA) staining for bacteria and fluorescein diacetate (FDA; Sigma Aldrich Inc., MO, St. Louis,
USA) staining for fungi were used to assess microbial colonization and biofilm formation on the tested
biomaterials. First, the biomaterials were dipped in PBS (Biowest, MO, Riverside, USA) to gently
remove microbial cells weakly bound to their surface. Then, the pieces of titanium biomaterials tested
were sonicated (5 min, room temperature) in TSB or RPMI (for bacteria or fungi, respectively) to reclaim
the cells forming the biofilm. The obtained microbial suspensions or medium (negative control) were
added (100 μL) in quadruplicate to the tissue culture 96-well microplates (Nunc, Roskilde, Denmark)
in case of bacteria and to the black 96-well microplates (Greiner Bio-One, Frickenhausen, Germany)
in case of fungi. Microbial cell staining was performed as recommended by the manufacturer of AB
and FDA. Finally, the fluorescence of AB at λex 550 nm/em, 585 nm, and FDA fluorescence at λex
485 nm/em, 520 nm was measured at Spectra Max i3 (Molecular Devices, CA, San Jose, USA) in the
Laboratory of Microscopic Imaging and Specialized Biological Techniques at the Faculty of Biology
and Environmental Protection University of Łódź. Based on fluorescence units (FUs), a percentage
of metabolically active microbial cells in the biofilms formed on modified titanium samples tested in
comparison to microbial biofilm on reference Ti6Al4V, considered as 100% was calculated.

2.5.3. Antimicrobial Activity of the Titanium Sample-Derived Supernatants

All titanium alloy implant samples tested were incubated separately in 1 mL of PBS without Ca2+

and Mg2+ (Biowest, MO, Riverside, USA) at 310 K for 24 h, 2 weeks, and 4 weeks. Then, biomaterial
samples were removed, and to these obtained supernatants, 100 μL of microbial suspensions in TSB/Glu
(bacteria) or RPMI/Glu (fungi) at the optical density of OD535 = 0.6 were added for 24 h of incubation
at 310 K. Microbial suspensions (100 μL) in PBS (1 mL) were used as microbial growth controls. After
incubation, microbial cultures were diluted from 10-1 to 10-6 in PBS preceded by intensive vortexing.
Then, 100 μL of the suspensions (10-4-10-6) were cultured on TSA (bacteria) or SDA (fungi) and
colony-forming units (CFU) were counted after 24 h of incubation at 310 K. The density of microbial
suspensions after culture in the presence of titanium sample-derived supernatants was calculated
using the average value of CFU counts. The experiment was performed twice, and each microbial
culture was prepared in duplicate.

2.6. AFM Topography and Mechanical Properties Studies

The topography studies of implants TNT5 and TNT5/AgNPs were performed using atomic
force microscopy (AFM, NaniteAFM, Nanosurf AG, Liestal, Switzerland). The measurements were
performed in the non-contact mode at 55 mN force on an area 50 × 50 μm. The Sa parameters
(area roughness) were calculated using the integrated software. The nanomechanical properties
and nanoscratch-tests of implants TNT5 and TNT5/AgNPs were performed using Nanoindenter
NanoTest Vantage (Micro Materials Ltd., Wrexham, UK). To determine the nanomechanical properties,
50 independent measurements in two different areas of the implants (2 × 25 mm) of indentation were
performed on each tested implant. The 3-side diamond Berkovich indenter with an angle of 124.4◦ was
used. The maximum force was 10 mN; 15, 5, and 10 s of loading; and dwell with maximum force and
unloading, respectively. The distance between the indentations in one section (tested area) was 20 μm
in both axes. The nanomechanical properties were determined using the Oliver and Pharr method [36].
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To calculate Young’s modulus from the reduced Young’s modulus, the Poisson’s ratio value of 0.25
was used. Nanoscratch tests were performed on 500 μm with a maximum applied force of 500 mN
and rate loading force of 3.3 mN/s. The 3-side diamond Berkovich indenter with an angle of 124.4◦
was used and 5 independent measurements were performed for each tested implant. The adhesion of
the coatings was assessed based on the observation of an abrupt change in the frictional force during
the test.

2.7. Statistical Analysis in the Biological Assays

All values are reported as means ± standard error of the means (SEM) and they were analyzed
using the nonparametric Kruskal–Wallis one-way ANOVA test, with the level of significance set at
p < 0.05. Statistical analyses were performed for immunological assays with GraphPad Prism 7.0
(La Jolla, CA, USA) and for microbiological and genotoxicity tests with the program Statistica 12.0 (Stat
Soft Inc., Tulsa Shock, OK, USA).

3. Results

3.1. Ti6Al4V Implants Modified by Titania Nanotube Coatings

The implants used in our investigations were produced by the selective laser sintering method,
using Ti6Al4V ELI powder (Figure 1a). Analysis of SEM images of the implant, as obtained, revealed
the presence of the non-melted or partially melted powder grains (Figure 1b). Therefore, before
electrochemical modification, the surfaces of the implants were mechanically ground and sandblasted
(Figure 1c). The anodization of Ti6Al4V alloy substrates using 0.3 wt% aqueous HF solution as an
electrolyte enabled the production of uniform amorphous titanium dioxide layers (Figure 1d) on their
surface. The electrolytic processes were performed using potentials of 5 and 15 V, which allowed the
formation of nanoporous (TNT5) and nanotubular (TNT15) coatings (Figure 1e,f). Based on the SEM
image analysis, the pore diameters of TNT5 coatings were c.a. 21 ± 4 nm and the tube diameters of TNT15
were c.a. 51 ± 9 nm. The thickness of the walls in both cases was c.a. 8 ± 1.5 nm. The part of the
above-mentioned coatings was enriched with AgNPs using the CVD technique [27–30]. According
to the results of our previous works, the AgNPs filled the interiors of the TNT5 nanoporous layer
(Figure 1g) while in the case of TNT15, the spherical nanoparticles of diameters c.a. 10 ± 2.0 nm were
located mainly on the surface of the separated nanotube walls (Figure 1h).

Analysis of the XPS depth profiles of the Ti6Al4V/TNT5 and Ti6Al4V/TNT15 systems allowed
changes in the titanium oxidation states between the TNT surface layer and substrate for nano-porous
and nano-tubular coatings to be traced (Tables 1 and 2, Figure S2). According to these data, the surface
of the TNT5 nano-porous layer consists entirely of oxides in which the Ti oxidation state is +4, which
was confirmed by the presence of peaks 2p3/2 at the binding energy (BE) at c.a. 458.9 eV and 2p1/2 at
c.a. 464.6 eV (Figure S2). Simultaneously, peaks of O1s at 530.2 and 531.9 eV were assigned to the
O2- of Ti–O and OH− groups, respectively. The high-resolution XPS spectra registered after the first,
second, and third sputtering revealed the splitting of the Ti 2p3/2 and 2p1/2 peaks, which shows the
presence of Ti components for the different valence states. To confirm the valence state of Ti in the
titanium oxides (Ti2+, Ti3+, or Ti4+), the differences in the BE (Δ(O–Ti)) of lines assigned to the oxygen
(O1s) and Ti2p3/2 component were determined. Atuchin et al. [37] and Chinh et al. [38] showed that
values of the Δ(O–Ti) criterion in the Ti2+, Ti3+, and Ti4+ valence state amount to 75.0–76.7, 72.9–73.1,
and 71.4–71.6 eV, respectively. According to these data, Δ(O–Ti), which for TNT5 is equal 71.3 eV,
corresponds to Ti4+ and suggests that TiO2 is the main component of this surface layer. The sputtering
of the TNT5 sample revealed the presence of nonstoichiometric titanium oxides: After the first sputter,
the layer consisted of Ti4+ (58%), Ti3+ (24%), and Ti2+ (18%); after the second, Ti2+ (12% + 55%) and Ti0

(33%); and after the third, Ti2+ (35%) and Ti0 (65%) (Tables 1 and 2).
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Figure 1. (a) Photography of the orthopedic implant produced using selective laser sintering of Ti6Al4V
powder, SEM images of (b) the implant surface obtained, (c) implant surface after grinding and
polishing, (d) surface modification of the implant by anodic oxidation using a 5 V potential, (e) the
morphology of the TNT5 coating, (f) the morphology of the TNT15 coating, (g) the morphology of the
TNT5/AgNPs coating, and (h) the morphology of the TNT5/AgNPs coating.

The calculated values of Δ(O–Ti) after the second sputtering were 75.3 and 76.6 eV, which,
according to Atuchin et al. [37], confirm the presence of the titanium on the second oxidation state.
Therefore, in Tables 1 and 2, both values are presented as Ti2+. The XPS studies of the non-sputtered
layer, which consists of separated tubes (TNT 15), revealed the presence of dual 2p3/2 and 2p1/2 peaks
at a binding energy (BE) of c.a. 459.0 and 457.8, and 464.7 and 463.4 eV, respectively (Figure S2).
The calculated Δ(O–Ti) values of 71.2 and 72.2 eV, respectively, indicate the formation of oxides, in
which titanium occurs at the +4 (86%) and +3 (14%) oxidation state. After the third sputtering of
TNT15, it is possible to see the layer consisting of Ti4+ (30%), Ti3+ (23%), and Ti2+ (37%) oxides, and Ti0

(10%) (Tables 1 and 2, Figure S2).
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Table 1. Changes in the position of O1s and Ti2p core levels in TNT5 and TNT15 coatings (BE, binding
energy) and values of the spectral energy differences between oxygen bonded to Ti2+, Ti3+, and Ti4+

ions (Δ(O–Ti) = O1s–Ti2p3/2) during Ar+ sputtering.

TNT5

O2− Ti4+ Ti3+ Ti2+ Ti0

O1s BE
(eV)

2p3/2 BE
(eV)

Δ(O–Ti)
(eV)

2p3/2 BE
(eV)

Δ(O–Ti)
(eV)

2p3/2 BE
(eV)

Δ(O–Ti)
(eV)

2p3/2 BE
(eV)

Non-sputtered 530.2 458.9 71.3 – – – – –

First Sputter 530.5 458.8 71.7 457.1 73.4 455.2 75.3 –

Second Sputter 530.6 – – – – 455.2,
454.0 75.4, 76.6 453.5

Third Sputter 530.7 – – – – 453.9 76.8 453.4

TNT15

O2− Ti4+ Ti3+ Ti2+ Ti0

O1s BE
(eV)

2p3/2 BE
(eV)

Δ(O–Ti)
(eV)

2p3/2 BE
(eV)

Δ(O–Ti)
(eV)

2p3/2 BE
(eV)

Δ(O–Ti)
(eV)

2p3/2 BE
(eV)

Non-sputtered 530.2 459.0 71.2 457.8 72.4 – – –

First Sputter 530.4 458.9 71.5 457.3 73.1 455.0 75.4 –

Second Sputter 530.5 458.9 71.6 457.1 73.4 454.8 75.7 –

Third Sputter 530.5 458.6 71.9 456.8 73.7 454.8 75.7 453.5

Table 2. XPS depth profile of TNT5 and TNT15.

TNT5 TNT15

Ti4+ Ti3+ Ti2+ Ti0 Ti4+ Ti+3 Ti2+ Ti0

%

Non-sputtered 100 – – – 86 14 – –
First Sputter 58 24 18 – 37 45 18 –

Second Sputter – – 12, 55 33 35 34 31 –
Third Sputter – – 35 65 30 23 37 10

3.2. Wettability and Surface Free Energy of Biomaterials

The wettability of TNT and TNT/AgNPs sample surfaces was studied by measuring the contact
angles of water (polar liquid) and diiodomethane (dispersion liquid) and the surface free energy
values (SFEs) were calculated (Table 3). According to these data, the surfaces of Ti6Al4V implants after
sintering and machining are hydrophobic while the anodization of titanium alloy leads to an increase
of its hydrophilic character. It should be noted that the type of the TNT layer (i.e., nanoporous (TNT5)
and nanotubular (TNT15) is an important factor influencing the wettability of the studied coatings.
The enrichment of the studied layers by AgNPs was associated with increases of the hydrophobic
character of the TNT/AgNPs surfaces.
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Table 3. Results of the wetting angle measurements and results of the surface free energy (SFE)
measurements of the materials.

Average Contact Angle [◦] ± Standard Deviation

SFE [mJ/m2]Measuring Liquid

Water Diodomethane

Ti6Al4V 108.3 ± 0.1 37.0 ± 0.2 45.4 ± 0.1
TNT5 76.4 ± 1.3 43.2 ± 2.2 39.1 ± 0.7
TNT15 62.4 ± 0.8 46.1 ± 0.7 44.08± 0.4

TNT5/AgNPs 131.9 ±0.1 44.8 ± 1.6 52.8 ± 0.6
TNT15/AgNPs 124.2 ± 0.1 67.3 ± 1.0 29.1 ± 0.2

3.3. Immunological Assessment

3.3.1. Cell Proliferation Detected by the MTT Assay

The proliferation of MG-63 osteoblasts, L929 fibroblasts, and RAW 264.7 macrophages on the
surface of the tested specimens was evaluated with the MTT assay (Figure 2A). MG-63 cells proliferated
on all tested specimens, except for the TNT5/Ag samples. It was also noted that only TNT5 specimens
promoted proliferation when referring to the reference samples (Ti6Al4V foil) after 72 and 120 h.
On the other hand, the slowest cell proliferation was observed on TNT5 coatings enriched with silver
nanoparticles. TNT15 specimens both with and without silver nanograins inhibited cell proliferation
compared with the reference samples. Among all the investigated coatings, only TNT5 increased L929
fibroblast proliferation after 24, 72, and 120 h (Figure 2B). Moreover, TNT15 nanolayers also induced
L929 cell proliferation after 120 h. Importantly, in contrast to MG-63 osteoblasts, with an increase
in the incubation time, more L929 cells proliferated on all tested specimens, and none of the tested
coatings caused a decrease in the level of L929 cell proliferation. The RAW 264.7 cell proliferation
results after 24 and 48 h of incubation are plotted in Figure 2C. Macrophages were cultured in the
pro-inflammatory environment created by adding LPS to the cell growth media or in the absence of
LPS. As can be seen, with an increase of the incubation period, more cells proliferated on all tested
substrates. Importantly, LPS did not affect the level of cell proliferation. After 24 h, macrophages that
grew on Ti6Al4V/Ag, TNT5, and TNT5/Ag showed a greater proliferation rate than cells growing on
Ti6Al4V reference alloys. After 48 h, all modified implant surfaces showed an increased proliferation
rate apart from Ti6Al4V/Ag.
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Figure 2. Proliferation of human osteoblast-like MG 63 cells (A), L929 murine fibroblast cells (B), and
murine macrophage cell line RAW 264.7 (C) on the surface of TiO2 nanotube coatings analyzed by the
MTT assay (a colorimetric assay for assessing cell metabolic activity). MG-63 osteoblasts and L929
fibroblasts were cultured on the specimens for 24, 72, and 120 h, whereas RAW 264.7 macrophages
were cultivated for 24 and 48 h in the presence or absence of LPS (Lipopolysaccharide). The absorbance
values are expressed as means ±SEM of five independent experiments. Asterisks indicate significant
differences comparing to the reference Ti6Al4V alloy foils (Ti6Al4V) (*** p < 0.001, * p < 0.05). Hash
marks denote significant differences when the level of cell proliferation was lower in comparison with
the reference Ti6Al4V alloy foils (### p < 0.001, ## p < 0.01, # p <0.05).

3.3.2. Morphology and Proliferation Rate of MG-63 Osteoblasts Observed by Scanning
Electron Microscopy

Biointegration of the TiO2 nanotube coating was also evaluated with SEM micrographs.
Comparative SEM images show the morphology and proliferation level of the MG-63 osteoblasts in
Figure 3. These data support the MTT results and clearly demonstrate that the highest biocompatibility
was observed for TNT5 samples, which is mainly related to the increase in the cell proliferation level
over time (compare the micrographs presented in Figure 3c,i,o). Importantly, as can be seen in Figure 3o,
MG-63 osteoblasts started to grow in layers on top of each other, which was observed after 120 h of
incubation. This phenomenon was not noticed for the TNT5 samples enriched with silver nanoparticles
(Figure 3p). SEM images also showed that MG-63 osteoblasts have an elongated shape and form
numerous filopodia, which strongly attach the cells to the nanocoatings’ surface (arrows in Figure 3g–r).
These thin actin-rich plasma membrane protrusions were also generated between the cells (arrows in
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Figure 3l). Finally, SEM micrographs were also used to evaluate the biointegration level of Ti6Al4V
orthopedic implants, which were produced using selective laser sintering 3D technology. As can be
seen in Figure 3m,n, MG-63 osteoblasts effectively attached to the implant’s surface. Moreover, with an
increase of the incubation time, the number of cells and their density increased.

Figure 3. Scanning electron microscopy (SEM) images showing human osteoblast-like MG-63 cells
that grow on the surface of the tested titania coatings and the reference Ti6Al4V alloy foils enriched
or not with silver nanograins. Micrographs (m,n) present the cells grown on the surface of Ti6Al4V
orthopedic implants, which were produced using selective laser sintering 3D technology. Arrows in
image (l) indicate filopodia spread between cells and those in image (q,r) present filopodia penetrating
deep into the samples and attaching the cells to the surface. The type of sample, cell incubation time,
and scale of the images are shown in the figures as indicated.
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3.3.3. Alkaline Phosphatase Activity of MG-63 Cells

Osteoblastic cell differentiation was assessed by measuring ALP activity, normalized to the total
protein content after 24, 72, and 120 h of culture. Figure 4 shows the comparison of the ALP activity of
MG-63 cells cultured on the tested specimens with reference Ti6Al4V alloy foils. The ALP activity of
MG-63 cells grown on the all tested specimens increased over time. However, MG-63 cells cultured
on the substrates enriched with silver nanograins had significantly lower ALP activity than those
cultured on the reference Ti6Al4V alloy foils at the respective incubation time. In contrast, among all of
the tested samples, only the TNT5 specimens induced higher ALP activity in comparison with the
reference Ti6Al4V samples at a given incubation time. This phenomenon was also observed for TNT15
substrates but only after 24 h of culture.

Figure 4. Alkaline phosphatase activity (ALP) of MG-63 osteoblasts growing on TiO2 nanotube coatings
produced by electrochemical anodic oxidation at potentials of 5 (TNT5) or 15 V (TNT15) and enriched
with silver nanoparticles in comparison with the reference Ti6Al4V alloy foils and enriched or not
with silver nanograins. The cells were cultured on the surface of the tested specimens for 24, 72, and
120 h. ALP activity [units] was calculated per μg of protein and it is expressed as the means ± SEM of
five independent experiments. Asterisks indicate significant differences at the appropriate incubation
time when the ALP activity of the cells growing on the tested specimens was higher compared to
the reference Ti6Al4V alloy foils (Ti6Al4V) (*** p < 0.001, * p < 0.05). Hash marks denote significant
differences at the appropriate incubation time when the ALP activity of osteoblasts cultivated on the
tested samples was lower in comparison with the reference Ti6Al4V alloy foils (### p < 0.001, ## p < 0.01,
# p < 0.05).

3.3.4. Secretion of Cytokines and Nitric Oxide by RAW 264.7 Macrophages

The time-course of the protein release of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α),
anti-inflammatory cytokines (IL-10), and NO (nitric oxide) was assessed in 24 to 48 h of incubation
by performing ELISA assays. Data show that RAW 264.7 macrophages stimulated with LPS released
higher amounts of cytokines and NO over time for all tested substrates (Figure 5). However, TiO2

nanotube coatings produced by electrochemical anodic oxidation at potentials of 5 (TNT5) and 15 V
(TNT15), enriched or not with silver nanoparticles, displayed a different production of cytokines and
NO. Generally, the TNT5 and TNT5/Ag samples inhibited the LPS-induced release of pro-inflammatory
cytokines and NO in comparison with the reference Ti6Al4V alloy foils, whereas TNT15 and TNT15/Ag
specimens enhanced the production of IL-1β, IL-6, TNF-α, and NO. Moreover, cells that grew on the
surface of TNT15 substrates released significant amounts of these cytokines and NO without LPS
stimulation (Figure 5E). In contrast, in the absence of LPS, the amounts of IL-1β and IL-6 measured from
cells cultured on TNT5, TNT5/Ag, and Ti6Al4V/Ag specimens were below the assay detection limits, at
both analyzed time points. Importantly, the presence of silver nanoparticles on the surface of all tested
coatings (Ti6Al4V, TNT5, and TNT15) inhibited pro-inflammatory cytokine production in comparison
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with the same respective layers not enriched with silver nanograins. The level of anti-inflammatory
cytokine (IL-10) was also measured. As can be seen in Figure 5D, the biggest amount of IL-10 was
released by the LPS-stimulated cells growing on the surface of TNT5 and TNT5/Ag samples. On the
other hand, the levels of IL-10 from cells growing on the TNT15 and TNT15/Ag specimens were lower
in comparison with the reference Ti6Al4V alloy foils.

Figure 5. Secretion of pro-inflammatory (A–C) and anti-inflammatory (D) cytokines or total nitric
oxide (E) by RAW 264.7 macrophages in the standard and LPS-stimulated conditions. The cells were
cultured on the tested specimens for 24 and 48 h. Cytokine and nitric oxide (NO) production was
normalized to a number of 105 cells. Data are expressed as mean ± SE (n = 3). Asterisks indicate
significant differences at the appropriate incubation time when the amounts of cytokines and NO
produced by the cells growing on the tested specimens were higher in comparison with the reference
Ti6Al4V alloy foils (Ti6Al4V) (*** p < 0.001, ** p < 0.01, * p < 0.05). Hash marks denote significant
differences at the appropriate incubation time when the levels of cytokines and NO secreted by the
cells cultivated on the tested samples were lower in comparison with the reference Ti6Al4V alloy foils
(### p < 0.001, ## p < 0.01, # p < 0.05).

3.4. Genotoxicity Assessment

To estimate the genotoxicity of substances released from the surface of studied implants during
the 28-day incubation in PBS, the Ames assay was carried out. It was especially important to assess
if silver release from TNT/AgNPs coatings could be mutagenic. This issue is associated with an
increasing number of reports warning about the genotoxicity of silver nanoparticles [39,40]. The assay
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was performed in five genetically modified bacteria strains according to OECD guidelines TG471
(http://www.oecd.org), allowing detection of deletion, base substitution, or frameshift mutations,
depending on the tester strain’s engineered genotype. The number of revertant bacterial colonies
corresponds to the mutagenic potential of the analyzed agents (Figure 6). None of the implant coatings
demonstrated genotoxic potential in any of the bacteria strains in this assay.

Figure 6. Assessment of implants’ genotoxicity by the Ames assay performed in five genetically
modified bacteria strains: (a) TA98, (b) TA100, (c) TA1535, (d) TA1537, and (e) E.coli; to improve the
readability of Ames assay results of TA98 (a), TA1535 (c), and TA1537 (d), their enlarged versions
are added.

3.5. Microbiological Assessment

The ability of implants modified with TNT and TNT/AgNPs layers to inhibit microbial colonization
and biofilm formation was tested in comparison to an unmodified Ti6Al4V surface (control biomaterial)
with the use of Gram-positive (S. aureus, S. gordonii, S. mutans) and Gram-negative (E. coli) bacteria,
as well as fungi (C. albicans, C. glabrata). The metabolic activity of the microorganisms attached to
the surfaces after 24 h of exposure to the microbial suspensions was measured using Alamar Blue.
The results are presented in Figures 7 and 8 (for bacteria and fungi, respectively) as a percentage of the
metabolic active microbes recovered from the biofilms formed on the tested surfaces in comparison
to the biofilms formed on unmodified control biomaterial (Ti6Al4V) being considered as 100%. All
tested modified titanium alloy implant surfaces were able to inhibit microbial colonization and biofilm
formation; however, in the case of bacteria, the observed effect strongly depended on the strain
used. Generally, well-defined anti-biofilm activity on the tested TNT and TNT/AgNPs layers was
demonstrated against S. aureus ATCC 29213 and E. coli ATCC 25922 (Figure 8). The average percentage
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of biofilm inhibition, compared to the control biofilm developed on unmodified Ti6Al4V, achieved
the range from 41.1 ± 3.0% (p = 0.034) to 49.7 ± 1.5% (p = 0.034) for S. aureus ATCC 29213 and from
33.2 ± 10.7% (p = 0.034) to 76.3 ± 1.5% (p = 0.034) for E. coli ATCC 25922. The weakest inhibitory
effect was observed for S. gordonii ATCC 10558 (biofilm reduction of up to 9.0% on TNT5/AgNPs
and TNT15/AgNPs, p = 0.028 and p = 0.0082, respectively). The surfaces expressed no significant or
moderate activity against S. aureus ATCC 43300 and S. mutans ATCC 25175, with the exception of
TNT5/AgNPs, which inhibited biofilm formation by these second bacteria of 80.9 ± 1.2% (p = 0.021). In
the case of fungi, the inhibitory effect of the surfaces tested was similar for both strains (C. albicans
and C. glabrata), achieving the level of 13.3 ± 1.6% to 33.7 ± 8.5% (Figure 8, all results were statistically
significant). Interestingly, there was no great distinction in the reduction of the microbial biofilm
caused by TNT surfaces and corresponding them to the TNT/AgNPs layers.

Figure 7. Bacterial biofilm on TNT- and TNT/AgNPs-modified Ti6Al4V surfaces assessed using Alamar
Blue staining. The results are presented as the mean percentage ± standard deviation (SD) of the
bacterial biofilm formed on the tested layers compared to a control biofilm formed on the reference
biomaterial (Ti6Al4V) considered as 100%. Statistical analysis was estimated with nonparametric
Kruskal–Wallis one-way ANOVA test (* significant differences, p < 0.05).

Figure 8. Fungal biofilm on TNT- and TNT/AgNPs-modified Ti6Al4V surfaces assessed using FDA
(fluorescein diacetate) staining. The results are presented as the mean percentage ± standard deviation
(SD) of the fungal biofilm formed on the tested layers compared to a control biofilm formed on
the reference biomaterial (Ti6Al4V) considered as 100%. Statistical analysis was estimated with
nonparametric Kruskal–Wallis one-way ANOVA test (* significant differences, p < 0.05).
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Since biologically active (biostatic/biocidal) substances can be released from modified titanium
surfaces when implants are in the host tissue, we also tested the antimicrobial effect of the supernatants
obtained after short- (24 h) and long-term (2 and 4 weeks) biomaterial incubation in PBS to simulate such
conditions. Four microbial strains were used for these studies (S. aureus ATCC 43300, S. aureus ATCC
29213, E. coli ATCC 25922, and C. albicans ATCC 10231) and the results are presented in Figure 9a–c as
the mean density of microbial suspensions cultured for 24 h in the presence of biomaterial-derived
supernatants (s). As expected, the type of titanium surfaces and the time of their incubation in PBS were
the most important factors determining the release of biologically active substances from biomaterial
samples and thus the antimicrobial activity of the supernatants tested. After a short (24 h) incubation,
the supernatants showed almost no activity against bacterial strains (Figure 9a).

Figure 9. Antimicrobial effect of the supernatants obtained after 24 h (a), 2 weeks (b), and 4 weeks
of (c) TNT- and TNT/AgNPs-modified Ti6Al4V surfaces’ incubation in PBS, tested using the culture
method and colony forming unit (CFU) counting. The results are presented as the mean microbial
suspension density [CFU/mL] ± standard deviation (SD) after 24 h of culture in the presence of the
tested supernatants.
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The number of bacteria in the presence of the compounds released from AgNP-modified layers was
reduced in the range 2.6%–27.9% for the TNT5/AgNPs supernatant and 0%–24.6% for the TNT15/AgNPs
supernatant, in comparison to the number of the bacteria exposed on the control Ti6Al4V-derived
supernatant. Whereas, C. albicans cells proved to be the most sensitive to the antimicrobial activity
of the compounds released from the modified biomaterial samples. The reduction of the yeast cell
number caused by the TNT15/AgNPs 24-h supernatant reached 99.9% (Figure 9a), which means it has
strong biocidal activity against fungi. By extending the incubation time of the biomaterial samples,
the bactericidal properties of the supernatants obtained from AgNP-containing layers increased
significantly. However, the compounds released from TNT5/AgNPs demonstrated the strongest
antibacterial activity after two weeks (Figure 9b) while those from TNT15/AgNPs after four weeks
(Figure 9c). The two-week supernatant of TNT5/AgNPs significantly reduced the number of all tested
microbial strains (both bacteria and fungi), with the reduction levels reaching 61.5%, 91.4%, 78.3%, and
99.9% for S. aureus ATCC 43300, S. aureus ATCC 29213, E. coli, and C. albicans, respectively (Figure 9b).
The two-week TNT15/AgNPs-derived supernatant activity was similar only against C. albicans (99.8%
reduction of fungal viability; Figure 9b). However, during 4 weeks of biomaterial incubation in PBS,
the antimicrobial potential of the TNT15/AgNPs-derived supernatant increased significantly, causing
complete elimination of most of the tested microorganisms. The reduction of the S. aureus ATCC 43300,
E. coli, and C. albicans populations exceeded 99.9% after exposition of this supernatant (Figure 9c).
The effect on S. aureus ATCC 29213 was a little bit weaker (71.3% of eradication) but still very strong
(Figure 9c) while the supernatants derived from the TNT5 and TNT15 samples (both 2 and 4 weeks)
did not exhibit killing activity against the microorganisms tested (Figure 9b,c).

3.6. AFM Topography and Nanomechanical Properties Studies

The topography images and the Sa parameter values of TNT5 and TNT5/AgNPs samples (systems
whose surface shows the best biological properties) using atomic force microscopy (AFM) are presented
in Figure 10. Analysis of these data showed that the implant surface has a much more extensive surface
topography before the AgNP deposition process. The roughness parameters, Sa, decrease about 57%
from 0.89 for TNT5 before silver deposition to 0.39 for implant TNT5/AgNPs with nanosilver on the
surface. A significant decrease in the roughness value was probably caused by the deposition of silver
nanoparticles in the surface cavities, which led to their smoothing.

Figure 10. The topography of TNT5 and TNT5/Ag implants with Sa (Average Roughness) parameter
values, which was determined using atomic force microscope (AFM).

The nanomechanical and nanoindentation properties of the tested implants (TNT5 and
TNT5/AgNPs) for the two tested areas of each surface are presented in Table 4. In the case of
the TNT5, no such significant differences in the mechanical properties (nanohardness and Young’s
modulus) were observed between the tested area surfaces (I and II) as in the case of the tested areas (I
and II) of the implant TNT5/AgNPs. The presence of silver nanoparticles resulted in an increase of the
nanohardness and Young’s modulus and as a consequence, as increase of parameter H/E (Hardness to
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Young’s Modulus ratio), which determines the resistance to wear of the tested specimens. The relation
between parameter H/E and wear resistance were reported [35]. The significant standard deviation
values confirm the credibility and diligence of the presented results and their value in studies on the
nanoindentation on titanium dioxide nanotube layer were reported previously by Jemat et al. [41]
and Rayon et al. [42]. Moreover, using small values of force (10 mN) on surfaces with a high surface
roughness causes significant differences between individual measurements. The 3D distribution of
nanomechanical properties, such as the nanohardness and Young’s modulus, for TNT5/AgNPs (tested
area II) are presented in Figure 11. The presented results confirm the value of the standard deviation
presented in Table 4. The presented results show the heterogeneity of the distribution of the mechanical
properties and the relationship between the hardness and Young’s modulus because the distributions
are similar to each other.

Table 4. Nanomechanical and nanoindentation properties of the tested implant samples.

Position of
Indentation

Hardness H (GPa)
Young’s Modulus

E (GPa)
H/E (-)

TNT5
Area I 0.048 ± 0.079 22.49 ± 64.95 0.0044 ± 0.0024
Area II 0.058 ± 0.105 8.12 ± 9.66 0.0063 ± 0.0049

Area I+II 0.053 ± 0.092 17.00 ± 61.02 0.0054 ± 0.0039

TNT5/AgNPs
Area I 0.751 ± 1.145 37.99 ± 48.74 0.0114 ± 0.0077
Area II 5.835 ± 5.720 168.57 ± 121.25 0.0266 ± 0.0135

Area I + II 3.293 ± 4.862 103.28 ± 112.75 0.0190 ± 0.0133

Figure 11. The nanomechanical properties (nanohardness and Young’s modulus) of TNT5/Ag implant
in the studied area II.

The nanoscratch test results for TNT5 and TNT5/AgNPs are presented in Table 5. Nowadays, the
nanoscratch test method is a dedicated method to assess the adhesion of thin coatings or layers, as in
the case of the presented tests. In Table 5, two different types of force obtained during nanoscratch
test measuring for the tested coatings are presented. The critical force is the maximum applied force
between the coating and the indenter during full delamination of the coating from the metallic substrate
(Ti6Al4V) and the critical friction force is the maximum friction force registered during full delamination
of the coating. The presence of silver nanoparticles in the composite coating (TNT5/AgNPs) caused an
increased critical force (from 79.70 to 173.40 mN) and critical friction force (from 130.77 to 212.34 mN).
The results obtained from nanoindentation tests determined the wear resistance of the tested surfaces
(H/E ratio) correlated with the nanoscratch test results. The H/E parameter for the TNT5/AgNPs surface
was significantly higher than for the TNT5 surface. The same trend was reported in the nanoscratch
tests results.
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Table 5. Adhesion properties of the titanium dioxide nanocoatings to the titanium alloy surfaces.

Nanoscratch Test Properties
Critical Force (mN) Critical Friction Force (mN)

TNT5 79.70 ± 33.73 130.77 ± 31.09
TNT5/AgNPs 173.40 ± 41.97 212.34 ± 66.84

4. Discussion

On the basis of our earlier works, we chose the anodic oxidation method as a surface modification
of implants produced in 3D technology (SLS of Ti6Al4V ELI Grade 23 powder) [25]. Two types of
amorphous coatings, which revealed suitable biointegration and antibacterial properties in preliminary
studies, were selected for more comprehensive investigations, i.e., TNT5 (the ordered nanoporous)
and TNT15 (the ordered nanotubular) [25,26]. Thanks to the anodic oxidation method, the TNT5 and
TNT15 coatings covered the whole implant surface without cracks and gaps. This surface modification
decreased the implants’ hydrophobicity, whereas the enrichment with AgNPs caused the reverse effect
(Table 3). Analysis of the XPS data confirmed that the surface of the TNT5 coating formed by a layer
of titanium oxide, in which the titanium oxidation state is +4 (TiO2—100%). Meanwhile, the surface
TNT15 layer should be treated as a mixture, which consists of Ti4+ (TiO2—86%) and Ti3+ (Ti2O3—14%)
oxides (Tables 1 and 2, Figure S1) [43]. However, considering the earlier reports, we can assume that
in water solutions, unstable oxides of titanium on the lower oxidation states will be oxidized up to
TiO2 [44], and therefore in all biological experiments TNT15 can also be treated as a TiO2 layer.

The evaluation of biointegration properties of studied implants indicated that TNT5 nanoporous
coating had the highest biointegration potential. TNT5 surface modification promoted proliferation of
all tested cell lines while enrichment with silver nanoparticles inhibited proliferation of osteoblasts but
not of fibroblasts cell lines. These results correspond to our previous findings, were we also noticed
that TNT5 coatings enriched with AgNPs decreased proliferation of the MG-63 osteoblasts [30]. We
have also observed that an increased nanotubes diameter (TNT15 coating) weakened the biointegration
potential of the implant. Earlier works also showed that TiO2 nanoporous coatings with smaller pores
diameter promoted osteoblast vitality and differentiation [45–47]. Moreover, cell growth on nanotubes
of diameter larger than 50 nm was severely impaired due to the reduced cellular activity and an
extensive programmed cell death [46]. As we have demonstrated, the presence of nanosilver on the
surface of nanotubes has greater cytotoxic effect on osteoblasts than the diameter of the nanotubes
themselves. Our results are in line with the findings of other authors, which indicate that nanosilver is
toxic for osteoblasts and osteoclasts [48,49]. On the other hand, some experimental evidence show that
TiO2 nanotubes coated with nanosilver are compatible to mammalian cells including osteoblasts [50,51].
The differences in the biocompatibility of biomaterials coated with nanosilver probably depend on the
concentration and mode of AgNPs deployment on the surface of produced TNT coatings, and the rate
of silver ion release to the body fluid environment [52]. An important part of our research was the
determination of the inflammatory response elicited by the macrophage RAW 264.7 cell line cultured
on the surface of modified implants in an inflammatory environment simulated with LPS. LPS is an
outer membrane component of Gram-negative bacteria, recognized by the innate immune system
as a sign of infection [53,54]. RAW 264.7 cells are widely used for inflammation studies due to the
highly reproducible response to LPS derived from Escherichia coli, mimicing bacterial infection [55].
Our results clearly indicate that neither the investigated biomaterials nor the used dose of LPS (10
ng/ml) had any toxic effect on the RAW 264.7 macrophages. Moreover, all surface modification, besides
AgNPs enrichment, promoted macrophages proliferation comparing to Ti6Al4V reference alloys. These
findings are in line with Neacsu et al. [55], who also showed an increased macrophage proliferation
on the nanotubes comparing to the unmodified titanium foils. Since macrophages play a key role
in modulating early events in wound healing and interaction of macrophages with dental implant
surfaces can be an important determinant of success of osseointegration [56,57], our results indicate
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the biocompatibility of the tested nanomaterials. In the next experiments, we assessed the levels of pro
and anti-inflammatory cytokines, released by macrophages growing on different implant surfaces. The
pro-inflammatory IL-1β, IL-6 and TNF-α are produced predominantly by activated macrophages and
are involved in the up-regulation of inflammatory reactions [58]. Similarly, NO is a prominent indicator
of pro-inflammatory signal transduction in inflammatory response and antimicrobial defense [59].
In contrast, one of the major anti-inflammatory cytokines is IL-10, which inhibits the production of
pro-inflammatory cytokines and mediators from macrophages and dendritic cells [60]. Our results
showed that TNT5 and TNT5/AgNPs samples inhibited the LPS-induced release of pro-inflammatory
cytokines and NO in comparison with the references Ti6Al4V alloy foils. In contrast, TNT15 and
TNT15/AgNPs enhanced production of these mediators. Moreover, presence of AgNPs on the surface
of nanotubes potentiated the anti-inflammatory activities of all tested specimens According to previous
reports, silver nanoparticles show the potent anti-inflammatory effect and accelerate wound healing,
however the possible cytotoxic effect on mammalian cells was also observed [49,61]. These results
indicate that TNT5 coatings are good candidates for manufacture of implants with anti-inflammatory
properties, since inflammation has been associated with both delayed bone healing and pathogenic
bone loss [62].

The assessment of the genotoxicity of implants, which surface has been modified by producing
TNT5 and TNT15 coatings, as well as their subsequent enrichment with AgNPs, was an important part
of our studies. Genotoxicity is an ability of the agent to directly or indirectly induce DNA damage. If
not repaired by DNA repair system or eliminated by cell death, the damage might be retained in genetic
material as a mutation and passed on to next generations. Accumulation of the mutations is causatively
linked to many chronic diseases including cancer [63]. One of the severe mutagens are heavy metals,
which can damage DNA directly by formation of adducts and intra- and inter- strand and DNA-protein
crosslinks or indirectly through induction of massive oxidative stress. Therefore implants, especially
long-term implants which remaining in the body cavity for long periods, i.e. months or years, should be
scrutinized in terms of genotoxicity. Widely used in implantology titanium alloy (Ti6Al4V), a reference
implant in our studies, was shown not to induce DNA damage [64]. However surface modifications of
this alloy, especially with silver nanoparticles, are the source of potential DNA damaging molecules
released from the implant coating, which was widely discussed in earlier reports [39,65,66]. For this
reason, the biological systems enriched with AgNPs should be given special attention [40,66]. The
molecular mechanism behind the genotoxic properties of AgNPs is still unsolved but involves the
direct production of hydroxyl radicals and induction of oxidative stress resulting in DNA damage [66].
In the in vivo studies in mice the AgNPs could reach bone marrow and liver, and generate cytotoxicity
to the reticulocytes and oxidative DNA damage to the liver [39]. The DNA damaging effect of NPs
depends on their size, concentration and time of exposure [66,67]. Therefore it is important to analyze
if silver released in a long term from the implant surface could induce DNA damage and result in
mutations. In this study we took advantage of the first line in vitro gene mutation study recommended
by OECD (TG 471) – bacterial reverse mutation test (Ames test), adjusted to verify mutagenicity of
molecules released from the differently modified implant surfaces during 28 days incubation in PBS.
Five tester strains were used to detect deletion, base substitution or frame shift mutations, depending
on the tester strain’s engineered genotype. None of the implant coatings tested, regardless of surface
modification or AgNPs enrichment, released substances of mutagenic properties in any of the strains
analyzed. This is a good prognosis for the investigated implant/TNT coating modifications discussed
in this study. Their nanoporous (TNT5) and nanotubular (TNT15) morphology promotes implant
biointegration and allows for controlled release of silver sufficient to kill bacteria and fungi and at the
same time not inducing DNA damage.

The new generation of implants should not only facilitate their tissue integration but also
prevent microbial colonization and biofilm formation. Serious medical problems associated with
the introduction of implants to the human body are infections, which can lead to increased patients
failure and mortality [68–71]. To solve this problem, the implant surface is modified by the formation
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of bioactive nanostructures (e.g., TiO2 nanotubes, nanofibers) and/or their enrichment with metal
nanoparticles (mainly silver and copper) [20,27,28,72–74]. In our previous study it has been shown
that TiO2 nanotubes formed on titanium alloy (Ti6Al4V), in particular the coatings obtained using
low-potential anodic oxidation, possessed in vitro anti-biofilm activity tested on S. aureus model [25].
In the present work both amorphous titania layers (TNT5 and TNT15) and silver nanoparticles
(AgNPs) were used to modify titanium alloy surface. Their antimicrobial potential against broad
range of Gram-positive and Gram-negative bacteria, as well as fungi, was tested during direct contact
of the microorganisms with biomaterial samples (anti-adhesive and anti-biofilm effect). Moreover,
their exposition of analyzed microbials on the supernatants probably containing the components
released from biomaterial samples (biocidal effect) has been evaluated. We demonstrated that all
tested modified titanium surfaces were able to inhibit microbial colonization and biofilm formation in
comparison to control Ti6Al4V. Similar to our previous study [28] anti-biofilm effect strongly depended
on bacterial strain used. For instance, S. aureus ATCC 29213 (methicillin-susceptible S. aureus strain,
MSSA) was more sensitive to direct contact with tested biomaterials less effectively colonizing modified
surfaces than S. aureus ATCC 43300 (methicillin-resistant S. aureus strain, MRSA). Previously, inhibitory
effect of TiO2 nanotubes and Ag grains on S. aureus ATCC 29213 biofilm was demonstrated, while
biofilm formation by S. aureus H9 MRSA clinical strain was not affected in the same conditions [28].
Interestingly, we did not observe differences in anti-adhesive/anti-biofilm activity of TNT enriched and
not enriched with AgNPs. Nanostructural modification of implant surfaces was suggested to limit
direct microbial cell contact with such layer, which determine the ability of nanostructures to inhibit
microbial colonization and biofilm formation [73,75–77]. The mechanisms of AgNPs antimicrobial
activity are more complex and multidirectional, resulting from many targets in microbial cells for Ag+
activity, such as cell wall synthesis, membrane transport, including electron transport in respiratory
chain, protein functions, as well as DNA transcription and translation [73,78,79]. Thus we could
have expected that modification of titanium surface by both TNT and AgNPs would potentiate
antimicrobial effect of such biomaterials. Especially since the antibacterial activity of AgNPs-enriched
titanium coatings was demonstrated [28,75,80]. However, for the antimicrobial activity, Ag+ should
be released from the nanoparticles in the nearest proximity of the microbes. As seen in SEM images,
majority of AgNPs were inside or entrapped between TiO2 nanotubes, which limited the direct contact
with the microorganisms during short-time studies. Therefore, demonstrated anti-adhesive and
anti-biofilm activities of both TNT- and TNT/AgNPs layers were similar in short time. However, in
long lasting experiments, the TNT/AgNPs biocidal activity was higher than Ti6Al4V and TNT-modified
surfaces. TNT5/AgNPs-derived supernatant exhibited bactericidal activity after 2 weeks incubation
and TNT15/AgNPs-derived one after 4 weeks, suggesting that the morphology of these layers can
influence the release of Ag+ and thus their concentrations in the surrounding physiological fluids and
tissues. Godoy-Gallardo et al. [81] assessed antibacterial effect of Ti dental implants modified by Ag
(electrodeposition) in vivo using dog model of ligature-induced peri-implantitis. During long-lasting
experiment (peri-implantitis was initiated 2 months after implantation and the effects were observed
up to next 4 months) Ag+ release and their accumulation in the tissues around dental implants were
demonstrated, which probably contributed to the reduced bacteria colonization of the implant surface.
Moreover, a decreased bone resorption in Ag modified impants was shown, representing yet another
positive effect of an antimicrobial modification [81]. These results confirm our assumption that after
implantation Ag ions release occurs in vivo and may modify the conditions in micro-niche influencing
microbial growth, colonization, biofilm formation, and thus limiting inflammation. Interestingly, in
our in vitro study fungicidal activity of TNT/AgNPs-derived supernatants was constantly very strong
(almost 100% of C. albicans mortality), regardless the nanotubes type (TNT5/15) or incubation time (2/4
weeks), suggesting higher sensitivity of Candida cells to Ag+ than bacterial cells. Besinis et al. [75] also
showed highly antibacterial activity of silver plated Ti6Al4V discs coated with nano-hydroxyapatite
(Ag-nHA) and silver plated Ti6Al4V discs coated with micro-hydroxyapatite (Ag-mHA), causing
100% mortality of bacteria in surrounded media, which was attributed to a small but effective slow
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release of Ag from the layers. Similar to our results, Besinis et al. [75] in the study on colonization of
modified titanium discs layers by oral streptococci also did not observe anti-biofilm activity against
Streptococcus sanguis. However, the enrichment with Ag strengthened anti-biofilm activity. In our
studies TNT/AgNPs samples also significantly reduced S. gordonii and S. mutans adhesion and biofilm
formation (although not so spectacularly). Summarizing, the enrichment with AgNPs results in
anti-adhesive and anti-biofilm properties of the titanium implants against microbial strains.

The results of biological studies indicate that Ti6Al4V implants with TNT5 or TNT5/AgNPs
surface modifications exhibit most suitable properties (biocompatibility, immunological activity, lack
of genotoxicity, and antimicrobial activity) for their use in the construction of implants, e.g. for the
orthopedy. Therefore, these systems were chosen for surface roughness parameters (Sa) and mechanical
properties determination. Sa parameter of the coatings used for implants is important in the case
of human cells and tissue adhesion, cells proliferation and time of healing [76]. The high level of
roughness ensures better tissue adhesion and primary stability between the implant and bone. It has
also been proven that surfaces with higher roughness have a positive effect on the time of healing after
implantation [77,78]. On the other hand, the increased roughness results in an increased surface area,
which can encourage bacterial adhesion (such as S. aureus) and increase peri-implantitis occurrence [79].
Therefore, when designing the new generation of implants it is important to enrich their surface
with the antibacterial protection, which in our case consisted from AgNPs. The deposition of silver
nanoparticles on the surface of TNT5 layers led to smoothing of the surface and roughness reduction.
A similar effect was noticed by Bahadur et al. for TiO2 layers doped by Ag nanoparticles [80]. In order
to determine the biomechanical compatibility of biomaterials used in the construction of implants,
especially long-term ones, it is important to determine Young’s Modulus [26,42,82,83]. The results of
earlier works revealed the influence of this factor on the surrounding living tissue, such as bone [84–87].
The significant difference in Young’s Modulus between implants and human bone (especially cortical
human bone ~ 20 GPa) can induce bone loosening and reduced bone quality in the implant surrounding
and in consequence loosening of the implant in the bone [88,89]. Considering obtained results, the
lower value of Young’s Modulus of the implant/TNT5 coating system, the more biocompatible it is. On
the other hand higher nanohardness value obtained for Implant TNT5/AgNPs was similar for results
reported for TiO2 [82,90]. Analysis of the distribution of nanomechanical property (nanohardness and
Young’s Modulus) confirmed the uneven distribution of the tested properties on the surface of the
implants (Figure 11). The same effect was reported by Rayón et al. [42]. Obtaining a homogeneous
distribution of nanomechanical properties was impossible due to the roughness of the samples and
the geometry and structure of the nanotube. The results obtained confirm that the increase in the
nanohardness value causes an increase in the Young’s modulus. Increase of the nanomechanical
properties values (H and E) increased H/E ratio, which describes the resistance to wear. The relationship
between wear resistance and value of H/E ratio was reported [35]. Moreover, an increase in fracture
toughness is attributed to higher values of Young’s Modulus (E) and nanohardness (H) [91]. The
obtained H/E ratio value correlated with nanoscratch-test results. The nanoscratch-test technique was
used to study the adhesion properties of thin coatings or layers [42,82,92]. The forces used during
implantation procedure may provoke the coating full delamination; therefore the coatings should have
proper adhesion to the metallic substrate. Higher adhesion was obtained for the TNT5/AgNPs, which
is attributed to the stronger metallic bonds, which occur. An important aspect in the context of implant
modification is the determination of their compression resistance, but unfortunately conventional tests
do not include nano-scale modification tests. The following parameters can indirectly indicate the
strength of the coating: H/E, H3/ E2. Both parameters can be determined indirectly from the results
obtained during nanoindentation measurements. The first parameter allows determining the wear
resistance, while the second parameter allows determining the material’s ability to propagate energy at
plastic deformation during loading [93]. For the studied modifications, the value of the H/E parameter
was 0.0054 ± 0.0039 and 0.0190 ± 0.0133, respectively for TNT5 and TNT5/AgNPs and H3/E2 ~ 4.71 Pa
and 4768.97 Pa for TNT5 and TNT5/AgNPs, respectively. These results indicate and confirm that the
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presence of silver nanoparticles on the surface of TiO2 nanotubes significantly affects both the wear
resistance as well as the material’s ability to propagate energy at plastic deformation during loading
which suggests better tribological and strength properties of the tested surface.

5. Conclusions

According to the results presented here, the most suitable physicochemical, mechanical, and
biological properties were presented by Ti6Al4V implants fabricated by selective laser sintering
technology, the surface of which was modified by anodization at the 5 V potential, resulting in TNT5
nanoporous coating production. The use of Ti6Al4V/TNT5 and Ti6Al4V/TNT5/AgNPs systems seem
to be a promising approach to manufacture implants with anti-inflammatory properties. Both TNT5
and TNT5/AgNPs did not release substances demonstrating mutagenic properties, which is important
for the practical use of these materials in implantology. TNT5/AgNPs surfaces also demonstrated the
strongest bactericidal and fungicidal activity, most probably thanks to the release of active Ag ions
during long-lasting contact with the fluids. It is highly beneficial for implant recipients (i.e. patients)
to maintain sterile conditions in the surrounding physiological fluids or tissues after implantation.
Finally, mechanical studies proved that both a suitable wear resistance and the ability to propagate
energy at plastic deformation during loading characterize this system.
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Abstract: Using the Taguchi method to narrow experimental parameters, the antimicrobial efficiency
of a cold atmospheric plasma jet (CAPJ) treatment was investigated. An L9 array with four parameters
of CAPJ treatments, including the application voltage, CAPJ-sample distance, argon (Ar) gas flow
rate, and CAPJ treatment time, were applied to examine the antimicrobial activity against Escherichia
coli (E. coli). CAPJ treatment time was found to be the most influential parameter in its antimicrobial
ability by evaluation of signal to noise ratios and analysis of variance. 100% bactericidal activity
was achieved under the optimal bactericidal activity parameters including the application voltage of
8.5 kV, CAPJ-sample distance of 10 mm, Ar gas flow rate of 500 sccm, and CAPJ treatment time of
300 s, which confirms the efficacy of the Taguchi method in this design. In terms of the mechanism of
CAPJ’s antimicrobial ability, the intensity of hydroxyl radical produced by CAPJ positively correlated
to its antimicrobial efficiency. The CAPJ antimicrobial efficiency was further evaluated by both
DNA double-strand breaks analysis and scanning electron microscopy examination of CAPJ treated
bacteria. CAPJ destroyed the cell wall of E. coli and further damaged its DNA structure, thus
leading to successful killing of bacteria. This study suggests that optimal conditions of CPAJ can
provide effective antimicrobial activity and may be grounds for a novel approach for eradicating
bacterial infections.

Keywords: Taguchi method; antimicrobial efficiency; cold atmospheric-pressure plasma jet (CAPJ);
Escherichia coli; DNA double-strand breaks; scanning electron microscopy

1. Introduction

Cold, or non-thermal, atmospheric-pressure plasma jets (CAPJ) have gained attention in biomedical
applications [1–6] due to unique characteristics, comprising of a complex plasma chemistry without the
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need for elevated gas temperatures as required for traditional thermal plasma [7,8]. In addition, the high
energy electrons of CAPJ can produce reactive oxygen species (ROS) with slightly higher temperature
than ambient environment in an open air. The ROS produced by CAPJ plays a significant role in
promising inactivation of bacteria [9,10], which can be used in developing antimicrobial treatments
for infectious diseases or in sterilization of reusable thermal sensitive medical devices to prevent the
outbreak of antibiotic-resistant bacteria [11]. Although these properties have led to extensive use of
CAPJ in material processing and biomedical applications, consistent use of CAPJ without risks remains
difficult. As the performance of CAPJ is dependent on the operational parameters, understanding
how each parameter impacts the plasma’s properties is necessary and can allow for adjustment of the
plasma for use in different applications.

E. coli is often used as an indicator of hygiene and safety in food products [12], and it is
commonly found in community and hospital-acquired infections. E. coli is one of the most common
and deadly pathogens causing pediatric urinary tract infection, intra-abdominal infection, or acute
lung injury [13–16] and can lead to life-threatening intestinal infections in immunocompromised
patients [17]. In addition, empiric antibiotic therapy may be ineffective with multidrug-resistant E. coli
which will delay care and may cause further harm to the patient [18,19]. Therefore, we selected E. coli
to investigate the antimicrobial efficiency of CAPJ treatment. The aim of this work is to develop the
interventions by CAPJ treatment to prevent E. coli-induced diseases.

The influence of operational parameters of CAPJ, such as operation power, CAPJ-sample distance,
gas mixtures composition, and treatment periods need to be determined to generate consistent results
when using CAPJ. In general, a large number of experiments are required to optimize the processing
parameters to improve the antimicrobial efficiency by changing one parameter value at a time. Such
approach is time consuming, costly, and labor intensive. In this study, a systematic and efficient
approach using the Taguchi experimental method design [20–23] is applied to the CAPJ system in
determining the optimal process parameters for the highest antimicrobial efficiency. The optimal
condition of CAPJ was determined experimentally and the antimicrobial mechanism of CAPJ was
explored using DNA damage assay and microbial microstructure analysis.

2. Experimental Section

2.1. Plasma Experimental Setup

Figure 1 depicts the setup of the CAPJ used. A quartz tube with 4 mm inner diameter was covered
with two parallel cylindrical pure copper electrodes, which were connected with a high voltage pulsed
direct current (DC) power supply for generating the plasma jet [24]. The distance between two Cu
electrode was 15 mm. The frequency and the duty cycle of the power supply were fixed at 10,000 Hz
and 50%, respectively. In this work, the He gas flow rate was kept at 5 slm (standard liter per min), and
the argon gas flow rate was changed from 0 to 500 sccm (standard cubic centimeter per min). Taguchi
method with L9 experiment was applied to discover the optimal sterilization effect. The CAPJs were
generated under four different processing parameters in three various conditions as listed in Table 1,
including the applying voltage of 6.5, 7.5, and 8.5 kV; the distance between CAPJ downstream and
sample surface of 10, 20, and 30 mm; the CAPJ treating time of 60, 180, and 300 s; and the Ar gas flow
rates of 0, 200, and 500 sccm. The radical compositions at the CAPJ downstream of each experiment
was detected by an optical emission spectrometer (OES, AvaSpec ULS2048L, Avantes, Louisville, CO,
USA) in the wavelength ranging from 200 to 1100 nm. The integration time for the OES detection was
80 ms.
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Figure 1. The setup of a cold atmospheric plasma jet (CAPJ).

Table 1. Factors and levels of CAPJ parameters for the antimicrobial of E. coli.

Symbol Process Parameter Level 1 Level 2 Level 3

A Application voltage (kV) 6.5 7.5 8.5
B CAPJ-sample distance (mm) 10 20 30
C Ar gas flow rate (sccm) 0 200 500
D CAPJ treatment time (s) 60 180 300

2.2. Bacterial Strain and Culture

E. coli (ATCC 25922TM) was used as a reference strain, which was described elsewhere [25]. The
bacteria were routinely cultured in Luria–Bertani (LB) broth (Becton Dickinson, Franklin Lakes, NJ,
USA) at 37 ◦C for 24 h to reach the logarithmic phase and performed in the following experiments.

2.3. In Vitro Growth Inhibition Assay

E. coli was cultured in LB broth at 37 ◦C for 24 h. The bacterial suspension was adjusted to an
optical density of 1.0 at 600 nm (OD600), which corresponded to 1× 105 colony-forming units (CFUs)/mL.
The bacteria were untreated by CAPJ under various combinations of experimental parameters assigned
as S1–S9 revealed in Table 2. The untreated E. coli was assigned as S0 (control). The bacteria were serial
diluted in phosphate buffer saline (PBS) and plated onto LB agar plates. After incubation at 37 ◦C for
24 h, the viable CFUs were counted. The bactericidal activity was represented as a percentage of CAPJ
treated one divided by the untreated control group (S0). The results were expressed as the means of
three independent experiments performed in duplicate.

The bactericidal activity = (Nx/N0) × 100%

where N0 and Nx are the number of the viable bacteria on an untreated control S0 and CAPJ treated Sx

(x = 1–9) experiment after incubation at 37 ◦C for 24 h, respectively.
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Table 2. Antimicrobial conditions of E. coli using the Taguchi L9 orthogonal array table. Symbols and
numbers of control factors reflect the parameters and levels in Table 1.

Sample #
Control Factors

A B C D

S1 1 1 1 1
S2 1 2 2 2
S3 1 3 3 3
S4 2 1 2 3
S5 2 2 3 1
S6 2 3 1 2
S7 3 1 3 2
S8 3 2 1 3
S9 3 3 2 1

2.4. Taguchi Method

Four control factors of the Taguchi experiment including (A) application voltage (kV), (B) CAPJ
downstream-sample distance (mm), (C) Ar gas flow rate (sccm), and (D) CAPJ treatment time (s) were
applied to analyze the influence of the sterilization parameters on E coli. Three levels were considered
for each factor and shown in Table 1. Table 2 represented the Taguchi design and structure of L9
orthogonal array reflecting the parameters and levels in Table 1. The higher the better concept was
applied to estimate the significant parameters of CAPJ sterilization treatment by data analysis and
signal-to-noise (S/N) ratios. The contribution percentages of individual parameters were determined
by analysis of variance (ANOVA) [26]. The S/N ratio is defined as follows:

S
N

= −10× log

⎡⎢⎢⎢⎢⎢⎣
1
n

n∑

i=1

1
y2

⎤⎥⎥⎥⎥⎥⎦

where n is the number of experiments and y is the observed data.
A confirmation test was carried out to validate the Taguchi’s optimization approach. The summary

statistic S/N at optimal conditions was calculated after the sanative parameters, which can be used to
determine the optimal condition.

(S/N)opt =m + (mx −m) + (my −m)

where m is the overall mean, and mx and my are the mean effect sensitive parameters at the optimal
level [19]. The L9 orthogonal array for sample designation and detailed CAPJ treated parameters
was tabulated in Table 3, which was the designed L9 orthogonal array in Table 2 filled with the
corresponding parameters assigned in Table 1.

Table 3. The Taguchi L9 sample designation and detailed CAPJ parameters.

Sample Designation S1 S2 S3 S4 S5 S6 S7 S8 S9

CAPJ conditions

A (kV) 6.5 6.5 6.5 7.5 7.5 7.5 8.5 8.5 8.5

B (mm) 10 20 30 10 20 30 10 20 30

C (sccm) 0 200 500 200 500 0 500 0 200

D (s) 60 180 300 300 60 180 180 300 60

2.5. Bacterial Viability Assay

The LIVE/DEAD Bacterial Viability Kit (Thermo Fisher Scientific, Camarillo, CA, USA) was
subjected to analyze the viability of bacterial populations based on the membrane integrity [27]. Two
nucleic acid fluorescent dyes, SYTO9 and propidium iodide (PI), were used to determine the bacterial
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viability. The E. coli bacteria suspensions, which were untreated (S0) and CAPJ treated under S10, were
collected and washed with PBS. The prepared samples were stained with SYTO9 and PI, according to
the manufacturer’s instructions. The stained bacteria were then analyzed by a confocal laser scanning
microscope (LSM 780; Carl Zeiss, Göttingen, Germany). The quantification of fluorescence intensity
was performed by using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA).

2.6. DNA Damage Assay

A plasmid DNA, pGL3 (2 μg/μL) (Promega, Madison, WI, USA) was untreated (S0) or S10 CAPJ
treated. Both the S0 and S10 CAPJ treated plasmids were then dissolved in DNA suspension buffer.
DNA solution was loaded on 1.0% agarose gel for electrophoresis. Ethidium bromide-stained DNA was
visualized under UV light. Photograph was taken by using a UV transilluminator (Azure Biosystems
c400; Dublin, CA, USA).

2.7. Field Emission Scanning Electron Microscope Analysis

The morphologies of untreated S0 and S10 CAPJ treated bacteria were analyzed using a
field-emission scanning electron microscope (FE-SEM, JSM 6701F, JEOL, Akishima, Japan). The
bacteria samples were fixed in slides with 2% glutaraldehyde for 2 h, followed by washing with saline
solution, and then exposed to 25%, 50%, and 75% of ethanol for 20 min, respectively, and finally
immersed in 100% of ethanol for one hour. The slides were dried using a critical point dryer for 2 h
afterwards. The bacteria samples were coated with a thin platinum layer around 5 nm thick by a
sputter system (JFC 1600, JEOL, Akishima, Japan).

2.8. In Vivo Evaluation

Animal experiments were performed in accordance with the ethical standard approved by the
Institutional Animal Care and Use Committee, Chang Gung University (Approval No. CGU105-032).
Three male Sprague-Dawley (SD) rats with body weight range of 550 ± 30 g were study. The animals
were housed under controlled conditions of temperature of 21–22 ◦C, relative humidity of 55% to 65%,
and a 12 h light/dark cycle with artificial lighting. The animals received a standard feed and water ad
libitum and were acclimatized under the aforementioned conditions before wounding experiment to
create one full-thickness wounds with 17 mm in diameter on each side of rat’s shoulder as described in
literature [28,29]. The right-side wounds were treated with S10 CAPJ, and the left side wounds were
kept untreated as control (S0). Two bacterial swabs were immediately taken from each superficial
wound site right after CAPJ treatment on day 0 and day 4. Swabs were immediately immersed in 3 mL
PBS and inoculated 200 μL sample on LB agar plates. After incubation at 37 ◦C for 24 h, the CFUs
were counted.

2.9. Statistical Analysis

During the ANOVA calculation, the relation of between-group comparisons was performed using
the chi-square with Fisher exact test by SPSS program (version 18.0, SPSS, Inc., Chicago, IL, USA). A
p-value less than 0.05 was considered statistically significant.

3. Results

3.1. Plasma Characterization

The temperature of He-based CAPJ was measured at the distance of 10 mm from the nozzle, and
it rose continually for the first 5 min and then kept constant for at least 30 min under pure He gas flow
rate of 5 slm, as shown in Figure 2. The temperatures increased from 34.5, 35.5, 36.5 to 38.5 ◦C when
the applying voltages were increased from 6.5, 7.5, 8.5 to 9.5 kHz, respectively.
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Figure 2. CAPJ temperature keeps steady for at least 30 min. Temperature changes of CAPJs operated
at different applied voltages ranging from 6.5 to 9.5 kV under a fixed He gas flow rate of 5 slm. The
temperature was detected at the position of 1 cm below the downstream of CAPJ.

The compositions of ROS generated by CAPJ are mainly dependent on both the working gas
and the atmospheric air. The compositions, therefore, can be controlled by the working gas mixture.
Figure 3a–c illustrate the excited and radiant species in optical emission spectroscopy (OES) spectra
under the mixtures of various Ar gas flow rates of 0, 200, and 500 sccm into a fix He gas flow rate of
5 slm with the application voltage of 6.5 kV. The emission lines between 300 and 400 nm, 450 and
700 nm and 700 and 900 nm were dominated by the nitrogen (N), He, and Ar atoms, respectively. Both
hydroxyl radical (OH) emission at 309 nm and nitrogen monoxide (NO) emission at 283 nm are of
particular interest because they might play an effective role for bacterial growth inhibition [1,30,31]. The
intensities of OH radicals remarkably increased with increasing Ar gas flow rate but were unaffected
at various application voltages, as observed in Figure 3d. It is also important to point out that the
temperature of each Ar added CAPJ test was below 38.5 ◦C.

Figure 3. Cont.
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Figure 3. CAPJ plasma characterizes by OES. The OES spectra of the CAPJs operated at a fixed applied
voltage of 6.5 kV and fixed He gas flow rate of 5 slm and (a) without Ar gas inlet, (b) with 200 sccm
Ar gas and (c) with 500 sccm Ar gas, and (d) the dependence of Ar flow rate on the intensity of OH
radicals @ 309 nm.
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3.2. CAPJ Possess Bactericidal Activity

The bactericidal activity was investigated under various plasma parameters designed using the
Taguchi method shown in Figure 4 and summarized in Table 4. Comparing with the untreated control
sample S0, the bactericidal activities against E coli by CAPJ treated under S1 to S9 were 45.7%, 31.3%,
90.6%, 92.8%, 53.2%, 37.7%, 85.9%, 100%, and 22.6%, respectively.

Figure 4. Bacterial colonies evaluate the bactericidal activity of CAPJ operating parameters. Photos of
bacterial colonies of control S0 and CAPJ treated samples (S1) to (S9) with a combination of different
Taguchi experimental parameters. The visualized colonies grew on the LB agar plates and were counted
and represented in CFU as tabulated in Table 4.

Table 4. The bactericidal activity of E. coli by nine different CAPJ treatments.

Sample Designation. S1 S2 S3 S4 S5 S6 S7 S8 S9

Bactericidal activity (%) 45.7 31.3 90.6 92.8 53.2 37.7 85.9 100.0 22.6

3.3. Analysis of the Bactericidal Activity by Using Taguchi Method

The four important operating parameters of CAPJ to achieve desired performance considered in
this study were application voltages, CAPJ-sample distance, Ar gas flow rate, and CAPJ treatment
time, which are noted as A, B, C, and D, respectively, in Table 1, and each was given three levels. The
greater S/N value corresponded to the better performance regardless of the category of the performance
characteristics [26]. Therefore, parameters with high S/N value and the better efficiency were selected
to define the optimal level of the operating parameters. The average S/N ratios for each level of each
parameter, in terms of bactericidal activity, were shown in Figure 5. The horizontal red line was the
overall mean of the S/N values. The best combination of process parameters corresponding to the
bactericidal activity was found to be A3B2C3D3, which correlates to application voltage of 8.5 kV,
CAPJ-sample distance of 10 mm, Ar gas flow rate of 500 sccm, and CAPJ treatment time of 300 s.
Furthermore, the CAPJ treatment time was discovered as the most impactful factor for bactericidal
activity because of the greatest range of outcomes between the three experimental levels.
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Figure 5. Taguchi analysis determines the best set of parameter combination. The effect diagrams
for antimicrobial of CAPJ are based on the higher S/N and the better efficiency. Four factors include
A: applying voltage (kV), B: CAPJ-sample distance (mm), C: Ar gas flow rate (sccm), and D: CAPJ
treated time.

The relative significance of each parameter was investigated by ANOVA to estimate their
contributions. The ANOVA results of the control factors, A, B, C, and D were calculated for the
bactericidal activity and the degree of freedom, sum of squares, variance, and percentage contributions
are shown in Table 5. Higher percentage contribution correlated to more significant influence of the
overall process. Factor D, the CAPJ treatment time, was the most impactful with the highest variance
of 4.70 and a percentage contribution of 76.5%. This was followed by factor C, Ar gas flow rate, and
factor B, CAPJ-sample distance, with contributions of 12.1% and 11.2%, respectively. Meanwhile, the
contributions of 0.2% for factor A, application voltage, is obtained implying its insignificant role.

Table 5. Summary of the ANOVA results for the bactericidal activity of E. coli by CAPJ.

Source of Variance
Degree of
Freedom

Sum of Square Variance
Contribution

(%)

A, Application voltage (kV) 2 0.68 0.01 0.2
B, CAPJ-sample distance (mm) 2 34.04 0.69 11.2
C, Ar gas flow rate (sccm) 2 36.15 0.74 12.1
D, CAPJ treatment time (s) 2 111.04 4.70 76.5

Total 8 181.91 6.15 100.0

3.4. Validation of Bactericidal Activity Conferred by CAPJ Treated under S10

Based on the optimal condition deduced from the Taguchi method, the CAPJ condition with the
application voltage of 8.5 kV, CAPJ-sample distance of 10 mm, He/Ar gas flow of 5 slm/500 sccm, and
CAPJ treated time of 300 s was assigned as S10, and a confirmation test was performed to validate the
conclusions on the previous discovery. As compared with the control S0, the bactericidal activity of
S10 was up to 100% in Figure 6.
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Figure 6. S10 CAPJ induces bacterial death. Photos of bacterial colonies of control S0 and confirmation
test of CAPJ treated under S10, fluorescence live/dead bacterial viability assay images of E. coli without
CAPJ (S0) and with CAPJ treated under S10.

To further verify whether the S10 CAPJ possesses potent bactericidal activity, a LIVE/DEAD
Bacterial Viability assay was employed. As shown in Figure 6, dead bacteria, appearing with red
fluorescence, were rarely observed in the control group, but those bacteria treated with S10 CAPJ had
significantly more dead bacteria presented in the lower panel of Figure 6. These results confirmed that
the S10 CAPJ had the most effective bactericidal activity in the treatment of bacterial pathogens and
indicated that the Taguchi method is handy to find the optimal parameters on the bactericidal activity
by CAPJ.

3.5. CAPJ Treatment Induced DNA Double-Strand Breaks (DSB) and Disruption of Cell Wall Integrity

To further explore the mechanism of the bactericidal activity by CAPJ treatment, we conducted a
DNA electrophoresis assay. As shown in Figure 7, the untreated plasmid DNA (S0) was intact and
exhibited the supercoiled and circular forms. In contrast, clear smear DNA fragments were shown in
the plasmid DNA treated with S10 CAPJ, indicating that CAPJ contributed to induce DSB in bacteria.
To strengthen our findings, the morphologies of E. coli were visualized by FE-SEM after bacteria was
treated by S10 CAPJ. In the control group without CAPJ treatment, the bacterial shape and cell wall
showed intact morphologies (Figure 8a,b). By contrast, FE-SEM images of the bacteria treated with S10
CAPJ exhibited a shriveled and burst appearance on the bacterial surface (Figure 8c,d). Taken together,
these results demonstrated that CAPJ treated under S10 sustainably inhibited bacterial growth by
inducing DSB and disrupting cell wall integrity.
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Figure 7. S10 CAPJ induces DNA double-strand breaks (DSB). The pGL3 (2 μg/μL) was untreated
(S0) or treated with S10 CAPJ. The plasmid DNA was loaded on 1.0% agarose gel for electrophoresis.
Ethidium bromide-stained DNA was visualized under UV light. The positions of the size markers are
shown at left of the image. M, DNA marker.

Figure 8. S10 CAPJ disrupts bacterial cell wall integrity. The FE-SEM images of the bacterial
morphologies before CAPJ treatment (a,b) and after S10 CAPJ treatment (c,d).
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3.6. In Vivo Evaluation

Bactericidal activity in vivo evaluation by CAPJ treatment was presented in Figure 9. SD rates were
used to create wound exposure and analyze the bacterial infection as described in the Experimental
Section. The wounds were either untreated (S0) or treated with S10 CAPJ, and wound exudates were
collected on days 0 and 4. Our results showed that S10 CAPJ treatment remarkably decreased bacterial
load on day 0 when compared to S0. Most importantly, this effect is still seen on day 4, which showed
that the bacterial infection continued to be reduced in rat treated with S10 CAPJ.

Figure 9. S10 CAPJ reduces bacterial infection in the wound. Rat wound was untreated or treated with
S10 CAPJ, and the bacterial loads in the wound were counted on days 0 and 4. Viable bacteria were
represented as colony forming units (CFUs).

4. Discussion

Infectious disease remains a great challenge in the field of public health as it is among the top
10 causes of death and also leads the cause of disability [32]. Inadequate antibiotic therapy worsens
the control of pathogenic microbes and leads to drug resistance. The discovery of new and effective
antibacterial agents or methods is quite a challenge because of its time and financially consuming
nature. In addition, poor sanitation and increasing international travel have made transmission of
infectious diseases easier.

This study focused on the development and optimizations of a sterilization technique using CAPJ
utilizing the Taguchi method to shorten to experimental time spent on trial and error. In general,
a design of orthogonal arrays of Taguchi analysis provides a maximum number of main factors to
be estimated to minimize experimental trials. S/N ratios are transferred from the responses in the
bactericidal activity by CAPJ treatment. ANOVA can further determine the contribution of CAPJ
operating parameters on the preferable efficiency of antimicrobial condition. The effectiveness of
Taguchi’s optimization approach is evaluated by antimicrobial effect, where 100% was obtained with
the CAPJ using parameters obtained from the Taguchi method. As determined by the Taguchi method,
the optimal antimicrobial activity is achieved with CAPJ parameters of application voltage 8.5 kV,
APJ-sample distance 10 mm, Ar gas flow rate 500 sccm, and treatment time 300 s. We found CAPJ
treatment time affected the plasma’s efficacy the most, and it required 5 min of treatment to achieve
100% bactericidal activity. By extension, the principles and concepts of Taguchi approach can also
benefit industry reducing experimental trials of the performance, quality, and cost [22,33].

46



J. Clin. Med. 2019, 8, 1930

A number of studies represent very promising results for infection control by atmospheric pressure
plasma [25]. In this work, we demonstrated that CAPJ built in our lab inhibited bacterial growth. The
beneficial effects of plasma in sterilization are not yet fully understood, so we used our CAPJ to explore
proposed mechanisms described in the literature. The observed temperatures of this CAPJ clearly
indicated that consecutive plasma treatment by CAPJ remains below human body temperature for 30
min without causing thermal injury by utilizing the application voltage lower than 8.5 kV (Figure 2),
which is an important requirement for biological applications. Previous studies reported that reactive
oxygen, hydrogen peroxide, and UV photons produced by cold plasmas might target cell membrane
and cell wall for antibacterial activity [34,35]. From the plasma diagnostics by OES (Figure 3), there
is nearly no emission in the germicidal UV-C region around 254 nm [36]. The effect of heat and UV
radiation as the main antimicrobial mechanism for plasma component, therefore, is unlikely.

On the other hand, The Ar mixed into He-based plasma described in this study contains OH
and NO radicals, nitrogen and oxygen species, and metastable species of He and Ar (Figure 3), which
probably interact with biological organisms to generate further reactive species [37]. Previous reports
demonstrated ROS from different technologies might target different components of bacterial cells [38],
which subsequently leads to the destruction of bacterial cell wall to achieve antimicrobial strategies.
For example, ROS attacks the polyunsaturated fatty acids of the fatty acid membrane to initiate
a self-propagating chain reaction [39], induces lipid peroxidation in Gram-negative bacteria [40],
decomposes macromolecules such as DNA and protein [41], and breaks important C–O, C–N and
C–C bonds of the peptidoglycan structure [42]. The distinguished emission at 309 nm in Figure 3 is a
measurement for substantial amount of OH radicals, which are produced by plasma chemical reactions
of dissociation and excitation of water molecules present in the air and are likely the part of plasma
that is lethal toward living bacterial cells [43,44]. The intensity of OH produced by CAPJ is influenced
by the feed gas mixture and increases with increasing Ar flow rate similar to a previous report [45].
The amount of OH radicals positively correlates to the antimicrobial efficiency as well. Deleterious OH
radicals are the dominant reactive species and play a significant role in cell death [46,47].

It has been known that bacterial colonization of wounds exacerbated inflammation around the
injury sites and slowed the skin healing. A previous study in bacteria infected skin diseases shows
that E. coli is one of the four main Gram-negative bacteria among 90 isolated bacteria cultured from
skin ulcers [48]. In the present study, we first assessed whether CAPJ possessed bactericidal effects on
pathogenic E. coli and validated the bactericidal activity by using the animal experiment. We showed
that S10 CAPJ treatment dramatically decreased bacterial load on day 4 as compared to untreated rat.
However, we did not identify the bacterial species that were presented on the wounds. Our results
are in line with previous in vitro studies, which showed that cold atmospheric plasma can decrease
bacterial load independent of the strains [49,50]. Although CAPJ can effectively reduce bacterial loads
in the animal study, further identification of bacterial species is worth studying in the future research.

According to the observation of both the DNA damage assay (Figure 7) and the morphology of
bacteria after CAPJ treatment by FE-SEM (Figure 8), CAPJ disrupts bacterial cell walls and induces
DNA damage to exercise its antimicrobial effect in plasma mediated reactions. Figure 10 is a schematic
that suggests the antimicrobial mechanism of CAPJ treatment noted in this study.
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Figure 10. Antimicrobial mechanism of CAPJ treatment. The mechanism of the antimicrobial efficiency
by CAPJ is suggested to kill the bacteria by destroying the cell wall of E. coli, damaging its DNA structure.

5. Conclusions

In this work, experimental design using the Taguchi method with a L9 orthogonal array was
confirmed by S/N ratios and ANOVA, to optimize the operating parameters of CAPJ, achieving the
best antimicrobial efficacy against E. coli. Parameters obtained via the Taguchi method were confirmed
by 100% antimicrobial activity, with the final parameters of 8.5 kV CAPJ application voltage, 10 mm
CAPJ-sample distance, 500 sccm Ar gas flow rate, and 300 s CAPJ treatment time. These parameters
were further applied to wounds created on a rat model and showed a marked decrease in microbial load
compared to an untreated wound, suggesting CPAJ have safe and effective application in vivo. As the
intensity of hydroxyl radical produced by CAPJ is positively correlated to its antimicrobial efficiency,
reactive species likely play a significant role for the plasma sterilization in this study. According to
the observation of both the DNA damage assay and the bacterial cell wall integrity test after CAPJ
treatment, the antimicrobial mechanism of CAPJ works through cell wall destruction and further
DNA damage, thus ensuring antimicrobial activity. This makes CAPJ a promising and effective
antimicrobial technique.
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Abstract: Polyethylene terephthalate (PET) is a major pollutant polymer, due to its wide use in food
packaging and fiber production industries worldwide. Currently, there is great interest for recycling
the huge amount of PET-based materials, derived especially from the food and textile industries. In this
study, we applied the electrospinning technique to obtain nanostructured fibrillary membranes based
on PET materials. Subsequently, the recycled PET networks were decorated with silver nanoparticles
through the chemical reduction method for antimicrobial applications. After the characterization
of the materials in terms of crystallinity, chemical bonding, and morphology, the effect against
Gram-positive and Gram-negative bacteria, as well as fungal strains, was investigated. Furthermore,
in vitro and in vivo biocompatibility tests were performed in order to open up potential biomedical
applications, such as wound dressings or implant coatings. Silver-decorated fibers showed lower
cytotoxicity and inflammatory effects and increased antibiofilm activity, thus highlighting the potential
of these systems for antimicrobial purposes.

Keywords: polyethylene terephthalate; PET; silver nanoparticles; electrospinning; nanofibers;
antimicrobial agents; biocompatibility

1. Introduction

Electrospinning is a simple and versatile technique, used to fabricate continuous fibers from a
large number of polymers, with diameters ranging from micrometers to several nanometers [1–3].
The resulting fibrous mats are characterized by large effective surface areas, continuously interconnected
pores, high surface roughness, and usually high porosity [4,5]. It is a highly versatile technique,
allowing for the development of structures with various morphologies, including core–shell, hollow,
and yarn, only by varying the parameters of the electrospinning, i.e., voltage, feed rate, collector type,
distance, and nozzle design [6,7].
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Polyethylene terephthalate (PET) is a class of engineered polyesters broadly used in numerous
industries owing to its mechanical and thermal properties. PET materials are used in a wide
range of applications, such as the automotive industry, filtering membranes, biosensors, protective
clothing [8–11], surgical meshes, drug delivery systems, and tissue engineering scaffolds (i.e., vascular
grafts and ligament and tendon substitutes) [11–16].

Most of the annual world’s consumption of PET estimated at 13 million tons comes from
the packaging industry, raising great concern for environmental pollution [17], with an increasing
scientific focus on developing reuse and recycling technologies of PET materials. In this regard,
electrospinning is an interesting approach for the fabrication of non-woven nanofiber mats that
could reduce environmental waste materials by producing recycled PET materials that could
replace previously used materials [18,19]. Moreover, PET electrospun nanofibers could be further
implemented in water filtration [20] and heavy-metal adsorption [21] applications. This approach
has the potential to significantly decrease the amount of PET waste, by reusing this material in other
non-packaging applications.

As reports show that 10% of patients entering an acute hospital develop a healthcare-associated
infection, with 9% of cases being surgical wound infections, the risk of wound infections is causing
great concern to healthcare professionals [22]. In this context, electrospun nanomaterials are widely
investigated for their antimicrobial properties. The common strategy for developing such materials
is represented by the attachment or encapsulation of antimicrobial agents, such as antibiotics,
cyclodextrins, and metal or metal-oxide nanoparticles onto or into the supporting nanofibers [23].
Silver is the preferred metal oxide used as an antimicrobial agent [24–30]. Moreover, its nanosized form
shows enhanced beneficial properties, owing to the small size, large specific surface area, and quantum
effect [31], properties which are correlated with its low toxicity [27,32,33], allowing for the development
of diverse applications focused on preventing microbial contamination in different environments or
treating microbial infections [34]. There are several studies reporting the uniform incorporation of
silver nanoparticles into the electrospun fibers for enhanced antimicrobial abilities [35].

The aim of this study was to obtain electrospun nanostructured fibrillary antimicrobial membranes
based on PET materials and silver nanoparticles for different antimicrobial applications. Specifically,
the silver nanoparticles were applied onto the surface of the PET materials in order to enrich it with
large-spectrum biocidal properties. The different fibers were obtained by adjusting the flow rate of the
electrospinning process, since this parameter is very important in ensuring fiber strength and it may
impact the morphology and fiber size [36,37]. The in vitro and in vivo biocompatibility issues of PET
containing silver nanoparticles were evaluated in order to establish their suitability for biomedical
applications. Our goal was to develop a PET-based material that could be further implemented in
wound dressing and biomedical coating areas (i.e., implants, medical surfaces, medical textiles), while
simultaneously reducing the environmental waste produced by PET usage.

2. Experimental Section

2.1. Materials

The polyester polymer was obtained from recycled PET bottles available from a local supplier.
The bottles previously contained water. Dichloromethane (molecular weight (Mw) = 84.96 g/mol) was
purchased from Chimopar trading SRL. Trifluoroacetic acid (Mw = 114.02 g/mol) was obtained from
Fluka Analytical. Silver nitrate, NaOH, d-glucose, and eugenol were purchased from Sigma-Aldrich.
All chemicals were of analytical purity and used with no further purification.

2.2. Electrospinning Deposition of PET Nanofibers

The electrospinning method was used to obtain nanostructured membranes from recycled PET.
This method is used to produce membranes made up of a fibrous network with interconnected,
overlapping, and randomly distributed fibers. Firstly, the PET bottles were cut into small pieces (about
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1 cm2) and then added to a mixture of trifluoroacetic acid and dichloromethane. After the complete
dissolution of the polymer, electrospinning was performed using the parameters described in Table 1
and Scheme 1.

Table 1. The parameters utilized for electrospinning. PET—polyethylene terephthalate.

Sample
Output 1

(kV)
Output 2

(kV)
Heat
(KW)

Humidity
(%)

Temperature
(◦C)

Feed Rate
(mL/h)

PET_2.5_ctrl

−5.73 17.53 0.6 35 27

2.5

PET_5_ctrl 5

PET_7.5_ctrl 7.5

PET_10_ctrl 10

 

 

Scheme 1. Synthesis process for control and silver-loaded polyethylene terephthalate (PET_X_ctrl and
PET_X_NanoAg).

2.3. Silver Nanoparticle (NanoAg) Synthesis

Silver nanoparticles were prepared by reduction. Briefly, two solutions were obtained: one
containing 0.1% silver nitrate (0.1 g of AgNO3 + 99.9 mL of H2O) and one containing the reducing
agent (300 mL of H2O + 3 g of NaOH + 1 g of d-glucose + 500 uL of eugenol). Sections of the PET’s
fibrous networks were placed in the AgNO3 solution and left for 10 min under vigorous stirring;
subsequently, they were removed and immersed in the reducing agent solution for an equal amount of
time. The obtained samples were washed twice with deionized water and allowed to dry at room
temperature. After this, the samples were weighed by comparison with the controls in order to estimate
the amount of silver nanoparticles immobilized on the fiber surface. The quantified NanoAg varied
between 0.998 mg/cm2 and 1.003 mg/cm2, with an average of measurement ~1 mg/cm2 in the case of all
samples. Samples coated with silver nanoparticles were noted as PET_2.5_NanoAg, PET_5_NanoAg,
PET_7.5_NanoAg, and PET_10_NanoAg.
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2.4. Physico-Chemical Characterization

Infrared spectroscopy. Infrared (IR) spectra were obtained using a Nicolet iN10 MX
Fourier-transform (FT)-IR microscope (Thermo Fischer Scientific, Waltham, MA, USA) with a
liquid nitrogen-cooled mercury cadmium telluride (MCT) detector with a measurement range of
4000–700 cm−1. Spectra collection was performed in reflection mode at a resolution of 4 cm−1. For each
spectrum, 32 scans were co-added and converted to absorbance using the OmincPicta software (Version
1, Thermo Fischer Scientific, Waltham, MA, USA).

X-ray diffraction. Grazing incidence X-ray diffraction (GIXRD) was performed with a Panalytical
Empyrean diffractometer (PANalytical, Almelo, The Netherlands), using CuK radiation (1.541874 A)
equipped with a 2× Ge (2 2 0) hybrid monochromator for Cu and a parallel plate collimator on the
PIXcel3D. Scanning was performed on the 2θ axis in the range of 5–80◦, with an incidence angle of 0.5◦,
a step size of 0.04◦, and a time step of 3 s.

Scanning electron microscopy. In order to investigate the morphology and size of the
nanostructured membranes, images produced by recording the resultant secondary electron beam
with an energy of 30 keV of the samples were taken with a scanning electron microscope purchased
from FEI (Hillsboro, OR, USA).

Transmission electron microscopy (TEM). Electron diffraction on selected area. In order to
obtain transmission electron microscopy images, the samples were placed on a carbon-coated copper
grid at room temperature. The TEM images were acquired using a high-resolution TecnaiTM G2 F30
S-TWIN transmission microscope equipped with selected area electron diffraction (SAED), purchased
from FEI (Hillsboro, OR, USA). This microscope operates in transmission mode at a voltage of 300 kV,
while the point and line resolution are guaranteed with values of 2 Å and 1 Å, respectively. The SAED
analysis for silver nanoparticles was performed in a light field using the TecnaiTM G2 F30 S-TWIN
high-resolution electronic microscope equipped with SAED, purchased from FEI (Hillsboro, OR, USA).

2.5. In Vitro Biocompatibility

2.5.1. Cell Line

Human amniotic fluid stem cells (AFSC) were used to evaluate the biocompatibility of the prepared
samples. The AFSC cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotics (penicillin, streptomycin/neomycin). All cells
were maintained at 37 ◦C in a humidified incubator with 5% CO2.

2.5.2. MTT (3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) Assay

The evaluation of cell viability was performed by measuring the degree of reduction of a tetrazolium
salt solution, MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide), to insoluble purple
formazan crystals by viable cells. In this purpose, the AFSC cells were seeded in 96-well plates, with a
density of 3000 cells/well under different experimental conditions. Subsequently, a volume of 10 μL of
12 mM MTT was added and the cells were incubated at 37 ◦C for 4 h. A volume of 100 μL of SDS–HCl
solution was further added, vigorously pipetted to solubilize the formazan crystals, incubated for 1 h,
and read at 570 nm (TECAN spectrophotometer, Männedorf, Switzerland).

2.6. In Vitro Antibacterial Tests

2.6.1. Growth of Planktonic (Floating) Microorganisms in the Presence of Material

To test the effect of the obtained material on the growth of microorganisms in liquid medium
(planktonic cultures), the obtained material was cut into 1-cm2 samples and sterilized by exposure to
ultraviolet (UV) radiation for 30 min on each side. One fragment of the sterile material was individually
deposited in a well of a six-well sterile plate. Over the deposited materials, 2 mL of liquid medium
and then 20 μL of 0.5 McFarland microbial suspension (bacteria—Staphylococcus aureus American
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Type Culture Collection (ATCC) 25923 and Pseudomonas aeruginosa ATCC 27853) or 1McFarland
(yeast—Candida albicans ATCC 10231) prepared in sterile physiological water, 0.9% NaCl salt, was added
to the wells. The as-prepared six-well plates were incubated at 37 ◦C for 24 h. At the end of the
incubation time, 200 μL of the obtained microbial suspension was transferred to 96 sterile plates,
and the turbidity of the microbial cultures (absorbance) was spectrophotometrically measured at
600 nm.

2.6.2. Evaluation of Adhesion and Biofilm Formation

To test the effect of fibrillated materials on microbial adhesion and biofilm production, the sterile
material samples treated as described above were washed with sterile saline water (SSW), and the
medium was changed to allow the microbial cells—adhered onto the surface of the material samples
in the first 24 h of incubation—to continue biofilm development and maturation for another 24, 48,
and 72 h. After the end of each incubation period, the colonized sample was washed with AFS to
remove non-adherent microorganisms and deposited in a sterile tube in 1 mL of SSW. The tube was
vigorously vortexed for 30 s and sonicated for 10 s to harvest the cells from the biofilm. The obtained
cell suspension was diluted, and various ten-fold serial dilutions were seeded on solid culture media
plates in triplicate, to obtain and quantify the number of viable cells, expressed in colony-forming
units (CFU)/mL.

2.7. In Vivo Biocompatibility Evaluation

2.7.1. Animals and Ethics

CD1 mice were housed in controlled-airflow cabinets with 12-h light cycles and constant
temperature and humidity conditions. Animal experiments were performed in accordance with
the guidelines of the Vasile Goldis Western University of Arad and approved by the Ethical Committee.

2.7.2. Experimental Design and Surgical Procedures

The mice were randomly assigned to 18 groups (n= 5): control, PET_2.5_ctrl, PET_5_ctrl, PET_7.5_ctrl,
PET_10_ctrl, PET_2.5_NanoAg, PET_5_NanoAg, PET_7.5_NanoAg, and PET_10_NanoAg, for one day
and seven days.

Before the experiment, the material samples (1 cm2) were sterilized under UV light for 30 min
(both faces) and implanted into a subcutaneous pocket in the dorsum of the animals. For the surgical
procedure, the animals were anesthetized by intraperitoneal injection of xylazine/ketamine.

Animals were allowed to recover from anesthesia, housed in individual cages, and observed
daily for evidence of wound complications, such as redness, infection, edema, abscess, hematoma,
encapsulation, or skin dehiscence.

On days two and seven post-surgery, the animals were euthanatized by anesthetic overdose and
the implanted materials, together with the surrounding tissues, were explanted and collected for
analysis. Blood was sampled by cardiac puncture to assess acute inflammatory markers, in order to be
able to exclude systemic inflammation.

2.7.3. Biochemical Analysis

Venous blood samples were centrifuged at 3500 rpm for 10 min and analyzed for C-reactive
protein (CRP) levels, using the CRP FL (ChemaDiagnostica, Monsano, Italy) kit and a Mindray BS-120
Chemistry Analyzer (ShenzenMindray Bio-Medical Electronics Co., Ltd., Nanshan, Shenzhen, China).

2.7.4. Histopathological Analysis

For the histopathological study, explant samples were fixed in phosphate-buffered formaldehyde
solution (4%, pH 7.2, 0.05 M), embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin
and eosin (H&E) and Gomori’s trichrome kit (Leica Biosystems, 38016SS1, Nussloch, Germany).
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Microscopic sections were analyzed with an Olympus BX43 microscope equipped with a digital
camera Olympus XC30 and CellSense software and graded for the amount of tissue reaction.

Sections were scored on the degree of inflammatory infiltrate (including acute and chronic
inflammatory cells), fibroblasts and neovascularization. Each histometric parameter was graded on a
scale of 0–4 for the amount of tissue reaction: − (not present); sp (sporadic) to ++++ (extensive).

2.7.5. Immunohistochemistry

Immunohistochemical studies were performed on paraffin-embedded explant tissue sections
of 5 nm thickness, previously deparaffinized and rehydrated using a standard technique. Rabbit
polyclonal anti-tumor necrosis factor (TNF)-α diluted 1:100 (Santa Cruz, California) was used as a
primary antibody.

Immunoreactions were visualized employing a Novocastra Peroxidase/DAB kit (Leica Biosystems,
Nussloch, Germany), according to the manufacturer’s instructions. Negative control sections were
processed by the substitution of primary antibodies with irrelevant immunoglobulins of matched
isotype used in the same conditions as primary antibodies. Stained slides were analyzed under
bright-field microscopy.

2.8. Statistical Analysis

Experimental data were statistically evaluated using GraphPad Prism 3.03 software (GraphPad
Software, Inc., La Jolla, CA, USA), and one-way analysis of variance, followed by a Bonferroni test.
A p-value < 0.05 was considered to indicate a statistically significant difference.

3. Results

The electrospinning method was used to obtain nanostructured membranes from recycled PET.
Different flow rates were used, and the resulted samples were noted according to each flow rate.
These samples, prepared at four different flow rates, were further used in combination with silver
nanoparticles in order to create alternative biomedical materials. A total of eight different samples
were obtained, four with silver nanoparticles and four as controls for in vitro and in vivo tests.

3.1. Characterization of the Obtained Materials

Silver nanoparticles obtained through a silver nitrate reduction reaction were characterized by
transmission electron microscopy. Figure 1 shows that the size of the obtained particles was in the
nanoscale range, varying between 25 and 85 nm. The SAED pattern allowed the identification of the
crystalline phases present in the sample, with NanoAg being the only crystalline phase.

Subsequently, NanoAg was characterized by X-ray diffraction. Figure 2 highlights the crystallinity
of the synthesized nanoparticles, with the only identified crystalline phase being NanoAg through the
four diffraction interferences characteristic of silver nanoparticles.

Figure 1. Transmission electron microscopy (TEM) images recorded for (a,b) silver nanoparticles
(NanoAg) and selected area electron diffraction (SAED) pattern (c).
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Figure 2. X-ray diffractogram recorded for NanoAg.

Infrared spectroscopy was used to evaluate the integrity of functional groups during
post-processing by electrospinning. Figure 3 reveals that the four experimental variants did not
show functional group degradation, absorption band movements, or significant intensity changes.
The PET characteristic absorption bands can be identified as follows: 2961 cm−1 characteristic of the
C–H bond, and 1714 cm−1 characteristic of the C=O group. Also, absorption bands of C–C and C–O
bonds were observed in the molecular fingerprint area.

Figure 3. Fourier-transform infrared (FT-IR) spectra recorded for the silver-loaded polyethylene
terephthalate (PET_X_NanoAg) samples.

Scanning electron microscopy allowed for the identification of the nanostructured membrane
morphology and the presence of silver nanoparticles on the fiber surface. Figure 4 reveals the
presence of an uneven deposition of silver nanoparticles on the surface of the fibrous membrane in all
experimental variants. There was a general tendency of clumping at the nodes of the fibrous network,
as the nodes acted as nucleation centers for nanoparticle growth.

59



J. Clin. Med. 2019, 8, 1039

  

  

  

  

a b 

c d 

e f 

g h 

Figure 4. SEM images recorded for PET_X_NanoAg at various flows: (a,b) PET_2.5_NanoAg;
(c,d) PET_5_NanoAg; (e,f) PET_7.5_NanoAg; (g,h) PET_10_NanoAg. Green text—dimensions for
nanoAg; white text—dimensions for PET fibers.

The electrospun fibers had dimensions ranging between 60 and 250 nm, and the size of the silver
particles on the surface of the fibers ranged between 8 and 50 nm. A more detailed representation
of the PET_5_NanoAg is presented in Figure 5, highlighting the presence of silver nanoparticles
agglomerating at the fiber nodes.
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Figure 5. SEM images recorded in backscattering for PET_5_NanoAg.

The nanostructured membranes with modified surface obtained at a flow rate of 2.5 mL/h were
also characterized by transmission electron microscopy (Figure 6), which highlighted the nanometric
size of the silver particles and their dispersibility over the surface of the PET fibers.

Figure 6. TEM images recorded for PET_2.5_NanoAg.

3.2. Antimicrobial Properties of the Prepared Samples

Contamination of the environment with undesired microorganisms has negative consequences
in different fields, including human health. Microorganisms can grow planktonically, although a
great majority of them are adherent to different interfaces and surfaces. Adherent microorganisms are
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more difficult to remove than microorganisms developing in the planktonic state, due to their ability
to form specialized multicellular communities, called biofilms, in which cells may have a different
behavior compared to planktonic ones, biochemically and genetically, rendering them more resilient to
different stressors. Currently, alternative methods for limiting microbial colonization of raw materials
and industrial installations, as well as of biomaterials intended for medical applications, are being
studied [38].

In the majority of the experimental variants (except the assays on C. albicans), it can be seen that
the highest inhibitory activities were obtained in PET samples for which the deposition of fibers by
electrospinning was achieved at a flow rate of 10 or 7.5 mL/h (p-values ranged from 0–0.05 for S. aureus
and P. aerugiosa).

From the three tested microbial strains, the recycled PET containing NanoAg nanoparticles proved
to exhibit the best inhibitory effect on the planktonic growth of S. aureus (p-value was lower than 0.001),
followed by P. aeruginosa (p-value was lower than 0.05), as compared with the NanoAg free controls
(Figure 7).

Figure 7. Graphic representation of the recorded absorbance values of Staphylococcus aureus, Pseudomonas
aeruginosa, and Candida albicans cultures, expressing the multiplication capacity of these cells after
cultivation for 24 h in the presence of recycled PET_X_NanoAg materials. * p ≤ 0.001, ** p ≤ 0.05 after
the comparison of control with NanoAg-containing PET fibers obtained by applying various flow rates).

In the case of the C. albicans yeast strain, the inhibitory effect of the planktonic cultures was
relatively low, in contrast with the antibacterial one; surprisingly, the most obvious inhibitory effect
was observed for PET_2.5_NanoAg, but the result was not statistically significant.

In the case of the assessment of biofilm formation capacity, the results proved to be similar with
the data obtained on planktonic cultures, with few variables.

The inhibition effect of S. aureus biofilm development was observed at all stages of biofilm
development, starting with initial adherence (up to 24 h), continuing with biofilm maturation (up to
48 h) until dispersion (when cells or cell aggregates detach from the biofilm to colonize new surfaces)
(Figure 8). The anti-biofilm effect was due to the decrease of viable cells embedded in the biofilm, by
1 to 4 logs, with these data being statistically significant (p-values ranged from 0.001–0.05). Similar
to the results obtained on planktonic cells, the PET_7.5_NanoAg and PET_10_NanoAg samples also
proved to be the most efficient in biofilm inhibition. It can be observed that the anti-biofilm efficiency
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decreases over the course of biofilm development. This inverse relationship is seen for all four samples,
although it is more evident for PET_2.5_NanoAg and PET_5_NanoAg samples (Figure 8).

Figure 8. Graphic representation of colony-forming units (CFU)/mL representing the number of
S. aureus viable cells included in the monospecific biofilms developed on the surface of the materials,
quantified after 24 h, 48 h, and 72 h at 37 ◦C. * p ≤ 0.001, ** p ≤ 0.05 comparing control PET and NanoAg
PET obtained at the same flow rate.

P. aeruginosa is a microorganism with multiple natural resistance mechanisms, making it an
opportunistic pathogen that can colonize with maximum efficiency a great number of environments.
Biofilms produced by this opportunistic microorganism are very difficult to eradicate with current
antimicrobial substances [39]. The results obtained in this study showed that P. aeruginosa has a limited
capacity to form biofilms on the obtained nanostructured membranes (Figure 9).

It must be noted that the PET_7.5_NanoAg and PET_10_NanoAg samples proved to be slightly
more active against the biofilm formation in P. aeruginosa, as compared with the other tested variants.
As revealed by Figure 9, the biofilm inhibition capacity of the obtained fibers was maintained relatively
constant in all tested time conditions.

A poor capacity to form biofilms in the presence of the developed nanostructured membranes
was observed not only for the bacterial strains, but also for the fungal C. albicans strain. In the case of
the fungal strain, a dynamic of biofilm growth similar to that observed in case of the Gram-positive
S. aureus strain was recorded, with an inverse relationship between the age of the biofilm and the
intensity of the anti-biofilm effect. However, the efficiency of different tested samples was completely
different from that obtained against the two bacterial strains, in the following order: PET_2.5_NanoAg
> PET_5_NanoAg > PET_7.5_NanoAg > PET_10_NanoAg (Figure 10).
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Figure 9. Graphic representation of CFU/mL, representing the number of P. aeruginosa viable cells
included in the monospecific biofilms developed on the surface of the materials, quantified after 24 h,
48 h, and 72 h at 37 ◦C. * p ≤ 0.001, ** p ≤ 0.05 comparing control PET and NanoAg PET obtained at the
same flow rate.

Figure 10. Graphic representation of CFU/mL representing the number of C. albicans cells viable cells
included in the monospecific biofilms developed on the surface of the materials, quantified after 24 h,
48 h, and 72 h at 37 ◦C. * p ≤ 0.001, ** p ≤ 0.05 comparing control PET and NanoAg PET obtained at the
same flow rate.

64



J. Clin. Med. 2019, 8, 1039

3.3. In Vitro and In Vivo Biological Response

3.3.1. In Vitro Biocompatibility

The cytotoxicity of recycled PET nanostructured membranes was analyzed using human diploid
cells in culture. The results obtained by applying the MTT method showed that the proliferation and
activity of diploid cells in the culture underwent changes in the presence of the analyzed materials,
depending on the rate of deposition of the fibers by electrospinning; additionally, the majority of
cases proved that the addition of NanoAg seemed to slightly reduce the cytotoxicity of the obtained
materials, as compared with PET controls. However, these results had no statistical relevance (p-values
were higher than 0.05).

The results obtained by applying the MTT assay revealed that a high percentage of the seeded
cells remained metabolically active after covering with NanoAg, suggesting a good biocompatibility of
the recycled PET containing NanoAg nanoparticles in vitro (Figure 11).

Figure 11. Effects of PET_X_NanoAg on MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide) specific activities in amniotic fluid stem cells (AFSC).

3.3.2. In Vivo Biocompatibility and Inflammatory Response

The subcutaneous implant of the different nanofiber mats showed no adverse local or systemic
inflammatory effects. CRP is an inflammation marker, which highlights the activation of a
pro-inflammatory cascade. Figure 12 shows the effects of PET_X_NanoAg biomaterials implanted
subcutaneously in mice on the CRP serum level. At 24 h post-implantation, the CRP blood level
was elevated for all experimental groups, followed by a gradual decrease for up to seven days.
Compared to the control (p < 0.001), PET_2.5_NanoAg induced significantly lower CRP levels at all
time intervals. These results suggest that PET_X_NanoAg biomaterials are well tolerated by the body,
and inflammation, together with other potential associated complications, which might lead to implant
rejection, is avoided [40,41].

Histopathological analysis of the skin and subcutis of the control animals at days one and seven
after implantation showed no significant pathological changes. Inflammatory infiltrate, necrosis,
neovascularization, and fibrosis were not observed at either time point. After 24 h post-implantation,
PET control samples induced significant edema at the implanting sites, which increased with the rate
of fiber deposition. Assessment of inflammatory response revealed the presence of inflammatory
cells, such as neutrophils, monocytes, lymphocytes, and macrophages. PET_X_NanoAg samples
showed a decreased inflammatory reaction compared with PET-implanted samples at the same rate of
electrospinning. In all implants, few eosinophils were noticed (Table 2).
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Figure 12. The effects of PET_X_NanoAg subcutaneous implantation in mice on the C-reactive protein
(CRP) levels at 24 h and seven days post-surgery.

Table 2. Tissue reactions by histometric scoring used to grade inflammation, fibrosis, necrosis, and
neovascularization in the tissue surrounding subcutaneous implants.

Nanofibers
Explan Tation

(days)
Edema PMN

MONO
LYM

MO GC PC EOS FC NV

Control mice
1 − + − − − − − − −
7 − − + + − − − − −

PET_10_ctrl
1 ++++ ++++ +++ ++ + − + + −
7 +++ ++ ++++ ++++ ++ ++ + ++++ −

PET_7.5_ctrl
1 +++ +++ + + + + + + −
7 ++ + ++ +++ ++ + + +++ −

PET_5_ctrl
1 + +++ sp + sp − + + −
7 ++ + ++ +++ + + + ++ −

PET_2.5_ctrl
1 + +++ sp + sp − + + −
7 ++ + ++ +++ + + + ++ +

PET_10_NanoAg
1 − +++ ++ ++ − − + + −
7 − + +++ +++ − + + +++ +

PET_7.5_NanoAg
1 − ++ sp sp − + + + −
7 − + ++ ++ − + + +++ +

PET_5_NanoAg
1 − ++ sp + − − + + −
7 − + + +++ − + + ++ +

PET_2.5_NanoAg
1 − ++ sp + − − + + −
7 − + + + − + sp + ++

PMN: polymorphonuclear neutrophils; MONO: monocytes; LYM: lymphocytes; EOS: eosinophils; MO: macrophages;
PC: plasma cell; GC: giant cell; FC: fibrocytes, NV: neovascularization. Tissue reactions are rated from − (not
present), and sp (sporadic) to ++++ (extensive).

On the seventh day post-implantation, the edema reaction persisting in high-purge-speed PET
implants and a fibrous capsule of varying thickness were present in all PET-implanted tissue samples
(57–76 μm). Consistent with a granulomatous reaction, mainly macrophages, plasma cells, monocytes,
lymphocytes, and neutrophils were present at the interface between the mats and this capsule (Figure 13).
Some of these macrophages showed marked evidence of phagocytic activity. Giant cells were observed
in PET 10 and 7 mL/h samples.
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Figure 13. Representative histological images of PET_X_NanoAg mats-implanted sites in mice—days
one and seven post-implantation. Neutrophils (black arrowhead); monocytes (green arrowhead);
eosinophils (red arrowhead); macrophages (white arrowhead); plasma cells (purple arrowhead); giant
cells (blue arrowhead); lymphocytes (yellow arrowhead); * implant (asterisk). Cells were stained with
hematoxylin and eosin (H&E) stain. Scale bars = 200 and 20 μm.

The PET_X_NanoAg samples induced the occurrence of fibrotic capsules (35 and 40 μm) with
purge speed with lower thickness as compared with PET in the same electrospinning conditions
(Figure 14). Attached cells on the PET_X_NanoAg surface and extensive neovascularization of tissue
surrounding the nanofiber mat were noticed.

Figure 14. Gomori’s trichrome stain of PET control and PET_X_NanoAg-implanted tissues.

Injection or implantation of a biomaterial results in an acute inflammation response,
which is most often followed by a chronic inflammatory reaction [42], characterized by the
infiltration of polymorphonuclear neutrophils (PMN), macrophages, and eventually lymphocytes [43].
The inflammatory reactions toward the novel in situ PET_X_NanoAg materials were weak, being
within the limits of a typical, normal reaction to implanted materials characterized by the accumulation
of the inflammatory cells on the materials surface. Similar responses were observed in the immediate
post-implant period against other implanted materials with increased biocompatibility [44,45].
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Implants with prolonged stay in the host tissue generally alter the tissue wound-healing response
in chronic inflammatory conditions, producing fibrous encapsulation of the foreign body, with the
presence of hallmark giant cells [46]. The fibrous capsule often isolates the implanted materials
from normal host tissue sites, being characterized by poor vascularization and reduced bactericidal
capability, predisposing these sites to infection [43]. Results from this study showed no well-defined
collagen formation around implants in the case of PET_X_NanoAg after seven days post-implantation,
a reaction comparable with that induced by other previously reported biocompatible materials [47,48].

Immunohistochemistry staining was performed for tissue sections to analyze the inflammatory
response toward the implanted nanofibers (Figure 15). An increased immunopositivity for TNF-α
levels on PET-implanted tissues, as compared to those obtained for the PET_X_NanoAg samples, was
observed at both time points.

Figure 15. Expression and specific distribution of tumor necrosis factor (TNF)-α at implantation site at
24 h and seven days after implantation; scale bar = 200 μm.

The progression of events in inflammation and the foreign body response require the extravasation
and migration of macrophages to the implant site, which produces and releases platelet-derived growth
factor (PDGF), tumor necrosis factor (TNF-α), and interleukin-6 (IL-6) [43]. In our study, the NanoAg
covering of PET materials reduced TNF-α expression and consequently reduced inflammation and
foreign body response at the implantation site [49,50].

4. Discussion

This study focused on the development of antimicrobial fibrous networks consisting of PET
materials through the electrospinning technique. With the various applications of electrospun networks,
the addition of silver nanoparticles onto the surface of the fibers could potentially be implemented for
antimicrobial purposes.

The mechanism of toxicity could be associated with the surface oxidation of the silver nanoparticles
and the subsequent release of silver ions, or with the generation of reactive oxygen species and the
consequent destabilization of the bacterial membrane [51]. Therefore, an advantage of this study
is represented by the formation of the silver nanoparticles on the surface, compared to their direct
encapsulation, which could considerably reduce their release. While the material characterization
through the GIXRD and FT-IR techniques confirmed the formation of silver nanoparticles on the
surface of the PET fibers, a tendency of nanoparticle agglomeration at the nodes was observed in
the SEM images. Similar results were previously reported in the literature, either by grafting the
nanoparticles on the plasma-treated PET [52] or by using the reduction method [53], and it was
stated these clusters could be responsible for a slightly reduced antibacterial property [35,54]. In this
regard, there are several solutions reported for enhancing the homogeneous distribution of the silver
nanoparticles onto the surface of the fibers, such as sonochemical coating [55], plasma treatment of
the silver nitrate-containing polymer solution [56], or chemically reducing the silver nitrate in the
polymer matrix prior to the fiber fabrication. Moreover, it was previously reported in the literature
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that concentrations of silver nanoparticles as low as 0.05% can considerably reduce the incidence of
surgery-related infections [57], with demonstrated bacteriostatic effects [58]. Studies reported that the
effects of silver nanoparticles are strongly related to the size of the nanoparticles, with 10 nm being
related to both the formation of silver ions during dissolution and the penetration of nanoparticles
through the bacterial wall [59].

Furthermore, green synthesis methods could also be applied for the production of silver
nanoparticles, thus avoiding the use of potentially toxic reducing agents. Examples of such agents can
be found in the literature, most commonly involving chitosan [60] and other polysaccharides, plant
extracts [61–63], or microbial extracts [64], all exhibiting enhanced antibacterial properties. In the
present study, the investigated biomaterials proved to be efficient against the three types of bacteria,
both in the planktonic and attached states, thus confirming their potential in anti-infective applications.

Despite their wide use as antimicrobial agents, silver nanoparticles are often associated with
cytotoxic effects on the normal cells and have a tendency to accumulate in vital organs, such as the
spleen, liver, kidney, and brain. Therefore, they must be considered “double-edged swords” for
biomedical applications [65]. In this respect, silver nanoparticles are usually embedded in a composite
matrix that has a significant role in controlling the release of the silver ions. In this study, the formation
of silver nanoparticles on the surface of the PET biomaterials proved to reduce the cytotoxic effects
of the uncoated materials determined by the MTT assay. Similarly, the in vivo biocompatibility tests
demonstrated the anti-inflammatory potential of the NanoAg samples as compared to the PET samples,
as fewer inflammatory cells were present at the implantation site in the former case. It could be
hypothesized that the composite material could delay the release of the silver ions and, subsequently,
the release of the pro-inflammatory factors, thus improving the potential for the long-term use of these
biomaterials. This is in accordance with previous studies, which demonstrated foreign body reactions
of PET materials, including commercial sutures for orthopedic purposes [66]. Additionally, there are
studies suggesting the influence of the fiber size, mesh porosity, or contact surface, with one group
reporting a minimum foreign body reaction of a PET mesh compared to the highly biocompatible bulk
PET material [67].

This study could, therefore, represent a starting point for the development of antimicrobial
membranes, which could be used as wound dressings or biomedical coatings, as they exhibit good
antimicrobial properties and no inflammatory or cytotoxic effects.

5. Conclusions

The obtained membranes, composed of recycled PET nanofibers obtained by electrospinning at
four different flow rates, decorated with silver nanoparticles, were characterized by GIXRD, FT-IR, SEM,
TEM, and SAED. Results proved the formation of the silver nanoparticles on the surface of the fibers,
with a slight tendency of agglomeration at the nodes. The dimensions of the fibers varied between
30 and 100 nm, while the silver nanoparticles ranged in size between 8 and 20 nm. Furthermore,
the antimicrobial properties of the materials showed good antimicrobial and antibiofilm activity against
Gram-positive and Gram-negative bacteria, as well as fungal strains. The biocompatibility tests were
performed both in vitro, on human AFSC cells, and in vivo, through the subcutaneous implantation
of the fibrous networks in CD1 mice. Results showed acceptable levels of toxicity in the in vitro and
in vivo assays, with lower cytotoxic and inflammatory effects for the silver nanoparticle-decorated
fibers. These results recommend the obtained materials for different antimicrobial applications, both in
industry and in the biomedical field, opening promising new perspectives for the PET materials.
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Abstract: The chemical vapor deposition (CVD) method has been used to produce dispersed silver
nanoparticles (AgNPs) on the surface of titanium alloy (Ti6Al4V) and nanotubular modified titanium
alloys (Ti6Al4V/TNT5), leading to the formation of Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs
systems with different contents of metallic silver particles. Their surface morphology and silver
particles arrangement were characterized by scanning electron microscopy (SEM), energy dispersive
X-ray spectrometry (EDS), and atomic force microscopy (AFM). The wettability and surface free
energy of these materials were investigated on the basis of contact angle measurements. The degree
of silver ion release from the surface of the studied systems immersed in phosphate buffered
saline solution (PBS) was estimated using inductively coupled plasma ionization mass spectrometry
(ICP-MS). The biocompatibility of the analyzed materials was estimated based on the fibroblasts
and osteoblasts adhesion and proliferation, while their microbiocidal properties were determined
against Gram-positive and Gram-negative bacteria, and yeasts. The results of our works proved
the high antimicrobial activity and biocompatibility of all the studied systems. Among them,
Ti6Al4V/TNT5/0.6AgNPs contained the lowest amount of AgNPs, but still revealed optimal
biointegration properties and high biocidal properties. This is the biomaterial that possesses the
desired biological properties, in which the potential toxicity is minimized by minimizing the number
of silver nanoparticles.

Keywords: silver nanoparticles; titanium alloy; titanium dioxide nanotubes; silver ions release;
biointegration; antimicrobial activity

1. Introduction

Silver as an antibacterial agent was known and applied in antiquity [1–3], but its wide use in
different fields of our contemporary life is a result of more and more detailed studies on the mechanisms
of Ag antimicrobial activity [4–6]. Moreover, the development of modern technologies, which allow
for the production of silver nanoparticles (AgNPs) of different sizes, shapes, and properties, is of great
importance [7–9]. The bactericidal and fungicidal activity of AgNPs has not been fully explained yet,
but the three most probable mechanisms are proposed [10–13]. The first of them assumes the capture of
free silver ions, which interferes with ATP production and DNA replication. The second one assumes
the generation of reactive oxygen species (ROS) by nanoparticles and silver ions. The produced ROS
may also have an adverse effect on DNA, the cell membrane and the membrane proteins [14]. The third
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mechanism takes into consideration the damage of the bacteria cell membrane as a result of its direct
contact with AgNPs. In this case, silver nanoparticles joining the proteins of the cell membrane
through the connection with sulfur cause a change in its structure [13,15–18]. Extensive use of silver
nanoparticles, especially in medicine, forces us to think about the potential toxicity of silver to the
human body. In some cases, nanoparticles may be toxic for human organisms and the prolonged use of
specimens containing silver may cause argyria [19,20]. The potential risk of AgNPs lies in their ability
to bioaccumulation in the body [21]. The harmful effects of nanosilver on human cells act according
to similar mechanisms, which was mentioned earlier for bacteria. AgNPs accumulate outside the
mitochondria, leading to ROS production, which causes mitochondrial damage and interruption of
ATP synthesis. Moreover, the interaction of nanosilver with DNA leads to cell cycle stopping [22–25].
The analysis of previous reports exhibited that the potential toxicity of silver nanoparticles to the
human body depends on their size and shape. According to these data, nanoparticles of a diameter
smaller than 25 nm and a silver concentration higher than 60 mg/L are considered to be cytotoxic to
mammalian cells. Simultaneously, it should be noted that a harmful effect of ionic silver on eukaryotic
organisms was noticed at a concentration of 1 mg/L [26,27]. On the other hand, the increase of the
AgNPs diameter above 25 nm caused these nanoparticles to be toxic mainly to microorganisms and
not harmful to the human body [28,29]. Particles of such sizes are used in different technologies,
in which the necessity of a bacteria-free environment exists. One of the interesting directions in the
using of AgNPs is combining them with other materials, e.g., polymeric or ceramic ones, in order to
form nanocomposites of unique physicochemical properties and bioactivity [30–32]. This approach
is developed by us in the design and fabrication of new generation surgical titanium/titanium alloy
implants, whose surface is enriched with AgNPs as the anti-inflammatory factor [33,34]. To avoid
the inflammation effect after implantation, we enriched the titanium alloy implants’ surface with
dispersed silver nanoparticles of appropriate diameters using the chemical vapor deposition (CVD)
or atomic layer deposition (ALD) techniques. The monitoring of the influence of silver nanoparticles
on the adhesion and proliferation of fibroblasts on the implant surface revealed the very diverse
biointegration properties of AgNPs-enriched surfaces [35,36]. It should be noted that in our work,
two types of Ti6Al4V implants surface were studied, i.e., pure metallic implants and implants with a
surface modified by the titania nanotube coating. Analysis of the results of our earlier works revealed
that the different surface properties of the tested implants influence the different AgNPs deposition
courses and, thereby, their different bioactivities.

Therefore, determining the direct impact of the deposited silver nanoparticles amount, the form
in which they act and their size on their biointegration properties and antimicrobial activity is an
important issue. Such an analysis is crucial for the production of implants with a surface, which will
be microbiocidal enough but at the same time, optimally biointegral. For this purpose, the surfaces
of Ti6Al4V and Ti6Al4V/TNT substrates were coated with different amounts of silver using the
CVD technique. This technique enables for the deposition of pure silver nanoparticles on the surface
of substrates with complex shapes [37]. We set ourselves the goal of enriching the surface of the
titanium alloy implant (non-modified and nanotubular modified) with the smallest number of silver
nanoparticles, which will have high antimicrobial properties, and which will not interfere with
the adhesion and proliferation of fibroblasts and osteoblasts. We wanted, in this way, to create a
biomaterial with the desired bioactivity (microbiocidal and biocompatible), minimizing the number
of silver precursor used in the CVD process, thereby minimizing the number of silver nanoparticles
on the surface of the layer and minimizing the potential silver toxicity. The results of our works are
discussed in this paper.
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2. Materials and Methods

2.1. Substrates

In all our experiments, the Ti6Al4V foil (grade 5, 99.7% purity, 0.20 mm thick (Strem Chemicals,
Inc., Bischheim, France), 7 mm × 7 mm pieces) was used as a substrate. Before the anodization process,
the Ti6Al4V foil samples were polished with sandpaper; cleaned by ultrasonication for 15 min in
acetone, ethanol, and distilled water; and dried in an argon stream. Then the samples were chemically
etched in a 1:4:5 mixture of HF:HNO3:H2O for 30 s, rinsed in deionized water and dried in an argon
stream. The Ti6Al4V/TNT5 systems were produced using the electrochemical oxidation method in
accordance with the previously described procedures [38]. The uniform TNT5 coatings were produced
on the surface of Ti6Al4V substrates using a potential of U = 5 V at room temperature (RT) and at
an anodization time t = 20 min. After anodization, all the produced Ti6Al4V/TNT5 samples were
washed in deionized water (10 min in an ultrasonic bath) and then their surfaces were drying in a
stream of argon at RT and additionally dried at 123 ◦C. The morphology of the produced coatings
was studied using a Quanta scanning electron microscope with field emission (SEM, Quanta 3D FEG,
Huston, TX, USA).

2.2. Chemical Vapor Deposition of Silver Nanoparticles (AgNPs)

The Ti6Al4V and Ti6Al4V/TNT5 samples were enriched with the AgNPs using the CVD
technique, under conditions given in Table 1. Ag5(O2CC2F5)5(H2O)3 has been used as a metallic
silver CVD precursor. Its synthesis and physicochemical properties were earlier described [36].
The morphology of created coatings was visualized using a scanning electron microscope (Quanta 3D
FEG, Huston, TX, USA). The density of the AgNPs aggregation was illustrated using energy-dispersive
X-ray spectroscopy (Quantax 200 XFlash 4010, Bruker AXS, Karlsruhe, Germany)). The surface
topography was examined by means of atomic force microscopy (AFM, Veeco Metrology Group (Digital
Instruments, Santa Barbara, CA, USA) cooperated with NanoScope IIIa controller and MultiMode
microscope) using a contactless module with a force of 20 nN in the 2 × 2 μm area.

Table 1. The silver nanograins CVD parameters.

Precursor Ag5(O2CC2F5)5(H2O)3

Precursor weight 5, 10, 20, 50
Vaporization temperature (TV) 230

Carrier gas Ar
Total reactor pressure (p) 3.0

Flow of the precursor vapors above the substrate 0.2–1.7
Substrate temperature (TD) 290

Substrates Ti6Al4V and Ti6Al4V/TNT5
Deposition time 30

CVD: chemical vapor deposition.

2.3. The Wettability and Surface Free Energy of Biomaterials

In order to evaluate how well (or how poorly) the liquid spreads on the surface of the tested
biomaterials, the seated drop method was applied. The contact angle was determined using a
goniometer with a drop shape analysis software (DSA 10 Krüss GmbH, Hamburg, Germany). Two
liquids—distilled water (H2O) and diiodomethane (CH2I2)—were the reagents chosen to measure the
contact angle. For distilled water, the volume of the drop in the contact angle measurement was 3 μL,
and in the case of diiodomethane, 4 μL. The measurement was carried out immediately after the drops
were deposited. In order to determine the surface free energy (SFE), mathematical calculations were
made using the Owens–Wendt model [39]. The measurement with both liquids was performed three
times for all tested samples.
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2.4. Silver Ion Release in the Body Fluid Environment

The studies of silver ions release from the surface of Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs
samples were carried according to the previously used procedure [36]. The pieces of 7 mm × 7 mm
samples were immersed in 15 mL of phosphate buffered saline (PBS) in a sealed bottle at a
temperature 37 ◦C for 1, 2, 3, 7, 10, 14, 21, 28 and 34 days. Released concentrations of silver ions
in phosphate-buffered saline (PBS) were measured by mass spectrometry with plasma ionization
inductively coupled to a quadrupole analyzer using an ICP-MS 7500 CX spectrometer with an Agilent
Technologies collision chamber (Agilent Technologies Inc., Tokyo, Japan).

2.5. Biointegration Studies

2.5.1. Cell Culture

Murine fibroblast cell line L929 (American Type Culture Collection, Manassas, VA, USA) was
cultured at 37 ◦C in 5% CO2 and 95% humidity in a complete RPMI 1640 medium containing 2 mM
L-glutamine, heat-inactivated 10% fetal bovine serum (FBS) and antibiotics (100 μg/mL streptomycin
and 100 IU/mL penicillin) (all compounds was from Sigma-Aldrich, Darmstadt, Germany). L929
cells were grown in 25 cm2 cell culture flasks and the culture medium was changed every 2–3 days.
The cells were passaged using a cell scraper when reaching 70–80% confluency.

Human osteoblast-like MG 63 cells (European Collection of Cell Cultures, Salisbury, UK) were
plated in a 25 cm2 cell culture flask and cultured with Eagle’s Minimum Essential Medium containing
2 mM L-glutamine, 1 mM sodium pyruvate, MEM non-essential amino acid, heat-inactivated 10%
FBS and antibiotics (100 μg/mL streptomycin and 100 IU/mL penicillin) (all reagents were purchased
from Sigma-Aldrich). The cells were grown at 37 ◦C in an incubator providing a humidified (95%)
atmosphere containing 5% of CO2. The culture medium was changed every 2–3 days. The cells were
passaged using a 0.25% trypsin-EDTA solution (Sigma-Aldrich) when reaching 70–80% of confluency.

2.5.2. Cell Adhesion and Proliferation Detected by the MTT Assay

L929 fibroblasts, as well as MG-63 osteoblasts, in a volume of 1 mL of appropriate complete
culture medium were seeded onto the autoclaved tested nanolayers placed in a 24-well culture plate
(Corning, NY, USA) at a density of 1 × 104 cells/well for 24, 72 or 120 h, respectively. The cell adhesion
(measured after 24 h) and proliferation (evaluated after 72 h and 120 h) was studied by the MTT
(3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma Aldrich) assay using the same
method as it was reported in Reference [33]. Briefly, after the respective incubation time, the plates
were transferred to a new 24-well culture plate. The MTT solution (5 mg/mL; Sigma-Aldrich) in an
appropriate culture medium without phenol red (RPMI 1640 medium for L929 fibroblasts or Eagle’s
Minimum Essential Medium for MG-63 osteoblasts; both from Sigma-Aldrich) was added to each
well. After 3 h of incubation, the solution was aspirated and 500 μL of dimethyl sulfoxide (DMSO;
100% v/v; Sigma Aldrich) was added to each well. Finally, the plates were shaken for 10 min and
the absorbance was measured at a wavelength of 570 nm with a subtraction of 630 nm (background)
using a microplate reader (Synergy HT; BioTek, Winooski, VT, USA). All measurements were done in
duplicate in five independent experiments.

2.5.3. Cell Morphology Evaluated by Scanning Electron Microscopy

L929 fibroblasts and MG-63 osteoblasts (1 × 104 cells/well) were incubated on the tested specimens
for 24, 72 and 120 h, respectively. Scanning electron microscopy (SEM; Quanta 3D FEG; Carl Zeiss,
Göttingen, Germany) analyses were performed to study the morphology changes of the cells grown
on the surface of tested plates using the same method as in Reference [33]. Briefly, after the selected
incubation time, the samples were fixed in a 2.5% v/v glutaraldehyde (Sigma Aldrich) and dehydrated in a
graded series of ethanol (50%, 75%, 90%, and 100%). Finally, the specimens were dried in vacuum-assisted
desiccators overnight and stored at room temperature until the SEM analysis was performed.
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2.5.4. Statistical Analysis in the MTT Assay

All values are reported as means ± standard error of the means (SEM) and were analyzed using
the nonparametric Kruskal–Wallis one-way ANOVA test with the level of significance set at p < 0.05.
Statistical analyses were performed with GraphPad Prism 7.0 (La Jolla, CA, USA).

2.6. The Evaluation of the Antibacterial Properties of the Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs Samples

The antimicrobial activity of titanium alloys, Ti6Al4V and Ti6Al4V/TNT5, coated with silver
nanograins was studied against Gram-positive (Staphylococcus aureus ATCC 6538 and S. aureus ATCC
25923=PCM 2054) and Gram-negative (Escherichia coli ATCC 8739 and E. coli ATCC 25922=PCM
2057) bacteria and yeasts of Candida albicans ATCC 10231. Sterile sample plates (7 × 7 mm pieces,
0.2 mm thick) were placed in 1 mL of phosphate buffered saline (PBS) without ions (EURx) for 24 h,
and 14 and 28 days to allow for the silver ions to be released. PBS was sterilized with cellulose filters
(ø 0.2 μm) prior to use. Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs plates were then removed and
PBS was inoculated with the tested microorganism (final concentration of microorganism in each
sample was approximately 5 × 105 c.f.u mL−1). Microbial inoculum density was estimated by colony
counts. Briefly, the microbial inoculum (approximately 5 × 105 c.f.u. mL−1) in sterile PBS was diluted
(1:1000) and 100 μL was then spread over the surface of Trypticase Soy Agar (TSA, Becton Dickinson,
Franklin lake, NJ, USA) or Sabouraud Dextrose Agar (SDA, Becton Dickinson, Franklin lake, NJ,
USA). After incubation, the presence of approximately 50 colonies indicated an inoculum density of
5 × 105 c.f.u. mL−1.

Inoculated samples were incubated at 37 ◦C for 24 h. Subsequently, serial ten-fold dilutions of each
sample were prepared. Aliquots (100 μL) of each dilution was spread over the surface of Trypticase
Soy Agar (TSA, Becton Dickinson, Franklin lake, NJ, USA) or Sabouraud Dextrose Agar (SDA, Becton
Dickinson, Franklin lake, NJ, USA) plates, which had been dried for 15 min prior to inoculation. TSA
and SDA media were used for bacterial and fungal growth, respectively. The positive control was
Ti6Al4V or Ti6Al4V/TNT5 plates non-coated with AgNPs. Tests were performed in triplicate. Colony
forming units were counted on the inoculated plates and compared with the appropriate control plates
to estimate the reduction of bacterial or fungal growth.

The antibacterial rate was calculated using the following formula:

R = ((B − A)/B) × 100%,

where R is the antimicrobial rate (%), B is the average number of microorganisms in PBS after the use
of uncovered titanium alloys, and A is the average number of microorganisms in PBS after the use of
titanium alloys enriched with silver nanoparticles.

3. Results

3.1. The Fabrication of Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs Systems

Silver nanoparticles were deposited on the surface of Ti6Al4V and Ti6Al4V/TNT5 substrates using
the CVD method (hot wall reactor, precursor: Ag5(O2CC2F5)5(H2O)3) in the conditions listed in Table 1.
The use of the following CVD precursor masses, m = 5, 10, 20, 50 mg, made it possible to produce
coatings of the AgNPs content: c.a. 0.9, 1.1, 1.3, 2.3 wt% on the surface of Ti6Al4V substrates and 0.6,
1.0, 1.6, 2.3 wt% on the surface of Ti6Al4V/TNT5, respectively (wt% of AgNPs was determined based
on the mass sample difference before and after CVD process). Considering the wt% of deposited silver,
the studied specimens were marked as Ti6Al4V/0.9–2.3AgNPs and Ti6Al4V/TNT5/0.6–2.3AgNPs.

3.2. Surface Morphology and Topography

SEM images of the Ti6Al4V/0.9–2.3AgNPs and Ti6Al4V/TNT5/0.6–2.3AgNPs samples are
presented in Figures 1 and 2. Analysis of these data shows that the precursor mass applied in
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the CVD experiments and the substrate type are two main factors directly impacting the size and
distribution of the deposited nanoparticles (Table 2).

Table 2. The weight % and the diameters of the AgNPs deposited on the surface of the Ti6Al4V and
Ti6Al4V/TNT5 substrates using the CVD technique.

Ti6Al4V/AgNPs Ti6Al4V/TNT5/AgNPs

Precursor Mass (mg) wt% d (nm) wt% d (nm)

5 0.9 18 ± 8 0.6 38 ± 14
10 1.1 45 ± 15 1.0 43 ± 10
20 1.3 68 ± 32 1.6 57 ± 24
50 2.3 53 ± 18 2.3 115 ± 49

The analysis of the SEM images of Ti6Al4V substrates (Figure 1a–d), whose surfaces have been
enriched with AgNPs, shows that this surface is evenly covered by dispersed silver grains, whose
densities increase with the increase of the nanoparticles weight percent on the substrate surface.
The diameter of the nanosilver grains ranges from 18 ± 8 nm up to 53 ± 18 nm. The smallest diameter
of nanosilver is observed when 5 mg of the precursor was used. The use of 20 mg of the CVD precursor
in the same deposition conditions led to the formation of AgNPs with significant differences in the
diameter (from 45 up to 90 nm) and shape (from spherical to rods) of silver grains (Figure 1c). These
deposition conditions are probably suitable for the nucleation of spherical grains and their later growth
in one direction (formation of rods). The increase of the CVD precursor concentration in vapors (50 mg)
caused the deposition of AgNPs of similar diameter and shape, but their arrangement is characterized
by a significantly higher density (Figure 1d).

 

Figure 1. The scanning electron microscopy (SEM) images of Ti6Al4V/0.9AgNPs; d = 18 ± 8 nm (a),
Ti6Al4V/1.1AgNPs; d = 45 ± 15 nm (b), Ti6Al4V/1.3AgNPs; d = 68 ± 32 nm (c), Ti6Al4V/2.3AgNPs;
d = 53 ± 18 nm (d).
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SEM images of the Ti6Al4V/TNT5/AgNPs systems are presented in Figure 2a–d. Their analysis
shows that on the surface of the TNT5 coating (tubes diameter allow c.a. 28 ± 11 nm), the diameter of
the deposited AgNPs changes from 38 ± 14 nm up to 115 ± 49 nm. Both the size of the nanoparticles’
diameters and their density on the surface of nanotubes grow along with the increase of the number of
silver precursor used in the deposition process. Compared to the growth of the silver nanoparticles on
the unmodified surface of the titanium alloy, the silver nanoparticles’ growth on the nanotubes is more
rational, predictable and does not show any anomalies.

 
Figure 2. Scanning electron microscopy (SEM) images of Ti6Al4V/TNT5/0.6AgNPs; d = 38 ± 14 nm
(a), Ti6Al4V/TNT5/1.0AgNPs; d = 43 ± 10 nm (b), Ti6Al4V/TNT5/1.6AgNPs; d = 57 ± 24 nm (c),
Ti6Al4V/TNT5/2.3AgNPs; d = 115 ± 49 nm (d).

The surface roughness parameter (Ra) of the studied samples was measured in the 2 × 2 μm
area using software, which is an integral part of the atomic force microscopy (AFM, Veeco (Digital
Instruments), Figure 3). The values of the Ra parameters determined for Ti6Al4V and Ti6Al4V/TNT5
samples were used as reference samples. The analysis of these data revealed a significant increase
of the roughness parameter value with the increase of the density and size of the AgNPs deposited
on the surface of both types of substrates. Moreover, the comparison of the Ti6Al4V/TNT5/AgNPs
samples and the Ti6Al4V/AgNPs ones indicate the clear influence of the nanotubular architecture on
the increase of the surface roughness, e.g., the value of a Ra parameter of Ti6Al4V/TNT5/1.0AgNPs is
about 42% higher than that of Ti6Al4V/1.1AgNPs.

In order to confirm the deposition of silver nanograins on the surface of studied substrates, energy
dispersive X-ray spectroscopy (EDS) was applied. The low intense lines, which are found in the EDS
spectra of Ti6Al4V/0.9AgNPs and Ti6Al4V/TNT5/0.6AgNPs, show the presence of dispersed silver
nanoparticles on the surface of the used substrates (Figure 4). The increase of AgNPs’ density on the
substrates’ surface and their size caused a significant increase of the integral intensity of the Ag lines
in the EDS spectra.
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Figure 3. Atomic forces microscopy (AFM) images and Ra parameters determined for the Ti6Al4V,
Ti6Al4V/AgNPs, Ti6Al4V/TNT5, and Ti6Al4V/TNT5/AgNPs samples.

Figure 4. Cont.
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Figure 4. The energy dispersive X-ray spectroscopy (EDS) spectra and maps images of
Ti6Al4V/0.9AgNPs, Ti6Al4V/2.3AgNPs, Ti6Al4V/TNT5/0.6AgNPs, and Ti6Al4V/TNT5/2.3AgNPs
(AgNPs are marked as the green dots on the presented map images).

3.3. Wettability and Surface Free Energy of Biomaterials

In order to estimate the value of the surface free energy based on mathematical calculations,
which were performed using the Owens–Wendt method, the contact angle of two different liquids
(one of them, polar, and the other one, dispersional) had to be used in the analyses [39]. Therefore,
polar water and dispersional diiodomethane were chosen as measuring liquids. The obtained contact
angles measurements results, as well as the calculated SFE values, are presented in Figures 5 and 6
and in Table S1. According to these data, the hydrophobic character of the Ti6Al4V surface slightly
decreases after depositing small amounts of AgNPs (0.9 wt%), however, with the increase of their
density, the coatings’ hydrophobicity increases (Figure 5, Table S1). The fabrication of the titania
nanotubes layer on the surface of Ti6Al4V leads to the formation of a hydrophilic surface, which
becomes more hydrophobic when it is enriched with silver nanoparticles (Figure 5, Table S1).

Figure 5. The contact angles values for Ti6Al4V, Ti6Al4V/AgNPs, Ti6Al4V/TNT5, and Ti6Al4V/TNT5/AgNPs.
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Figure 6. The surface free energy values for Ti6Al4V, Ti6Al4V/AgNPs, Ti6Al4V/TNT5, and Ti6Al4V/TNT5/AgNPs.

The values of the surface free energy (SFE) decreases for all Ti6Al4V/AgNPs samples in
comparison to the adequate value for pure Ti6Al4V sample (Figure 6, Table S1). For the sample
Ti6Al4V/1.3AgNPs, this is more than two times lower. A different situation is noticed for the
Ti6Al4V/TNT and Ti6Al4V/TNT/AgNPs samples. Here, with the exception of the first two
silver-enriched systems (Ti6Al4V/TNT/0.6AgNPs and Ti6Al4V/TNT/1.0AgNPs) for which the
SFE values are lower than for Ti6Al4V/TNT, two consecutive ones, i.e., Ti6Al4V/TNT/1.6AgNPs
and Ti6Al4V/TNT/2.3AgNPs, are characterized by a similar value of free surface energy (Figure 6,
Table S1).

3.4. Silver Ion Release in the Body Fluid Environment

The bioactivity of Ti6Al4V and Ti6Al4V/TNT5 samples enriched with silver nanoparticles
associated with silver ions releasing from their surface can be estimated on the basis of the
Ag+ ion concentration change studies versus time (5 weeks) for the samples immersed in the
phosphate-buffered saline (PBS) solution at human body temperature (37 ◦C) [36]. Ti6Al4V and
Ti6Al4V/TNT5 samples, whose surfaces were enriched with 1.0–1.1 and 2.3 wt% of AgNPs, deposited
using 10 and 50 mg of Ag CVD precursor, respectively (Ti6Al4V/1.1AgNPs, Ti6Al4V/2.3AgNPs,
Ti6Al4V/TNT5/1.0AgNPs, and Ti6Al4V/TNT5/2.3AgNPs), were used in our studies on the silver
ions release effect (Figure 7). The analysis of these data proved the lack of significant differences
in the Ag+ ion release effect for samples containing a high content of AgNPs on their surface,
i.e., Ti6Al4V/2.3AgNPs and Ti6Al4V/TNT5/2.3AgNPs. In both cases, the rapid increase of Ag+

concentration in the PBS solution was noticed in the first 10 days of the experiment, and then the
concentration changes remained at the level of 1.7–2 ppm. The deposition of nearly a 2-fold smaller
amount of AgNPs on the surface of the studied substrates caused a significant reduction in the
concentration of silver ions released. In the case of the Ti6Al4V/1.1AgNPs sample, the maximum
Ag+ release was achieved after 7 days and, in the long-term, it remains at the level of 0.9–1.1 ppm.
In the first 10 days, the release of silver ions from the surface of the Ti6Al4V/TNT5/1.0AgNPs sample
immersed in the PBS solution was lower than 0.1 ppm. The highest concentration of silver ions was
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observed after 34 days, i.e., 0.4 ppm. The results of the study showed a significant effect of the number
of AgNPs dispersed on the surface of TNT layers on the concentration of silver ions released.

Figure 7. The release amount of Ag+ ions from Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs samples
(containing 2.3 and 1.0–1.1 wt% of AgNPs) immersed in a phosphate buffered saline (PBS) and
measured by inductively coupled plasma ionization mass spectrometry (ICP-MS).

3.5. The Evaluation of the Biocompatibility of the Produced Titanium Alloy-Based Materials

The biocompatibility of the studied substrates, whose surfaces were enriched with
different amounts of dispersed silver nanoparticles, were evaluated on the basis of the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and Scanning Electron
Microscopy (SEM) micrographs. The assays were made for Ti6Al4V, Ti6Al4V/AgNPs and
Ti6Al4V/TNT5/AgNPs, using two cell lines: the murine fibroblast cell line L929 and human
osteoblast-like MG-63 cells. The level of adhesion (measured after 24 h) and proliferation (assessed after
72 h and 120 h) of the cells growing on the surface of Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs
was compared to that which was observed for the cells cultured on the reference Ti6Al4V alloy foil.
As it can be seen, with an increase of the incubation time, more L929 fibroblasts, as well as MG-63
osteoblasts, proliferated on the surface of all the tested biomaterials (Figures 8 and 9). Analysis of the
MTT assay data revealed the lack of significant differences in the MG-63 osteoblasts adhesion and
proliferation to the surface of the reference Ti6Al4V sample and Ti6Al4V/AgNPs samples, whose
surfaces were enriched with various amounts of AgNPs (Figure 8). In contrast, we have noticed that
the Ti6Al4V alloy foils covered with nanosilver provoked a slight decrease in the L929 fibroblasts’
proliferation after 72 h of incubation ((for Ti6Al4V/1.3AgNPs and Ti6Al4V/2.3AgNPs) Ag nanolayers;
p < 0.05) and 120 h of incubation for the all tested concentration of nanosilver (relative L929 cells’
viability compared to the Ti6Al4V reference sample and expressed as a percentage was presented in
the Table below Figure 8A). However, we did not observe any differences in the fibroblasts adhesion
measured after 24 h of incubation (Figure 8A).

The results of the MTT assay for Ti6AlV/TNT5/AgNPs are presented in Figure 9. The results
were compared to that which was observed for the cells cultured on the reference Ti6Al4V alloy foils.
Analysis of these data showed no differences in the cell adhesion (measured after 24 h) for both the
tested cells lines. Moreover, L929 fibroblasts cultured on the surface of TNT5 nanotubes’ coatings
doped by the all tested concentrations of nanosilver showed a higher rate of cell proliferation after
120 h of incubation than the cells that grew on the Ti6Al4V reference layers (p < 0.001).
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This phenomenon was also observed after 72 h of incubation, but only for the samples enriched
with 0.6 wt% of AgNPs (p < 0.001, Ti6Al4V/TNT5/0.6AgNPs). On the other hand, MG-63 osteoblasts
cultured on the TNT5 nanotubes enriched with silver nanoparticles provoked a decrease in the level
proliferation of MG-63 osteoblasts after 120 h of incubation (p < 0.001) in comparison to the Ti6Al4V
reference alloy (p < 0.001) (the relative MG-63 cells viability compared to the Ti6Al4V reference sample
and expressed as a percentage was presented in the Table below the Figure 9B). However, it should be
clearly emphasized that these samples also showed an increase in the level of proliferation over time.

Figure 8. The L929 murine fibroblasts (A) and human osteoblasts MG-63 (B) adhesion (measured after
24 h) and proliferation (evaluated after 72 h and 120 h) on the surface of Ti6Al4V/AgNPs, detected by
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The absorbance values
are expressed as means ± SEM of five independent experiments. Hash marks indicate significant
differences at the appropriate incubation time between the cells incubated on the reference Ti6Al4V
alloy foils (Ti6Al4V) compared to the specimen coatings doped by the different concentrations of Ag
(# p < 0.05, ## p < 0.01). Tables below Figure 8A,B presented relative L929 cells or MG-63 cell viability
(%) compared to the Ti6Al4V reference sample measured after 120 h of incubation.

Biointegration of titania nanolayers enriched with silver nanoparticles were also assessed by
the analysis of SEM micrographs. Comparative SEM images showing the morphology, adhesion
and proliferation of the cells growing on the surface of Ti6Al4V alloy and Ti6Al4V/AgNPs, as well
as on Ti6Al4V/TNT5/AgNPs, are presented in Figures 10 and 11, respectively. These data clearly
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demonstrate the high biocompatibility of both types of tested nanolayers, supporting the results from
the MTT assay. As it can be seen, L929 fibroblasts cultured on the surface of Ti6Al4V/AgNPs, as well as
on the surface of Ti6Al4V/TNT5/AgNPs, showed the increase in cell proliferation over time (compare
micrographs in Figure 10d–i). A similar phenomenon was also observed for the MG-63 osteoblasts
(compare micrographs in Figure 11d–i). Importantly, the cells, especially MG-63 osteoblasts, start
to grow in layers on top of each other (Figure 11k), and moreover, the cells grow with a multilayer
structure on most of the surfaces of the nanolayers after 120 h of incubation time (see micrographs in
Figure 11f,i,j). Finally, the SEM images also show that L929 fibroblasts, as well as MG-63 osteoblasts,
form numerous filopodia which attach the cells to the surface of specimens by penetrating deep into
the nanolayers (arrows in Figures 10l and 11l, respectively). These thin, actin-rich plasma-membrane
protrusions were also generated between the cells (arrows in Figures 10j–k and 11k, respectively).

Figure 9. The effect of TNT5/AgNPs coatings on the L929 fibroblasts (A) and MG-63 osteoblasts
(B) adhesion (measured after 24 h) and proliferation (evaluated after 72 h and 120 h), detected by the
MTT assay. The absorbance values are expressed as means ± SEM of five independent experiments.
Asterisks indicate significant differences at the appropriate incubation time when the level of cell
proliferation on the surface of specimens coating doped by the different concentrations of Ag was higher
compared to the reference Ti6Al4V alloy foils (Ti6Al4V) (*** p < 0.001). Hash marks denote significant
differences at the appropriate incubation time when the level of cell proliferation on the samples
enriched with AgNPs was lower in comparison with the reference Ti6Al4V alloy foils (### p < 0.001).
Tables below Figure 9A,B presented relative L929 or MG-63 cells viability (%) compared to the Ti6Al4V
reference sample measured after 120 h of incubation.
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Figure 10. The scanning electron microscopy (SEM) images presenting adhesion (after 24 h) and
proliferation (after 72 h and 120 h) of the murine L929 fibroblasts growing on the surface of reference
Ti6Al4V alloy foils (a–c), (Ti6Al4V/0.9AgNPs) (d–f) or Ti6Al4V/TNT5/0.6AgNPs (g–i). Arrows in the
micrographs indicate numerous filopodia spreading between the fibroblasts (j–k) or filopodia, which
attached the cells to the surface of nanocoatings (l).

 

Figure 11. The scanning electron microscopy (SEM) micrographs showing the human osteoblast-like
MG-63 cells adhesion (after 24 h) and proliferation (after 72 h and 120 h) growing on the surface of
references Ti6Al4V alloy foils (a–c), (Ti6Al4V/0.9AgNPs) (d–f) or Ti6Al4V/TNT5/0.6AgNPs (g–i).
The micrograph (j) presents the multilayer growth of cells on the surface of Ti6Al4V/TNT5/0.6AgNPs
sample. Arrows indicate numerous filopodia, which attached the osteoblasts to the nanocoatings
surface (l) and filopodia spreading between the cells (k).
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3.6. Antimicrobial Activity of Silver-Coated Titanium Alloys

The antimicrobial activity of silver nanoparticles is widely known. Titanium alloys (surface
non-modified and nanotubular modified), enriched with various amount of nanosilver grains
(Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs) were found to be extremely biocidal against the
tested bacteria and fungi when compared to silver non-coated titanium alloy. Biocidal activity
was found after 24 h, 14 days and 28 days of silver ion release into PBS. The Ti6Al4V/AgNPs and
Ti6Al4V/TNT5/AgNPs composites reduced more than 99% of the growth of all tested microorganisms,
independently from the number of silver nanoparticles deposited on their surface (Tables 3–5).
The number of bacterial colonies after treatment with Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs
was reduced at least 100-fold when compared to Ti6Al4V, as presented in Figure S1 for E. coli
ATCC25922 7.0 × 105 c.f.u. mL−1 (a) and 3.8 × 105 c.f.u. mL−1 (b), respectively.

Table 3. The reduction of microbial growth (%) in PBS after the use of Ti6Al4V/AgNPs and
Ti6Al4V/TNT5/AgNPs alloys for 24 h of ion release.

Microorganisms

Ti Alloys
E. coli

ATCC8739
E. coli

ATCC25922
S. aureus

ATCC6538
S. aureus

ATCC25923
C. albicans
ATCC10231

Ti6Al4V - - - - -
Ti6Al4V/0.9 AgNPs 99.57 >99.99 >99.99 99.93 99.96
Ti6Al4V/1.1 AgNPs 99.97 99.99 >99.99 99.98 99.97
Ti6Al4V/1.3 AgNPs 99.94 99.80 99.93 99.96 99.67
Ti6Al4V/2.3 AgNPs 99.96 99.83 99.99 99.85 99.93

Ti6Al4V/TNT5 - - - - -
Ti6Al4V/TNT5/0.6 AgNPs 99.90 99.94 99.94 99.99 >99.99
Ti6Al4V/TNT5/1.0 AgNPs >99.99 >99.99 99.61 >99.99 >99.99
Ti6Al4V/TNT5/1.6 AgNPs 99.95 99.90 99.46 >99.99 99.99
Ti6Al4V/TNT5/2.3 AgNPs 99.70 99.99 99.95 99.71 >99.99

Key: -; no reduction (control). PBS: phosphate buffered saline solution.

Table 4. The reduction of microbial growth (%) in PBS after the use of Ti6Al4V/AgNPs and
Ti6Al4V/TNT5/AgNPs alloys for 14 days of ion release.

Microorganisms

Ti Alloys
E. coli

ATCC8739
E. coli

ATCC25922
S. aureus

ATCC6538
S. aureus

ATCC25923
C. albicans
ATCC10231

Ti6Al4V - - - - -
Ti6Al4V/0.9 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99
Ti6Al4V/1.1 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99
Ti6Al4V/1.3 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99
Ti6Al4V/2.3 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99

Ti6Al4V/TNT5 - - - - -
Ti6Al4V/TNT5/0.6 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99
Ti6Al4V/TNT5/1.0 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99
Ti6Al4V/TNT5/1.6 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99
Ti6Al4V/TNT5/2.3 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99

Key: -; no reduction (control).
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Table 5. The reduction of microbial growth (%) in PBS after the use of Ti6Al4V/AgNPs and
Ti6Al4V/TNT5/AgNPs alloys for 28 days of ion release.

Microorganisms

Ti Alloys
E. coli

ATCC8739
E. coli

ATCC25922
S. aureus

ATCC6538
S. aureus

ATCC25923
C. albicans
ATCC10231

Ti6Al4V - - - - -
Ti6Al4V/0.9 AgNPs 99.94 >99.99 99.78 99.58 >99.99
Ti6Al4V/1.1 AgNPs 99.84 99.98 99.91 99.49 >99.99
Ti6Al4V/1.3 AgNPs 99.91 99.98 99.84 99.87 >99.67
Ti6Al4V/2.3 AgNPs 99.89 99.83 99.83 99.87 >99.99

Ti6Al4V/TNT5 - - - - -
Ti6Al4V/TNT5/0.6 AgNPs >99.99 >99.99 >99.99 >99.99 >99.99
Ti6Al4V/TNT5/1.0 AgNPs >99.99 99.99 99.99 99.99 >99.99
Ti6Al4V/TNT5/1.6 AgNPs 99.90 99.84 99.99 >99.99 >99.99
Ti6Al4V/TNT5/2.3 AgNPs 99.66 99.88 99.81 99.76 >99.99

Key: -; no reduction (control).

4. Discussion

The studies on the relationship between the number of silver nanoparticles (AgNPs) deposited
on the surface of Ti6Al4V and Ti6Al4V/TNT5 substrates, their size and their distribution, and the
wettability and bioactivity of the produced systems were the purpose of our investigations.
The following two factors determined the choice of the substrate used in our research: (a) the common
use of the Ti6Al4V alloy as a material in implantology, and (b) the use of titania nanotube coatings (TNT)
to modify the titanium/titanium alloys surfaces and to provide them with biocompatible properties.
The electrochemical anodization method, with the use of constant potential (U = 5 V), was applied in
the TNT5 coatings production. The results of our earlier works revealed that the TNT5 layer consists
of densely packed titania nanotubes of diameters 35–45 nm and length c.a. 150 nm. Simultaneously,
this type of coating exhibited optimal biointegration properties [34]. The above-mentioned coating
enrichment with AgNPs using the CVD technique lad to the deposition of the dispersed metallic grains
mainly on their surface, as in the case of the pure alloys substrates [36]. To achieve better control over
the dispersion and growth of deposited AgNPs, low flow values of precursor vapors over the substrate
surface were used during the CVD process. Depending on the precursor mass applied in the CVD
experiments (i.e., 5, 10, 20, 50 mg) and the defined carrier gas flow, the amounts of the precursor which
flow above the substrate surface, were 0.2, 0.3, 0.7, and 1.7 mg·min−1, respectively. The analysis of
the SEM images confirmed the clear influence of the experimental conditions on the size and density
of the deposited AgNPs (Table 2 and Figures 1 and 2). Moreover, it should be noted that the type of
used substrate also affects the increase of the deposited AgNPs’ size and density. The diameter of the
AgNPs deposited on the surface of Ti6Al4V/TNT5 was bigger than the ones, which were deposited on
the surface of the Ti6Al4V substrates (Table 2).

In our work, the biointegration of the studied samples was evaluated using two cell lines: mouse
L929 fibroblasts and human osteoblasts-like MG-63 cells. According to earlier reports, the long-term
success of an implant placement depends not only on the integrity of osseointegration, but also on
the contact with the surrounding soft tissue [40]. In recent years, the MG-63 cell line has become
a standard model for bone research in addition to primary human osteoblasts and this cell line is
also well-established for studying the effects of surface nanotopography on osteoblast-like cells [41].
In addition, established permanent cell lines of soft tissue, such as L929 fibroblasts, are widely used
to test the cytotoxicity of dental materials when employing in vitro methods of experimentation [42].
Moreover, fibroblasts are the most common cells in connective tissue, one of the main components of
peri-implant soft tissue, which is key to the formation of the peri-implant mucosal seal and helping to
prevent epithelial ingrowth [40]. Therefore, the study of the biointegration of the nanomaterials using
two selected cell lines allowed for a comprehensive examination of implant biocompatibility.
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It is well-established that cellular behavior, such as cell adhesion and proliferation or morphologic
change (including the formation of filopodia) is determined by the surface properties of nanomaterials,
thus, the cellular response measured by these parameters are required to assess the biointegration of
implants [43]. In our study, the biointegration level of the tested specimens was examined using an
MTT assay (for evaluation of cell adhesion and proliferation) and scanning electron microscopy images
analysis (for assessment of cell adhesion, proliferation and morphology). The results of the MTT assays
related to the cell adhesion (measure after 24 h) and proliferation (measured after 72 h and 120 h)
revealed that there were no differences in the MG-63 osteoblasts adhesion and proliferation between
the reference Ti6Al4V layers and Ti6Al4V/AgNPs (Figure 8B). On the other hand, the Ti6Al4V/AgNPs
induced a significant decrease in the L929 fibroblast proliferation, especially after 120 h of incubation for
the all tested concentration of nanosilver (Figure 8A). Surprisingly, the different results were obtained
for Ti6Al4V/TNT5/AgNPs samples. L929 fibroblasts cultured on the surface of Ti6Al4V/TNT5
samples enriched with all tested concentration of AgNPs showed a higher rate of cell proliferation after
120 h of incubation than the cells that grow on the Ti6Al4V reference layers (Figure 9A). In contrast,
the same nanolayers induced a decrease in the level of proliferation of the MG-63 osteoblasts after
120 h of incubation (Figure 9B). However, it should be clearly emphasized that for the all tested
samples, we have noticed an increase in the L929 fibroblast and MG-63 osteoblast proliferation over
time, which is confirmed not only by the MTT assay results, but also through the analysis of the
comparative SEM micrographs (compare the images in Figures 10 and 11). Importantly, the cells,
especially the MG-63 osteoblasts, have almost overgrown the entire surface of the nanolayers enriched
with AgNPs (Figure 11f,i,j). The high level of biocompatibility of the tested nanomaterials was also
confirmed by the cellular behavior associated with the formation of filopodia by the fibroblasts, as well
as the osteoblasts, between the cells (arrows in Figure 10j,k and Figure 11k, respectively). These
actin-based cell protrusions also attached the cells to the coating’s surface (arrows in Figures 10l
and 11l, respectively) by penetration inside the porous nanolayer, functioning as anchorage points
enhancing cell proliferation. Filopodia are regarded as one of the most important cellular sensors,
collecting information on whether the surface is suitable for cell attachment and proliferation, cell-cell
interacting and allowing for cell migration toward the destination [44]. Therefore, filopodia formation
is evidence of the biocompatible properties of tested nanomaterials.

Although it is believed that silver has cytotoxicity to some cells at certain concentrations [45], it is
well-known that eukaryotic cells exhibit a far bigger target for attacking silver ions than prokaryotic
cells and that they show more structural and functional redundancy. Therefore, a higher silver ion
concentration is required to achieve comparable toxic effects, relative to bacterial cells [46]. Similar to
our results, Reference [47] demonstrated that Ag-decorated TiO2 nanotubes exhibited monotonically
increasing trend in the fibroblasts’ cell line proliferation and, at the same time, these specimens may
cause a decrease in osteoblast proliferation [48]. Importantly, in our study, the viability of MG-63
osteoblasts cultured on the TNT5 samples enriched with nanosilver was 70% or more after 120 h of
incubation in comparison to the Ti6Al4V references alloy (Table below Figure 9B). According to the
ISO 10993-1:2018 standards [49] (Biological evaluation of medical devices: Part 1: evaluation and
testing within a risk management process), if the cell viability was reduced to <70% of the blank,
it would have a cytotoxicity potential. Therefore, our results indicate reasonable biocompatibility of
TNT5 enriched with all tested concentration of nanosilver. As we have described above, Ti6Al4V alloy
foils enriched with all tested concentrations of silver nanograins induced a slight decrease in L929
fibroblast proliferation without affecting the proliferation of osteoblasts. However, these results also
demonstrate reasonable biocompatibility of the tested nanomaterials because the viability of the cells
after 120 h of incubation was 85% or more compared to the reference Ti6Al4V specimens (Table below
the Figure 8A). Our results corresponding with the findings from the other authors who have shown
that silver deposited titanium reduced fibroblasts proliferation by 20% in comparison with titanium
control samples [50] or titanium samples coated with the silver alloys, which did not have a cytotoxic
effect on osteoblast cells [51].
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To summarize, our results from the MTT assay and analysis of comparative SEM micrographs,
including an increase in the cell proliferation over time, filopodia formation and viability of cell higher
than 70% for the all tested samples, clearly demonstrate the biocompatible properties of the tested
nanomaterials that can be used in dentistry or maxillofacial surgery. This conclusion is based on the
statement that a favorable cellular interaction with the biomaterial’s surface is critical for the long-term
success of the implants [52].

Implant-associated infections are one of the critical issues for dental and maxillofacial
implantology and can result in serious complications, such as the need for complex revision procedures,
as well as poor prognoses, patients suffering, and even death [53,54]. The infections associated with
implants are caused mainly by bacterial colonization and biofilm formation on the surface of the
implanted specimen, which affects the adjacent tissues [55]. It is known that the most effective
way to prevent biofilm buildup on implants is to prohibit the initial bacterial adhesion because the
biofilms are quite difficult to remove after formation. One of the approaches is to directly impregnate
an implant device with antibiotics to prevent the initial adhesion of bacteria onto the implant
surface [53,56]. Although these antibiotic-impregnated surfaces displayed significant therapeutic
effects, the potential toxicity and increased microbial drug resistance through the slow-release doses
have become increased risks in surgery [53,55]. Therefore, postoperative infection rates could be
greatly reduced by improving the antimicrobial properties of the implant surface by its modifications
with metal ions such as Ag and Zn [54,55,57]. Silver-containing coatings have attracted increasing
attention due to the nontoxicity of the active Ag+ to human cells and its antimicrobial activity [53,58].
Thus, the surface-modification of titanium alloys with silver coating, which was also performed in
the present study, is considered a strategy to prevent the development of peri-implant infections [54].
Based on the results obtained from ICP-MS, which showed a significant release of silver ions from
all Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs immersed into a PBS solution after 14 and 28 days,
we presumed that such ions could be responsible for antimicrobial properties. Although superior
microbiocidal activity was also observed for all the studied samples after a 24-h ion release time,
the ICP-MS did not confirm the presence of silver ions in the case of nanotubular modified titanium
alloy surfaces enriched with the smallest amount of silver (Figure 5). This might be due to the low
content of released ions, which was not detectable. Thus, the limited sensitivity of ICP-MS is not
without meaning. A high biocidal effect of Ti6Al4V/AgNPs and Ti6Al4V/TNT5/AgNPs was observed
even at the lowest concentrations of Ag deposited on the surface of the tested alloys. We assert that
the required Ag dose in the implants is typically low, which makes it possible to introduce Ag into
biocompatible coatings [55]. Therefore, the incorporation of a sufficient amount of Ag to enhance
the antibacterial ability of porous coatings could lead to the production of a surface that retains
biocompatible and relatively long-term antibacterial activity. On the other hand, the optimization of
the fabrication of Ti-Ag specimens by a decrease of the Ag amount on their surface might also improve
the adhesion and proliferation of fibroblasts and osteoblasts, thus affecting the better integration of
implants with human tissues.

We assert that the inhibitory effect of silver nanoparticles is mainly associated with silver
ions present in nanoparticles, but it is not the sole mechanism of antimicrobial activity induced by
nanosilver [59]. The major difference between the effectiveness of silver nanoparticles and silver ions
against bacteria is that AgNPs act in nanomolar concentrations, while ions act in micromolar ranges [60].
Silver nanoparticles, due to their small size, can easily penetrate and disrupt the membranes of bacteria.
Both silver species (nanoparticles and ions) may react with protein thiol groups (key respiratory
enzymes) and/or phospholipids of the bacterial membrane [61–63]. This leads to an increase in the
membrane permeability and may cause more pronounced effects such as the loss (by leakage) of
cellular contents, including ions (mainly K+), proteins and reducing sugars and a decrease of the
ATP level [60,64,65]. Silver species may also interact with nucleic acids, which may probably result
in the impairment of DNA replication [59,60,66,67]. All of these effects may culminate in the loss of
cell viability [60,68]. It is also suggested that silver ions generate free radicals inside cells, which are
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involved in the antimicrobial activity of silver nanoparticles and released silver ions [69]. Some authors
claimed that the thickness of the peptidoglycan layer of gram-positive bacteria might prevent the action
of the silver ions as they found a higher inhibitory activity from the silver ion solution against E. coli
than against S. aureus [70]. However, the microbiocidal activity of silver nanoparticles has been found
against both Gram-positive (e.g., Staphylococcus aureus) or Gram-negative (e.g., Escherichia coli) and even
yeasts [69,71,72], which is consistent with our results. The results of our study, where surface modified
titanium alloys affected the inhibition of the growth of both Gram-positive and Gram-negative bacteria
or fungi, are in good accordance with a previous report [58] where TiO2 nanotubes enriched with
Ag demonstrated superior bactericidal properties against the planktonic bacteria. Similar findings
were reported by Reference [54]. The authors showed the strong bactericidal activity that titanium
specimens incorporated with silver against Staphylococcus aureus. Moreover, the number of bacteria
decreased as the dosage of the incorporated Ag increased, suggesting that the antibacterial ability
increased with the content of deposited Ag [54].

5. Conclusions

The combination of antibacterial ability and biocompatibility, as well as non-cytotoxicity, studied
in vitro, indicates that the optimal AgNPs enriching method could provide a promising strategy
for the fabrication of a long-term antibacterial surface and, thus, an attractive biomaterial which
successfully solves the growing problem of peri-implant infection. By taking into account the
obtained results, it can be stated that all studied samples revealed very high antimicrobial activity,
resulting from the release of Ag− ions from silver nanoparticles, as well as high biocompatibility.
Moreover, they are all characterized by a relatively simple synthesis. However, among studied
systems, Ti6Al4V/TNT5/0.6AgNPs contained the lowest amount of AgNPs, but revealed to still have
optimal biointegration properties and high biocidal properties. Thus, it can be taken into account as
a biomaterial possessing the desired biological properties and, at the same time, as a biomaterial in
which the potential harm is minimized by minimizing the number of silver nanoparticles.
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18. Leśniak, W.; Bielińska, A.U.; Sun, K.; Janczak, K.W.; Shi, X.; Baker, J.R.; Balogh, L.P. Silver/dendrimer
nanocomposites as biomarkers: Fabrication, characterization, in vitro toxicity, and intracellular detection.
Nano Lett. 2005, 5, 2123–2130.

19. Kobayashi, Y.; Katakami, H.; Mine, E.; Nagao, D.; Konno, M.; Liz-Marzan, L.M. Silica coating of silver
nanoparticles using a modified Stober method. J. Colloid Interface Sci. 2005, 283, 392–396. [CrossRef]
[PubMed]

20. Sotiriou, G.A.; Pratsinis, S.E. Engineering nanosilver as an antibacterial, biosensor and bioimaging material.
Curr. Opin. Chem. Eng. 2011, 1, 3–10. [CrossRef] [PubMed]

21. Marambio-Jones, C.; Hoek, E.M.V. A review of the antibacterial effects of silver nanomaterials and potential
implications for human health and the environment. J. Nanopart. Res. 2009, 12, 1531–1551. [CrossRef]

22. De Matteis, V.; Malvindi, M.A.; Galeone, A.; Brunetti, V.; De Luca, E.; Kote, S.; Kshirsagar, P.; Sabella, S.;
Bardi, G.; Pompa, P.P. Negligible particle-specific toxicity mechanism of silver nanoparticles: The role of Ag+
ion release in the cytosol. Nanomed. Nanotechnol. Biol. Med. 2015, 11, 731–739. [CrossRef] [PubMed]

23. Zhang, C.; Hu, Z.; Deng, B. Silver nanoparticles in aquatic environments: Physiochemical behavior and
antimicrobial mechanisms. Water Res. 2016, 88, 403–427. [CrossRef] [PubMed]

24. AshaRani, P.V.; Hande, M.P.; Valiyaveettil, S. Anti-proliferative activity of silver nanoparticles. BMC Cell Biol.
2009, 10, 1–14. [CrossRef] [PubMed]

25. Zheng, J.; Wu, X.; Wang, M.; Ran, D.; Xu, W.; Yang, J. Study on the inter-action between silver nanoparticles
and nucleic acids in the presence of cetyltrimethylammonium bromide and its analytical application. Talanta
2008, 74, 526–532. [CrossRef] [PubMed]

26. Beer, C.; Foldbjerg, R.; Hayashi, Y.; Sutherland, D.S.; Autrup, H. Toxicity of silver
nanoparticles—Nanoparticle or silver ion? Toxicol. Lett. 2012, 208, 286–292. [CrossRef] [PubMed]

27. Kim, S.; Choi, J.E.; Choi, J.; Chung, K.H.; Park, K.; Yi, J.; Ryu, D.Y. Oxidative stress-dependent toxicity of
silver nanoparticles in human hepatoma cells. Toxico. In Vitro 2009, 23, 1076–1084. [CrossRef] [PubMed]

94



J. Clin. Med. 2019, 8, 334

28. Bouwmeester, H.; Poortman, J.; Peters, R.J.; Wijma, E.; Kramer, E.; Makama, S.; Puspitaninganindita, K.;
Marvin, H.J.P.; Peijnenburg, A.A.C.M.; Hendriksen, P.J.M. Characterization of Translocation of Silver
Nanoparticles and Effects on Whole-Genome Gene Expression Using an In Vitro Intestinal Epithelium
Coculture Model. ACS Nano 2011, 5, 4091–4103. [CrossRef] [PubMed]

29. He, D.; Bligh, M.W.; Waite, T.D. Effects of aggregate structure on the dissolution kinetics of citrate-stabilized
silver nanoparticles. Environ. Sci. Technol. 2013, 47, 1–32. [CrossRef] [PubMed]

30. Bressan, E.; Ferroni, L.; Gardin, C.; Rigo, C.; Stocchero, M.; Vindigni, V.; Cairns, W.; Zavan, B. Silver
nanoparticles and mitochondrial interaction. Int. J. Dent. 2013, 2013, 312747. [CrossRef] [PubMed]

31. Moosa, A.A.; Muhsen, M.F. Ceramic Filters Impregnated with Silver Nanoparticles for Household Drinking
Water Treatment. Am. J. Mater. Sci. 2017, 6, 232–239.

32. Raghavendra, G.M.; Jayaramudu, T.; Varaprasad, K.; Sadiku, R.; Ray, S.S.; Rajua, K.M. Cellulose–polymer–Ag
nanocomposite fibers for antibacterial fabrics/skin scaffolds. Carbohydr. Polym. 2013, 93, 553–560. [CrossRef]
[PubMed]
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34. Piszczek, P.; Lewandowska, Ż.; Radtke, A.; Jedrzejewski, T.; Kozak, W.; Sadowska, B.; Szubka, M.; Talik, E.;
Fiori, F. Biocompatibility of Titania Nanotube Coatings Enriched with Silver Nanograins by Chemical Vapor
Deposition. Nanomaterials 2017, 7, 274. [CrossRef] [PubMed]
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61. Panáček, A.; Kvitek, L.; Prucek, R.; Kolar, M.; Vecerova, R. Silver colloid nanoparticles: Synthesis,
characterization, and their antibacterial activity. J. Phys. Chem. B 2006, 110, 16248–16253. [CrossRef]
[PubMed]

62. Ghosh, S.; Patil, S.; Ahire, M.; Kitture, R.; Kale, S.; Pardesi, K. Synthesis of silver nanoparticles using Dioscorea
bulbifera tuber extract and evolution of its synergistic potential in combination with antimicrobial agents.
Int. J. Nanomed. 2012, 7, 483–496.

63. Chauhan, R.; Kumar, A.; Abraham, J. A Biological approach to the synthesis of silver nanoparticles with
Streptomyces sp. JAR1 and its antimicrobial activity. Sci. Pharm. 2013, 81, 607–621. [CrossRef] [PubMed]

64. Kim, S.H.; Lee, H.S.; Ryu, D.S.; Choi, S.J.; Lee, D.S. Antibacterial activity of silver–nanoparticles against
Staphylococcus aureus and Escherichia coli. Korean J. Microbiol. Biotechnol. 2011, 39, 77–85.

65. Li, J.; Rong, K.; Zhao, H.; Li, F.; Lu, Z.; Chen, R. Highly selective antibacterial activities of silver nanoparticles
against Bacillus subtilis. J. Nanosci. Nanotechnol. 2013, 13, 6806–6813. [CrossRef] [PubMed]

66. Feng, Q.L.; Wu, J.; Chen, G.O.; Cui, F.Z.; Kim, T.N.; Kim, J.O. A mechanistic study of the antibacterial effect
of silver ions on Escherichia coli and Staphylococcus aureus. J. Biomed. Mater. Res. Part A 2000, 52, 662–668.
[CrossRef]

67. Manivasagan, P.; Venkatesan, J.; Senthilkumar, K.; Sivakumar, K.; Kim, S.K. Biosynthesis, antimicrobial and
cytotoxic effect of silver nanoparticles using a novel Nocardiopsis sp. MBRC-1. Biol. Med. Res. Int. 2013, 1–9.

68. Rai, M.K.; Deshmukh, S.D.; Ingle, A.P.; Gade, A.K. Silver nanoparticles: The powerful nanoweapon against
multidrug-resistant bacteria. J. Appl. Microbiol. 2012, 112, 841–852. [CrossRef] [PubMed]

69. Kim, J.S.; Kuk, E.; Yu, K.N.; Kim, J.H.; Park, S.J.; Lee, H.J.; Kim, S.H.; Park, Y.K.; Park, Y.H.; Hwang, C.Y.;
et al. Antimicrobial effects of silver nanoparticles. Nanomedicine 2007, 3, 95–101. [CrossRef] [PubMed]

70. Jung, W.K.; Koo, H.C.; Kim, K.W.; Shin, S.; Kim, S.H.; Park, Y.H. Antibacterial activity and mechanism
of action of the silver ion in Staphylococcus aureus and Escherichia coli. Appl. Environ. Microbiol. 2008,
74, 2171–2178. [CrossRef] [PubMed]

96



J. Clin. Med. 2019, 8, 334

71. Mohan, Y.M.; Lee, K.; Premkumar, T.; Geckeler, K.E. Hydrogel networks as nanoreactors: A novel approach
to silver nanoparticles for antibacterial applications. Polymer 2007, 48, 158–164. [CrossRef]

72. Wypij, M.; Czarnecka, J.; Swiecimska, M.; Dahm, H.; Rai, M.; Golinska, P. Synthesis, characterization
and evaluation of antimicrobial and cytotoxic activities of biogenic silver nanoparticles synthesized from
Streptomyces xinghaiensis OF1 strain. World J. Microbiol. Biotechnol. 2018, 34, 2. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

97





Journal of

Clinical Medicine

Article

The Morphology, Structure, Mechanical Properties
and Biocompatibility of Nanotubular Titania
Coatings before and after Autoclaving Process

Aleksandra Radtke 1,2,*, Michalina Ehlert 1,2, Tomasz Jędrzejewski 3 and Michał Bartmański 4
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Abstract: The autoclaving process is one of the sterilization procedures of implantable devices.
Therefore, it is important to assess the impact of hot steam at high pressure on the morphology,
structure, and properties of implants modified by nanocomposite coatings. In our works, we focused
on studies on amorphous titania nanotubes produced by titanium alloy (Ti6Al4V) electrochemical
oxidation in the potential range 5–60 V. Half of the samples were drying in argon stream at
room temperature, and the second ones were drying additionally with the use of immersion in
acetone and drying at 396 K. Samples were subjected to autoclaving and after sterilization they
were structurally and morphologically characterized using Raman spectroscopy, diffuse reflectance
infrared Fourier transform spectroscopy (DRIFT) and scanning electron microscopy (SEM). They were
characterized in terms of wettability, mechanical properties, and biocompatibility. Obtained results
proved that the autoclaving of amorphous titania nanotube coatings produced at lower potentials
(5–15 V) does not affect their morphology and structure regardless of the drying method before
autoclaving. Nanotubular coatings produced using higher potentials (20–60 V) require removal of
adsorbed water particles from their surface. Otherwise, autoclaving leads to the destruction of the
architecture of nanotubular coatings, which is associated with the changing of their mechanical and
biointegration properties.

Keywords: titanium dioxide; nanotubes; autoclaving; titanium alloy; biocompatibility; wettability;
mechanical properties

1. Introduction

Titanium and its alloys (Ti6Al4V, Ti5Al25Fe, and Ti6Al7Nb) are commonly used as biomaterials
for orthopedic, dental, or neurosurgery applications [1–3]. This choice is determined by the beneficial
properties of titanium, which is characterized by the excellent corrosion resistance, light weight, high
strength, chemical stability, and modulus of elasticity much closer to that one of bone, compared to other
metals. Unfortunately, its surface does not form a direct connection with the living bone [3–5]. And the
most significant factor influencing the efficiency of implantology is the interaction between the body
cells and the implanted artificial biomaterial [4–6]. In a wide range of clinical applications, implant
rejections still occur mainly due to osseointegration defects and infection [7,8]. Many techniques
are used to modify the surface topography of implants in order to improve cell adhesion and
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osteogenic differentiation on them. It has been concluded that the surface roughness is conducive to
the osseointegration process, influences the adhesion of osteoblasts, increases their enzymatic activity
and determines the amount and type of proteins they synthesize [6,7,9–11]. The appropriate porosity
of the implant is ensured, by scaffolds manufactured on its surface, which are characterized by the
specific structure, morphology, and wettability [12,13]. According to previous reports, the fabrication
of the titanium dioxide nanotubes coating (TNT) on the surface of titanium or titanium alloys implants,
improves the adhesion and proliferation of osteoblast cells, and promotes the faster growth of bone
and vascular tissue [14,15]. TNT coatings on the surfaces of medical devices, fabricated of titanium or
titanium alloys, are commonly produced by their electrochemical anodization [5,7,16–20]. The main
advantages of this technique are: the mild processing conditions, low costs, possibilities of large-scale
production, and, which is the most important, very good control of structural and morphological
properties [16,21]. By changing the type and composition of the electrolyte solution, the anodizing
voltage, the temperature and duration of anodizing, it is possible to control the diameter and length of
the nanotubes [17,21]. For medical applications, it is particularly important to control the diameters
of the produced tubes, as their size influences on the coating biocompatibility degree. Considering
earlier reports it should be noted that TNT coatings, which consist of nanotubes with different tube
sizes (30–100 nm) could enhance osteoblast cell functions [22,23]. Park et al. suggest something
opposite - that nanotubes of smaller sizes than 15 nm strongly enhance cell activities and cell functions
deteriorate with increasing tube sizes [24]. Results of our works confirm this suggestion. However,
this applies to TNT coatings consisted of nanotubes with 25–35 diameters [25]. Zaho et al. noted
that the observed divergences might be caused by the used sterilization method and its possible
influence on morphology, structure and the biocompatibility of titania nanotubes [26]. Among the
sterilization procedures, which are commonly applied in the clinical practice, i.e., gamma radiation,
plasma sterilization, ethylene oxide (EO) sterilization, autoclaving, ultraviolent (UV) irradiation, and
ethanol immersion [26–30]—autoclaving is the one, we have used in our research. In this method, the
medical device’s surface is treated by the hot steam under increased pressure. In the case of implants
coated with bioactive TNT layer, such treatment may lead to changes in their surface morphology,
structure, mechanical properties, and biocompatibility.

In our works, we have focused on studies on autoclaving procedure influence on the surface
architecture rearrangement, mechanical properties and biointegration of nanotubular systems
produced via anodic oxidation of titanium alloy at different potentials (5–60 V). Despite intense
works on the application of TNT coatings in clinical practice as well as the wide use of autoclaving
as the main sterilization procedure, above-mentioned issues have not been sufficiently investigated.
Therefore, the results discussed in this paper can be important both for the design and fabrication of
Ti6Al4V implants coated with bioactive coating and also for their practical use for clinicians.

2. Experimental Section

2.1. Synthesis and Characterization of Studied Coatings

Scheme 1 presents the experimental procedure applied in our studies. The electrochemical
anodization of Ti6Al4V foil samples (Ti6Al4V, grade 5, 99.7% purity, 0.20 mm thick (Strem Chemicals,
Inc., Bischheim, France), 5 mm × 50 mm strips) was carried out in accordance with the previously
described methodology [25]. The uniform TNT coatings were produced using the following potentials:
5, 10, 15, and 20–60 V (every 10V) at room temperature (anodization time t = 30 min). After the
anodization, all produced nanotubular systems (Ti6Al4V/TNT/F samples; F-freshly obtained) were
washed 10 minutes in an ultrasonic bath in deionized water (Ti6Al4V/TNT/W samples; W-washed)
and then their surfaces were drying in a stream of argon at room temperature (Ti6Al4V/TNT/Ar
samples; Ar-dried in stream of argon).
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Scheme 1. The scheme of experimental procedure applied in the preparation of the samples.

Due to the fact that the fabricated TiO2 nanotubes could still contain water molecules, adsorbed
inside of tubes, which were not removed by the use of the Ar stream, half of the samples were subjected
to an additional drying process. These samples were immersed in acetone for 10 min in ultrasonic
bath and then were drying at 396 K for 1 h. All produced samples were then autoclaved using IS
YESON YS-18L autoclave (Ningbo Haishu Yeson Medical Device Co. Ltd, Zhejiang, China) at 396 K,
using p = 120 kPa, t = 30 min. The surface morphology of studies samples, at every stage of the
experimental procedure, was studied, using Quanta scanning electron microscope with field emission
(SEM, Quanta 3D FEG, FEI Company, Huston, TX, USA). The structure of the produced coatings
was studied using Raman spectroscopy (RamanMicro 200 PerkinElmer (PerkinElmer Inc., Waltham,
MA, USA) (λ = 785 nm)) and diffuse reflectance infrared Fourier transform spectroscopy (DRIFT,
Spectrum2000, PerkinElmer Inc., Waltham, MA, USA). The wettability and surface free energy of the
produced titania nanocoatings were determined using earlier described methods [25,31]. The contact
angle was measured using a goniometer (DSA 10 Krüss GmbH, Hamburg, Germany) with drop shape
analysis software (ADVANCE). Each measurement was carried out three times.

2.2. Topography and Mechanical Properties of Studied Coatings

Surface topographies were examined by means of atomic force microscopy (AFM, NaniteAFM,
Nanosurf AG, Liestal, Switzerland) using a contactless module with a force of 20 nN in the 50 × 50 μm
area. Hardness tests and Young modulus measurements were carried out using a nanoindenter
(NanoTest Vantage, Micro Materials Ltd., Wrexham, UK) with a pyramidal, diamond, three-sided
Berkovich indenter, at an apical angle of 124.4◦. Hardness tests were performed for loads of 10 mN.
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The time of load increase from the zero value to the maximum load 10 mN was 15 s. Indentation were
performed at one cycle with 5 s dwell at maximum load. Hardness (H), reduced Young’s modulus (Er),
and Young’s modulus values were determined using the Oliver-Pharr method based on the NanoTest
results analysis program. In order to convert the reduced Young’s modulus into Young’s modulus, a
Poisson coefficient of 0.25 was assumed for the coatings.

Tests of coatings adhesion were made using nanoindenter (NanoTest Vantage, Micro Materials Ltd.,
Wrexham, UK) and the Berkovich indenter, as in the case of the nanoindentation tests.

The parameters of scratch tests were as follows: scratch load 0 to 500 mN, loading rate 3.3 mN/s,
scan velocity 3 μm/s, and scan length 500 μm. Based on the dependence of the friction force (Ft)
on the normal force (Fn) in the program for the analysis of NanoTest results, the values of critical
friction force (Lf) and critical force (Lc), which caused the separation of the layer from the substrate,
were determined.

2.3. Analysis of Studied Coatings Biointegration Properties

2.3.1. Cell Culture

Human osteoblast-like MG-63 cells (European Collection of Cell Cultures, Salisbury, UK) were
plated in a 25 cm2 cell culture flask (Corning, Corning, NY, USA) and culture with Eagle’s Minimum
Essential Medium containing 2 mM L-glutamine, 1 mM sodium pyruvate, Minimum Essential
Medium (MEM) non-essential amino acid, heat-inactivated 10% fetal bovine serum (FBS), 100 μg/mL
streptomycin and 100 IU/mL penicillin (all compounds from Sigma-Aldrich, Darmstadt, Germany).
Cultures were maintained at 37 ◦C in a 95% humidified atmosphere of 5% CO2. The culture medium
was changed every 2–3 days. The cells were passaged using 0.25% trypsin- ethylenediaminetetraacetic
acid (EDTA) solution (Sigma-Aldrich, Darmstadt, Germany) when reaching 70–80% of confluence.

Murine fibroblast cell line L929 (American Type Culture Collection, Manassas, VA, USA) were
cultured at 37 ◦C in 5% CO2 and 95% humidity in a complete Roswell Park Memorial Institute (RPMI)
1640 medium containing 2 mM L-glutamine, heat-inactivated 10% FBS, 100 μg/mL streptomycin and
100 IU/mL penicillin. L929 cells culture conditions were the same as we have described previously [32].

The cells belong to both cell lines, in a volume of 1 mL of appropriate culture medium, were
seeded onto the autoclaved tested specimens placed in a 24-well culture plate (Corning, Corning, NY,
USA) at a density of 1 × 104 cells/well for 24 h, 72 h or 120 h, respectively. The cells incubated with the
tested plates in the above incubation time were also analyzed for the observation of cell morphology.
Cell morphology and proliferation was investigated for the Ti6Al4V/TNH samples as well as for
Ti6Al4V/TNT specimens.

2.3.2. Proliferation of L929 Fibroblasts and MG-63 Osteoblasts Detected by MTT Assay

The effect of the tested specimens on the cell proliferation (after 24-, 72- and 120 h,
respectively) was studied by the MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide;
Sigma Aldrich, Darmstadt, Germany) assay using the same method as it was reported in
Lewandowska et al. [28]. Briefly, after the respective incubation time, the plates were washed with
phosphate buffered saline (PBS) and transferred to a new 24-well culture plate. The MTT (5 mg/mL;
Sigma-Aldrich, Darmstadt, Germany) solution in a culture medium without phenol red (RPMI 1640
medium for L929 fibroblasts or Eagle’s Minimum Essential Medium for MG-63 osteoblasts; both from
Sigma-Aldrich, Darmstadt, Germany) was added to each well. After 3 h of incubation at 37 ◦C in a
humidified atmosphere of 5% CO2, the solution was aspirated, 500 μL of dimethyl sulfoxide (DMSO;
100% v/v; Sigma Aldrich, Darmstadt, Germany) was added to each well and the plates were shaken for
10 min. The absorbance was measured at the wavelength of 570 nm with the subtraction of the 630 nm
background, using a microplate reader (Synergy HT; BioTek, Winooski, VT, USA). The blank groups
(the plates incubated without cells) were treated with the same procedures as the experimental groups.
All measurements were done in duplicate in five independent experiments.
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2.3.3. Cell Morphology

Scanning electron microscopy (SEM; Quanta 3D FEG; Carl Zeiss, Göttingen, Germany) analyses
were performed to study the morphology changes of L929 fibroblasts and MG-63 osteoblasts grown
on the surface of the tested specimens using the same method as in Lewandowska et al. [32]. Briefly,
after the selected incubation time, the samples were washed with PBS to remove the non-adherent
cells and were fixed in 2.5% v/v glutaraldehyde (Sigma Aldrich, Darmstadt, Germany) for a minimum
of 4 h. Then, the plates were rinsed again with PBS and dehydrated in a graded series of ethanol (50%,
75%, 90%, and 100%). Finally, the specimens were dried in vacuum-assisted desiccators overnight and
stored at room temperature until the SEM analysis was performed.

2.3.4. Statistical Analysis in the MTT Assay

All values are reported as means ± standard error of the means (SEM) and were analyzed using
analysis of variance (ANOVA) followed by Bonferroni multiple comparisons test with the level of
significance set at p < 0.05. Statistical analyses were performed with GraphPad Prism 7.0 (GraphPad
Software, La Jolla, CA, USA).

3. Results

3.1. Synthesis of Nanotubular Coatings and Analysis of Their Surface Morphology on Different Steps of
Experimental Procedure

Titania nanotube (TNT) layers on the surface of Ti6Al4V foil samples were produced according to
the earlier described electrochemical oxidation methodology (anodization process) [25] in potentials
range U = 5–60 V at room temperature (RT). After washing them in deionized water and drying
them in the stream of argon their surface morphology has been checked. SEM images presented
Ti6Al4V/TNT/Ar surface nanoarchitecture are visible in Figures 1 and 2. In Table S1 diameters of
formed nanotubes and their wall thickness are presented.

In the next stage, the produced Ti6Al4V/TNT5-TNT60/Ar systems were divided into two
groups. The first one was autoclaved directly, leading to the production of Ti6Al4V/TNH5-TNH60,
and the second one, before autoclaving was subjected to the additional drying process, using
immersion in acetone and drying at 396 K for 1 h. This second procedure led to the production
of Ti6Al4V/TNT5-TNT60. Figures 1 and 2 present the differences in surface morphology of
Ti6Al4V/TNH5-TNH60 and Ti6Al4V/TNT5-TNT60 and their comparison with the initial nanotubes
samples, after drying in Ar stream, before the autoclaving process - Ti6Al4V/TNT5-TNT60/Ar.
The comparison of SEM images of TNT5/Ar, TNT10/Ar coatings with TNH5, TNH10, TNT5, and
TNT10 ones proves that regardless of the method used to dry the samples before autoclaving, the
surface morphology after autoclaving remains unchanged, even identical (Figure 1). In the case of
TNT15/Ar, TNH15, and TNT15 coatings, the slight surface changes were noticed for the TNH15
sample, which consisted in the partial, incidentally appeared destruction of nanotubes. Analysis of
SEM images of TNT20-TNT60 coatings and TNH20-TNH60 ones revealed significant differences in their
morphology. The tubular surface architecture of Ti6Al4V/TNT20-60 is identical with the initial samples
Ti6Al4V/TNT20-60/Ar. But the surface architecture of Ti6Al4V/TNH20-60 samples is nothing like the
starting nanotubes—nanotubular architecture of Ti6Al4V/TNT20-60/Ar was completely destroyed
(Figure 2).
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Figure 1. Scanning Electron Microscopy (SEM) images of Ti6Al4V/TNT5-15/Ar,
Ti6Al4V/TNH5-TNH15, and Ti6Al4V/TNT5-15 samples surface (selected destruction sites of
TiO2 nanotubes were marked with circles).

A significant influence of preparing procedure of nanotubular coatings for autoclaving and the
autoclaving process itself, on surface morphology changes, for nanotubes with higher potential
(20–60 V), highlighted a focus for future works in terms of structure, wettability, mechanical
properties, and biocompability of two groups of samples obtained at potential 20–60 V: (1)
nanotubes coatings, dried after their production in ordinary way, only with Ar stream at RT—which
nanotubular morphology during the autoclaving is completely destroyed (we will describe them as
Ti6Al4V/TNH20-60 systems, or just TNH20-60 coatings, H—indicates that they are hydrothermally
modified) and (2) nanotubes coatings dried additionally using immersion in acetone and slow drying
in 396K, which nanotubular morphology during the autoclaving is not changed (we will describe them
as Ti6Al4V/TNT20-60 systems or just TNT20-60 coatings).
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Figure 2. SEM images of Ti6Al4V/TNT20-60/Ar, Ti6Al4V/TNH20-TNH60, and Ti6Al4V/TNT20-60
samples surface.

3.2. Structural Studies on TNH20-60 and TNT20-60 Coatings and Their Wettability Analysis

The Raman and diffuse reflectance infrared Fourier transform spectroscopy (IR DRIFT) methods
have been used to study the eventual structural differences between Ti6Al4V/TNH20-TNT60 and
Ti6Al4V/TNT20-60 systems, as we suspected that structural changes could follow the already
described morphological changes (Figure 3). Analysis of Raman spectra between 300 and 700 cm−1

of TNT20-TNT60 coatings confirms the amorphousness of these samples (Figure 3a). Raman spectra
of TNH20-TNH60 samples indicate also on the formation of amorphous layers. However, very
weak bands, which were found at 450 and 611 cm−1 and also at 399, 516, and 639 cm−1 indicate on
the possible phase transitions and the formation of TiO2 rutile/anatase (TNH20, TNH30, TNH60)
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nanocrystals (Figure 3b). The strong bands detected between 600 and 950 cm−1 in all DRIFT spectra of
TNH20-TNH60 samples confirm the formation of TiO2 layers (Figure S1).

Figure 3. Raman spectra of Ti6Al4V/TNT20-60 (a) and Ti6Al4V/TNH20-TNT60 (b) samples (A—TiO2

anatase form, R—TiO2 rutile form).

In order to answer the question, what is responsible for the differences in the surface morphology
of Ti6Al4V/TNT20-60 and Ti6Al4V/TNH20-TNT60, and at the same time taking into account our
suspicion that the reason for the differences may be the water, which is not completely dried during
the traditional drying process using a stream of argon, we made detailed Raman and IR DRIFT spectra
analyses of Ti6Al4V/TNT20-60/Ar and Ti6Al4V/TNT20-60/Ac systems. Analysis of DRIFT spectra of
Ti6Al4V/TNT20-60/Ar samples revealed the presence of weak and very weak bands at 3320–3390 cm−1

and 1620–1660 cm−1, which were attributed to ν(OH) (stretching) and δ(HOH) (bending) modes of
water molecules, respectively (Figures 4 and 5). Moreover, the very strong band, which was found
between 450 and 1000 cm−1 was assigned to ν(Ti-O) modes of TiO2, which confirms the formation
of titania nanotube layers. In IR spectra of Ti6Al4V/TNT20-60/Ac samples (which after anodization
were immersed in acetone and dried at 396 K), the intensity of bands attributed to vibrations of water
molecules significantly decreased (Figure 5). According to these data, we can assume that the use of
additional drying procedure allows for the removing of water molecules from the nanotubular surface
of Ti6Al4V/TNT20-60/Ar, in particular from inside the nanotubes.
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Figure 4. Infrared (IR) spectra (DRIFT) of (a) Ti6Al4V/TNT20/Ar and (c) Ti6Al4V/TNT50/Ar samples
(the samples after drying in the Ar stream) and Ti6Al4V/TNT20/Ac (b) and Ti6Al4V/TNT50/Ac
(d) the samples immersed in acetone and dried at 396 K by 1 h.

Figure 5. IR DRIFT spectra of (a) Ti6Al4V/TNT20-60/Ar and (b) Ti6Al4V/TNT20-60/Ac systems.

The results of contact angles measurements for water and diiodomethane, and also changes
of surface free energy value (SFE) of Ti6Al4V/TNH20-60 and Ti6Al4V/TNT20-60 are presented
in Figure S2 and in Table S2. According to these data, it can be stated that the wettability of
Ti6Al4V/TNH20-60 layers is significantly different then adequate values for Ti6Al4V/TNT20-60.
However, these differences in the case of TNT60 and TNH60 are not so huge. Analysis of data
presented in Figure S2(a) indicate the clear hydrophobic character of Ti6Al4V/TNH20-60 layers, whose
tubular architecture was destroyed and much more hydrophilic character of Ti6Al4V/TNT20-60. In
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the case of Ti6Al4V/TNT20-60 their hydrophilicity decreases from TNT20 to TNT60. The free surface
energy (SFE) of the produced coatings was appointed by the Owens-Wendt method [33]. This method
required the contact angles measured for two liquids, i.e., water as a polar liquid (Figure S2(a)) and
dispersive one such as diiodomethane (Figure S2(b)). The SFE calculations for Ti6Al4V/TNT20-60
samples showed that their values change in the narrow range, i.e. from SFE = 47.6 (mJ/cm2) up to
SFE = 53.7 (mJ/cm2). In the case of Ti6Al4V/TNH20-60 samples, the SFE value increases from 28.4 to
63.8 (mJ/cm2) for TNH20-TNH40 and again decreases to 61.0 and 49.2 (mJ/cm2) for TNH50-TNH60
respectively (Figure S2(c)).

3.3. Topography and Mechanical Properties of Ti6Al4V/TNH20-60 and Ti6Al4V/TNT20-60 Samples

The studies of surface topography and mechanical properties (such us hardness, Young’s modulus)
were carried out on the reference Ti6Al4V specimens, Ti6Al4V/TNH20-60 and Ti6Al4V/TNT20-60
systems. The studies of adhesion were performed for the same composites without reference Ti6Al4V
specimens. The purpose of the research was to determine the relations between roughness parameters
Sa, of studied systems.

3.3.1. Surface Topography

Analysis of atomic force microscopy (AFM) images allowed the estimation of differences in
surface topography of Ti6Al4V/TNH20-60 and Ti6Al4V/TNT20-60 samples versus pure Ti6Al4V foil
as a reference sample. Surface roughness parameter Sa, was determined using software, being an
integral part of the device. The AFM topography and Sa parameters value are presented in Figure 6 and
in Table S3. As demonstrated by the performed research, the electrochemical anodization of titanium
alloy surface and their further autoclaving increases the roughness parameter Sa for all specimens
in comparison to the reference titanium alloy. For the layers from TNT20 to TNT50 and TNH20 to
TNH50, the increase of roughness with increasing voltage applied during the anodization process was
observed. For the TNT60 and TNH60 layers, the decrease of the roughness was noticed compared to
earlier TNT50 and TNH50 coatings. Also, the additional drying of Ti6Al4V/TNT/Ar changed surface
roughness parameter Sa of Ti6Al4V/TNH20-60—all of them posses the higher Sa values than adequate
Ti6Al4V/TNT20-60 systems. The correlation between the Sa parameter and the architecture of the
nanotubular layers can be observed (Table 1, Table S1, Figure 2, Figure 6). With increasing the wall
thickness of nanotubes, the roughness parameter Sa increased.

Table 1. Mechanical and nanoindentation properties (hardness, Young’s modulus and maximum depth
of indentation) of reference Ti6Al4V, Ti6Al4V/TNH20-60 and Ti6Al4V/TNT20-60 systems.

Biomaterial Sample Hardness (GPa) Young’s Modulus (GPa) Maximum Depth of Indentation (nm)

Ti6Al4V 16.17 ± 3.61 269.74 ± 40.10 162.14 ± 14.95
TNH20 10.24 ± 2.59 293.01 ± 59.43 194.40 ± 24.46
TNH30 9.15 ± 3.19 258.82 ± 57.44 212.80 ± 46.42
TNH40 4.95 ± 2.78 213.74 ± 87.35 323.33 ± 141.30
TNH50 4.43 ± 2.00 192.45 ± 56.42 312.17 ± 78.23
TNH60 6.51 ± 2.80 214.97 ± 52.72 258.13 ± 68.94
TNT20 19.38 ± 6.13 462.76 ± 245.91 143.99 ± 22.26
TNT30 16.81 ± 5.80 370.23 ± 109.44 160.08 ± 38.65
TNT40 9.42 ± 4.12 269.16 ± 79.77 212.39 ± 42.11
TNT50 9.56 ± 5.12 269.14 ± 91.83 217.36 ± 51.49
TNT60 14.32 ± 4.29 320.72 ± 77.26 169.28 ± 26.80
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Figure 6. Atomic force microscopy (AFM) topography of Ti6Al4V/TNH20-60 and
Ti6Al4V/TNT20-60 systems.

3.3.2. Mechanical Properties (Hardness and Young’s Modulus) of Ti6Al4V/TNH20-60 and
Ti6Al4V/TNT20-60 Systems

The nanomechanical properties of reference Ti6Al4V specimen, Ti6Al4V/TNH20-60 and
Ti6Al4V/TNT20-60 systems, such as hardness and Young’s modulus are presented in Table 1.
Nanoindentation technique, which is dedicated to mechanical studies of nanometric structures, was
used to obtain the results. The anodization of Ti6Al4V samples with the potential 20–60 V and their
further treatment (drying in Ar and autoclaving or drying in Ar, immersion in acetone, additional
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drying and autoclaving) completely changed mechanical properties all of the tested specimens but in a
different way for different samples. Only for Ti6Al4V/TNT20 and Ti6Al4V/TNT30 the increase
of mechanical properties as compared to the reference material was observed. For TNT40 and
TNT50, which among Ti6Al4V/TNT20-60 systems was characterised by the greatest diameter of
nanotubes, the deepest decrease in hardness and Young’s modulus were demonstrated. In the case of
Ti6Al4V/TNH20-TNH60 samples, all tested specimens revealed lower mechanical properties than
the reference titanium alloy and about 50% lower hardness than the same specimen additionally
dried before hydrothermal treatment—Ti6Al4V/TNT20-60. The remarkable standard deviations for
mechanical properties are characteristic for the nanoindentation technique and confirm the accuracy
of measurements.

3.3.3. Adhesion Properties

In Table 2 the results of adhesion tests of the Ti6Al4V/TNT20-60 and Ti6Al4V/TNH20-60 systems
are presented.

Table 2. Results of nano scratch-tests of Ti6Al4V/TNH20-60 and Ti6Al4V/TNT20-60 systems.

Nanoscratch-Test Properties

Coating Critical Load (mN) Critical Friction (mN)

TNH20 234.86 ± 53.53 266.87 ± 59.73
TNH30 254.14 ± 53.89 284.31 ± 73.77
TNH40 293.23 ± 54.71 355.05 ± 73.27
TNH50 268.78 ±83.19 316.54 ± 98.03
TNH60 241.61 ± 68.00 246.25 ± 84.18
TNT20 286.51 ± 77.35 307.92 ± 90.38
TNT30 336.65 ± 41.21 397.86 ± 79.63
TNT40 379.08 ± 46.38 417.66 ± 68.00
TNT50 353.01 ± 12.82 388.39 ± 17.87
TNT60 271.52 ± 46.79 311.04 ± 66.94

The critical load was assumed as the maximum force at which the nanotubular or nanostructural
layers were delaminated from titanium alloy substrate, and critical friction as the maximum friction
force during layers‘ delamination. Scratch-tests showed lower values of critical load and critical friction
for Ti6Al4V/TNH20-60 systems comparing to Ti6Al4V/TNT20-60 ones. It means that the adhesion of
non-tubular coatings is lower than adequate tubular ones. And that additional drying of nanotubular
samples before autoclaving increases the adhesion to titanium alloy substrate. The biggest difference
in the critical force (delamination force) between Ti6Al4V/TNT20-60 and Ti6Al4V/TNH20-60 systems
is visible for samples TNT30 and TNH30 and is equal 25%, while the smallest difference is visible for
TNT60 and TNH60 (12%).

3.4. Cell Proliferation Detected by MTT Assay

Biointegration of Ti6Al4V/TNH20-60 and Ti6Al4V/TNT20-60 systems were evaluated based on
the results of the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide) assays made
for the two different cell lines: murine L929 fibroblasts and human osteoblast-like MG 63 cells. The
level of proliferation (assessed after 24-, 72- and 120 h) of the cells growing on the Ti6Al4V/TNH20-60
surface was compared to that observed for the cells cultured on the Ti6Al4V/TNT20-60 e.g., TNH20
vs. TNT20. As it can be seen in Figure 7, with an increase of incubation time more L929 fibroblasts
(Figure 7A), as well as MG-63 osteoblasts (Figure 7B), proliferated on the surface of the all tested
biomaterials (p < 0.001).
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Figure 7. L929 murine fibroblasts (A) and human osteoblasts MG-63 (B) proliferation (after 24-, 72- and
120 h) on the surface of Ti6Al4V/TNH20-TNH60 and Ti6Al4V/TNT20-TNT60 samples, detected by
MTT assay. The absorbance values are expressed as means ± SEM of five independent experiments.
Asterisk and hash mark indicate significant differences between the cells incubated with the alloy
references samples (Ti6Al4V) compared to the TNH and TNT specimens after 72 h (* p < 0.05, ** p < 0.01,
*** p < 0.001) or 120 h (# p < 0.05, ## p < 0.01, ### p < 0.001) of incubation time, respectively. Tables below
the graphs A and B present the statistical differences in the proliferation of the cells, between TNH and
TNT coatings produced by the electrochemical anodization of the Ti6Al4V foil at the same selected
potential ($ p < 0.05, $$ p < 0.01, $$$ p < 0.001).

Analysis of these data revealed also that there were no differences in the cells proliferation after
24 h between the all tested samples and titanium alloy references sample (Ti6Al4V). In contrast,
Ti6Al4V/TNH coatings, as well as Ti6Al4V/TNT nanolayers, provoked a significant increase in cells
proliferation compared to the Ti6Al4V reference alloy. This phenomenon was the most noticeable
after 120 h of incubation both in the culture of fibroblasts (with the exception of TNH60 sample) and
osteoblasts (p < 0.001). In the tables below the graphs in Figure 7, the statistical differences in the cells
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biointegration between TNH and TNT coatings produced by the electrochemical anodization of the
Ti6Al4V foil at the same selected potential were presented. Analysis of these tables shows that there
were no differences in cells proliferation measured after 24 h for both tested cells lines. In contrast, TNT
nanolayers caused a greater increase in MG-63 osteoblasts proliferation than TNH coatings, which
was noticed after 72 h as well as 120 h of incubation time (Table in Figure 7B). On the other hand,
L929 fibroblasts cultured on the surface of TNT samples showed a higher rate of proliferation than the
cells that grew on the TNH specimens only after 72 h of incubation time, except for the comparison of
TNH40 and TNT40 layers, when the differences were also observed after 120 h (Table in Figure 7A).
However, it should be clearly emphasized that all the tested TNH coatings showed a much higher level
of biocompatibility than titanium alloy references sample (Ti6Al4V) and TNT coatings even higher
than TNH ones.

3.5. Cell Morphology Observed by Scanning Electron Microscopy

SEM images micrographs present L929 murine fibroblasts (Figure 8) and MG-63 human osteoblasts
(Figure 9) morphology, and proliferation. The cells showed of both figures were cultured on the surface
of Ti6Al4V references sample, Ti6Al4V/TNH40, and Ti6Al4V/TNT40 nanocomposites. These data
support the MTT results and clearly demonstrate the high biocompatibility properties of both types
of tested nanomaterials, which are mainly related to the increase in cells proliferation level over time
(compare micrographs (a–c), (d–f) and (g–i) in Figures 8 and 9, respectively).

Figure 8. Cont.
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Figure 8. Scanning electron microscopy (SEM) images presenting proliferation of the murine L929
fibroblasts growing on the surface of the titanium alloy references sample (Ti6Al4V; (a–c) in comparison
with Ti6Al4V/TNH40 sample; (d–f) and Ti6Al4V/TNT40 sample; (g–i). Arrows in the image (j) show
the cells growing in layers on top of each other. Arrows in micrographs (k) and (l) indicate filopodia
spread between cells or penetrating deep into the TNT40 nanolayers, respectively

 

Figure 9. Scanning electron microscopy (SEM) micrographs showing the human osteoblast-like MG-63
cell proliferation on the surface of the references sample (Ti6Al4V; (a–c) compared to Ti6Al4V/TNH40
sample; (d–f) and the Ti6Al4V/TNT40 sample; (g–i). Micrograph (j) presents the multilayer growth of
cells. Arrows indicate numerous filopodia spreading between cells (k) or filopodia, which attached
osteoblasts to the nanocoatings surface (l).
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Importantly, as it can be seen in Figure 8j, L929 fibroblasts also start to grow in layers on top of
each other and this phenomenon is much more noticeable during the MG-63 osteoblasts incubation
(see, e.g., Figure 9j), when the entire surface of TNH40 as well as TNT40 coatings is overgrown with
multilayer structure of growing cells after 120 h of incubation time (Figure 9f,i, respectively). Finally,
SEM images show that L929 fibroblasts as well as MG-63 osteoblasts form numerous filopodia, which
strongly attach the cells to the nanocoatings surface by penetrating deep into nanolayers (arrows in
Figures 8l and 9l, respectively) or the cells generate filopodia between themselves (arrows in Figures
8k and 9k, respectively).

4. Discussion

During designing and manufacturing titanium alloy implants, we focused mainly on ensuring
their surface the appropriate physicochemical and mechanical properties, which directly influence
on implants biointegration and anti-inflammation activity [34,35]. Providing the basic aseptic and
sterile properties to implants is another important issue requiring a solution at the design level.
This is particularly important when their surface is modified by a nanocomposite coating. The
understanding of how the sterilization process influences on the implant surface properties may
be important for the future clinical outcome. The most common method of sterilization is the
steam sterilization (autoclaving), during which irreversible damage of microorganisms takes place
due to the hydrothermal processes taking place. In our works, we have focused on autoclaving
influence on surface layer morphology, structure, wettability, mechanical properties, and bioactivity of
Ti6Al4V/TNTU systems produced by anodic oxidation using potentials U = 20–60 V. Spectral studies
(DRIFT) of TNT coatings after anodization (dried only Ar stream at room temperature) proved the
presence of traces of water on their surface (Figure 4). It can be a result of the adsorption of water
molecules on the titania layer surface coming from washing of samples in deionized water after
anodization. In other cases, the use of additional drying procedures to remove adsorbed water from
the TNT layers surface is necessary. The good results were obtained by the immersion of samples in
acetone (10 min., ultrasonic bath) and then their drying at 396 K for 1h. DRIFT spectra presented in
Figures 3 and 4 confirmed the decrease of intensity of bands assigned to water molecules.

Analysis of SEM images of TNT5-15 and TNH5-15 coatings exhibited the lack of significant
differences between surface morphology of samples produced at the same conditions but subjected
to different drying procedure. It suggests that the surface morphology of TNT layers composed of
densely packed nanotubes of diameter 25–70 nm, does not change as a result their interaction with
hot water vapor (396 K) under high pressure (120 kPa) (Figure 1). The results of our earlier studies of
Ti6Al4V/TNTU composites (TNTU layers were produced using electrochemical oxidation at potentials
U = 3–20 V) revealed that coatings, which consisted of densely packed tubes of diameter c.a. 20 nm
(TNT4-TNT8) exhibited the hydrophobic character, which decreased with the increase of their diameter
and separation (TNT10-TNT20) [25]. Analysis of these data suggests that the hydrophobic character of
TNT coatings produced at lower potentials (U = 5–10 V), causes that the use of Ar stream to remove
of adsorbed water traces should be sufficient. Although, on the surface of TNH15 sample the slight
changes, which were the result of the destruction of small tubular architecture fragments, have been
found (Figure 1). The autoclaving of Ti6Al4V/TNT/Ar systems led to the complete destruction of
their tubular architecture, while the surface morphology of Ti6Al4V/TNT/Ar samples remained
unchanged (Figure 2). The affecting of the TNT layers drying on the stabilization of their tubular
architecture was also proved by the results of our previous works on the use of TNT coatings, as the
substrates in chemical vapor deposition (CVD) of silver nanoparticles [36,37]. According to these
reports, the amorphous TNT coatings kept their tubular architecture during their heating up to 693 K
in the stream of dry argon (carrier gas). Simultaneously, the autoclaving of all produced materials
after CVD experiments did not change their surface morphology and amorphousness. The coatings
consisted of anatase or anatase/rutile nanocrystals were formed during heating of the TNT coatings
above 693 K [32]. The results of Liu et al investigations revealed that the annealing of amorphous
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TNT layers at 723 K for 1h led to the phase transitions up to TiO2 anatase form (thermally annealed
and “water annealed” samples) or the anatase/rutile mixture (hydrothermally treated sample) [38].
According to this report, the hydrothermal treatment led to faceting or granularization of the tube walls,
while the use of both other methods mentioned above, led to destroying their tubular architecture.
The destruction effect of autoclaving carried out on amorphous TNT layers (tubes of diameters
15 and 50 nm), was also noticed by Junkar et al. [39]. In this case, the observed surface morphology
changes have been explained as a combined result of the effect of moisture and temperature c.a. 365 K,
which caused the crystallization of amorphous TNT layers. The results of Lamberti et al. studies also
revealed that amorphous titania nanotubes crystallized into TiO2 anatase form after exposure to water
vapor in ambient conditions [40]. The transformation of TNT layers to anatase or anatase/brukite
phase, treated by the hot deionized water (365 K) for 35h, were noticed by Liao et al [41]. Studies of
Liu J. et al. showed that the nanotubular architecture of the amorphous titania nanotubes remained
almost unchanged during the hydrothermal reaction at 403–453K for 1h [42]. The prolongation of the
hydrothermal reaction time to 4, 6h caused that TiO2 nanotubes were converted into nanoparticulate
aggregations, which narrow the tubes’ diameters up to their closure. Considering previous reports, it
should be noted that that phase transitions of amorphous titania nanotubes to polycrystalline TiO2

forms and surface morphology changes TNT layers can result in the water molecules interactions
with the nanotube walls, which probable catalyzes the rearrangement of TiO6

2− octahedra and initiate
crystallization processes [39,40,42].

Discussing the observed changes of TNH20-TNH60 coatings morphology after their autoclaving,
it should be pointed out the possible influence of water molecules adsorbed on/inside the TNT coating
surface. The adsorbed water molecules on the TNT surface in contact with the hot steam under the
higher pressure accelerates the tubular architecture destroying and simultaneously favors the phase
transition of the amorphous nanotubes to TiO2 polycrystalline forms. Analysis of Raman spectra of
TNH20-TNH60 layers revealed the appearance of very weak bands at 450 and 611 cm−1 and at 399,
516, and 639 cm−1, which would indicate on the formation of rutile or rutile/anatase nanocrystals
(Figure 5).

The comparison of TNH20-TNH60 and TNT20-TNT60 wettability data revealed a significant
hydrophobic character of TNH20-TNH50 coatings, although the trend of changes is not strictly
defined. The contact angle increases in the row: TNH20<TNH30<TNH40 and decreases in the row:
TNH40>TNH50>TNH60, pointing out the sample TNH40 as the most hydrophobic. SEM analysis of
this sample surface showed that coating is characterized by very dense packing, which does not allow
the penetration of water molecules when measuring the contact angle. In comparison, TNT coatings
are more hydrophilic, however their hydrophilicity decreases with the increase of diameter of tubes,
and the lowest contact angle value is assigned to TNT20. What should be underlined the contact angle
of TNH60 and TNT60 is almost identical, but this similarity should not come as a surprise—if you
look at SEM images of both systems, you can also see some similarity in the morphology of the surface
(Figure 2 and Figure S2).

The use of AFM technique permitted to characterize the topography and, dedicated for studied
coatings and layers, Sa roughness parameters. It was proven than roughness of the implant’s surface
would indeed be an important factor determining the proper osseointegration process between
implants and bone. The high value of the surface roughness brought out better osteoblast adhesion after
implementation in primary stabilization phase [43]. In this study, the positive effect of anodization of
titanium alloy resulting in higher surface roughness was proved as compared with reference Ti6Al4V
and additionally confirmed by biological tests. The same effect was reported previously [44,45].
Analysis of AFM images of TNH20-60 and TNT20-60 proved the influence of the presence of trace of
water on/inside nanotubes and further autoclaving on the surface topography. The Sa parameters are
higher for TNH20-60 coatings than for TNT20-60 ones, pointing out that disappearance of nanotubular
architecture and the creation of granular nanoarchitecture leads to more porous surface and gives
higher values of Sa (Figures 2 and 6).
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The mechanical properties of all studied specimens were measured by nanoindentation technique.
Noticeable standard deviations were obtained, which can be mostly attributed to the morphology of
TiO2 layers (such as presence of pores and nanotubular architecture). For Ti6Al4V specimen hardness
was equal to 16.17 ± 3.61 GPa, and only TNT20 and TNT30 specimens demonstrated higher values of
hardness. The mechanical properties, such as hardness and Young’s modulus, and adhesion strength of
layers for long-term and load-bearing implants determine their applicability for the living organisms. It
has been proven that high difference between mechanical properties of bone and implants can increase
a danger of a so-called “shielding effect” and in consequence of destabilization and loosening of the
implants [46,47]]. Mechanical properties of nanotubular layers obtained by nanoindentation technique
were dependent on the morphology of TiO2. It was observed that increasing hardness followed
indenter penetration depth increase. The influence of microstructural features such as columns’ type,
crystalline or amorphous character of the layer and porosity on mechanical properties of TiO2 has been
proven [48]. The tubular’ architecture of the layers on titanium alloy determine mechanical properties.
The nanotube walls are characterized by very high mechanical properties, such as hardness. The
decrease of measured properties of the layers TNH20-60, compared with TNT20-60, can be explained
by homogenization of the surface and the disappearance of nanotubular architecture on all of the
specimens TNH20-60. The increase in packing density and porosity of TiO2 were already reported to
cause an increase of hardness and Young‘s modulus value [49]. According to SEM images (Figure 2)
of specimens with visible nanotubular architecture (TNT20-60), the porosity and packing density are
the highest for TNT20 and TNT30 specimens, which possess the highest mechanical properties. The
highest value of hardness of TNH20 among all TNH specimens may be due to confirmed presence
of rutile in the structure of TNH20 tubular layer, the highest among all TNH20-60 specimens [50].
The ratio of H (hardness) to E (Young’s modulus) H2/E3 describes the resistance of the material to
plastic deformation [51]. The highest value of H2/E3 was noticed for Ti6Al4V specimens (0.058 GPa),
which suggests better tribological properties of reference specimen than TNT and TNH layers [52].
Nanoscratch-test was used in the past to study adhesion of thin oxide layer on titanium alloys [53,54].
Adhesion between the layer and the implant surface is one of the most important factors deciding on
the possibility of using this modification technique for the biomaterials. Loosening of layer crystals
to the tissue surrounding the implant can cause inflammatory states. In this study, TNT20-60 layers,
which have higher mechanical properties, were characterized by better adhesion to the titanium
substrate. TNH20-60 samples are characterized by decreased the critical force (delamination force) due
to decreased hardness of the layers. Furthermore, decrease of adhesion of the layers was caused by
change in the roughness of the surface. For all tested TNH specimens, the roughness was higher than
for adequate TNT coatings. Cedillo-Gonzalez et al. [55] proved that higher roughness of the layers
reduced adhesion.

In the present study, the biointegration of tested nanomaterials was investigated using two cell
lines: mouse L929 fibroblasts and human osteoblast-like MG-63 cells. Since it is well known that the
long-term success of an implant depends not only on the integrity of osseointegration but also on
the contact with surrounding soft tissue [56], the use of both osteoblasts and fibroblasts cell lines in
in vitro studies allowed for a comprehensive examination of implant biocompatibility. Moreover, it is
well established that cellular behavior, such as adhesion, morphologic change, including formation
of filopodia, and proliferation is determined by surface properties of nanomaterials, thus cellular
response measured by these parameters are required to assess the biointegration of implants [57]. In
our study, this response was estimated using MTT assay and scanning electron microscopy images
analysis. The results of MTT assays related to the cell proliferation (measured after 24- 72- and 120 h)
revealed the promising biocompatible properties both of TNT20-TNT60 as well as TNH20-TNH60
samples, which were observed both during fibroblast as well as osteoblasts culture (Figure 7A,B,
respectively). Moreover, the analysis of these data revealed a slight deterioration of proliferation
properties of TNH20-TNH60 samples in comparison to TNT20-TNT60 ones, both for fibroblast
as well as osteoblasts culture. These findings were confirmed by SEM micrographs analysis that
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unambiguously indicate the increase in the number of cells over time that was greater for TNT40
and TNH40 surface compared to the Ti6Al4V references sample (Figures 8 and 9, respectively).
Importantly, the cells, especially MG-63 osteoblasts, have overgrown entire surface of TNT40 and
TNH40 nanocoatings forming multilayer structure of growing cells (Figure 9j). Since it is believed
that the stimulation of post-confluent osteoblasts proliferation result in the formation multilayered
nodules that later become mineralize [58], we presume that the tested specimens can stimulate
bone regeneration in vivo due to the high osseointegration level. Finally, the biocompatibility of
tested nanomaterials was also confirmed by the filopodia’s formation between the cells (arrows
in Figures 8k and 9k, respectively) growing on the tested nanomaterials, which attached also the
cells to the coating’s surface (arrows in Figures 8l and 9l, respectively) by penetration inside the
porous nanolayer. Consequently, the porous surface caused a stronger cell adhesion by functioning as
anchorage points for fibroblasts as well as osteoblasts. Filopodia are actin-based cell protrusions, which
are regarded as one of the most important cellular sensors. They are used to collect space information
and for sensing the substrate to determine areas suitable for cell attachment and proliferation, cell-cell
interaction and allow cell migration toward the destination [59]. Therefore, formation of multiple
filopodia, together with other presented results, clearly demonstrate the biocompatible properties of
the tested nanomaterials.

5. Conclusions

The results of our works proved that amorphous titania nanotube coatings, used to modify the
surface of medical devices made of titanium alloys, requires the removing of water remains on/inside
nanotubular surface before autoclaving procedure—if we want, of course, the nanotube architecture
remains on the surface. Additional drying affects the TiO2 tubes surface stabilization, making them
resistant to the effects of hot water vapors under higher pressure, which are present during the
sterilization process made by autoclaving. Otherwise, nanotubular coatings containing traces of
water on the surface or inside the nanotubes during autoclaving can be subjected to the destruction
of their tubular architecture and to promoting of amorphous TiO2 tubes phase transformation into
polymorphic nanocrystals or crystalline powders. Such coatings revealed different mechanical and
biointegration properties compared to nanotubular ones.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/2/272/s1,
Figure S1: IR DRIFT spectra of TNH20-TNH60; Figure S2: The values of contact angles for water (a) and
diiodomethane (b), and surface free energy (c) of Ti6Al4V/TNT20-60 and Ti6Al4V/TNH20-60 samples; Table S1:
Diameters and wall thickness of titania nanotubes produced on the surface of Ti6Al4V substrates in the potential
range of 5–60V; Table S2: Contact angles values for Ti6Al4V/TNT20-60 and Ti6Al4V/TNH20-60, measured
for water and diiodomethane, and surface free energy values obtained according to Owens-Wendt method;
Table S3: Surface roughness parameters (Sa) of Ti6Al4V, Ti6Al4V/TNT20-60 and Ti6Al4V/TNH20-60 systems, as
determined based on the AFM image analysis.

Author Contributions: Conceptualization, A.R.; methodology, A.R.; formal analysis, A.R., T.J., M.B; investigation,
A.R., M.E., T.J., M.B.; writing—original draft preparation, A.R.; writing—review and editing, A.R.; visualization,
A.R.; supervision, A.R.

Funding: This research was funded by the Regional Operational Programme of the Kuyavian-Pomeranian
Voivodeship (1.3.1. Support for research and development processes in academic enterprises), within the grant
obtained by Nano-implant Ltd. The APC was funded by Nano-implant Ltd.

Acknowledgments: A.R. and M.B. would like to thank Piotr Piszczek and Andrzej Zieliński for valuable
conversations enriching the discussion presented in the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

117



J. Clin. Med. 2019, 8, 272

References

1. Tsimbouri, P.M.; Fisher, L.; Holloway, N.; Sjostrom, T.; Nobbs, A.H.; Meek, R.M.; Su, B.; Dalby, M.J. Osteogenic
and bactericidal surfaces from hydrothermal titania nanowires on titanium substrates. Sci. Rep. 2016, 18,
1–12. [CrossRef] [PubMed]

2. Orapiriyakul, W.; Young, P.S.; Damiati, L.; Tsimbouri, P.M. Antibacterial surface modification of titanium
implants in orthopaedics. J. Tissue Eng. 2018, 9, 1–16. [CrossRef] [PubMed]

3. Wyatt, M.; Hooper, G.; Frampton, C.; Rothwell, A. Survival outcomes of cemented compared to uncemented
stems in primary total hip replacement. World J. Orthop. 2014, 5, 591–596. [CrossRef] [PubMed]

4. Ning, C.; Wang, S.; Zhu, Y.; Zhong, M.; Lin, X.; Zhang, Y.; Tan, G.; Li, M.; Yin, Z.; Yu, P.; et al. Ti nanorod
arrays with a medium density significantly promote osteogenesis and osteointegration. Sci. Rep. 2016, 6, 1–7.
[CrossRef] [PubMed]

5. Parcharoen, Y.; Kajitvichyanukul, P.; Sirivisoot, S.; Termsuksawa, P. Hydroxyapatite electrodeposition on
anodized titanium nanotubes for orthopedic applications. Appl. Surf. Sci. 2014, 311, 54–61. [CrossRef]

6. Li, Z.; Qiu, J.; Du, L.Q.; Jia, L.; Liu, H.; Ge, S. TiO2 nanorod arrays modified Ti substrates promote the
adhesion, proliferation and osteogenic differentiation of human periodontal ligament stem cells. Mater. Sci.
Eng. C 2017, 76, 684–691. [CrossRef] [PubMed]

7. Huo, K.; Zhang, X.; Wang, H.; Zhao, L.; Liu, X.; Chu, P.K. Osteogenic activity and antibacterial effects
on titanium surfaces modified with Zn-incorporated nanotube arrays. Biomaterials 2013, 34, 3467–3478.
[CrossRef] [PubMed]

8. Neoh, K.G.; Hu, X.; Zheng, D.; Kang, E.T. Balancing osteoblast functions and bacterial adhesion on
functionalized titanium surfaces. Biomaterials 2012, 33, 2813–2822. [CrossRef] [PubMed]

9. Yao, X.; Peng, R.; Ding, J. Cell-material interactions revealed via material techniques of surface patterning.
Adv. Mater. 2013, 25, 5257–5286. [CrossRef] [PubMed]

10. Klokkevold, P.; Nishimura, R.D.; Adachi, M.; Caputo, A. Osseointegration enhanced by chemical etching
of the titanium surface. A torque removal study in the rabbit. Clin. Oral Implant. Res. 1997, 8, 442–447.
[CrossRef]

11. Bächle, M.; Kohal, R.J. A systematic review of the influence of different titanium surfaces on proliferation,
differentiation and protein synthesis of osteoblast-like MG63 cells. Clin. Oral Implant. Res. 2004, 15, 683–692.
[CrossRef] [PubMed]
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Abstract: (1) Background: Due to a high rate of antifungal resistance, Candida glabrata is one of
the most prevalent Candida spp. linked to systemic candidiasis, which is particularly critical in
catheterized patients. The goal of this work was to simulate a systemic infection exclusively
derived from C. glabrata biofilm cells and to evaluate the effectiveness of the treatment of two
echinocandins—caspofungin (Csf) and micafungin (Mcf). (2) Methods: CD1 mice were infected
with 48 h-biofilm cells of C. glabrata and then treated with Csf or Mcf. After 72 h, the efficacy of
each drug was evaluated to assess the organ fungal burden through colony forming units (CFU)
counting. The immune cell recruitment into target organs was evaluated by flow cytometry or
histopathology analysis. (3) Results: Fungal burden was found to be higher in the liver than in the
kidneys. However, none of the drugs was effective in completely eradicating C. glabrata biofilm cells.
At the evaluated time point, flow cytometry analysis showed a predominant mononuclear response
in the spleen, which was also evident in the liver and kidneys of the infected mice, as observed by
histopathology analysis. (4) Conclusions: Echinocandins do not have a significant impact on liver
and kidney fungal burden, or recruited inflammatory infiltrate, when mice are intravenously (i.v.)
infected with C. glabrata biofilm-grown cells.

Keywords: Candida glabrata; candidemia; echinocandins; resistance; biofilms; infection; micafungin;
caspofungin; in vivo

1. Introduction

Candida glabrata is one of the most common causes of systemic fungal infection (candidemia),
surpassed only by Candida albicans [1–3]. It is the second most common isolated yeast in the
United States of America and the third in Europe, after Candida parapsilosis, accounting for 20%
of candidemia [2,4]. As a commensal yeast, C. glabrata colonizes and adapts to many different niches
in the human body and can be isolated from the mucosae of healthy individuals [2,5]. Yet, as an
opportunistic pathogen, this fungus can also be the point of origin for mucosal infections and severe
candidemia. Its biofilm-forming ability and the ability to rapidly acquire resistance to antifungals
(especially to azoles) [2,5,6], which in many cases can be further increased by genetic and genomic
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mutations (e.g., polymorphisms, the formation of new chromosomes, karyotype variations) [7–9], may
contribute to increased virulence.

Risk factors for the development of invasive C. glabrata infections in human patients comprise
immunosuppression (e.g., cancer chemotherapy, human immunodeficiency virus (HIV) infection,
diabetes mellitus, neutropenia), mucosal colonization by Candida spp., the use of indwelling medical
devices (e.g., vascular catheters), and gastrointestinal surgery [10–12].

During infection, C. glabrata virtually colonizes all sites and organs, which reveals a high capacity
to adapt to the many different niches inside the human host [1]. Oral and systemic C. glabrata infections
have high associated morbidity and mortality [13–15] and the rise in incidence infections caused by this
yeast is to some extent attributable to its ability to tolerate or resist many antifungals commonly used in
clinical practice [2,16,17]. The occurrence of oral candidiasis related to C. glabrata is increasing [15,18].
Although C. glabrata colonization does not always lead to infection, it is a foreword to infection when
the risk of systemic infection is elevated, or the host immunity is compromised. C. glabrata infections
are a major challenge [15,19,20]. The good biofilm-forming ability and raised enzymatic activity of
C. glabrata are two of the most important features favoring oral and systemic candidiasis. In fact,
biofilms can be formed on both biotic (e.g., gastrointestinal or mouth mucosae) and abiotic surfaces
(e.g., indwelling medical devices) [21,22] and biofilm cells are recognized to be more resistant to
antifungal treatment than planktonic cells, as well as responsible for more severe infections [2,23–25].
Systemic candidiases are the most prevalent invasive mycoses worldwide with mortality rates close
to 40% and C. glabrata is frequently recognized as a causative agent [26]. In nearly all these cases,
the infections are related to the use of a medical device and biofilm formation on its surface [20].
The contamination of medical devices (mostly catheters) or infusion fluids can occur from the skin
of the patient, the hands of health professionals [27], or by migration into medical devices from a
previous lesion. Less commonly, Candida spp. that commensally colonize the gastrointestinal tract
switch to having a pathogenic behavior, being able to infiltrate the intestinal mucosa, disseminate
through the bloodstream, and colonize medical devices endogenously (this is more common in cancer
patients, since chemotherapy harms the mucosa) [28]. Depending on the clinical situation, the removal
of medical devices can be recommended in patients with disseminated Candida spp. infection to enable
pathogen eradication and to improve the prognosis [29,30]. In contrast, experimental intravenous
infection of laboratory animals with C. glabrata does not usually cause mortality, since it appears that
this species has successfully developed immune evasion strategies enabling it to survive, disseminate,
and persist within mammalian hosts [1,31].

Because of the high probability of innate resistance to azoles, echinocandins are recommended as
first-line therapy against C. glabrata candidemia [32]. Nonetheless, and worryingly, C. glabrata is the first
Candida spp. for which resistance to echinocandins has been identified and described [33,34]. Recently,
case reports of echinocandin-resistant C. glabrata subsequent to different echinocandin therapies are
becoming more common [35–41]. Indeed, one third of those isolates may be multidrug resistant [42] and
have specific mutations in one of two “hot spot” regions of the FKS1 or FKS2 (1,3-β-glucan synthase)
genes, which encode a subunit of the β-1,3-D glucan synthase protein, a target of echinocandins [35,43–45].

Therefore, in this work, a simulation of a hematogenously disseminated C. glabrata infection
derived exclusively from biofilm cells (as occurs in catheter infections) was performed. CD1 mice were
infected with 48 h-biofilm cells of the wild type C. glabrata strain ATCC2001, and then treated with the
echinocandins caspofungin (Csf) and micafungin (Mcf) in order to evaluate organ fungal burdens after
72 h, the efficacy of each drug after two administrations, and the associated inflammatory response.

2. Experimental Section

2.1. Ethics Statement

This study was performed in strict accordance with the recommendations of the European
Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific
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Purposes (ETS 123), the 86/609/EEC directive, and Portuguese rules (DL 129/92). All experimental
protocols were approved by the competent national authority (Direcção-Geral de Veterinária),
document 0420/000/000/2010. Female CD1 mice, 8–12 weeks old, were purchased from Charles
River (Barcelona, Spain) and kept under specific pathogen-free conditions at the Animal Facility of the
Instituto de Ciências Biomédicas Abel Salazar, Porto, Portugal. Mice were maintained in individually
ventilated cages (five animals per cage) with corncob bedding, and under controlled conditions of
temperature (21 ± 1 ◦C), relative humidity (between 45 and 65%), and light (12 h light/dark cycle).
Mice had ad libitum access to food and water. Hiding and nesting materials were provided for
enrichment. All procedures such as cage changing, water and food supply, as well as intravenous and
intraperitoneal injections were always performed during the day cycle (between 7 a.m. and 7 p.m.).

2.2. Organisms and Growth Conditions

One strain of the American Type Culture Collection (ATCC), C. glabrata ATCC2001, was
subcultured on Sabouraud dextrose agar (SDA) (Merck, Darmstadt, Germany) for 24 h at 37 ◦C.
Cells were then inoculated in Sabouraud dextrose broth (SDB) (Merck, Darmstadt, Germany) and
incubated for 18 h at 37 ◦C under agitation at 120 rpm. Biofilms were formed in 24-well polystyrene
microtiter plates (Orange Scientific, Braine-l’Alleud, Belgium) [46]. For this, 1000 μL of the yeast cell
suspension (1 × 105 cells/mL) was added to each well and incubated for 24 h. After 24 h, 500 μL of
RPMI 1640 was removed and an equal volume of fresh medium was carefully added. Biofilms allowed
to grow, under the same temperature and agitation conditions, for an additional 24 h. After this
time (total 48 h), all media were removed and the biofilms carefully washed to remove non-adhered
cells. Biofilms were scraped from the 24-well plates, resuspended in ultra-pure water, sonicated
(Ultrasonic Processor, Cole-Parmer, IL, USA) for 30 s at 30 W, and then suspension vortexed for
2 min. The suspension was centrifuged at 5000 g for 5 min at 4 ◦C, as previously optimized [46,47].
The pellets of the biofilm cells were then suspended in RPMI 1640 and the cellular density was adjusted
to 5 × 108 cells/mL using a Neubauer counting chamber.

2.3. Antifungal Drugs

Csf and Mcf were kindly provided by MSD® and Astellas®, respectively. Aliquots of 5000 mg/L
were prepared using dimethyl-sulfoxide (DMSO). The final concentrations used were prepared with
pyrogen-free phosphate buffer saline (PBS) for both drugs.

2.4. Murine Model of Hematogenously Disseminated Infection

Candida glabrata inoculum was prepared following previously described procedures [47,48].
The number of cultivable cells was assessed by colony forming units (CFU) counting and were injected
intravenously in the lateral tail vein, with the support of a restrainer. Sample size was determined
based on the results of preliminary experiments. On day 0, adult CD1 mice, randomly allocated to each
experimental group, received 200 μL of C. glabrata biofilm cell suspensions containing 5 × 108 CFU
i.v. via the tail vein. Control mice were injected intravenously with 200 μL of pyrogen-free PBS.
Treatment with the echinocandins started 24 h post-inoculation and was administered intraperitoneally
(i.p.) with a volume of 0.5 mL at 24 and 48 h post-inoculation. Doses were as follows: caspofungin
6 mg/kg and micafungin 12 mg/kg. This experimental scheme (days and dosages) were chosen on
the basis of previous pharmacodynamic studies of echinocandins against C. glabrata and a need
to reach drug exposures in mice that were comparable to those in humans receiving currently
licensed echinocandin regimens [32,49,50]. Liver and kidneys were aseptically removed, weighed,
homogenized, and quantitatively cultured on Sabouraud dextrose agar (Difco) at 37 ◦C. Values are
expressed as log CFU per gram of liver. Two independent experiments were performed, with at least
five animals per infected group.
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2.5. Flow Cytometry

For flow cytometry analysis, spleens from infected mice and controls were aseptically removed
72 h post-infection, homogenized in Hanks’ Balanced Salt Solution (Sigma Aldrich, Roswell-Park,
St. Louis, MO, USA) and, when necessary, red blood cells were lysed. The following monoclonal
antibodies (mAb) were used (at previously determined optimal dilutions) for surface antigen staining
after pre-incubation with anti-mouse CD16/CD32 for FcγR blocking. For dead cell exclusion,
all samples except single-stained controls were first incubated with allophycocyanin (APC) eFluor
780 Fixable Viability Dye (eBioscience, San Diego, CA, USA) diluted 1:1000 in PBS for 30 min at 4 ◦C.
For surface staining, cells were incubated with the following monoclonal antibodies: anti-mouse
GR1 Fluorescein isothiocyanate (FITC)-conjugate, anti-mouse CD80 Phycoerythrin (PE)-conjugate,
anti-mouse F4/80 Peridinin-chlorophyll protein Cyanin 5.5 (PerCp Cy5.5)-conjugate, anti-mouse CD86
PE-cychrome 7 (PE-Cy7)-conjugate, anti-mouse CD11c BV421-conjugate (all from BD Biosciences,
San Jose, CA, USA), anti-mouse CD11b BV510-conjugate, and anti-mouse major histocompatibility
complex (MHC) class II APC conjugate (eBiosciences, San Diego, CA, USA). Data acquisition was
performed in a FACSCantoTM II system (BD Biosciences, San Jose, CA, USA) using the FACSDIVATM

software (BD) and compensated and analyzed in FLOWJO version 9.7.5. (Tree Star Inc., Ashland,
OR, USA). A biexponential transformation was applied to improve data visualization; 106 cells were
stained per sample.

2.6. Histopathologic Examination and Immunohistochemistry

Livers were fixed in buffered formalin and embedded in paraffin for hematoxylin-eosin (HE) and
periodic acid–Schiff (PAS) histopathologic analysis, as previously described [51,52].

2.7. Statistical Analysis

Statistical analysis was carried out with PrismTM 7 (GraphPadTM, San Diego, CA, USA).
The normality of the data obtained was evaluated using the Kolmogorov–Smirnov test. Accordingly,
Kruskal–Wallis and Sidak’s multiple comparison tests were applied and data were depicted as means
of all independent experiments. Differences among groups were considered significant when P < 0.05.

3. Results and Discussion

Candidemia has been increasing in the last decades, especially among individuals under
chemotherapy programs, as well as in those who are HIV-positive, hospitalized, or catheterized [2,53].
C. albicans is still the most frequent isolated yeast, but C. glabrata has become one of the most threatening
non-Candida albicans Candida (NCAC) spp., mostly due to its high antifungal resistance [2,54]. Though
human clinical data demonstrate that immunosuppression is a risk factor for C. glabrata infections,
it is not an absolute prerequisite for C. glabrata candidiasis [55]. Hence, increasing the data on the
host immune response to C. glabrata and revising the efficacy of chemotherapeutic approaches to treat
infections caused by this fungus are of major value. The murine model is a suitable one to address
both issues, alone or combined [56].

3.1. Fungal Burden Progression Differs Substantially between Liver and Kidneys

The fungal burden of CD1 mice infected intravenously with C. glabrata biofilm cell suspensions
and subsequently treated with echinocandins was assessed in the liver and kidneys 72 h post-infection.
No differences were observed among the different infected groups.

In contrast to C. albicans, which can heavily infect the kidneys [57], a tropism of C. glabrata to
the liver was clearly noticed. High CFU counts were detected on this organ (Figure 1), in contrast to
the low or non-detected CFU counts in the kidneys (≤3 × 104 CFU/g kidney). The low colonization
of this organ, as compared to the liver or brain in immunocompetent mice systemically infected
with C. glabrata, was also reported by other authors [1,31,58–60]. Nevertheless, Kaur et al. [59],
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Srikantha et al. [60], and Brieland et al. [58] stated that C. glabrata could be recovered after several
days in the kidneys, liver, spleen, hearts, lungs, brains, and lungs. Moreover, Atkinson et al. [61]
described that fungal burdens were 104 to 108 in immunocompromised mice in the spleen and kidneys.
Nonetheless, it is important to stress that the differences in mouse strains and immunocompetence
status, C. glabrata strains, animal age and gender, or even the concentration of the inoculum used do
not allow a direct comparison of published data [31]. In addition, past in vitro reports have shown that
susceptible C. glabrata strains can become resistant in less than four days of continuous culture with
low doses of drugs, such as fluconazole [1,16] and echinocandins [62–65]. Thus, it is plausible that
a fast increase of resistance could have been observed in vivo. Moreover, the inoculum exclusively
contained biofilm cells, known to be more resistant than their planktonic counterparts [66–72].

Figure 1. Liver fungal burden of CD1 mice 72 h after intravenously challenged with 1 × 108 biofilm cells
plus two cycles of treatment with PBS, caspofungin (Csf), or micafungin (Mcf). Data are representative
of two independent experiments. Each symbol represents an individual mouse, and horizontal bars are
means of colony forming unit (CFU) numbers for each group. The obtained results are displayed as
CFU/liver. Controls (naïve; PBS + Csf; PBS + Mcf), n = 2; Cg + Csf, n = 8; Cg + Mcf, n = 8. No statistical
differences were observed among infected groups (evaluated by Kruskal–Wallis (Overall ANOVA
P < 0.05) and post hoc Sidak’s multiple comparison tests). Cg—Candida glabrata ATCC2001.

3.2. Host Immune Response to Hematogenously Disseminated Candidiasis

In contrast to the considerable work that has been described on the host immune response to
C. albicans, the immune mechanisms elicited in the course of C. glabrata infections are far less explored.

Neutrophils and macrophages are in the first line of host immune defence against Candida spp.
cells infecting the bloodstream or the endothelia [73–75]. Clinical observations and experimental
studies have demonstrated the main role of polymorphonuclear leukocytes in mediating host
protection against systemic C. albicans infections [76–78]. In mice, neutrophils have a Gr-1high surface
phenotype and macrophages typically express the F4/80 cell surface marker. Previous reports have
shown that, in C. albicans infections, Gr-1+ splenocytes may have immunosuppressive function
and F4/80+ cells may play a pro-inflammatory role [79,80]. The expression of these two surface
markers was analyzed using flow cytometry in the spleen of CD1 mice 72 h after i.v. infection
with 1 × 108 C. glabrata biofilm cells. Myeloid cells (CD11b+) displaying the phenotypes F4/80high

Gr-1neg, F4/80high Gr-1high, and F4/80neg/low Gr-1high were respectively considered macrophages,
inflammatory monocytes, and neutrophils [81]. The gating strategies employed in this study are shown
in Figure 2. As shown in Figure 3A, a significant increase in the numbers of inflammatory monocytes
was observed in the spleen of infected mice, while those of neutrophils and macrophages remained
within control values. No significant differences, however, were observed among treated groups.
These results are in accordance with previous reports [31,82,83]. Unlike C. albicans infections, for which
high neutrophil infiltration is a commonly observed feature, C. glabrata infections are not associated
with massive neutrophil infiltration. Indeed, C. glabrata infection has mainly been associated with
mononuclear cell infiltration and is far less inflammatory. One of the reasons given to explain this
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disparate outcome is that C. albicans hyphae cause significant host cell damage, which results in the
extensive recruitment of myeloid cells and the production of pro-inflammatory cytokines [31,82,83].

Figure 2. Gating strategy applied for the flow cytometry data analysis. Following leukocyte selection
based on Forward Scatter Area (FSA) and Side Scatter Area (SSA), doublets were excluded based on
FSA and Forward Scatter Height (FSH) parameters, and dead cells were further excluded by fixable
viability dye (FVD) incorporation. Dendritic cells were gated as CD11chigh MHC class II+ cells. Myeloid
cells were defined as CD11b+ cells that were further divided into macrophages (CD11b+ F4/80high

MHC class IIlow) and Gr-1+ cells. Within the latter, neutrophils were defined as CD11b+ Gr-1+MHC
class II− and inflammatory monocytes were gated as CD11b+ Gr-1+MHC class II+ cells.

Additionally, other reports have shown that C. glabrata is recognized and phagocytized by
macrophages at a much higher rate than C. albicans [84]. After recognizing pathogens, macrophages
release cytokines that help coordinate the immune response. However, when C. glabrata is internalized
by macrophages, it interferes with the phagosome maturation process [85], surviving through
autophagy and replicating inside the phagosome until the eventual bursting of the phagocyte [59,85,86].
Here, no elevated numbers of macrophages were detected in the spleen of infected mice as compared
to noninfected controls (Figure 3C), which indicates that the recruitment or local proliferation of these
cells does not occur in response to C. glabrata.
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Figure 3. CD1 mice were challenged intravenously with 1 × 108 biofilm cells and then treated with
PBS, caspofungin (Csf), or micafungin (Mcf). The obtained results are displayed as the total number of
cells of indicated populations: (A) inflammatory monocytes, (B) neutrophils, and (C) macrophages.
The numbers of animals used were as follows: controls (naïve; PBS + Csf; PBS + Mcf), n = 2; Cg + Csf,
n = 8; Cg + Mcf, n = 8. Statistical differences were evaluated using Kruskal–Wallis and post hoc Sidak’s
multiple comparison tests (Overall ANOVA P < 0.05). Cg—Candida glabrata ATCC2001. * P < 0.05;
** P < 0.001.

In addition to macrophages, dendritic cells (DC) play a major role in the induction of the T
cell-mediated immune response to Candida spp. infections [86,87] and may determine the infection
outcome [88,89]. DC are able to modulate adaptive responses, depending on the Candida spp.
morphotype encountered [73,74,90]. DC can initiate and shape the antimicrobial immunity and,
since candidiasis appears frequently in immunocompromised patients, these cells may hold the key
to new antifungal strategies [91]. Accordingly, the numbers of splenic conventional DC, defined as
CD11chigh cells, and surface maturation markers were evaluated upon C. glabrata systemic infection
(Figure 4). A slight increase in splenic DC as compared to noninfected controls was observed in
the infected mice, indicating that C. glabrata promoted the mobilization of these cells to the spleen
or promoted their local proliferation. DC surface expression of the costimulatory molecule CD86,
as evaluated by the mean fluorescence intensities (MFIs) due to antibody staining (Figure 4A,B),
was elevated in infected mice, showing that C. glabrata induced the maturation of these cells. However,
the stimulatory effect was not different among the treated and nontreated groups.

In contrast, the expression of MHC class II molecules on the surface of splenic DC of mice infected
with this yeast was found to be below control levels, an effect that reached statistical difference in
mice treated with caspofungin. As CD86 expression in infected mice was found to be elevated, it is
unlikely that this could represent a suppressive mechanism and could just be subsequent to a previous
stimulatory effect. A kinetic study would be necessary to elucidate this point.
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Figure 4. CD1 mice were challenged intravenously with 1 × 108 biofilm cells and then treated with
PBS, caspofungin (Csf), or micafungin (Mcf). The obtained results are displayed as (A) total number
of dendritic cells or mean fluorescence intensities (MFI) due to antibody staining against (B) CD80,
(C) CD86, and (D) MHC class II on the surface of dendritic cells. The numbers of animals used were:
controls (naïve; PBS + Csf; PBS + Mcf), n = 2; Cg + Csf, n = 8; Cg + Mcf, n = 8. Statistical differences
among infected groups were evaluated using Kruskal–Wallis (overall ANOVA P < 0.05), post hoc
Sidak’s, and Dunn’s multiple comparisons tests (* P > 0.05). Cg—Candida glabrata ATCC2001. * P < 0.05.

The expression of CD80, CD86, and MHC class II molecules on the surface of inflammatory
monocytes was observed to be similar or slightly lower in the infected groups as compared
to noninfected controls (Figure 5A–C). Likewise, and as observed on DC, no differences were
observed among infected mouse groups, indicating that the treatment did not affect the expression
of these activation markers on these innate immune cell populations. Finally, liver and kidney
histopathologies were analyzed in infected mice, as these organs are preferred targets in i.v. Candida
spp. infections [31,92]. As could be expected, no yeasts were found in the non-challenged control
groups, and their organs presented no significant histological alterations.

Challenged mice showed inflammatory infiltrates in the liver. They were also shown, albeit less
markedly, in the kidneys (nontreated and treated groups). The presence of polymorphonuclear cells
was observed, but in general the infiltration remained mostly mononuclear. Yeasts were found in the
liver, but not in the kidneys of treated and nontreated challenged groups. This fact corroborated the
low CFU counts found in the kidneys.
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Figure 5. CD1 mice were challenged intravenously with 1 × 108 biofilm cells and then treated with
PBS, caspofungin (Csf), or micafungin (Mcf). The obtained results are displayed as mean fluorescence
intensities (MFI) due to antibody staining against (A) CD80, (B) CD86, and (C) MHC II on inflammatory
monocytes. The numbers of animals per group were: controls (naïve; PBS + Csf; PBS + Mcf), n = 2;
Cg + Csf, n = 8; Cg + Mcf, n = 8. Statistical differences among infected groups were evaluated using
Kruskal–Wallis (Overall ANOVA P < 0.05) and post hoc Sidak’s multiple comparison tests. Cg—Candida
glabrata ATCC2001.

Together, these observations confirmed C. glabrata as a low inflammatory species and indicated
that two-dose treatment with caspofungin and micafungin does not have a significant impact on
liver and kidney fungal burden or recruited inflammatory infiltrate when mice are i.v. infected with
C. glabrata biofilm-grown cells. These results confirm the biofilm in vitro outcome our group previously
reported [93,94].

Finally, liver and kidney histopathologies were analyzed in infected mice, as these organs are
preferred targets in i.v. Candida spp. infections [45,86]. As could be expected, no yeasts were found in
the non-challenged control groups, and their organs presented no significant histological alterations
(Figure 6). Challenged mice showed inflammatory infiltrates in the liver, and less markedly in the
kidneys (nontreated and treated groups, data not shown). The presence of polymorphonuclear cells
was observed, but in general the infiltration remained mostly mononuclear. Yeasts were found in the
liver (Figure 6), but not in the kidneys (data not shown) of treated and nontreated challenged groups.
This fact corroborated the low CFU counts found in the kidneys.
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Figure 6. Analysis of liver histology in CD1 mice. (A) Representative hematoxylin-eosin and (B)
periodic acid–Schiff (PAS)-stained examples of liver tissue from the indicated mouse groups. Black
arrows denote inflammatory infiltrates that were mostly of the mononuclear type. Insets correspond to
higher magnification micrographs. White arrows indicate PAS-stained Candida glabrata ATCC2001 cells.
Scale bars are shown and apply to similar sized micrographs (100 μm) or insets (20 μm), as indicated.
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4. Conclusions

In this work, a systemic infection exclusively originated from C. glabrata biofilm cells was
simulated and a treatment evaluated. The observations here reported confirmed C. glabrata as a
low inflammatory species and indicated that two-dose treatment with Csf and Mcf does not have a
significant impact on liver and kidney fungal burden or recruited inflammatory infiltrate when mice
are i.v. infected with C. glabrata biofilm-grown cells.
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Abstract: Oral diseases are considered the most common noncommunicable diseases and are related
to serious local and systemic disorders. Oral pathogens can grow and spread in the oral mucosae
and frequently in biomaterials (e.g., dentures or prostheses) under polymicrobial biofilms, leading to
several disorders such as dental caries and periodontal disease. Biofilms harbor a complex array of
interacting microbes, increasingly unapproachable to antimicrobials and with dynamic processes key
to disease pathogenicity, which partially explain the gradual loss of response towards conventional
therapeutic regimens. New drugs (synthesized and natural) and other therapies that have revealed
promising results for the treatment or control of these mixed biofilms are presented and discussed
here. A structured search of bibliographic databases was applied to include recent research. There are
several promising new approaches in the treatment of Candida spp.–Streptococcus mutans oral mixed
biofilms that could be clinically applied in the near future. These findings confirm the importance of
developing effective therapies for oral Candida–bacterial infections.

Keywords: oral biofilm; infection control; Streptococcus mutans; Candida spp.; natural compounds;
antimicrobial resistance

1. Introduction

According to the World Health Organization (WHO), oral diseases are the most common
noncommunicable diseases, causing discomfort, pain, disfigurement, and death [1,2]. Dental caries,
the most prevalent condition, derives from microbial biofilms (plaque) formed on the tooth surface [1,2].
Presently, it is estimated that 2.4 billion people have caries of permanent teeth and 486 million children
have caries of primary teeth [3]. Similarly, periodontal disease (which affects tissues that both surround
and support the teeth), and dental caries are both related to bacterial/fungal infections and are significant
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causes of deciduous tooth decay in over 560 million children, involving hundreds of billions of dollars
of expenses per year [1,4]. In low-income populations, the majority of dental caries are left untreated,
and affected teeth are most often extracted due to pain and discomfort [1]. The pain and inflammation
of severe dental caries can impair eating and sleeping, as well as the overall quality of life. Abscesses
can occur and may result in pain and chronic systemic infection and diseases [1]. If not treated, these
disorders can also lead to chronic diseases and serious systemic infections (e.g., Alzheimer’s disease,
cardiovascular disorders, oral cancer) [3,5].

Oral pathogens easily grow and propagate in the oral cavity, leading to the formation of dental
plaque on both soft and hard tissue [6]. Dental plaque is formed by salivary molecules, proteins,
bacterial/fungal debris, and sialic acid, which is then colonized by primary colonizers, including
Streptococcus sanguis and Actinomyces viscosus. Their colonization is impacted by various food and
environmental factors, including pH, carbon sources, and osmolarity [7–9]. Then, other bacterial
species such as Streptococcus mutans adhere to the primary colonizers, and the tooth surface develops
into a bacterial biofilm, known as dental plaque. Beyond dental plaque is dental calculus, which
is a complex combination of dental plaque, salvia, and gingival crevicular fluid. The growth and
invasiveness of oral pathogens are both regulated by an equilibrium between dental plaque bacteria and
the innate immune system. The build-up of calcified dental plaque that extends into the subgingival
layer can trigger inflammation due to perturbations of the immune system [7,8]. The calcified dental
plaque can trap many biomolecules, viruses, and other bacteria and fungi, and alterations in the oral
microbiome can lead to a wide range of diseases over a lifetime [8]. It has been suggested that the
human oral microbiome is made up of over 2000 taxa of bacteria and fungi, including a wide range of
opportunistic pathogens involved in cardiac, periodontal, respiratory, and other diseases, including
cardiovascular and respiratory diseases, diabetes, and osteoporosis [8]. This review focuses on reports
published in the last five years, related to one of the most important oral co-infections: Streptococcus
mutans–Candida spp. biofilms.

Streptococcus mutans and Candida spp.: Relevance in Oral Biofilms

The colonization of teeth by cariogenic bacteria is one of the most important risk factors in the
development of dental diseases, with S. mutans being the primary species associated with the early
dental caries process [10]. Streptococcus mutans is a Gram-positive, facultative anaerobic bacteria, and
the primary etiological agent of dental plaques and dental caries [11,12]. This species is closely related
to the streptococci group that inhabits the mouth, pharynx, and intestine and is well adapted to form
biofilms due to its ability to form amyloids, which are very prevalent in natural biofilms [12]. Also,
it colonizes the dental surface, causing damage to the hard tooth structure in the presence of fermentable
carbohydrates, since it is a recognized acid-producing bacterium (e.g., sucrose and fructose). Moreover,
S. mutans can adhere to the enamel salivary pellicle and other plaque bacteria, where they produce acidic
metabolites, build up glycogen stores, and synthesize extracellular polysaccharides (EPS), glucans, and
fructans from dietary sugars, leading to increased dental caries. In fact, there are several acidogenic
and aciduric species in dental plaque associated with dental caries development, but S. mutans is the
primary producer of EPS, which makes these biofilms difficult to control [11].

Along with the thousands of Streptococcus spp., over 100 fungal phylotypes also colonize the oral
cavity, including many Candida spp. [13]. They are often found in the oral cavity of healthy individuals,
with Candida albicans being the most predominant species (~60%–70%), followed by Candida tropicalis
and Candida glabrata [13,14]. Usually, Candida spp. are commensal; however, in specific situations, these
fungi may become parasitic, causing oral candidiasis particularly in immunocompromised patients,
such as those with HIV/AIDS [13,15,16]. These fungal species are present in coating surfaces, dentine,
as well as in the cementum surface. Interestingly, C. albicans grows in enamel cracks, grooves and
flows into the crevices of cavities, as well as deeply penetrating open dentinal tubules [13]. Several
Candida spp. have been isolated from caries as well as from root and dentinal caries in both children
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and adults, with prevalence ranging from 66% to 97% in pediatric populations and 31% to 56% in adult
populations [15]. Thus, C. albicans can contribute to dentine and root caries in both children and adults.

Remarkably, Candida spp. cannot effectively form plaque biofilms directly or bind to S. mutans
unless sugar is present. In a 2017 study, it was found that an enzyme known as glucosyltransferase B
(GftB, which promotes firm cell clustering, and increased cohesion of plaque), secreted by S. mutans,
uses sugar from the diet to manufacture glue-like polymers called glucans. Candida spp. increases
glucan formation, causing the formation of a sticky biofilm that allows the yeast to adhere to teeth
and bind to S. mutans [17]. These researchers further showed that the outer portion of the Candida
spp. cell wall, composed of molecules called mannans, was involved in binding GftB, and that mutant
Candida strains that lacked the mannan components had impaired binding to S. mutans GftB and a
reduced biofilm load [17]. They further tested this hypothesis on biofilm formation in a rodent model
of early childhood caries. Rodents infected with both S. mutans and either the wild type or defective
mutant Candida strains showed that animals infected with wild-type Candida spp. had abundant
biofilm formation, while those infected with the mutant Candida strains had reduced biofilm formation
by up to ~5-fold [17].

Glucosyltransferases (Gtfs)-derived EPS have been revealed to be a key mediator of co-species
biofilm development and their co-existence with C. albicans induces the expression of virulence
genes in S. mutans. In fact, water-soluble glucan synthesis is regulated by the dexA gene and
affects biofilm aggregation and cariogenic pathogenicity in S. mutans [18]. The co-cultivation altered
S. mutans signal transduction and the transcription of genes (comC and ciaRH) associated with fitness
and virulence [19]. Arzmi and co-workers [20] suggested that polymicrobial biofilms differentially
modulate oral microorganisms’ phenotypes. Yang and co-workers [21] found that antigen I/II of
S. mutans is important for Candida spp. incorporation into the biofilm and is also required for increased
acid production. S. mutans not only modulates biofilm formation, but also attenuates C. albicans
virulence [22,23]. Additionally, the possibility of a quorum sensing system stimulation of S. mutans by
C. albicans was also demonstrated, consequently changing its virulence properties [24].

2. Research Methodology

A structured search of bibliographic databases (PubMed Central, Elsevier’s ScienceDirect, SCOPUS,
and Springer’s SpringerLink) was undertaken. The keywords used were “streptococcus” + “mutans”
+ “candida” + “biofilms” + “resistance”.

3. Compounds with Activity against Oral Infections

Oral microbial communities are some of the most complex microbial floras in the human body,
consisting of thousands of bacterial and hundreds of fungal species [25]. Culture-independent
molecular methods, such as proteomics and 16S rRNA sequencing, have demonstrated that S. mutans
was the dominant species, with elevated levels of other streptococci including Streptococcus sanguinis,
Streptococcus mitis, and Streptococcus salivarius. Candida spp. combined with Streptococcus spp. usually
increases the virulence in invasive candidiasis, early childhood caries, or peri-implantitis [13,26,27].
The interactions between the various species in these mixed biofilms may be synergistic, in that the
presence of one microorganism generates a niche for other pathogenic microorganisms, which serves
to facilitate organisms’ retention. Thus, Streptococcus spp. and Candida spp. create special synergistic
consortia on solid oral surfaces [13,26].

Streptococcus mutans strains are considered the most cariogenic bacteria; however, Candida spp.
can increase their cariogenicity. Bacterial and fungal cells are able to produce glucan as an extracellular
polysaccharide that aids cariogenic biofilm formation [28]. Bacteria also convert dietary sucrose
and free glucose or fructose into a diverse range of soluble and, particularly, insoluble extracellular
polysaccharides (EPS) (e.g., water-insoluble glucans) through exoenzymes, such as Gtfs, and EPS,
to build blocks of cariogenic biofilms. These structures promote the tooth surface colonization by
S. mutans and additional microorganisms into dental plaque (e.g., Porphyromonas gingivalis, streptococci,
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Fusobacterium spp., Prevotella spp.), while forming the scaffold core or matrix of the biofilm. In addition,
the EPS matrix creates a special diffusion-limiting barrier, facilitating acidic microenvironments creation
at the biofilm–tooth interface, which is critical for adjacent tooth enamel dissolution [29]. Furthermore,
S. mutans displays many other virulence attributes, including its ability to produce acid and to tolerate
an acidic environment.

Among Candida spp., C. albicans is the most prevalent on dental tissues, reaching 60%–70%,
followed by C. tropicalis and C. glabrata [30]. As indicated earlier, these yeasts are usually commensal,
but in some situations they can become parasitic, causing oral candidiasis [30,31]. The virulence
attributes of C. albicans are the acidogenicity and aciduric nature, along with the ability to develop
profuse biofilms, to ferment and assimilate dietary sugars, and to produce collagenolytic proteinases [15].
Also, C. albicans modulates the pH in dual-species biofilms to values above the critical pH where enamel
dissolves. Although the species present low cariogenicity, biofilms formed by mixed populations of
C. albicans and S. mutans are more voluminous [32]. The presence of Candida spp. enhances S. mutans
growth, fitness, and accumulation within biofilms. It is documented that C. albicans growth stimulates
S. mutans development via biofilm-derived metabolites [33]. Also, C. albicans mannans mediate
S. mutans exoenzyme GtfB binding to modulate cross-kingdom biofilm development [17]. Candida
spp.-derived β-1,3-glucans contribute to the EPS matrix structure, while fungal mannan and β-glucan
provide sites for GtfB binding and activity; thus, the coexistence of S. mutans with C. albicans can
cause dental caries progression or disease recurrence in the future [34]. It was also suggested that
S. mutans co-cultivation with C. albicans influences carbohydrate utilization by bacterial cells [35,36],
and the analysis of metabolites confirmed the increase in carbohydrate metabolism, with amounts of
formate elevated by co-cultured biofilms [37]. Nonetheless, biofilm biomass and metabolic activity
were both strain- and growth medium-dependent [37]. Liu and co-workers showed that nicotine
promotes S. mutans attachment. The enhancement of the synergistic relationship may contribute to
caries development in smokers [38,39]. On the other hand, there are contradictory reports in this matter.
It was proposed that, by definition, C. albicans is not a cariogenic microorganism; it could prevent
caries by actively increasing pH and preventing mineral loss [40]. Nonetheless, a study published in
2016 concluded that children with severe early childhood caries were likely infected by their mothers,
as the mothers of these children were highly infected with C. albicans [41]. In fact, genetic testing of
Candida strains from children and their mothers showed that most strains were genetically related [41].

Progress in understanding the etiology, epidemiology, and microbiology of periodontal pocket
flora has called for new antimicrobial therapeutic schemes for oral diseases [42]. Distinctive means and
compounds may be used to prevent oral infections. Biomolecules produced by S. mutans, lactoferrin,
and probiotics, applying chemicals and photodynamic therapy, can support the management of oral
candidiasis [43].

3.1. Chemical Compounds with Activity against Streptococcus mutans and Candida spp. Biofilms

Recently, a wide range of antimicrobial agents and methodologies have been reported to suppress
the growth of dental Streptococcus mutans–Candida spp. biofilms (Table 1).
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Table 1. Chemical compounds and their bioactivity against Streptococcus spp. and Candida spp.

Main Effect(s) Compound Targeted Species Reference(s)

Pathogen toxicity

aPDT: chloroaluminium phthalocyanine (cationic
nanoemulsion); hypericin-glucamine Rose Bengal in
α-cyclodextrin; curcumin; methylene blue; toluidine blue
O erythrosine with green light or Photodithazine®; rose
Bengal, methylene blue and curcumin with white light

Mainly C. albicans, C.
glabrata, S. mutans, and

S. sanguis, but also other
species

[44–55]

Antibiofilm

Chlorhexidine with low concentrations but with the
addition of cis-2-decenoic acid

S. mutans and C. albicans,
and bacterial–fungal

dual-species consortia
[56]

Chlorhexidine gluconate with tyrosol Single and mixed-species
oral biofilms [57,58]

Fluoride-releasing copolymer: methyl methacrylate,
2-hydroxyethyl methacrylate with polymethyl
methacrylate (incorporating sodium fluoride)

Acidogenic
mixed-species biofilms [59]

Antimicrobial

2.5% sodium hypochlorite, 2% chlorhexidine, and
ozonated water

Mono- and dual-species
biofilms of S. mutans and

C. albicans

[25]

Chlorhexidine carrier nanosystem based on iron oxide
magnetic nanoparticles and chitosan [60]

Chitosan, silver nanoparticles and ozonated olive oil

Several endodontic
pathogens, including S.
mutans and C. albicans

mixed biofilms

[61]

Chitosan and carboxymethyl chitosan Biofilms of Streptococcus
spp.and Candida spp. [62–65]

Materials containing silver nanoparticles alone or with
polyphosphates C. albicans and S. mutans [66,67]

Dimethylaminododecyl methacrylate modified denture
base resin

Several microorganisms
associated on the dental

base
[68]

Poly-(2-tert-butilaminoethyl) methacrylate S. mutans [69]

Cetylpyridinium chloride and cetyltrimethylammonium
bromide with plant terpinen-4-ol (Synthetic surfactants+) S. mutans and C. albicans [70]

Nanoparticles of amphiphilic silanes with Chlorin e6 Streptococcus genus [71]

Antimicrobial and
antibiofilm

Hexagonal boron nitride nanoparticles
S. mutans, Staphylococcus

pasteuri, S.
mutans-Candida spp.

[72]

Silver nanoparticles combined to calcium
glycerophosphate or nanostructured silver vanadate
(dental acrylic resins)

Several microorganisms
associated with dental

prostheses
[73,74]

Modified pH-responsive cationic poly (ethylene
glycol)-block-poly (2-(((2-aminoethyl) carbamoyl) oxy)
ethyl methacrylate

Acidogenic
mixed-species biofilms [75]

Extracellular
polysaccharides
(EPS) inhibitors

Combination fluconazole with povidone iodine
C. albicans or mixed

biofilm formation with S.
mutans

[76]

Thiazolidinediones, such as thiazolidinedione-8

Mixed biofilm formed by
Candida spp. and

bacterial strains (S.
mutans)

[77]

Lactams, such as γ-Alkylidene-γ-lactams solubilized in
3.5% dimethyl sulfoxide S. mutans and C. glabrata [78]

Photodynamic antimicrobial therapy (aPDT) is based on a photoactive dye—a chemical
photosensitizer that binds to the target cell and is activated by a specific light wavelength. During this
process, oxygen species such as singlet oxygen and free radicals are formed, exerting toxicity towards
the cell [30]. The influence of pre-irradiation time employed in antimicrobial photodynamic therapy
with a diode laser was recently checked [79]. It was found no effect due to C. albicans biofilm therapy;
however, a pre-irradiation time of 1 min was effective against a microbial load of S. mutans. The effect
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of aPDT using chloroaluminium phthalocyanine in a cationic nanoemulsion was evaluated against
multispecies biofilms of C. albicans, C. glabrata, and S. mutans. The technique led to photoinactivation
of the biofilm and reduced colony count and metabolic activity [44]. Similar effects were obtained
using hypericin–glucamine [45], Rose Bengal in α-cyclodextrin [46], curcumin [44,47–50], methylene
blue [52], toluidine blue O [51], erythrosine with green light [55], or Photodithazine® obtained from
the cyanobacterium Spirulina platensis [53,54]. Another study conducted by Soria-Lozano et al. [80],
using Rose Bengal, methylene blue, and curcumin with white light, showed positive effects against
the S. mutans and S. sanguis strains. Although methylene blue and Rose Bengal were the most
efficient, C. albicans was the most resistant to all photosensitizers, and curcumin, in this case, was
ineffective. Finally, aPDT embodies an important treatment as the photodynamic inactivation seems to
be promising for biofilm-associated S. mutans and Candida spp. biofilm infection management, since
there is no microbial resistance observed.

Chlorhexidine is the most commonly studied active agent [81,82]. It is widely used for preventing
dental plaque or treating mouth yeast infections. Additionally, over the years, the number of studies on
antibiofilm strategies using this compound or other chemicals has increased [83]. Chlorhexidine at low
concentrations, but with the addition of cis-2-decenoic acid, was able to disperse single-species biofilms
formed by S. mutans and C. albicans, as well as bacterial–fungal dual-species consortia [56]. Also,
chlorhexidine gluconate with tyrosol was revealed to be effective against single and mixed-species oral
biofilms [57,58]. A solution containing 2.5% sodium hypochlorite, 2% chlorhexidine, and ozonated
water inhibited biofilms of S. mutans and C. albicans in mesiobuccal root canals after irrigation [25].
A chlorhexidine carrier nanosystem based on iron oxide magnetic nanoparticles and chitosan was
synthesized, and its antimicrobial effect on mono- and dual-species biofilms of C. albicans and S. mutans
was evaluated. The results confirmed the nanosystem potential as a preventive or therapeutic agent to
fight biofilm-associated oral diseases [60]. The advantage of chlorhexidine is that its resistance is not as
common as other chemicals’. Importantly, cases are being reported more often [84]. Hence, in order
to reduce the number of cases, it is important to restrict its applications to indications with a strong
patient benefit and to remove it from uses that are without any advantage or have doubtful value.

The antimicrobial activity of chitosan, silver nanoparticles, and ozonated olive oil was evaluated
against endodontic pathogens, including S. mutans and C. albicans. This combination was characterized
as novel, safe, and having the potential to eradicate mature mixed-species biofilms [61]. Chitosan and
carboxymethyl chitosan were also active against Candida spp. and Streptococcus spp. biofilms [62–65].
Also, Kivanç and co-workers [72] investigated the antimicrobial and antibiofilm activities of hexagonal
boron nitride nanoparticles against S. mutans, Staphylococcus pasteuri, S. mutans -Candida spp. Their
results showed that, at an appropriate concentration (0.1 mg/mL), these nanoparticles could be
considered a safe potential oral care product.

Similarly, EPS inhibitors may enhance antibiofilm activity [85,86]. A combination of the
antifungal fluconazole with povidone iodine showed to completely inhibit C. albicans or mixed
biofilm formation [76]. It was found that the inclusion of iodine derivative enhanced fluconazole
efficacy by inhibiting α-glucan synthesis in S. mutans, which participates in protective bacterial EPS
formation [76]. Moreover, thiazolidinediones have been found to act as effective quorum sensing
quenchers, capable of preventing the mixed biofilm formed by Candida spp. and bacterial strains. These
compounds can penetrate into deeper layers of the mixed biofilm, thereby increasing the antimicrobial
activity. A small molecule, thiazolidinedione-8, has been revealed to be able to impair biofilm formation
of various microbial pathogens. These compounds may disturb the symbiotic balance between
C. albicans and S. mutans in a dual-species biofilm [77]. The inhibitory effects of lactams in mixed
oral biofilms, including S. mutans and C. glabrata, have been assessed [78]. γ-Alkylidene-γ-lactams
solubilized in 3.5% dimethyl sulfoxide led to a marked reduction in biofilm biomass. Furthermore, the
total protein content and the quantity of EPS declined significantly. Hence, these compounds show
important antibiomass activity, which can be important for promoting the diffusion of a second drug
into oral biofilms, for its total eradication.
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Several materials containing silver nanoparticles, alone or with polyphosphates, were evaluated
as antimicrobials against C. albicans and S. mutans. These composites demonstrated significant
antimicrobial activity, especially against S. mutans, which might make them a possible alternative for
new dental materials [66,67]. Silver nanoparticles, combined with calcium glycerophosphate as well as
nanostructured silver vanadate in dental acrylic resins, have also been shown to have antimicrobial and
antibiofilm activities against dental prostheses-associated microorganisms [73,74]. Silver has found
several uses since its toxicity toward human cells is considerably lower than toward bacteria; thus,
this application is promising.

Base resins have also shown promising bioactive responses against C. albicans and S. mutans.
Dimethylaminododecyl methacrylate-modified denture base resin proved to be a favorable therapeutic
system against problems triggered by denture base microbes (e.g., denture stomatitis) [68]. Likewise,
poly-(2-tert-butilaminoethyl) methacrylate decreased S. mutans’ adhesion to the material surface, but
did not exhibit an antimicrobial effect against C. albicans [69]. Furthermore, a novel fluoride-releasing
copolymer composed of methyl methacrylate, 2-hydroxyethyl methacrylate with polymethyl
methacrylate was developed by incorporating sodium fluoride. This copolymer inhibited acidogenic
mixed-species biofilms, showing potential to control these diseases by limiting biofilm growth [59].
Finally, a modified pH-responsive cationic poly (ethylene glycol)-block-poly (2-(((2-aminoethyl)
carbamoyl) oxy) ethyl methacrylate has been revealed to be a promising agent for dental caries therapy
and provided guidelines for drug delivery system design in other acidic pathologic systems [75].

Regarding synthetic surfactants, several compounds have also shown great potential.
Cetylpyridinium chloride and cetyltrimethylammonium bromide with plant terpinen-4-ol revealed
antimicrobial activity against S. mutans and C. albicans [70]. Nanoparticles of amphiphilic silanes with
Chlorin e6 exhibited strong antibiofilm activity against periodontitis-related pathogens belonging to
the Streptococcus genus [71]. These compounds have good prospects in antimicrobial applications to
inhibit both oral disease occurrence and progression, namely periodontitis, one of the most relevant
oral diseases.

3.2. Natural Compounds with Bioactivity Against Streptococcus mutans and Candida spp. Biofilms

Due to the incidence of oral disease, increased resistance by bacteria and fungi to antimicrobials,
and the adverse effects of some drugs currently used in dentistry (and general medicine), there
is a great need for alternative prophylaxis and treatment options that are not only safer but also
cost-effective. While several antimicrobial agents are commercially available, these chemicals can alter
the oral microbiota and have undesirable side effects (e.g., nausea, diarrhea, vomiting, tooth staining).
Henceforth, traditional medicine and the search for alternative products are still important. In fact,
natural products offer an assortment of chemical structures and possess an extensive variety of biological
properties; thus, they are a source for new pharmaceuticals. Bioactive secondary metabolites have
been revealed to be useful as new antimicrobial and antibiofilm drugs, such as numerous furanones,
alkaloids, and flavonoids, from many plants and marine organisms [87]. Table 2 presents natural
compounds and plant extracts with antimicrobial potential, particularly focused on anti-Streptococcus
spp. anti-Candida spp. activities.
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Table 2. Natural compounds/extracts and their in vitro bioactivity against Streptococcus spp. and
Candida spp.

Year In vitro Assays
Natural

Compound/Extract
Effect Reference(s)

2018 Antibacterial and antifungal
bioactivity Acacia arabica (extract) Antibacterial source of

anticariogenic agents [88]

2018 Antibacterial and antifungal
bioactivity

Myracrodruon urundeuva
and Qualea grandiflora

(hydroalcoholic extracts)

Activity against S.
mutans biofilm [89]

2018 Antibacterial and antifungal
bioactivity

Cissampelos torulosa,
Spirostachys africana,

Clematis brachiata,
Englerophytum

magalismonatanum
(extracts)

Activity against both
Streptococcus spp. and

Candida spp.
[90]

2017

Antibacterial and antifungal
bioactivity

Cytotoxicity and
genotoxicity: murine

macrophages (RAW 264.7),
human gingival fibroblasts

(FMM-1), human breast
carcinoma cells (MCF-7),

and cervical carcinoma cells
(HeLa)

Thymus vulgaris and
Rosmarinus officinalis

(extracts)

Antimicrobial and
anti-inflammatory effects
against oral pathogens

[91,92]

2017

Antibacterial and antifungal
bioactivity

Antibacterial, antifungal,
and antiadhesion in a tissue

conditioner

Azadirachta indica (leaf
extract)

Potential antimicrobial
agent against both S.

mutans and C. albicans
[93]

2017
Antibacterial and antifungal,
antibiofilm and antioxidant

bioactivity

Camellia japonica and Thuja
orientalis

Significantly inhibited
the microbial grow of

oral pathogens
[94]

2016

Antibacterial and antifungal,
antibiofilm bioactivity

Cytotoxicity and
anti-inflammatory effects:
human oral epithelial cells

Houttuynia cordata (herbal
tea)

Antibiofilm effects
against S. mutans and C.

albicans
[95]

2015 Antibacterial and antifungal
bioactivity

Ricinus communis and
sodium hypochlorite
(cleanser solutions)

Effective in controlling
denture biofilms [96]

2014 Anti-adherent properties
(antibiofilm)

Schinus terebinthifolius and
Croton urucurana

(methanol and acetate
methanol extract fractions

in hydroalcoholic and
dimethylsulfoxide)

Antibiofilm activity
against S. mutans and C.

albicans
[97]

Plant-derived compounds are a good source of therapeutic agents and inhibitors of dental
caries, periodontal diseases, and candidiasis. For example, α-mangostin or lawsone methyl ether
showed antimicrobial, antibiofilm, and anti-inflammatory activities. Indeed, an oral spray containing
these natural chemicals was effective against common oral pathogens [98]. Lupinifolin from Albizia
myriophylla wood exhibits good anti-S. mutans activity by damaging bacterial membranes, resulting in
cell leakage [99]. Essential oils and bioactive fractions from Aloysia gratissima, Baccharis dracunculifolia,
Coriandrum sativum, Cyperus articulatus, and Lippia sidoides were also evaluated as antimicrobials against
S. mutans and Candida spp. A significant reduction in extracellular polysaccharides and bacteria was
observed for A. gratissima and L. sidoides, indicating that these fractions disrupted biofilm integrity.
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Plus, C. sativum oils drastically affected C. albicans viability [100], and might be considered as alternative
anticaries agents. In turn, quercetin and kaempferol or farnesol with myricetin showed favorable
properties in terms of controlling some virulence factors of S. mutans and C. albicans biofilms [101–104].
It was suggested that tyrosol decreased the metabolic activity and number of viable cells in single and
mixed-species biofilms [105]. Correspondingly, β-caryophyllene—a bicyclic sesquiterpene of numerous
essential oils—may inhibit cariogenic biofilms and may be a candidate agent for the prevention of
dental caries [28]. These results highlight the promising antimicrobial activity of plants for the treatment
of dental caries and oral candidiasis.

Propolis, rich in flavonoids, has a long history of use as a natural treatment for a host of health
problems. It is also used as an ingredient in certain medicinal products applied directly to the skin, or
in mouthwash and toothpaste. Propolis is under preliminary research for the potential development
of new drugs associated with the control of C. albicans and immunomodulatory effects. Propolis
and miswak (Salvadora persica tree), used in toothpaste, dental varnishes, and mouthwash, led to a
significant reduction in the colony-forming units of oral biofilms [106,107].

Antimicrobial peptides have also been widely tested for controlling bacterial biofilms. Shang and
colleagues [108] tested the efficacy of peptides from Rana chensinensis skin secretions in preventing
biofilm formation by cariogenic and periodontic pathogens. Peptide L-K6, a temporin-1CEb
analog, exhibited high antimicrobial activity against tested oral pathogens and was able to inhibit
S. mutans biofilm formation. This peptide significantly reduced cell viability within oral biofilms.
Its anti-inflammatory activity was correlated with L-K6 binding to LPS and dissociating LPS aggregates.
Likewise, cyclic dipeptides (CDPs) are common metabolites widely biosynthesized by cyclodipeptide
synthases or nonribosomal peptide synthetases by both prokaryotic and eukaryotic cells. Examples
of CDPs that inhibit biofilm formation by Streptococcus epidermidis include cyclo-(l-Leucyl-l-Tyrosyl)
isolated from mold Penicillium sp. and cyclo-(l-Leucyl-l-Prolyl) isolated from Bacillus amyoliquefaciens.
The antibiofilm activity of 75 synthetic CDPs was assessed against oral pathogens, allowing for the
identification of five novel CDPs that inhibit biofilm formation and adherence properties. Among
them, five new active compounds were identified as preventing biofilm formation by S. mutans and
C. albicans on the hydroxylapatite surface [109].

Similarly, the application of probiotics and antagonistic microorganisms for oral pathogens
can bring about tangible benefits, namely boosting host immunity and disturbing the pathogen’s
environment via competition for space and nutrients. Krzyściak et al. [35] evaluated the anticariogenic
effects of Lactobacillus salivarius by reducing pathogenic species in biofilm models. This microorganism
has demonstrated the ability to secrete intermediates capable of inhibiting the formation of cariogenic
S. mutans and C. albicans biofilms. In other studies, single and mixed biofilms were inhibited by
probiotic lactobacilli [110,111]. Therefore, they seem to be useful as an adjunctive therapeutic mode
against oral Candida spp. infections. Another study reported that the Candida sorbosivorans SSE-24
strain was used to stimulate erythritol production at a level of 60 g/L. It was detected a significant
inhibitory effect of erythritol on the growth and biofilm formation of S. mutans [112]. Interestingly,
a novel phage (ΦAPCM01) with activity against S. mutans biofilms was recently isolated from human
saliva [113], and the inhibition of S. mutans biofilms was also found by the use of liamocins from
Aureobasidium pullulans [114]. Chemically, liamocins are mannitol oils specific to Streptococcus spp.,
having the potential to act as new inhibitors of oral streptococcal biofilms that should not affect normal
oral microflora.

4. Conclusions and Future Prospects

Oral diseases continue to increase despite the best efforts of the medical and scientific communities.
The most complicated pathologies derive from microbial biofilms (plaque), formed by a consortium of
microorganisms, which are protected by a net of polymers (e.g., EPS, DNA). The biofilm matrix delays
or blocks the antimicrobials’ diffusion, making treatment much more difficult or even unsuccessful.
The oral S. mutans–Candida spp. mixed biofilm has been subject to various studies involving alternative
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therapeutics (e.g., aPDT), new chemical structures (natural and synthetic) with antimicrobial and
antibiofilm activities, and nanotechnology, revealing different but promising antimicrobial properties.
Nonetheless, more and deeper studies involving in vivo and clinical approaches are still needed.
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Abstract: Candidiasis has increased substantially worldwide over recent decades and is a significant
cause of morbidity and mortality, especially among critically ill patients. Diabetes mellitus (DM) is
a metabolic disorder that predisposes individuals to fungal infections, including those related to
Candida sp., due to a immunosuppressive effect on the patient. This review aims to discuss the latest
studies regarding the occurrence of candidiasis on DM patients and the pathophysiology and etiology
associated with these co-morbidities. A comprehensive review of the literature was undertaken.
PubMed, Scopus, Elsevier’s ScienceDirect, and Springer’s SpringerLink databases were searched
using well-defined search terms. Predefined inclusion and exclusion criteria were applied to classify
relevant manuscripts. Results of the review show that DM patients have an increased susceptibility to
Candida sp. infections which aggravates in the cases of uncontrolled hyperglycemia. The conclusion
is that, for these patients, the hospitalization periods have increased and are commonly associated
with the prolonged use of indwelling medical devices, which also increase the costs associated with
disease management.

Keywords: Candida; biofilms; diabetes; medical devices; candidiasis; metabolic disorder;
hyperglycemia; infection

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic and degenerative disorder that is characterized
by chronic hyperglycemia and causes long-term complications like retinopathy, neuropathy, and
nephropathy, generally accelerating macro- and micro-vascular changes. It is becoming one of the
largest emerging threats to public health in the 21st century [1,2]. Several immune alterations have
been described in diabetes with cellular immunity being more compromised and with changes in
polymorphonuclear cells, monocytes, and lymphocytes [3]. DM individuals have higher glucose
serum concentrations than healthy individuals (between 4.0 to 5.4 mmol/L or 72 to 99 mg/dL
when fasting and up to 7.8 mmol/L or 140 mg/dL two hours after eating [4]; hemoglobin
A1c (glycohemoglobin) ≤5.7%). In type 1 DM, the pathogenesis is multifactorial because of
antibody-mediated autoimmunity, environmental toxins exposure, and major histocompatibility
complex (MHC) Class II histocompatibility complex HLA-DR/DQ genetic polymorphisms. These
features create an increased susceptibility to disease onset due to a continuous loss of insulin-producing
β-cells in the pancreas, which is due to the T-cells’ infiltration through mitochondrial-driven
apoptosis [5]. On the other hand, in type 2 DM, there is an insulin resistance that is associated
with changes in the mitochondrial metabolism with reduced mitochondrial density, ATP production,
and mitochondrial RNA (mtRNA) levels, as well as increased markers for oxidative stress. The chronic
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exposure of the circular mtDNA to these effects might trigger significant tissue modifications found in
the pancreas and endothelial cells, leading to secondary vascular disease and causing cardiac, renal,
ophthalmic, and neurological complications [5–7] (Figure 1).

Figure 1. Main diseases related to Candida sp. occurring with higher incidence in patients with diabetes
mellitus type 1 or type 2 (adapted image from GraphicsRF on stock.adobe.com).

In 2017, the worldwide prevalence of adult-onset diabetes (20–79 years) was nearly 425 million,
and the World Health Organization and the International Diabetes Federation predicted that the
number of adults in the world with diabetes will rise near 629 million by the year 2045 [8,9]
(Figure 2). A higher prevalence of DM, cardiac, and pulmonary diseases can be found in senior
patients with candidemia [10–13]. The relationship between diabetes and candidiasis has been widely
studied [13–16], particularly due to the increased susceptibility of diabetic patients to fungal infections
compared to those without DM [14,15,17,18].

Several mechanisms are attributed to higher Candida sp. predisposition among DM patients
depending on the local or systemic infection. Among the recognized host conditions for candidal
colonization and subsequent infection are yeast adhesion to epithelial cell surfaces [19], higher
salivary glucose levels [15,20], reduced salivary flow [21], microvascular degeneration, and impaired
candidacidal activity of neutrophils. These conditions are particularly serious in the presence
of glucose [22,23], secretion of several degradative enzymes [24–26], or even a generalized
immunosuppression state of the patient [8,27–31]. These factors have a major influence on the balance
between host and yeasts, favoring the transition of Candida sp. from commensal to pathogen and
causing infection. In fact, in a very recent study, Gürsoy et al. [32] suggested that there is a higher
presence of intestinal Candida albicans colonization in diabetic patients. In fact, there may be a tendency
of type 1 DM in patients with a high prevalence of intestinal C. albicans. C. albicans is also known to wait
for a change in some aspect of the host physiology that normally suppress growth and invasiveness
through a phenomenon called phenotypic switch system or white-opaque transition, described in 1987.
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Figure 2. The estimated number of people with diabetes worldwide and per region in 2045 between
20–79 years in age, with a total of 629 million (source: International Diabetes Federation) (adapted
image from GraphicsRF on stock.adobe.com).

This involves reversible and heritable switching between alternative cellular phenotypes. It occurs
at sites of infection and recurrently in episodes of infection in certain cases in diabetic patients [33].

Yeasts are part of the normal gut microflora, but cell counts do not normally surpass 10 colony
forming units (CFU)/g feces [34,35]. Nevertheless, it has been described that Candida sp. is more
widespread in the feces of patients with type 1 and type 2 DM with poor glycemic control as opposed
to healthy subjects [36]. The main reasons for this colonization seem to be altered functions of the
immune system in diabetic patients with poor glycemic control or a direct effect of elevated blood
glucose levels, creating specific conditions for intensive fungal colonization [36]. In fact, another
report [37] showed that in patients with type 1 DM, the total gut CFUs significantly rise up to 40% in
C. albicans colonization compared to 14.3% in healthy individuals. This may be related to the decrease
in commensal bacteria-probably the result of yeast-bacterial competition. Also, this higher growth
may disrupt the ecological balance of intestinal flora, which occurs in type 1 DM [37]. Regarding
the gastrointestinal colonization, Kowalewska et al. [38] studied the serum levels of interleukin-12
(IL12) in relation to the percentage of yeast-like fungi colonies residing in the gastrointestinal tract in
children and adolescents with DM type 1. Results showed that high IL12 levels can inhibit infection
with yeast-like fungal colonizing the gastrointestinal tract in children and adolescents with type 1 DM.
However, further studies are needed to confirm the antifungal activity of IL12 [38].

The development of drug resistance among Candida sp. isolates allied to epidemiologic
variations in Candida sp. natural flora has significant implications for morbidity and mortality [39–42].
The extensive use of medications, especially azoles, has promoted the selection of resistant species
by shifting colonization to more naturally resistant Candida sp., such as C. glabrata, C. dubliniensis,
and C. krusei [43–46]. Presently, the world distribution of Candida sp. is a feature of the epidemiology
in the area, but it indicates a predominance of C. albicans, C. glabrata, C. tropicalis, C. parapsilosis,

155



J. Clin. Med. 2019, 8, 76

and C. krusei [45,47]. It has been confirmed that 90% of fungemia cases are attributed to Candida
sp. [39,40], and the mortality has ranged from 40% to 80% in immunocompromised hosts [39,40,48].
Furthermore, a high mortality rate was also detected among non-immunocompromised patients
(60%) [49] and those with diabetes (67%) [41].

The main pathophysiologic and nutritionally relevant sugars in diabetic patients are glucose and
fructose, but other simple carbon sources also play an important part in the growth of Candida sp.
in DM patients. Man et al. [50] evaluated the growth rate of C. albicans in the presence of different
concentrations of glucose and fructose to obtain a better understanding of the nutrient acquisition
strategy and its possible relation to the hyperglycemic status of diabetic patients. The authors
determined that the glucose concentration is directly related to C. albicans growth, which may be
linked to the frequent yeast infections that occur in non-controlled diabetic patients. Interestingly,
fructose showed C. albicans inhibition capacities. This implies fructose-containing food may prevent
the development of candidiasis. This is an important outcome in oral Candida sp. biofilms, especially
for patients who use prosthesis [50]. In fact, other carbon compounds such as sucrose, maltose,
and lactose increase the fungal population density [43,51,52] and decrease the activity of antifungal
agents. A recent report explored the effects of glucose in diabetic mice on the susceptibility of Candida
sp. to antifungal agents [53]. In that work, Mandal et al. [53] revealed that voriconazole (Vcz) has the
greatest reduction in antifungal drug efficacy followed by amphotericin B (AmB). Glucose displayed a
higher affinity to bind to Vcz through hydrogen bonding, decreasing the susceptibility of antifungal
agents during chemotherapy. Additionally, Mandal et al. [53] confirmed that Vcz presented three
important hydrogen bonds and AmB presented two hydrogen bonds that stabilized the glucose.
In vivo results of the same study proposed that the physiologically relevant higher glucose level in
the bloodstream of mice with DM might interact with the available selective agents during antifungal
therapy, decreasing glucose activity by complex formation. Vcz-glucose and AmB-glucose complexes
seem to present less effectiveness as their pure molecule. Accordingly, a proper selection of drugs
for DM patients is important if we are to control infectious diseases [53]. Similarly, Rodaki et al. [54]
studied the impact of glucose on C. albicans transcriptome for the modulation of carbon assimilatory
pathways during pathogenesis. The elevated resistance to oxidative and cationic stresses and resistance
to miconazole uncovered that glucose concentrations in the bloodstream have a significant impact
upon C. albicans gene regulation. No significant susceptibility level was perceived for anidulafungin,
while Vcz and AmB became less effective [54]. In another study, Rodrigues et al. [52] demonstrated
that C. glabrata decreases its susceptibility to fluconazole when cultured in a medium enriched with
glucose [52].

Accordingly, the aim of this review is to analyze the literature related to the occurrence of
candidiasis in diabetic patients by discussing specific features of Candida sp. that relate directly to
the occurrence of candidiasis in DM patients and related diseases, as well as by reviewing recent and
relevant studies on the topic.

2. Particular Features of Candida sp. that Increase the Incidence of Candidiasis in Diabetic Patients

2.1. Enzymatic Activity

Several studies have established an association between hydrolytic enzymes activity and an
increase in the pathogenic ability of Candida sp. [55,56].

It has been demonstrated that, due to higher blood glucose concentration, diabetic Candida sp.
isolates present significantly higher hemolytic and esterase enzymatic activity, which may contribute
to increased enzyme activity among diabetic patients [57–60]. The same authors also hypothesized
that these species are more pathogenic under abnormal conditions such as DM [61,62]. Secreted
aspartyl proteinases (SAP) capable of degrading numerous substrates that constitute host proteins
in the oral cavity have also been studied. These enzymes are thought to help Candida sp. to acquire
essential nitrogen for growth, to attach to and penetrate oral mucosa, or both [63,64]. They can also
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cause amplified vascular permeability, leading to inflammatory reactions [65] and clinical symptoms,
which may disturb the humoral host defense [66]. Similarly, phospholipase (PL) targets the membrane
phospholipids and digests these components, initiating cell lysis and facilitating the penetration of the
infecting fungi [67]. This enzyme induces the accumulation of inflammatory cells and plasma proteins,
releasing several inflammatory mediators in vivo [67].

Very recently, it was revealed that C. albicans hyphae induce both epithelial damage and innate
immunity through the secretion of a cytolytic peptide toxin called candidalysin [68,69]. This enzyme
is encoded by the hypha-associated ECE1 gene and is the first peptide toxin to be identified in
any human fungal pathogen. Candidalysin induces calcium ion influx and lactate dehydrogenase
(LDH) release in oral epithelial cells, which are features of cell damage and membrane destabilization.
Importantly, the study also reported that C. albicans mutants where the entire ECE1 gene or the
candidalysin-encoding region had been deleted have full invasive potential in vitro but are incapable
of inducing tissue damage or cytokine release and are highly weakened in a mouse model of
oropharyngeal candidiasis and a zebrafish swim bladder mucosal model [68].

2.2. Biofilm Formation

Biofilms are communities of microorganisms embedded in an extracellular matrix [70,71], which
confer substantial resistance to antifungal therapy and increased host immune responses [72,73].
These communities can be formed in both biotic (e.g., mouth mucosae) or abiotic (e.g., catheters)
surfaces [74,75]. In fact, candidemia are the most prevalent invasive mycoses worldwide with
mortality rates close to 40% [76]. Candida sp. are often recognized as the origin of candidemia,
urinary tract infections, and hospital pneumonia. In practically all of these cases, the infections are
related with the use of a medical device and biofilm formation on its surface [20]. The most frequently
colonized medical device is the central venous catheter used for administration of fluids, nutrients,
and medicines [77]. The contamination of the catheter or the infusion fluid can arise from the skin of
the patient, the hands of health professionals [77], or by migration into the catheter from a pre-existing
lesion. Less commonly, if Candida sp. that colonize the gastrointestinal tract as a commensal start to
develop a pathogenic behavior, they are able to infiltrate the intestinal mucosa and diffuse through the
bloodstream. Consequently, circulating yeast may colonize the catheter endogenously. This is more
common in cancer patients, as chemotherapy leads to damage to the intestinal mucosa [78]. In the
other patients, infected catheters are the most significant source of bloodstream infections, followed by
widespread invasive candidiasis. The catheter removal is recommended in patients with disseminated
Candida sp. infection to enable disinfection of the blood and to increase prognosis [79,80].

Biofilm development of Candida sp. (Figure 3) can be explained in four chronological steps:
adherence-initial phase in which the yeast in suspension and planktonic cells adhere to the surface
(first 1–3 h); intermediate phase-development of biofilm (11–14 h); maturation phase-the polymeric
matrix (PEM) completely penetrates all layers of the cells adhered to the surface in a three-dimensional
structure (20–48 h); dispersion-the most superficial cells leave the biofilm and colonize areas
surrounding the surface (after 24 h) [81]. Hence, a mature biofilm comprises of a dense network
of cells in the form of yeasts, hyphae, or pseudohyphae (or not, depending on the Candida sp.) involved
by PEM and with water channels between the cells. These help in the diffusion of nutrients from the
environment through the biomass to the lower layers and also allow the removal of waste [81,82].
Formed using in vivo models, Candida sp. biofilms seem to follow the same sequence of in vitro
formation [83]. Nonetheless, the maturation step happens more quickly, and the thickness is increased.
The final architecture of the biofilm is variable and depends, in part, on the Candida sp. involved,
the growing conditions, and the substrate on which it is formed [81,84].

High levels of glucose are thought to serve as the carbohydrate energy source necessitated by
Candida sp. for the biofilm formation and are probably required to produce the polysaccharide
matrix [85], which is secreted by sessile cells, providing protection against environmental
challenges [86]. Biofilm formation has been shown to be dependent on the Candida sp. and its
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clinical origin. Biofilms are refractory to antifungal drugs and more difficult to treat than infections
with planktonic cells [44]. Moreover, it has been verified that Candida sp. isolated from patients with
DM have a higher pathogenic potential for biofilm-forming [87]. The communities are extremely
common on medical devices.

Figure 3. Development of a Candida sp. biofilm in a surface.

2.3. Hydrophobicity

In Candida sp., the adhesion phenomenon is mediated by agglutinin-like (Als) sequence
proteins [88], which are glycosylphosphatidylinositol (GPI)-linked to β-1-6 glucans in the fungal
cell wall. Als-dependent cellular adhesion is connected with increases in cell surface hydrophobicity
(CSH) [89]. The CSH of Candida sp. enhances virulence by promoting adhesion to host tissues [89,90].
C. albicans Als3p (hypha-associated) is a major epithelial adhesin that is strongly upregulated during
epithelial infection in vitro [90], and the disruption of the ALS3 gene reduces epithelial adhesion
in vitro. Likewise, decreasing the expression of the ALS2 gene also reduces adhesion [91,92]. On the
other side, deletion of the ALS5, ALS6, or ALS7 genes increased adhesion [93], demonstrating that the
Als proteins can have opposing roles in fungal attachment to surfaces. Putative homologues of Als
proteins have also been identified in NCAC [94]. In C. glabrata, for example, epithelial adhesins (Epa)
have a comparable structure to the Als proteins [95,96].

Together with adhesion ability, hydrophobicity is a virulent factor that is gene-regulated and
usually positively correlated with biofilm metabolic activity [97,98] since hydrophobic interactions
seem to be crucial in promoting tissue invasion by the mycelial phase of Candida sp. It is presumed
that Candida sp. can grow under anaerobic conditions, although in these conditions fermentation
is the dominant pathway for ATP production [99]. The results of Sardi et al. [100] indicated that
51.97% of diabetic patients’ isolates were highly hydrophobic under anaerobic conditions when
compared to 21.90% under the aerobic atmosphere [100]. It is recognized that the germ tubes are
able to adhere to fibronectin, fibrinogen, and complement via cell surface receptors [101], helping
the attachment of filament yeasts to extracellular matrix components (ECM) [102] and producing
impairment of phagocytosis, consequently increasing the resistance to blood clearance and the
virulence of Candida sp. [103].

3. Candidiasis and DM

3.1. Oral Diseases

3.1.1. Oral Candidiasis

The prevalence of oral candidiasis is increasing, as it is one of the most common fungal
infections [104]. Oral candidiasis can be diagnosed by the differential patterns of mucosal changes
like erythematous, pseudomembranous, and curd-like plaques (biofilms) [105,106]. Higher Candida sp.
colonization rates were reported in patients with DM type 1 when compared to DM type 2 patients
(84% vs. 68%, respectively), while the percentage in nondiabetic subjects was around 27% [18].
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The studies also describe how this colonization does not always lead to infection. Nonetheless, it is a
prelude to infection when host immunity is compromised and the risk of a disseminated infection is
high [107]. Such infections continue to be a major healthcare challenge [108].

The risk factors for oral candidal infection are complex, but it is known that tongue lesions,
tobacco smoking, denture wearing, and immunosuppression (e.g., diabetes mellitus) clearly influence
oral Candida sp. carriage and the upsurge of oral candidiasis [30,109–114]. The causes influencing the
higher incidence of oral candidiasis in diabetic patients are presented in Table 1.

Higher expressions in enzymatic activity and the biofilm forming capacity of Candida sp. are two
of the most important features in oral candidiasis. In a study by Sanitá et al. [115], the virulence of 148
clinical isolates of C. albicans from oral candidiasis was characterized by measuring the expression of
PL and SAP in healthy subjects (HS), diabetics with oral candidiasis (DOC), and non-diabetics with
oral candidiasis (NDOC). For PL, C. albicans from NDOC and DOC had the highest enzymatic activity
(76.6%); for SAP, C. albicans from NDOC exhibited lower enzymatic activity (48.9%). Similar results
have been reported in the past [59,87], with percentages greater than 90% for both PL and SAP activity
among clinical isolates of C. albicans [26,116,117] found. Arlsan and colleagues found 12 different
genotypes and compared the virulence factors of several Candida sp. isolated from the oral cavities
of 142 healthy and diabetic individuals, with and without caries. Although the most isolated species
was also C. albicans, there were statistical differences in terms of isolated Candida frequency between
healthy subjects and diabetic patients. DM showed no effect on the activities of virulence factors
(biofilm production, proteinase, and phospholipase activity) of Candida sp. Yet, different genotypes
of C. albicans exhibited different virulence activities [118]. Other authors showed that the activity of
SAPs suggestively rises in denture wearers with signs of candidiasis compared to denture wearers
with a normal palatal mucosa [119]. The inconsistency of results of these reports can be explained by
the large variation of intra-and interspecies of Candida and deviations in the methodology in most
reports [24,26,59,87,116,117,119–123]. A longitudinal study by Sanchés-Vargas et al. [124] quantified
biofilms in oral clinical isolates of Candida sp. from adults with local and systemic predisposing factors
for candidiasis. Between the isolates, authors found C. albicans, C. tropicalis, C. glabrata, C. krusei,
C. lusitaniae, C. kefyr, C. guilliermondii, and C. pulcherrima from the oral mucosa of totally and partially
edentulous patients (62.3%) and the oral mucosa of diabetics (37.7%). On average, the oral isolates of
C. glabrata were considered strong biofilm producers, whereas C. albicans (the most common species)
and C. tropicalis were moderate producers. This might be because C. glabrata has been shown to have
a higher aggressiveness, producing a great quantity of biofilm matrices yet also increasing chitin
concentrations in the cell walls [125–127].

Additional important features are the oral pH and the glycemic control. A study performed
by Samaranayake et al. [128] demonstrated that pyruvates and acetates are the major ionic species,
generating a quick decrease in pH with Candida sp., as found in batch cultures of mixed saliva
supplemented with glucose [128].

Other authors indicated that yeasts have a superior ability to adhere to epithelia and denture
acrylic surfaces at a low pH of approximately 2–4.14 [31,129]. Balan and colleagues stated that during
hyperglycemic episodes, the environmental alteration in the oral cavity increased salivary glucose
and acid production, which favored the transition of Candida sp. from commensal to pathogen [31].
In another report, while comparing diabetics and non-diabetics, Pallavan et al. [130] verified that
70% of the healthy individuals had lower colonization and 43.3% of the diabetic patients had severe
colonization by Candida sp., which was also observed in other studies [14,18,21,131]. Prediabetes is
a condition where there is an elevation of plasma glucose above the normal range but below that
of clinical diabetes [132]. Javed and their colleagues isolated oral Candida sp. from 100% of patients
with prediabetes and from 65.7% of the controls, observing that the carriage of C. albicans was greater
among patients with prediabetes (48.7%) than with controls (25.7%) [133]. They also observed that the
colonization with Candida sp. reduced the salivary flow rate and was independent of glycemic status
in patients with prediabetes [132].

159



J. Clin. Med. 2019, 8, 76

In fact, while some studies found a direct significant association between glycosylated hemoglobin
and oral Candida colonization [134,135], other authors found no relationship between glycosylated
hemoglobin and high Candida-burden in patients with DM [14,18,136,137]. Furthermore, studies
indicate that the concentration of glucose present in the gingival crevicular fluid is related to the
blood glucose level [138]. The quality of glycemic control can also partially explain the presence of a
significant relationship between subgingival plaque candidal colonization and higher concentrations
of glucose [138].

Although most of the scientific community believes that diabetes is a risk factor associated with
oral yeast infections, in a recent paper, Costa and colleagues [139] reported that the presence of yeasts in
the oral cavity of patients with type 1 DM (60% of total) was not affected by diabetes, metabolic control,
duration of the disease, salivary flow rate, or saliva buffer capacity by age, sex, place of residence,
number of daily meals, consumption of sweets, or frequency of tooth brushing. Candida albicans was the
most prevalent yeast species, but a higher number of yeast species was isolated in nondiabetics [139].
The fact that this study was developed exclusively in children may be related to this conclusion.

Table 1. Physiopathology and etiology related to the occurrence of oral candidiasis in diabetics.

Physiopathology Reference (s)

Uncontrolled
hyperglycemia
(high HbA1c)

and
high glucose levels

in saliva

-Uncontrolled hyperglycemia may cause intensification in
salivary glucose levels because in diabetics the basement
membrane of the parotid salivary gland is more permeable
-High glucose levels allow Candida sp. to multiply, even in the
presence of normal bacterial flora
-During hyperglycemic episodes, the chemically reversible
glycosylation products with proteins in tissues and the
accumulation of glycosylation products on buccal epithelial cells
may sequentially increase the number of available receptors for
Candida sp.
-Glucose suppression of the killing capacity of neutrophils,
emphasizing colonization (immunosuppression)
-Glucose, maltose, and sucrose boost the adhesion of Candida to
buccal epithelial cells

[15,29,31,52,134,140–147]

Lower salivary pH

-The growth of Candida in saliva is accompanied by a rapid
decline in pH, which favors their growth and triggers the
extracellular phospholipase (PL) and acid proteases,
increasing the yeast adhesion to oral mucosal surfaces

[31,128,148]

Tissue response to injury
is diminished

-Diabetes mellitus (DM) is known to diminish the host
resistance and modify the tissue response to injury. This can
result in severe colonization, even in the absence of any
clinically evident oral candidiasis and possibly with further
dissemination via the blood.

[130,149]

Oral epithelium
-It is most probable that the host oral epithelium of patients with
diabetes favors the adhesion of colonization and
subsequent infection.

[150,151]

Poor oral hygiene

The lack of control of the oral environment, especially
concerning the prevention of dental caries (coronary, root, and
periodontal), leads to a higher rate of oral candidiasis, especially
in DM older patients

[152–154]

Aging Diabetic women, orally colonized with Candida sp. have higher
oral glucose levels than diabetics without oral Candida sp. [134]Gender

Prostheses Inadequate use of prostheses, together with inadequate
hygienization, favours the growth of Candida sp. [155–157]

Drugs Xerostomia (abnomal lack if saliva): Candida sp. stagnation and
growth on oral tissues [30,109–111,136,158,159]
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3.1.2. Antifungal Treatment of Oral Candidiasis

Importantly, several reports have stated the importance of the evaluation of the susceptibility
of the oral isolates to the antifungal drugs in order to choose proper therapy in diabetic patients to
control the fungal diseases. Aitken-Saavedra et al. [160] revealed that 66% of the yeasts isolated in
diabetic patients were C. albicans, followed by C. glabrata (20.7%). In patients with decompensated type
2 DM, higher levels of salivary acidification and a greater diversity and quantity of yeasts of the genus
Candida were observed. When nystatin was administered in these patients, higher inhibition was
observed at a lower pH [160]. The study presented by Lydia Rajakumari and Saravana Kumari [161]
showed a lower glycemic control leads to a higher candidal colonization in diabetic patients. The
predominant species was C. albicans, but among denture wearers, C. glabrata was predominant. More
importantly, ketoconazole, fluconazole, and itraconazole were effective against the isolated Candida
sp. [161].

Similarly, Premkumar et al. [162] stated that, although C. albicans was the most predominantly
isolated species, C. dubliniensis, C. tropicalis, and C. parapsilosis were also observed. The authors
showed variable resistance toward amphotericin B, and fluconazole was observed in clinical isolates
from diabetics but not from healthy patients. Again, a positive correlation was observed between
glycemic control and candidal colonization [162]. In 2011, Bremenkamp et al. [163] found no significant
differences in antifungal susceptibility to the tested agents between Candida sp. isolates from diabetic
and non-diabetic subjects, which was consistent with the study by Manfredi et al. [164]. Furthermore,
a high prevalence of C. dubliniensis in diabetic patients was found, which may suggest a potential
misdiagnosis of its morphologically-related species, C. albicans. Other authors found the same
two species in DM patients [1,16,57,135]. In yet another study, Sanitá and their colleagues [165]
investigated the susceptibility of 198 oral clinical isolates of Candida sp. against caspofungin,
amphotericin B, itraconazole, and fluconazole. Their findings confirmed the resistant profile of
C. glabrata isolates against azole antifungals—especially itraconazole—in individuals with diabetes and
denture stomatitis. The clinical sources of the isolates were shown to have no effect on the mininum
inhibitory concentration (MIC) values obtained for all antifungals tested, which was in accordance
with previous reports [26,119]. Additionally, Candida sp. isolates with higher rates of resistance to
flucytosine, ketoconazole, miconazole, and econazole were confirmed in patients with diabetes when
compared to healthy controls [163,166]. The increase in the environment glucose concentration may
trigger the expression of several genes responsible for several carbohydrate cell wall and biofilm
matrices components, consequently leading to resistant strains. This has been demonstrated before in
gene and drug studies [126]. The variability in the susceptibility results may be related to the different
antifungal drugs tested in those works.

Using a different approach, Mantri et al. [149] evaluated Candida sp. colonization in dentures
with a silicone soft liner in diabetic and non-diabetic patients, assessing the antifungal efficacy of
chlorhexidine gluconate [149]. The results showed normal oral flora in diabetics and non-diabetics
and no difference between groups. They also showed a significant reduction of the colonization
after cleaning the dentures with 4% chlorhexidine gluconate. This suggests that this drug has a good
antiseptic effect on Candida sp. by killing it and preventing new adhesion. In 2015, Indira et al. [167]
conducted a study that compared the common opportunistic infections (OIs) between 37 people living
with HIV with DM (PLHIV-DM) and 37 people living with HIV without DM (PLHIV). Both of the
groups were treated with anti-retroviral therapy (ART) [167]. The most common Ois included oral
candidiasis (49% of PLHIV-DM and 35% of PLHIV) and C. krusei was the most common Candida sp.
isolated (50%). No significant difference in the profile of Ois was found between PLHIV with and
without DM.
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3.1.3. Periodontal Diseases

Periodontal diseases of fungal origin are relatively unusual in healthy individuals but arise more
often in immunocompromised people or in cases when normal oral flora has been distressed (e.g.,
the use of broad-spectrum antibiotics) [168,169]. Diabetes is a stated risk factor for periodontitis,
which is the sixth-leading complication of diabetes [170,171]. Alterations in host response, collagen
metabolism, vascularity, gingival crevicular fluid, heredity patterns, and immunosuppressive
treatment (drugs, dosage, and treatment duration) are known factors that promote periodontitis in
diabetes [172,173]. The etiology and pathogenesis of periodontitis is still imprecise, but it is recognized
that Candida sp. is part of the oral and subgingival microbiota of individuals who suffer from severe
periodontal inflammation [174]. The virulence factors of Candida sp. simplify the colonization and
the proliferation in the periodontal pockets by co-aggregating with bacteria in dental biofilms and
adhering to epithelial cells [30], which are essential in the microbial colonization, thereby contributing
to the evolution of oral diseases [175,176]. As much as 20% of patients with chronic periodontitis
have been shown to have periodontal pockets that are colonized by several species of Candida sp.,
predominantly C. albicans [177,178], but C. dubliniensis [174], C. glabrata, and C. tropicalis have been
reported too [176,179]. Furthermore, C. albicans strains isolated from subgingival sites of diabetic
and periodontal patients showed high PL in cases of chronic periodontitis. Environmental oxygen
concentration demonstrated influence on the virulence factors [100,180,181]. Sardi et al. [100], in a study
using PCR experiments, demonstrated that the quantities of several Candida sp. were higher in diabetic
patients with a chronic periodontal disease than in patients without diabetes. C. albicans, C. dubliniensis,
C. tropicalis, and C. glabrata were detected in 57%, 75%, 16%, and 5% of the periodontal pockets,
respectively. In non-diabetic patients, C. albicans and C. dubliniensis were present in 20% and 14%,
respectively. Periodontal inflammation has been described to be worse in prediabetics when compared
to healthy controls [182–185], assuming that the oxidative stress induced by chronic hyperglycemia
with a reduced unstimulated whole salivary flow rate (UWSFR) in these patients may contribute to
deteriorating periodontal status [133]. Thus, it has been suggested that glycemic control enhances
healing and reduces periodontal inflammation in patients with DM and prediabetes [134,182,185–191].
As a result, some authors believe that it may reduce oral Candida sp. carriage in patients with
prediabetes [133]. The HbA1c concentration is an important diagnostic tool for monitoring long-term
glycemic control [192]. Also, in these cases, higher Candida sp. infection levels have also been associated
with low diabetic control (HbA1c > 9), occurring less frequently in subjects with well-controlled blood
sugar levels (HbA1c < 6).

3.1.4. Denture Prosthetics and Candidiasis

Since the oral cavity is highly populated with several polymicrobial communities, each one
occupies very precise niches that diverge in both anatomical location and as well as nutrient
availability [193]. A consequence of strong commensal bacteria/yeast colonization is the inhibition of
pathogenic microorganism colonization through resistance. The vital function of commensal yeast
and bacteria and the harmful effects of commensal depletion through the use of broad spectrum
antibiotics [194,195] are well recognized. Recent studies disclosed that commensal microorganisms not
only protect the host by niche occupation, but also interact with host tissue, promoting the development
of proper tissue structure and function [196,197].

Dentures represent a protective reservoir for oral microorganisms, mostly in biofilm form, favoring
yeast proliferation, improving their infective potential, and protecting fungal cells against several
medications [198–202]. Elderly edentulous denture wearers, patients with debilitating diseases, and
users of acrylic prosthetics have a significant risk of virulent oral yeast infections [124]. Furthermore,
elderly patients with diabetes have a 4.4 times higher estimated risk of developing oral candidiasis
when compared with individuals without this disease. No statistically significant relation was
determined between xerostomia, the use of prosthesis, and oral candidiasis [154], as suggested by some
studies [203,204]. Sanitá et al. [199] studied the prevalence of Candida sp. in diabetics and non-diabetics
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with and without denture stomatitis (DS) and found that C. albicans was the predominant species
isolated in the three groups (81.9%). They also detected C. tropicalis (15.71%) and C. glabrata (15.24%),
as found in previous studies [10,14,15,21,24,57,136,144,173,205–210]. Interestingly, and contrary to
other reports, the authors did not detect C. dubliniensis among any Candida sp. isolates. Even though
these results confirm previous findings [10,14,16,21,24,26,136,144,173,207,209,210], this species has
been isolated in both diabetic [12,57,206] and non-diabetic [208] patients. This discrepancy among
studies may be related to problems with identification techniques, since C. dubliniensis and C. albicans
have similar phenotypic characteristics. The same authors also found that the prevalence of C. tropicalis
significantly increased, showing the highest degree of inflammation in DS, as observed in previous
studies [12,16,24,136,144,173,208–210].

3.1.5. Co-Occurrence of Dental Plaque, Periodontitis, and Gingivitis

The existence of numerous different oral diseases in a single patient is frequent in diabetics.
Hammad et al. [29] studied the relationship between the tongue and subgingival plaque Candida sp.
colonization, as well as its relationship with the quality of glycemic control in type 2 diabetics with
periodontitis. The results showed that Candida sp. colonized 59% and 48.7% of the patients’ tongues
and subgingival plaque, respectively. In this cross-sectional study, the authors concluded that poorly
controlled type 2 diabetics and female patients with periodontitis showed a higher prevalence of
subgingival plaque Candida sp. colonization than men, regardless of oral hygiene, tobacco smoking,
age, or duration of DM [29]. The authors could not correlate oral candidal colonization and the amount
of dental plaque, a patient’s gingival status, or oral hygiene, as in other studies [211], but noticed
Candida sp. present in the dental plaque in the form of biofilm. Remarkably, and compared with
the control group, they found that C. albicans cells isolated from the subgingival plaque of patients
with periodontitis adhered more to epithelial cells [212], suggesting that the oxygen concentration in
the periodontal pockets affects the virulence of C. albicans [213]. A study that evaluated the effect of
Candida sp. and general disease- or treatment-related factors on plaque-related gingivitis severity in
children and adolescents with Nephrotic syndrome (NS, a clinical condition with a proteinuria level
exceeding the body’s compensating abilities) and diabetes concluded that poor hygiene control was the
main cause of gingivitis. Olczak-Kowalczyk and colleagues [172] showed in their work that Candida sp.
often occurred in healthy patients, but oral candidiasis was found only in the NS and diabetes groups
(9.37% and 11.43%). Their work also showed that gingivitis occurred more frequently in patients
with NS/diabetes. Moreover, gingivitis severity was most likely correlated to age, lipid disorders,
and an increase in body mass and Candida sp. In uncompensated diabetes and in those patients using
immunosuppressive treatment, it was assumed that NS would increase the plaque-related gingivitis.

3.1.6. Esophagitis and Oropharyngeal Candidiasis

Candida sp. esophagitis and oropharyngeal are also oral complications found to moderately affect
DM patients. Recently, Takahashi et al. [214] determined long-term trends in Candida sp. esophagitis
(CE) prevalence and associated risk factors for patients with or without HIV infections. A risk
analysis revealed that, among other factors, DM is associated with CE. Also, Mojazi and their
colleagues [215] identified risk factors for oropharyngeal Candida sp. colonization in critically ill
patients, with the results confirming DM as a risk factor [215]. Likewise, Owotade and colleagues [216]
investigated the role of anti-retroviral (ARV) therapy and other factors related to oral candidiasis.
Results demonstrated that 59.4% of the individuals were colonized by yeasts. C. albicans was the most
common species (71%) and C. dubliniensis was the most frequent non-Candida albicans Candida species
(NCAC). The probabilities of colonization were five times greater in patients with diabetes [216],
confirming previous findings [16].

Oral and esophageal candidiasis sometimes leads to mucosal hyperplasia and progresses to
carcinoma. There are many reports of the antibacterial effects of probiotics, but consensus about their
antifungal effect has not been reached. In order to find alternative therapies, Terayama et al. [217]
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investigated whether probiotic (yogurt) containing Lactobacillus gasseri OLL2716 (LG21 yogurt) could
prevent proliferative and inflammatory changes caused by C. albicans in a mucosal candidiasis
animal model. Diabetes was induced in eight-week-old WBN/Kob rats by the intravenous
administration of alloxan. The results suggested that probiotic (yogurt) containing L. gasseri OLL2716
can suppress squamous hyperplastic change and inflammation associated with C. albicans infection in
the forestomach [217].

3.2. Vulvovaginal Candidiasis

The exact association between DM and vulvovaginal candidiasis (VVC) remains to be clarified,
but some investigations propose that the general reduced immune response associated with DM is the
main cause of recurrent VVC [218–221]. Additionally, diabetes type, severity, and degree of glucose
control are probable risk factors associated with VVC prevalence, and it is acknowledged that the
metabolic disorders that predispose to clinical vaginitis can be reduced by performing an appropriate
diabetic control [222,223]. C. albicans is the most common species isolated, followed by C. glabrata
in patients both with and without diabetes [219,224,225]. Studies have been reporting an increased
frequency of infection by NCAC over time [226,227], especially C. glabrata, which is more recurrently
associated with VVC in African and Asian countries [228–231]. Table 2 summarizes the metabolic
disorders that can predispose one to VVC and those that can be decreased with proper diabetic control.

Several studies explored the association between VVC and DM. Gunther et al. [232] investigated
the frequency of total isolation of vaginal Candida sp. and its different clinical profiles in women
with type 2 DM compared to non-diabetic women in Brazil [232]. Vaginal yeast isolation occurred
in 18.8% in the diabetic group and in 11.8% of women in the control group. The diabetic group was
shown to be more symptomatic (VVC + recurrent VVC (RVVC) = 66.66%) than colonized women
(33.33%), and indicated more colonization, VVC, and RVVC than the controls. Sherry et al. [233]
studied the epidemiology of VVC in a cohort in order to find the causative organisms associated with
VVC. The authors noticed a shifting prevalence of Candida sp. with C. albicans as the most common
yeast but an increase of NCAC. A heterogeneous biofilm-forming capacity associated with lower
antifungal drug sensitivity was also reported.

On the contrary, Ray et al. [234] stated that out of 11 diabetic patients, C. glabrata was isolated in
61.3% and C. albicans in 28.8% of VVC cases [234]. Other studies have shown similar results in diabetic
women [221,235,236]. Results showed a persistent vaginal colonization with C. glabrata in estrogenized
streptozotocin-induced type 1 diabetic mice, and vaginal polymorphonuclear (PMN) infiltration
(constantly low) was found in a murine model study by Nash and colleagues [237]. Contrary to what
happens in women and in other in vivo studies, in this case, curiously, biofilm formation was not
detected, and co-infection of C. glabrata with C. albicans did not induce synergistic immunopathogenic
effects [237].

Table 2. Physiopathology and etiology related to the occurrence of vulvovaginitis in diabetics.

Condition Physiopathology Reference (s)

Uncontrolled
hyperglycemia
(high HbA1c)

and
high glucose levels
in vaginal mucosae

- The increased serum glucose level is thought to lead to
impaired monocyte, granulocyte, and neutrophil adherence, as
well as reduced chemotaxis, phagocytosis, and pathogen killing
- Diabetics secretions contain glucose, which can be used as a
nutrient by yeasts
- pH, nutritional substance, temperature, and adherence capacity
in the vulvovaginal tissue may induce Candida sp. virulence.
The vaginal epithelial cell receptor of fucose supports the
adhesion of Candida sp. to vaginal epithelial cells
-The rise in vaginal glucose and secretions and activities of
hydrolytic enzymes [e.g., secreted aspartyl proteinases (SAPs),
PL] increases the pathogenicity of Candida sp.
-Increased levels of glycogen increase colonization and infection
by Candida sp. by lowering the vaginal pH, facilitating the
development of vulvovaginal candidiasis (VVC)

[55,56,59,219,222,224,225,231,238–253]
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Table 2. Cont.

Condition Physiopathology Reference (s)

Pregnancy

-The increased circulation of estrogen levels and the deposition
of glycogen and other substrates in the vagina leads to a 10–50%
higher incidence of vaginal colonization by Candida sp.
-Variability of constitutive defensins (e.g., lactoferrins, peptides)
and lysozyme, leading to a poor innate immune response
-Hyperglycemia can rise the anaerobic glycolysis in vaginal
epithelial cells, increasing lactic acid and acetone production,
decreasing the vaginal pH, thus enabling fungal colonization
and proliferation

[241,254–260]

Diabetes type - The incidence of VVC related to the type 1 DM or type 2 DM
and is variable among studies [218,221–223]

Aging - The older one is, the higher VVC prevalence is [222,223]

In a different study, Nyirjesy and colleagues evaluated the effects of sodium glucose co-transporter
2 inhibitors (e.g., canagliflozin, dapagliflozin, sitagliptin) used for the treatment of type 2 DM. These
drugs improve glycemic control by increasing urinary glucose excretion and are related to increased
vaginal colonization with Candida sp. and in VVC adverse events in women with type 2 DM [252].
Of the nine subjects with VVC with a positive vaginal culture at the time of the adverse event,
six cultures were positive for C. albicans, only one was positive for C. glabrata, and one was positive
for C. tropicalis. These findings confirm previous suggestions that C. glabrata is less pathogenic than
C. albicans and more often associated with asymptomatic colonization in VVC [261]. The investigation
theorized that urinary glucose excretion and the subsequent deposition of urine on the vulvovaginal
tissues with voiding are more significant factors in increasing the risk of VVC in diabetic women
than overall glycemic control. In this study, women showed improved glycemic control due to the
administration of canagliflozin [262,263] with a higher prevalence of Candida sp. colonization and
symptomatic infection, which was also detected with dapaglifozin [264]. Also related to SGLT2
inhibitors, the prevalence and risk of VVC before SGLT2 inhibitors was carefully evaluated in
real-world practice by Yokoyama and colleagues [265]. They reported that before starting SGLT2
inhibitors, 14.9% of the participants had positive vaginal Candida sp. colonization. Younger age
and the presence of microangiopathy were significantly associated with the colonization. Moreover,
of the 65 participants who were negative for Candida sp., 24 participants (36.9%) converted to a
positive culture, and 18 participants (15.8%) developed symptomatic vaginitis. The authors concluded
that the rates of developing positive colonization and symptomatic vaginitis after starting SGLT2
inhibitors appear to be higher in real-world practice than the rates of 31% and 5–10% in clinical trials,
respectively. Risk factors of vaginal Candida colonization might be different before and after taking
SGLT2 inhibitors [265].

The colonization of the vagina in prepubertal girls with Candida sp. is rare, as the low
estrogen levels during childhood result in a rich anaerobic vaginal flora which inhibits Candida
sp. Growth [266,267]. In a recent report, Atabek et al. [219] isolated Candida sp. in 39% of children
with type 1 DM between 8–16 years in age. The subjects who had Candida sp. colonization and
candidiasis were considered all acute. C. albicans was found in 50% of all cases, followed by C. glabrata
(36.6%), C. krusei (3.3%), and C. dubliniensis (3.3%). Patients with VVC had a greater mean HbA1c when
compared to those without such infections, and the authors thus suggested that patients with DM
should undergo periodic screening for genital candidiasis [219]. Similarly, Sonck et al. [268] studied
the anogenital yeast flora of 166 diabetic girls of less than 15 years of age with vulvitis, revealing that
55% were colonized, mostly by C. albicans.

Numerous studies have described the higher prevalence of asymptomatic vaginal colonization
and symptomatic infection with Candida sp. in diabetic women, and some studies suggest pregnancy
as an additional risk factor [254–256], although results are inconsistent [28,226].

Several studies have also shown that pregnancy and uncontrolled diabetes increase the infection
risk. It is likely that reproductive hormone fluctuations during pregnancy and elevated glucose levels
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characteristic of diabetes provide the carbon needed for Candida overgrowth and infection. However,
Sopian IL et al. [269] showed no relationship between diabetes and the occurrence of vaginal yeast
infection in pregnant women, showing that there was no significant association between infection and
age group, race, or education level [269]. In another report, Zheng et al. [254] studied the diversity
of the vaginal fungal flora in healthy non-pregnant women, healthy pregnant women, women with
gestational DM, and pregnant women with DM type 1 through an 18S rRNA gene clone library
method [254]. Results showed that the most predominant vaginal fungal species belonged to the
Candida and Saccharomyces genera. In a study of 251 women, Nowakowska et al. [270] demonstrated
that the probability of vaginal mycosis was 4-fold greater in type 1 DM patients and nearly 2-fold
greater in those with gestational DM when compared to healthy pregnant women. The report also
highlighted the predominant role of poor glycemic control in the increased prevalence of vaginal
candidiasis in pregnant women with type 1 DM [270]. In 2011, Masri et al. [271] determined the
prevalence of Candida sp. in vaginal swabs of pregnant women from Serdang Hospital, Selangor,
Malaysia, and their antifungal susceptibility. Results showed that 17.2% of the specimens were Candida
sp., with C. albicans being the most common species detected (83.5%), followed by C. glabrata (16%)
and C. famata (0.05%). All C. albicans and C. famata isolates were susceptible to fluconazole, whereas
C. glabrata isolates had a dose-dependent susceptibility. The authors concluded that the first trimester,
the second trimester, and DM were significant risk factors in patients for the vaginal candidiasis
(p < 0.001). However, other studies noted that DM or impaired glucose tolerance during pregnancy
was not connected with vaginal candidiasis [256]. Bassyouni et al. [242] explored the prevalence of
VVC in diabetic women versus non-diabetic women and compared the ability of identified Candida sp.
isolates to secrete PL and SAPs with the characterization of their genetic profile. The study involved
80 females with type 2 DM and 100 non-diabetics within the child-bearing period. Results revealed
that VVC was significantly higher among the diabetic group (50%) versus the non-diabetic group
(20%), and C. albicans was the predominant species in both groups (75% in non-diabetics and 50%
in diabetics), followed by C. glabrata (20% in non-diabetics and 42.5% in diabetics). They also found
that Candida sp. isolated from diabetics secreted higher quantities of proteinase than non-diabetics
(87.7% and 65%, respectively), especially for C. albicans and C. glabrata, but non-significant associations
between any of the tested proteinase or PL genes and DM were detected. These results were—by
some means—in agreement with the ones from other reports [243,244] that also detected C. parapsilosis
and C. tropicalis in a group of diabetic women. Kumari et al. [248] detected poor PL production in the
isolated Candida sp. (causing vulvovaginitis), of which 81.25% were C. parapsilosis, 30.43% C. albicans,
and 18.75% C. glabrata. Moreover, insignificant differences in the expression of Candida sp. PLB1-2
genes and SAP1–SAP8 genes between diabetic and non-diabetic women were reported by Bassyouni
and colleagues [242]. Still, they concluded that the higher prevalence of VVC among diabetics could
be directly correlated to increased SAPs production. The discrepancies between the results of different
reports may be due to changes in growth conditions and host factors that alter the gene expression
qualitatively and quantitatively [59,247], although findings suggest that the expression of hydrolytic
enzymes by Candida sp. is a multifactorial process in patients with DM and the hyperglycemia level is
thus not the only implicated factor.

Lastly, VVC is intimately related to vaginal mucosae biofilms. Mikamo and colleagues studied the
involvement of Candida’s complement receptor (ICAM-1) in the adhesion of C. albicans or C. glabrata
to the genitourinary epithelial cells in high glucose states. Their results demonstrated that, while
the adhesion of C. albicans to human vaginal epithelial cells VK2/E6E7 significantly increased in the
high glucose, human vulvovaginal epidermal cells A431 did not. ICAM-1 expression was increased
in VK2/E6E7 cultured in the high glucose, but the expression level in A431 was not elevated. These
data suggested that ICAM-1 is a ligand in the adhesion of C. albicans to the vaginal epithelial cells in
an environment with high glucose concentration. Moreover, both host immune dysfunction and the
adjustment in epithelial cells were considered responsible for VVC in diabetic patients [272].
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3.3. Urinary Tract Candidiasis

Around 10% to 15% of in-hospital urinary tract infections (UTIs) are related to Candida sp. and the
prevalence is still increasing [273]. Some predisposing factors such as DM, urinary retention, urinary
stasis, renal transplantation, and hospitalization can increase the risk of candiduria. Specifically,
DM has been known to cause severe complicated UTIs as a result of its various changes in the
genitourinary system [274]. Since the 1980s, there has been a marked increase in opportunistic fungal
infections involving the urinary tract, of which C. albicans is the most commonly isolated species,
but NCAC sp. is now the majority in many countries worldwide [275,276]. Candiduria (presence of
Candida sp. in urine) is an increasingly common finding in hospitalized patients [14], and subjects
with DM are at a higher risk of developing fungal UTIs. Thus, reducing risk factors such as increasing
glycemic control and the removal of urinary catheters can result in the remission of candiduria [273].
Physiopathology and etiology related to the occurrence of UTIs related to Candida sp. and DM are
presented in Table 3.

According to the results of the Falahati et al. [277] study, there were significant associations
between candiduria and the female gender, high fasting blood sugar and urine glucose, uncontrolled
diabetes (HbA1c ≥ 8), and acidic urine pH (p < 0.05). Causative agents were identified as C. glabrata
(n = 19, 50%), C. albicans (n = 12, 31.6%), C. krusei (n = 4, 10.5%), C. tropicalis (n = 2, 5.3%), and C. kefyr
(n = 1, 2.6%). The study concluded that when considering the high incidence rate of candiduria
in diabetic patients, the control of diabetes, predisposing factors, and causal relationships between
diabetes and candiduria should be highlighted [277]. In a 2018 study, Esmailzadeh et al. [276] evaluated
candiduria among type 2 diabetic patients. Indeed, the results showed that the rate of candiduria
was relatively high in type 2 diabetic patients and they were also suffering from a lack of proper
blood glucose control. Although the frequency of NCAC sp. was not significantly higher than
C. albicans, they obtained more from those with symptomatic candiduria [276]. In a cross-sectional
study, Yismaw et al. [273] determined the fungal causative agents of UTIs in asymptomatic and
symptomatic diabetic patients and associated risk factors. Significant candiduria was detected in
7.5% and 17.1% of asymptomatic and symptomatic type 2 diabetic patients, respectively. Among the
isolated Candida sp., 84.2% was observed in the asymptomatic diabetic patients and the remaining
15.8% in symptomatic patients. Rizzi and Trevisan studied the prevalence and significance of UTIs and
genital infections (GI) in diabetes and the effects of sodium glucose cotransporter 2 (SGLT-2) inhibitors
on these complications. Results presented that diabetic patients are at high risk of UTIs and of GIs.
The authors concluded that only GIs were associated with poor glycemic control. Although patients
treated with SGLT-2 inhibitors have an increased 3–5 fold risk of GIs, proper medical education may
reduce this risk [278].

Diabetes mellitus, indwelling bladder catheter, sex (female), and the use of antibacterial agents
have been found as the risk factors identified for both C. glabrata and C. albicans candiduria [275],
as previously reported [27,279]. Emphysematous cystitis, which almost exclusively occurs in diabetic
patients, is rare and is seldom the result of a fungal infection [280,281]. This condition is associated
with a gas formation that may present itself as cystitis, pyelitis, or pyelonephritis. Uncontrolled DM is
a major risk factor for this type of infection, as it provides a favorable microenvironment in which the
gas-forming organisms can grow [282,283]. Alansari et al. [284] reported a case in which a patient with
uncontrolled DM was diagnosed with emphysematous pyelitis by C. tropicalis, while Wang et al. [285]
also reported the case of a 53-year-old male patient with fungus ball and emphysematous cystitis
caused concurrently by C. tropicalis. The predisposing factors were DM and usage of broad-spectrum
antibiotics. Garg et al. [286], in a one-year prospective single center study at Dayanand Medical
College and Hospital, observed 151 diabetic and non-diabetic female patients diagnosed with UTIs.
Uncontrolled diabetes was more commonly associated with severe UTIs like pyelonephritis and
emphysematous pyelonephritis.
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Table 3. Physiopathology and etiology related to the occurrence of urinary tract infections and systemic
candidiasis in diabetics.

Condition Physiopathology Reference (s)

Uncontrolled hyperglycemia
(high HbA1c)

and
high glucose levels in urinary tract

(UT) mucosae or blood

- Favorable microenvironment for the gas-forming
organisms, such as Candida sp., to grow [282,283]

Gender -An association between candiduria and being
female [27,273,279]

Drugs

-SGLT2 inhibitors (e.g., dapagliflozin, canagliflozin,
tofogliflozin) administration leads to a greater
susceptibility to urinary tract infection (UTI)
-Association with a persistent increase in urine
glucose concentration

[287]

Escherichia coli was the most frequently isolated species in both groups, followed by Klebsiella,
Pseudomonas, and Candida sp., and the latter was only isolated from the diabetic population.
Tumbarello et al. [288] identified DM and urinary catheterization as features that are specifically
associated with biofilm-forming Candida sp. bloodstream infections. Later, Vaidyanathan et al. [281]
related a case of a 58-year-old diabetic paraplegic male with a long-term indwelling urethral
catheter that developed a catheter block. Results showed an E. coli and C. albicans co-infection
and HbA1c (glycosylated haemoglobin) was 111 mmol/mol, which is associated with uncontrolled
DM. C. albicans later disseminated into the bloodstream through the damaged bladder and the
urethral mucosa. Moreover, those isolates formed consistently high levels of biofilm formation
in vitro and a resistance to voriconazole was also detected [281]. In another report, Suzuki et al. [287]
investigated the relationship between UTIs and glucosuria, observing the effect of glucosuria induced
by sodium-glucose cotransporter 2 (SGLT2) inhibitors on the progression of UTIs in mice. The results
showed that in mice treated with dapagliflozin and canagliflozin (not tofogliflozin), the amount
of C. albicans colony forming units (CFU) in kidneys increased in accordance with both treatment
duration and dosage. The urine glucose concentration (UGC) significantly increased up to 12
(tofogliflozin) to 24 h (dapagliflozin and canagliflozin) after SGLT2 administration, indicating that a
greater susceptibility to UTIs is associated with a persistent increase in UGC [287].

3.4. Systemic Candidiasis

It is recognized that DM predisposes one to systemic candidiasis for several factors [289]. Among
these factors, the most important are the microvascular disease progression, the low host defense
mechanisms, and the diabetic vasculopathy, which exacerbates hypoperfusion and hyperglycemia and
may lead to neutrophil and lymphocyte dysfunction with impaired opsonization [11,42,290–322].
Catheter-associated candiduria is a common clinical finding in hospitalized patients, especially
in intensive care units [295], and is intimately related to biofilms. Padawer et al. [295] studied
demographic and clinical data at an Israeli hospital between 2011 and 2013 on the prevalence of Candida
sp. in catheterized in-patients and the medical interventions provided to these patients. Their results
showed that candiduria was observed in 146 catheterized in-patients out of the 1408 evaluated and was
directly associated with DM. C. albicans was present in 69.1% of the subjects, followed by C. parapsilosis
(9.58%), C. krusei (7.53%), C. tropicalis (6.16%), C. glabrata (4.79%), and other species (2.73%). DM was
found to be a significant risk factor of infection by Candida sp. In another report, Padawer et al. [295]
concluded that Candida sp. was the second leading pathogen causing catheter-associated urinary tract
infections or asymptomatic colonization. Previously, Tambyah et al. [296], Makin and Tambyah [297],
and Sievert et al. [298] found similar results.
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Muskett et al. [299] performed a systematic review to identify the most prevalent risk factors,
looking at published analyses, risk prediction models, and clinical decision rules for invasive fungal
disease (IFD) in critically ill adult patients. The authors found studies that had a significant association
of DM and IFD on both univariable and multivariable analyses. Paphitou and colleagues [300]
established that patients with any combination of DM, new onset hemodialysis, use of total parenteral
nutrition, or receipt of broad-spectrum antibiotics had an invasive candidiasis rate of 16.6% compared
to a 5.1% rate in patients lacking these characteristics (p = 0.001). Also, Michalopuolos et al. [301],
in a univariate regression analysis study between 1997 and 2002, confirmed that DM is a significant
candidemia-associated factor and an independent candidemia predictor. C. albicans (70%), C. parapsilosis
(10%), C. glabrata (6.7%), C. tropicalis (6.7%), and C. krusei (6.7%) were isolated in patients with
candidemia. C. albicans was simultaneously isolated from blood (89.5%) and the central venous catheter
tip. Among other factors, the authors found that DM was associated with a high 30-day mortality
in candidemia. Candidemia due to C. parapsilosis was associated with high rates of survival [11],
probably due to the fact that adherence and protein secretion do not correlate with strain pathogenicity
in this species as opposed to the other Candida sp., as had been discussed [323]. Another retrospective
study from 2007 to 2015 of candidemia in hospitalized adults was performed by Khatib et al. Most of
the isolates (97.5%) were C. albicans. C. glabrata was more common in diabetics (52.9% vs. 32.0% in
non-diabetics; p = 0.004) and in abdominal sources. The findings suggested possible species-related
differences in colonization dynamics or pathogenicity [324].

Abad et al. [304] carried out a different study to investigate the susceptibilities of clinical
fluconazole-resistant and fluconazole-susceptible dose-dependent to caspofungin of 207 Candida sp. in
Iranian patients. Results showed that only 9.7% of the isolates were non-sensitive to caspofungin and
that these isolates were observed in cancer, DM, and AIDS patients [304]. Wu et al. [305] investigated
238 candidemia hospitalized patients between 2009 and 2011 so as to study the incidence rates of
candidemia and identify the differences in risk factors of patients with C. albicans and NCACs and with
C. guilliermondii and non-C. guilliermondii candidemia. DM was identified as a significant risk factor in
patients with candidemia due to C. albicans (35.2%) compared to candidemia related to NCACs (13.2%).
Although C. guilliermondii is an uncommon cause of candidemia, even in immunocompromised
hosts [306–311], it was also found to occur in a significant amount of the hospitalized patients. Over
the three year period, the percentage of candidemia due to C. albicans decreased, while the percentage
of candidemia due to C. parapsilosis and C. guilliermondii increased in more than 80% of all candidemia
cases in 2011 [305].

Candida sp. bloodstream infections (CBSI) are the fourth leading cause of nosocomial bloodstream
infections in the United States [316,318,325]. CBSIs occur in up to 10% of all bloodstream infections in
hospitalized patients [313–315], and the mortality rate is about 40% [316,317]. Normally, this mortality
is higher than in bloodstream infections involving bacteria [326,327]. Risk factors for CBSIs include
critically ill patients in intensive care units, DM, immunosuppressive states, mechanical ventilation,
neutropenia, recent surgical procedures, and prematurity [315,318,319]. In a study by Tumbarello
and colleagues [328], it was found that DM is an independent predictor of biofilm-forming Candida
sp. CBSIs. The use of total parenteral nutrition, hospital mortality, post-CBSI hospital length of stay
(LOS), and the costs of antifungal therapy were all significantly greater among patients infected by
biofilm-forming isolates when compared to those infected by non-biofilm-forming isolates. It was
concluded that biofilm-forming CBSI was significantly related with a high risk of death compared
to non-biofilm forming CBSI [328]. Corzo-Leon and colleagues [320] investigated the clinical and
epidemiologic characteristics of patients with CBSI in two tertiary care reference medical institutions in
Mexico City. Their results showed that CBSIs represented 3.8% of nosocomial bloodstream infections
and C. albicans was the predominant species (46%), followed by C. tropicalis (26%). C. glabrata was
isolated from 50% of patients with diabetes and elderly patients. Nucci et al. [321] published a paper
reporting an incidence of 1.18 episodes of candidemia per 1000 admissions. C. albicans, C. tropicalis,
and C. parapsilosis were isolated in 80% of cases and DM was also found in 11% of the total cases.
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Gupta et al. [322] reviewed the influence of C. glabrata candidemia in intensive care unit (ICU) patients
between 2006 and 2010. Results showed that this species was the third most isolated, and DM was
a risk factor among 50% of the total cases. Also, urine was the most common source of C. glabrata
candidemia, while the overall mortality rate was 53.8% [322]. In another report, Wang et al. [42]
observed no differences in the distribution of Candida sp. between elderly and young patients in
China, but the resistance to fluconazole and voriconazole for NCAC in the first group was double the
amount of the latter. Host-related risk factors included DM, mechanical ventilation, central vascular
and urethral catheter placement, and were more common in elderly patients [42].

3.5. Other Candidiasis

Diabetic patients are highly predisposed to cutaneous fungal infections due to the higher
blood sugar levels. These infections are frequently characterized by thick biofilms, and sometimes
the use of medical devices to drain these lesions is mandatory. Foot infection (tinea pedis and
toenail onychomycosis) is particularly important to diabetic individuals due to the high incidence of
diabetic foot in these patients [329,330]. The most significant Candida sp. causing onychomycosis are
C. albicans and C. parapsilosis and it is known that DM patients have a high rate of tinea pedis and
onychomycosis. Thus, this infection is now considered to be a predictor of diabetic foot syndrome [331].
The predisposing factors for tinea pedis et unguium are presented in Table 4.

Diabetic foot ulcers are a serious cause of diagnostic and therapeutic concern, and Non-albicans
Candida spp. with potential biofilm forming abilities are emerging as a predominant cause of this
problematic condition. Indeed, in a recent study, the prevalence of different Candida sp. was identified
as C. tropicalis (34.6%), C. albicans (29.3%), C. krusei (16.0%), C. parapsilosis (10.6%), and C. glabrata
(9.33%) [332]. In order to find the frequency of fungal infections among cutaneous lesions of diabetic
patients and to investigate azole antifungal agent susceptibility of the isolates, Raiesi et al. [333] studied
type 1 and type 2 DM patients with foot ulcers (38.5%) and with skin and nail lesions (61.5%). Results
showed that 24.5% had fungal infections and were at a higher frequency in patients with skin and
nail lesions (28%) than in foot ulcers (19.1%). C. albicans and Aspergillus flavus were the most common
species isolated, and a high prevalence of fluconazole-resistant Candida sp., particularly in diabetic
foot ulcers, was determined [333].

Table 4. Physiopathology and etiology related to the occurrence of nail fungal diseases linked to
Candida sp. in diabetics.

Condition Physiopathology Reference (s)

Uncontrolled hyperglycemia
(high HbA1c)

and
high glucose levels in

vaginal mucosae

-Circulatory disorders affecting the lower
extremities (peripheral circulation), peripheral
neuropathy, and retinopathy
- Nail thickness is associated with an elevated
HbA1c value
- Diabetics using hemodialysis exhibit a higher
probability of onychomycosis

[329,330,334–338]

Duration of DM -More time leads to a higher probability of
onychomycosis [336]

Gender
Aging

-Being male and being older are directly associated
with onychomycosis in diabetics [331,336]

Diabetics with onychomycosis have a greater risk of having a diabetic foot ulcer [336,337,339,340],
as confirmed by numerous studies. In Germany, Eckhard and colleagues [337] found that out of
95 patients with type 1 DM, 84.6% had a fungal infection. The most frequent Candida sp. found were
C. albicans, C. parapsilosis, and C. guilliermondii, followed by C. lipolytica, C. catenulate, and C. famata.
In another study conducted at the Umm Al-Qura University, Makkah, Saudi Arabia from June 2011 to
June 2012, the antimicrobial susceptibility of the most common bacterial and fungal infections among
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infected diabetic patients (foot infections) was determined. All Candida sp. showed susceptibility to
amphotericin B, econazole, fluconazole, ketoconazole, and nystatin (100% each) [340]. Cases with
Candida sp. co-infection were also observed in patients with fungal nail infections—both cutaneous
and nail infections [337]. Lugo-Somolinos et al. [334] performed a cross-sectional study in Japan and
revealed that 51.3% of patients with DM had onychomycosis of the toenails. In this particular case,
C. albicans was more prevalent in the control group (24% vs. 15% in the DM patients) and nail thickness
was significantly associated with an elevated HbA1c value [334]. Gupta et al. [341] reported that
there was a 2.77-fold greater risk for diabetic subjects than for healthy individuals to have toenail
onychomycosis. In the same year, a previous study in Taiwan reported that 60.5% of onychomycosis
was caused by dermatophytes, 31.5% by Candida sp., and 8% by non-dermatophyte molds [342]. A total
of 20 patients with onychomycosis had concomitant DM. Regarding gender, in diabetic males, the most
common pathogens were dermatophytes (58.3%), while in diabetic females, Candida sp. was more
prevalent (87.5%) [342]. However, on the contrary, Dogra and colleagues found that in Indian diabetics,
yeasts were the most common isolate (48.1%), followed by dermatophytes (37%) and non-dermatophyte
molds (14.8%) [336]. The authors concluded that diabetics had a 2.5 times greater probability of having
onychomycosis when compared to the controls [336]. Chang et al. [331] studied 1245 Taiwanese patients
with DM. Among them, 30.76% were reported to suffer from onychomycosis. In this investigation,
the diagnosis of onychomycosis was limited to a general histopathologic examination (KOH stain) of
the toenails. Therefore, the patients may have been affected by Candida sp. and by other fungi. Another
study performed by Pierard et al. [335] investigated onychomycosis in 100 DM patients on chronic
hemodialysis, showing that 39% of participants had a nail disease. Candida sp. was the second most
prevalent pathogen (15%), and the authors concluded that diabetics on hemodialysis had about an 88%
greater probability of acquiring onychomycosis than non-diabetics [335]. Another report by Wijesuriya
and colleagues [338] described the etiological agents causing superficial fungal foot infections (SFFI)
in patients with type 2 DM for one year. Their results demonstrated that 295 patients had SFFI and
that, among patients with diabetes, more than 10 showed a prevalence of SFFI of 98%. Aspergillus
niger was the most common pathogen, followed by C. albicans. Aging, gender, the duration of diabetes,
and less-controlled glycemic levels were significantly associated with SFFIs [338].

A 2018 study explored the differential expression of toll-like receptor 2 (TLR2) and interleukin
(IL)-8 secretion by keratinocytes in diabetic patients when challenged with C. albicans. Wang et al. [343]
determined that the expression levels of both TLR2 and IL-8 increased and then decreased in the
control and the diabetic groups, but in different dynamics. The observations revealed that TLR2 and
IL-8 act on the keratinocytes interacting with C. albicans, and high glucose status can distress the
function of HaCaT cells by reducing the secretion of IL-8 and TLR2. The study clearly supports the
immunosuppression state that diabetic patients live in [343].

Adherence to the vascular endothelium, neutrophil chemotaxis, phagocytosis and opsonization,
intracellular bactericidal activity, and cell-mediated immunity are all decreased in DM patients
with hyperglycemia [344,345]. Regarding this matter, Souza et al. [346] treated diabetic rats with
aminoguanidine (AMG, an inhibitor of protein glycation) and evaluated neutrophil reactive oxygen
species (ROS) generation and C. albicans killing ability in order to evaluate the effects of hyperglycemia
and the glycation of proteins on the NOX2 (phagocyte NADPH oxidase) activity of neutrophils and its
implications for cellular physiology. The authors indicated that AMG increased the NOX2 response and
microbicidal activity by neutrophils of the diabetic status. AMG seems to be a promising therapeutic
answer for these patients [346].

In another interesting recent in vivo report, the interference of diabetic conditions in diabetic mice
and the relation to the progress of C. albicans infection and anti-inflammatory response was evaluated.
Compared to non-diabetic mice, diabetic mice indicated a significantly lower density of F4/80 and M2
macrophages, higher fungal burden, and deficiency in cytokine responses. C. albicans also increased
tissue injury, highlighting significant deviations in diabetic animal responses to C. albicans infection
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that may be critical to the pathophysiological processes supporting cutaneous candidiasis in diabetic
patients [347].

Several other pathologies related to Candida sp. have also been linked to a DM predisposition.
Researchers often recognize the importance of DM in the development of the pathology due to
immunosuppression issues [348]. The reports are summarized in Table 5.

Table 5. Physiopathology and etiology related to the occurrence of other diseases linked to Candida sp.
in diabetics.

Condition Physiopathology
Candida sp. Found in

the Study
Reference (s)

Arterial infection

-Direct invasion or haematogenous spread of
Candida sp. to the vessels wall (less common):
a. infection of a pre-existing aneurysm (most
possible from atherosclerotic) with fungi after
an episode of candidemia
b. contained fungal infection of the arterial wall
(linked mostly to intravenous drug abuse).

C. albicans
C. tropicalis

C. parapsilosis
Other Candida sp.

(not specified)

[348–357]

Endophthalmitis - Uncontrolled DM concomitant with other
co-morbidities C. albicans [358]

Cholecystitis - Uncontrolled DM concomitant with other
co-morbidities C. famata [359]

Skin abscesses - Uncontrolled DM concomitant with other
co-morbidities C. albicans [360,361]

Brain abscesses

-Immunocompromised states and
poorly-controlled diabetes (the role of DM as
an immunosuppressive condition in this
particular case is uncertain)

C. albicans
C. parapsilosis
C. tropicalis

C. guilliermondi
Other Candida sp.

(not specified)

[362–364]

Fungal infections
after liver

transplantation

- Chronically high blood sugar may be a
predisposing factor (among other factors) C. albicans [365]

Peritonitis

- Uncontrolled DM concomitant with other
co-morbidities

C. haemulonii
C. glabrata

Other Candida sp.
(not specified)

[366–368]

Penile prosthesis
Infections

Other Candida sp.
(not specified) [369–372]

Balanitis C. albicans [373]

Fournier’s
gangrene

Candida sp.
(not specified) [374]

Chronic obstructive
pulmonary disease C. ciferrii [375]

4. Diabetes Mellitus In Vivo Models

Diabetes mellitus is a serious epidemic disease, and the research for new therapies is becoming
critical. Thus, the correct choice of the animal models is of vital importance for the validity of the
reported studies.

In DM type 1, the choices range from chemical ablation of the pancreatic β-cells to animals with
spontaneously developing autoimmune diabetes. In DM type 2, the animal models can be both obese
and non-obese animals with varying degrees of insulin resistance and beta cell failure [376]. The animal
models (e.g., species, strain, gender, genetic) of DM type 1 and type 2 have diverse purposes, and the
choice of a model depends on the purpose of the study (e.g., applied for pharmacological or genetics
studies and understanding disease mechanisms) [376–381]. Table 6 summarizes the main animal
models used in diabetes mellitus in vivo studies.
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Table 6. Main animal models used in diabetes mellitus studies [376].

Diabetes Mellitus Model/Induction Studies Features

Type 1 Chemical induction

High dose streptozotocin New formulations of insulin Hyperglicaemia model

Alloxan Transplantation
Induced insulitis

Multiple low dose streptozotocin Treatment to prevent β-cell death

Spontaneous autoimmune

NOD mice Understanding genetic
mechanisms Autoimmune β-cell

destruction
BB rats

LEW.1AR1/-iddm rats
Treatment to prevent β-cell death

or to manipulate
autoimmune processes

Genetically Induced

AKITA rats*
New formulations of insulin

Transplantation
Treatment to prevent ER stress

β-cell destruction due to
ER + Insulin dependent

Virally induction

Coxsackie B virus

Study of potencial role of viruses
in DM type 1 Viral β-cell destruction

Encephalomyocarditis virus

Kilham rat virus

Lymphocytic choriomeningitis virus
(LCMV) under insulin promoter

Type 2 Monogenic—obese models

Obese-induced hyperglycemia

Lepob/ob mice
Treatment to improve insulin

resistance

Leprdb/db mice
Treatment to improve β-cell

resistance

KDF rats

Polygenic—obese models

KK mice Treatment to insulin resistance

OLEFT rat Treatment to improve β-cell
function

NZO mice Some models show diabetic
complications

TallyHO/Jng mice

NoncNZO10/|LtJ mice

Induced obesity

High fat feeding (mice or rats) Treatment to insulin resistance

Nile grass rat Treatment to prevent
diet-induced obesity

Desert gerbil Treatment to improve
β-cell function

* can be also used as a DM type 2 model.

5. Conclusions

Diabetes mellitus is a severe metabolic chronic disease that is most prevalent in developed
countries. The general immunocompromised state with an often-poor glucose control often leads to
secondary diseases in DM individuals. The biofilm fungal infections in diabetic patients are recognized
to be more complicated to treat than they are in healthy patients, especially if related to medical devices.
Among the candidiasis, oral diseases are the most frequent infections that occur in DM patients, as well
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as VVC and, more seriously, systemic candidiasis. The reports of these cases and the results of the
elected therapeutic are extremely important if we are to continue to treat these patients in the most
effective manner.
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