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Silver and Gold Compounds as Antibiotics

Christina N. Banti and Sotiris K. Hadjikakou *

Laboratory of Biological Inorganic Chemistry, University of Ioannina, 45110 Ioannina, Greece; cbanti@uoi.gr
* Correspondence: shadjika@uoi.gr

This Special Issue entitled “Silver and Gold Compounds as Antibiotics” covers a selec-
tion of recent research and review articles focused on biological inorganic chemistry. This
Special Issue offers a comprehensive summary of the latest advancements and emerging
trends in the rapidly evolving field of the role of silver and gold compounds as antibi-
otics. The insights provided in this Special Issue will enhance readers' understanding of
antimicrobial metal compounds.

Infectious diseases remain a significant global health threat, being among the most
difficult challenges in modern medicine [1]. With the growing resistance of bacteria to
conventional antibiotics, the need to discover and develop new antimicrobial agents has
become increasingly urgent [1]. Silver and gold salts have been used for centuries to
combat microbial infections, and the development of new silver and gold compounds
is now crucial in overcoming the limitations of existing antibiotics and preventing the
emergence of multidrug-resistant bacteria [2,3].

This Special Issue brings together a wide range of articles examining the potential of
silver and gold compounds in antimicrobial applications. It is composed by eleven articles
or reviews, including the following:

• Judita Puišo et al. in “Antimicrobial Properties of Newly Developed Silver-Enriched
Red Onion–Polymer Composites” show that biogenic silver nanoparticles, produced
in a cyanobacterial culture in various sizes, effectively combat a range of local fruit
pathogens, highlighting their potential as versatile, eco-friendly biocontrol agents that
support food security and sustainability [4].

• Munirah F. Aldayel et al. in “Differential Antimicrobial Effect of Three-Sized Biogenic
Silver Nanoparticles as Broad-Spectrum Antibacterial Agents against Plant Pathogens”
report the synthesis and characterization of seven different silver nanoparticles (Ag-
NPs) from various fungi isolated in Brazil, demonstrating their broad-spectrum anti-
fungal activity against both pathogenic yeasts and agricultural phytopathogens, with
potential for diverse applications due to their effective and non-specific action [5].

• Luiz Gustavo Ribeiro et al. in “Antifungal Activity of Mycogenic Silver Nanoparticles
on Clinical Yeasts and Phytopathogens” demonstrate the development of antimicrobial
3D-printed collagen scaffolds with in situ synthesized silver nanoparticles (AgNPs)
using UV irradiation, revealing that the method effectively controls the size and shape
of AgNPs, enhances the thermal stability and swelling capacity of the scaffolds, and
demonstrates high bactericidal activity against both Gram-negative and Gram-positive
bacteria [6].

• Sofia Municoy et al. in “Development of 3D-Printed Collagen Scaffolds with In-Situ
Synthesis of Silver Nanoparticles” investigate the antifungal and antiamoebic effects
of silver nanorings (AgNRs) and compare them with other silver nanoparticles, re-
vealing that AgNRs demonstrate notable antimicrobial activity against both fungi and
amoebae, offering a promising alternative to traditional antifungal and antiamoebic
therapies in the face of increasing drug resistance [7].

• Sara González-Fernández et al. in “A Promising Antifungal and Antiamoebic Effect
of Silver Nanorings, a Novel Type of AgNP” investigate how varying the size of
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silver nanoparticles biosynthesized by Cyanothece-like cyanobacteria affects their
antimicrobial efficacy, revealing that smaller nanoparticles are more effective against
pathogenic bacteria, including MRSA and Streptococcus sp., with optimal size control
achieved by adjusting precursor concentrations [8].

• Nermin A. El Semary et al. in “Multidrug-Resistant Bacterial Pathogens and Public
Health: The Antimicrobial Effect of Cyanobacterial-Biosynthesized Silver Nanopar-
ticles” demonstrate that cyanobacteria can biosynthesize silver nanoparticles that
are active against pathogenic bacteria, and the size of silver nanoparticles can be
controlled [9].

• Erika Alejandra Jardón-Romero et al. in “Antimicrobial Activity of Biogenic Silver
Nanoparticles from Syzygium aromaticum against the Five Most Common Microor-
ganisms in the Oral Cavity” found that biogenic silver nanoparticles synthesized
using extracts of Syzygium aromaticum through green synthesis demonstrated effective
antimicrobial activity against a range of microorganisms in oral cavities [10].

• Elvira Ivonne Murillo-Rábago et al. in “Optimized Synthesis of Small and Stable
Silver Nanoparticles Using Intracellular and Extracellular Components of Fungi: An
Alternative for Bacterial Inhibition” used fungal extracts to create small-sized, stable
silver nanoparticles, demonstrating their efficacy as antibacterial agents with potential
clinical applications [11].

• Amal Adnan Ashour et al. in “Comparison and Advanced Antimicrobial Strategies of
Silver and Copper Nanodrug-Loaded Glass Ionomer Cement against Dental Caries
Microbes” show that adding metronidazole and copper nanoparticles extracted from
Thymus vulgaris to glass ionomer cement increases the cement's antimicrobial efficacy
against bacteria, while maintaining compressive strength and possibly enhancing
dental restorations [12].

• Yolice Patricia Moreno Ruiz et al. in “Advanced Hydrogels Combined with Silver
and Gold Nanoparticles against Antimicrobial Resistance” reviewed the potential of
hydrogels combined with metallic nanoparticles as a promising approach to combat
multidrug-resistant bacteria, emphasizing the antibacterial and antibiofilm properties,
delivery mechanisms, and antimicrobial resistance [13].

• Michele Fiore et al. in “Is Silver the New Gold? A Systematic Review of the Preclinical
Evidence of Its Use in Bone Substitutes as Antiseptic” reviewed the preclinical data of
silver ions or silver nanoparticles in bone substitutes as antiseptic to bone infection
treatments [14].

The contributions in this Special Issue highlight the significant potential of silver and
gold compounds in combating bacterial infections. However, bringing these laboratory
findings into clinical use will require collaboration among researchers, healthcare profes-
sionals, and policymakers. Ongoing research into innovative synthesis methods, deeper
insights into their mechanisms of action, and comprehensive assessments of their safety and
effectiveness are essential for progressing these compounds toward clinical applications.

We sincerely thank all the authors, reviewers, and the editorial team for their commit-
ment and effort in making this Special Issue possible. We also express our gratitude to our
readers for their interest and involvement in this important topic.

In light of the challenges posed by bacterial resistance and the ongoing search for new
antibiotics, the research in this Special Issue provides a beacon of hope. The innovative
strategies and encouraging outcomes showcased here emphasize the potential of silver
and gold compounds as valuable tools in our antimicrobial arsenal. We encourage you
to explore these articles, immerse yourself in the intriguing realm of antimicrobial metal
compounds, and join us in the fight against bacterial infections to improve public health.

Conflicts of Interest: The authors declare no conflicts of interest.
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Is Silver the New Gold? A Systematic Review of the Preclinical
Evidence of Its Use in Bone Substitutes as Antiseptic

Michele Fiore *, Alessandro Bruschi, Claudio Giannini, Lorenzo Morante, Claudia Rondinella, Matteo Filippini,

Andrea Sambri and Massimiliano De Paolis
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Abstract: Antibiotic-laden bone substitutes represent a viable option in the treatment of bone and
joint infections with bone defects. In particular, the addition of silver ions or silver nanoparticles to
bone substitutes to achieve local antiseptic activity could represent a further contribution, also helping
to prevent bacterial resistance to antibiotics. An in-depth search of the main scientific databases was
performed regarding the use of silver compounds for bone substitution. The available evidence is
still limited to the preclinical level: 22 laboratory studies, 2 animal models, and 3 studies, with both
in vitro and in vivo analysis, were found on the topic. Numerous biomaterials have been evaluated.
In vitro studies confirmed that silver in bone substitutes retains the antibacterial activity already
demonstrated in coatings materials. Cytotoxicity was generally found to be low and only related to
silver concentrations higher than those sufficient to achieve antibacterial activity. Instead, there are
only a few in vivo studies, which appear to confirm antibacterial efficacy, although there is insufficient
evidence on the pharmacokinetics and safety profile of the compounds investigated. In conclusion,
research on bone substitutes doped with silver is in its early stages, but the preliminary findings
seem promising.

Keywords: bone and joint infections; orthopaedic; odontology; bone substitutes; silver compounds;
silver ions; silver nanoparticles

1. Introduction

Bone and joint infections (BJIs) represent an extremely heterogeneous group of dis-
eases, including implant-associated infections (both in the fields of orthopaedics and
odontology), septic arthritis, and osteomyelitis [1]. The increase in BJIs’ incidence shown in
recent years, mainly due to the increase in joint replacements and the use of orthopaedic
hardware, currently represents a growing social and economic issue for health systems [1,2].
Indeed, implant-related infection rate is reported to be 5% for primary cases, 6% for revision
cases and increases to 43% for previously infected cases [3]. Osteomyelitis, defined as a
bone inflammation caused by infection, may be the common endpoint of BJIs. Bacterial
infections complicate the bone-healing process following fractures or surgical treatment,
often resulting in significant bone loss [3]. Once occurred, bone infections are very chal-
lenging to treat, due to the difficulty of achieving a suitable antibiotic concentration in
the affected area that may permit bacteria eradication [4]. Hence, the treatment of BJIs
generally requires wide debridement with removal of all infected bone and soft tissues,
irrigation, and, subsequently, dead-space filling [5,6]. Bone defects wider than 2 cm or
circumferential losses involving more than 50% of bone are defined as critical-size bone
defects (CSDs). CSDs usually progress to healing failure, even after optimal fixation [7].
In order to restore the continuity of the bone loss resulting from the surgical treatment,
autologous, allogenic and artificial bone can be implanted [6,8]. Autograft substitutes are

Antibiotics 2022, 11, 995. https://doi.org/10.3390/antibiotics11080995 https://www.mdpi.com/journal/antibiotics4
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still considered the gold standard for bone repair and regeneration due to their osteogenic
nature combined with no immunological side effects of the graft [7,9]; however, they are
associated with donor site morbidity (hematomas, infection, and neurovascular injury)
and longer operative time [10]. On the other hand, when using allografts, the principal
concerns are related to mechanical resistance, limited osteoconduction and risk of infec-
tions [8]. Therefore, greater attention has increasingly been given to bone graft substitutes.
They have been defined as “a synthetic or biologically organic combinations which can be
inserted for the treatment of a bone defect instead of autogenous or allogenous bone” [10].
Theoretically, the bone substitutes mimic bone graft, combining advantages of natural
and synthetic biomaterials [8,9] and supporting local bone healing [7]. The ideal bone
substitute should be biocompatible, osteoconductive, osteoinductive, resorbable, thermally
nonconductive, sterilizable, and available at a reasonable cost [10]. Bone substitutes can be
broadly categorized into ceramics (nonresorbable and biodegradable), hydroxyapatite, β-
tri-calcium phosphate, calcium sulfate, calcium carbonate, silicate (“Bioglass”), magnesium
composites and calcium phosphate cements [7]. Current advances have been made with
the development of tissue-engineered products, incorporating growth factors and stem
cells [10].

Despite the development in biomaterials’ properties, risk of infection remains a major
issue after implantation. Thus, antibacterial properties should be considered during the
development and choice of a bone substitute, as well as biocompatibility and physic-
chemical features [11,12]. This is in order to prevent infections of the bone substitutes, or
to optimise their use in case of BJIs. In fact, the result of bacterial adhesion to implants
or grafts usually progresses with complete removal [12]. Moreover, to prevent infection
recurrence, systemic or local antibiotics should be administrated after surgery; nevertheless,
inappropriate and excessive use of antibiotics, in addition to systemic side effects for the
patient, increases the risk of the emergence of multidrug-resistant bacteria [6]. The addition
of antimicrobial nanomaterials, such as silver, zinc, copper, carbon nanotube, graphene
oxide, molybdenum disulfide and titanium oxide, into the biomaterials has significantly
shown to inhibit microbial infection, determining also a lower tendency to develop bacterial
resistance [9,13,14].

In particular, silver’s efficacy and safety has been reported in several in vitro and
animal studies [15]. Silver ions (Ag) and silver nanoparticles (AgNPs) have garnered promi-
nent consideration in recent years due to their broad spectrum of antibacterial properties,
low bacterial resistance, and relatively low cytotoxicity [13]. For these reasons, the use of
silver gained interest in the clinical practice with applications such as wound healing and
cardiac and orthopaedic implant coating. Particularly in the orthopaedic field, the use of
silver has proved to be effective in the treatment of megaprosthesis infections [15].

Although only preclinical studies about the use of silver combined with bone sub-
stitutes have been published, this issue may have important clinical implications for the
prevention and treatment of BJIs. The aim of this review is to provide an overview of the
evidence currently available in the literature.

2. Results

A total of 271 studies were found through the electronic search and 8 studies were
added after cross-referenced research on the bibliography of the examined full-text arti-
cles. After a preliminary analysis, a total of 27 studies were included in this systematic
review [3,4,6,8,9,11–13,16–34]. To date, there are no clinical studies on the use of bone substi-
tutes containing adjuvant silver. Twenty-two laboratory studies [4,6,8,9,11–13,16–20,22–32,34],
two animal models [21,33] and three studies in which both in vitro and in vivo analysis
were performed [3,6,31] were found on the topic.

A wide range of biomaterials were evaluated as possible carriers of silver in bone.
The tests used to appraise the in vitro or in vivo antibacterial activity of the compounds
in the various studies included: cultures from bone samples, agar diffusion, halo test,
agar dilution, broth microdilution, spread plate method, bacterial count through scanning
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electron microscope, confocal laser scanning microscopy, epi-fluorescence microscopy,
histopathological examinations, RT-PCR bacterial DNA measurement, and radiological
examination. All in vitro studies reported a partial or total inhibition of the bacterial growth.
All in vivo studies that directly investigated the antibacterial effect of silver compounds
confirmed their efficacy in the treatment of osteomyelitis. The data on cell and tissue toxicity
are inconsistent; however, in all the studies, the antibacterial activity of the compounds
tested was reported at nontoxic concentrations. Extended data from the included studies
are reported in Table 1.

Table 1. Data from included studies.

Study
Type of
Study

Material Tested
Antimicrobial Activity
Evaluations

Bacteria Tested Reported Results Toxicity

Afzal, 2012 [12] In vitro
Hydroxyapatite–silver (Ag-HA)
and carbon nanotube–silver
(CNT-Ag) composites

Bacterial count through
SEM

Escherichia coli
Staphylococcus epidermidis Partial response. N/A

Bee, 2020 [13] In vitro
Antibacterial
silver-nanoparticle-decorated
hydroxyapatite (HAp/AgNP)

Agar diffusion Staphylococcus aureus Zone of inhibition of
bacterial growth. N/A

Bostancıoğlu, 2015 [11] In vitro
Silver-doped
calcium-phosphate-based
inorganic powder (ABT)

Agar diffusion
Agar dilution

Escherichia coli
Pseudomonas aeruginosa
Staphylococcus aureus

Partial response or total
response depending on
dilution and concentration.

Concentration-dependent cytotoxicity
on V79 379A and HUVEC lines. ABT
is noncytotoxic and bears good
biocompatibility even at

1000 μg mL−1 of ABT with the
highest content of silver.

Correia, 2016 [8] In vitro
Tricalcium phosphate
(TCP)/sodium alginate scaffold
doped with AgNP

Agar diffusion Staphylococcus aureus Halo of 0.820 cm with 1 cm
scaffold. No cytotoxicity on osteoblast cells.

Dalavi, 2020 [9] In vitro

Alginate-nanohydroxyapatite
doped with
chitooligosaccharide-coated silver
nanoparticles (COS-Ag-Alg-HA)

Broth microdilution Staphylococcus aureus

Total response at higher
concentration than 77.2%
using 3 mg/mL of
microsphere.

No cytotoxicity on human
osteosarcoma osteoblast-like
MG-63 cells.

Deng, 2017 [16] In vitro PEEK doped with Ag +
nanoparticles Agar diffusion Staphylococcus aureus

Escherichia coli

Halo of 14 mm of inhibition
for both the bacteria with
0.9 mm scaffold.

Initial low proliferation rate of human
osteosarcoma osteoblast-like
MG-63 cells.

Gong, 2017 [17] In vitro Silver-doped hydroxyapatite
(Ag-HA) + Bio-Oss

RT-PCR bacterial DNA
measurement

Porphyromonas gingivalis
Fusobacterium nucleatum

Partial response, with
decreasing of bacterial DNA
at 2 h, 4 h, and 24 h
compared to control group
in which no inhibition was
seen.

AgHA showed obvious cytotoxicity
against periodontal fibroblasts and rat
bone-marrow stromal cells, with
relative survival rates of <80%.
Bio-Oss only showed survival rates
exceeding 95% of periodontal.

Jacquart, 2013 [18] In vitro
Calcium carbonate–calcium
phosphate bone cement doped
with silver (Ag-CaCO3-CaP)

Broth microdilution Staphylococcus aureus
Escherichia coli Complete response. No cytotoxicity on human bone

marrow stroma cells.

Jegatheeswaran, 2015 [19] In vitro
Polyethylene-
glycol/hydroxyapatite doped with
silver (Ag-HAp-PEG)

Epi-fluorescence
microscopy Escherichia coli

Partial response with
increasing bacteria death in
analyses at 6 and 12 h.

N/A

Jiang, 2016 [20] In vitro

Hydroxyapatite/polyurethane
composite scaffolds doped with
silver phosphate particles
(Ag3PO4-n-HA/PU)

Agar diffusion Staphylococcus aureus
Escherichia coli

The bacteriostatic rate
resulted time and weight
percentage of Ag
incorporated depending.

Scaffolds with no more than 5 wt%
appear to have no cytotoxicity on
human osteosarcoma osteoblast-like
MG-63 cells. Higher concentration
(>5%) would weaken
cytocompatibility.

Kose, 2020 [21] In vivo
(rabbit)

Calcium phosphate (CP) with
silver ions

Radiological examination
Bacterial cultures from bone
samples
Histopathological
examinations

Staphylococcus aureus

No MRSA was found at
cultures, no X-ray signs of
osteomyelitis and no sign of
chronic inflammation in
histological analysis,
compared to the
control groups.

No inflammatory reactions.

Sampath Kumar, 2015 [22] In vitro
Calcium-deficient hydroxyapatite
(CDHA) carrier of doxycycline and
Ag+ ions

MIC/MBC studies and
time-kill assay

Staphylococcus aureus
Escherichia coli

When compared with
doxycycline, the antibiotic
release provided the initial
high antibacterial activity,
while the sustained ion
release provided a
long-term
antibacterial activity.

No cytotoxicity on L6 myoblast cells.

Lim, 2014 [23] In vitro Silver and silicon-containing
apatite (Ag,Si-HA)

Bacterial count
through SEM

Staphylococcus aureus
Escherichia coli

No bacteria growth
compared to negative
control: complete response.

MSCs treated with Ag,Si-HA showed
an initial low proliferation rate
compared to controls, and faster
proliferation after day 3.

Nam, 2017 [24] In vitro Portland cement doped with silver
nanoparticles (SNPC) Agar diffusion Streptococcus mutans

Streptococcus sobrinus

1.0% wt of SNPC has no
antibacterial effect; 3.0 wt%
SNPC inhibited S. sorbinus
by 1.9 ± 0.5 mm, while no
inhibition halos were shown
for S. mutans at the same
dose. SNPC of 5.0 wt%
significantly inhibited S.
sorbinus (halo diameter
4.2 ± 0.3 mm) and S. mutans
(halo diameter
2.2 ± 0.4 mm).

N/A
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Table 1. Cont.

Study
Type of
Study

Material Tested
Antimicrobial Activity
Evaluations

Bacteria Tested Reported Results Toxicity

Paterson, 2020 [4] In vitro
Polycaprolactone scaffolds with
silver-doped hydroxyapatite
(Ag-nHA)

Agar diffusion Staphylococcus aureus
Escherichia coli

The scaffold reduced the
viable bacteria count to
undetectable levels by 48 h
for E. coli and 96 h for S.
aureus: complete response.

Silver-doped nHA to enhance MSC
differentiation down an osteogenic
path. Scaffolds containing 10 mol.%
silver may be toxic for MSCs.

Sethmann, 2018 [25] In vitro
Phosphatized Calcium Carbonate
biomineral (PCCB) doped with Ag
+ silver ions

Agar diffusion Pseudomonas aeruginosa
Staphylococcus aureus

Samples treated with an
AgNO3 solution with 10
mmol/L showed nearly the
same antibacterial
performance as samples
treated with 100 mmol/L.
Halo of 1.1–1.2 mm for
Gram- and 3 mm
for Gram+.

N/A

Shimabukuro, 2021 [6]
In vitro +
in vivo
(rabbit)

Silver phosphate in carbonate
apatite (Ag3PO4-CO3Ap)

Agar diffusion
immunofluorescence Staphylococcus epidermidis

Antibacterial effect if
concentration of Ag3Po4 is
more than 0.1 wt %.
Complete response.

Ag3PO4 content of 0.1–0.95 wt % may
show antibacterial properties without
cytotoxicity. Higher concentrations
showed increasing toxicity for
MC3T3-E1 cells. Ag3PO4 content of
0.1–0.3 wt % in the samples did not
affect bone formation in vivo.

Sonamuthu, 2018 [26] In vitro

Fluorinate-
hydroxyapatite/polyvinyl alcohol
doped with silver nanoparticles
(AgNp-fHA)

Agar diffusion
CLSM
Broth microdilution

Staphylococcus aureus
Escherichia coli

Antibacterial activity is
time- and
concentration-dependent.
More effect on Gram + due
to the different composition
of membrane; complete
response G+ and G- partial
response in CLSM.

No cytotoxicity on human
osteosarcoma osteoblast-like
MG-63 cells.

Sowmya-Srinavasan,
2013 [27] In vitro

Bioactive alpha- and beta-chitin
hydrogel/nanobioactive glass
ceramic doped with silver

Agar diffusion Staphylococcus aureus
Escherichia coli

Antibacterial activity of Ag
dose dependent, similar
effect between G+ and G-,
but less effective than
gentamicin alone.

No cytotoxicity on human primary
osteoblasts and
human periodontal ligament cells.

Verné, 2009 [29] + Miola,
2009 [28] In vitro SiO-CaO-NaO-AlO doped with

silver (Ag-SCNA)
Agar diffusion
Broth microdilution

Staphylococcus aureus
Escherichia coli

Same antimicrobial activity
against G+ and G-, halo of
2 mm.

No cytotoxicity on fibroblasts. Slightly
lower proliferation rate compared to
control cells.

Vollmer, 2016 [30] In vitro Calcium phosphate (CaP) doped
with silver

Agar diffusion
Bacterial count
through SEM

Escherichia coli

Antimicrobial activity with
halo in agar diffusion (no
dimensions reported) and
characteristics of poor
health of bacteria at SEM
compared to control.

No cytotoxicity on human osteoblasts.

Weng, 2020 [31]
In vitro +
in vivo
(rabbit)

Loaded
nano-hydroxyapatite-reduced
graphene oxide doped with Ag
nanoparticles (AgNp-AHRG)

Agar diffusion
Kirby–Bauer diffusion
WBC count
CRP
Radiological examination

Staphylococcus aureus

Antibacterial activity
in vitro and the halo zone is
dependent on the
concentration of Ag. In vivo,
it significantly reduced the
levels of inflammatory
markers, such as leukocytes
and CRP, after implantation
in the infected site. In
subsequent observations,
the healing of the bone in
the implanted group was
significantly improved
compared to the
untreated group.

Concentration-dependent cytotoxicity
on bone marrow stromal cells. No
cytotoxicity for 1% and 2% silver
AgNp-AHRG scaffolds.

Wilcock, 2017 [32] In vitro Hydroxyapatite paste silver doped
(Ag-nHA) Agar diffusion Pseudomonas aeruginosa

Staphylococcus aureus

Antibacterial activity
dependent on Ag
concentration.

N/A

Yuan, 2016 [3]
In vitro +
in vivo
(rabbit)

Porous β-tricalcium phosphate
with Ag nanoparticles (AgNp-
βTCP)

Agar diffusion
Bacterial count through
SEM

Staphylococcus aureus
Escherichia coli

Antibacterial activity
dependent on concentration.
Difference in activity
between G+ and G- was not
reported. At SEM, there is
some bacteria visible, but no
biofilm was seen.

No local and systemic toxicity.

Zhang, 2019 [33] In vivo
(rabbit)

Nano-
hydroxyapatite/polyurethane
composite scaffolds doped with
silver phosphate particles
(Ag/n-HA/PU)

WBC count
Radiological examination
Histopathological
examinations

Staphylococcus aureus

Radiological healing of
infection with no difference
between 3% wt and 10% wt
concentration as well as no
difference in histological
analysis for
trabeculae formation.

Local toxicity for highest
concentration of silver
(Ag/n-HA/10PU).

Zhang, 2020 [34] In vitro
Brushite/Ag3PO4-coated
Mg-based scaffolds
(Mg-DCPD-Ag)

Spread plate method
Bacterial count
through SEM

Staphylococcus aureus
Escherichia coli
Staphylococcus epidermidis

Antibacterial activity with
complete response
depending on concentration
of Ag.

Cytotoxicity for highest concentration
of silver (Mg-DCPD-0.46 Ag)

Abbreviations: SEM, scanning electron microscope; MRSA, methicillin-resistant Staphylococcus aureus; WBC,
white blood cells; CLSM, confocal laser scanning microscopy; MSC, mesenchymal Stem Cell.

3. Discussion

Silver antimicrobial activity relies on several mechanisms. Principally, it stops cells’
respiratory chain, affecting the cells’ energy generation, due to its affinity to the sulfhydryl
and thiol groups [35]. Additionally, silver leads to a release of potassium [36], binds
DNA and RNA, disrupting the cells’ translation and transcription processes [37], and
produces intracellular reactive oxygen species [38]. Consequently, silver has the ability to

7



Antibiotics 2022, 11, 995

eliminate a broad spectrum of pathogens that can be found at implant sites [39]. Surfaces
or materials containing silver particles act by directly releasing ions into the water solution
in which they lie. More recently, silver technology has focused on the use of nanoparticles.
AgNPs seems to be more reactive, with a stronger antibiofilm potential than their bulk
metal counterparts, partially due to the increased active surface area [40,41]. AgNPs are
usually 1 nm to 20 nm in size. Because of their small dimensions, the surface area is
taken advantage of, passing more into cell membranes, thereby contributing to augmented
antimicrobial action [42]. Furthermore, antibacterial mechanisms of AgNPs have been
hypothesized that do not depend on the release of ions but are related to the interaction
between silver and other substrates. For example, interaction with some titanium alloys can
lead to the production of an electron cloud around the surface of the compounds [35]. This
cathodic reaction, which produces a proton depletion region, would appear to reduce the
transmembrane proton electrochemical gradient and lead to bacterial death by interfering
with ATP synthesis [35]. In addition, to date, there is limited evidence that AgNPs possess
osteoconductive capabilities, promoting the proliferation of mesenchymal stem cells and
their osteogenic differentiation in vitro, as well as enhancing bone fracture healing in animal
models [43].

The clinical use of silver for antibacterial purposes in implantable devices has been
mainly investigated as a coating material [15]. Therefore, there is already evidence regard-
ing the efficacy and safety profile of this application. Studies largely agree on time and
concentration influencing the bactericidal effect of silver in bone substitutes, with higher Ag
concentration and longer exposure time associated with better antibacterial responses [3,22].
Accordingly, a cytotoxic effect of silver at excessively high concentrations is to be expected,
by means of the same antibacterial mechanisms, to which, however, eukaryotic cells are
less sensitive at low concentrations because of their extremely better antioxidant and DNA
repair activity [44]. It has been reported that silver has toxic effects for humans at a high
blood concentration of 300–1200 ppb [45]. Instead, silver concentrations below 200 ppb can
be considered as normal [37]. Instead, regarding AgNPs’ safety profile, various studies
suggested that there is a large gap, at least by an order of magnitude, between the toxic and
antibacterial doses of AgNPs [46,47]. All available clinical data on the pharmacokinetics of
silver are related to its use in coating materials, especially regarding serum levels, which
have never been found to exceed the threshold of toxicity. Nevertheless, several side effects
have been related to silver in clinical studies, including diffuse argyria, kidney and liver
damage, leukopenia, and peripheral neuropathies [36,48,49]. No embryotoxic side effects
in humans are described [50].

In contrast to silver used in coatings, this review highlighted that there are currently
no clinical data on the use of silver as an adjuvant in biomaterials for bone substitution.
However, there are some in vivo studies using animal models and a substantial number
of laboratory studies investigating the antibacterial efficacy of silver on a plethora of
different biomaterials.

All in vitro studies included in this review supported that even when used as a biomaterial
constituent, silver appears to preserve its antibacterial activity [3,4,6,8,9,11–13,16–20,22–32,34].
This evidence emerged regardless of the type of analysis used by individual studies to
highlight the effect of silver. In particular, the impact of silver was found to be cross-cutting
for both Gram+ and Gram- bacteria. Some studies hypothesised that due to the different
composition of the membranes, silver-doped materials could have more antibacterial effect
against Gram+ [14,25,26]. However, other studies did not report differential antibacterial ef-
fect, showing a complete response in both cases [3,27,29]. Unfortunately, no study included
in this review conducted quantitative evaluations specifically aimed at investigating this
aspect using different bacterial species clustered according to membrane characteristics.
Three out of five studies with animal models directly investigated the in vivo antibacterial
effect of silver compounds. All confirmed the efficacy of using biomaterials containing ad-
juvant silver in the treatment of S. aureus osteomyelitis [21,31,33]. In detail: (1) Zhang et al.
investigated silver application in two hydroxyapatite compounds with different silver
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concentrations [33]; (2) calcium phosphate beads doped with silver ions were used in the
study by Kose et al. [21]; (3) Weng et al. instead considered the use of silver nanoparticle
(AgNP)-loaded nano-hydroxyapatite-reduced graphene oxide scaffolds [31]. In all in vivo
studies, it was also confirmed that the presence of silver did not affect the osteoconductive
and osteoinductive activity of the bone substitutes employed [3,6,21,31,33].

The ever-increasing resistance of human pathogens to antibiotics makes silver a con-
venient alternative to be harnessed as an antibacterial weapon. Indeed, bacterial resistance
hardly arises in the presence of silver ions in the environment [51,52], while no relevant
data describing bacterial resistance to AgNPs have been reported yet [53]. Therefore, it
would be interesting to examine the antibacterial effect of silver compared with antibiotics
in bone substitutes. However, only few conflicting data are available: Kose et al. showed a
better result for silver compared to vancomycin in murine models [21]; on the other side,
two studies showed a better antibacterial effect of bone substitutes doped with doxycycline
or gentamicin alone [22,27].

Little can be stated about the safety profile of silver use in biomaterials. Indeed, it
might be expected that the pharmacokinetics of silver used as a constituent material in bone
substitutes would differ radically from its use in coatings. This could lead to the ineffective
release of silver in vivo, exceeding toxicity thresholds, or even irregular or excessively
phasic kinetics that alternate between these two possibilities. Several in vitro studies have
evaluated the kinetics of silver release from biomaterials in water or in different solutions
of simulated body fluid. However, on the one hand, the extreme heterogeneity of the
materials tested, and on the other hand, the radical differences in environment compared
to a real setting, fully restrict the deducible conclusions. In fact, only in vivo assessments
may allow approximating the pharmacokinetics. Similar remarks can be made about
cytotoxicity from in vitro studies, with results varying widely due to the broad spectrum
of materials analysed. However, in all in vitro studies, the antibacterial activity of the
compounds analysed was achieved at noncytotoxic concentrations. From this point of view,
with regard to the in vivo studies, Zhang et al. found that the silver concentration of the
bone tissue was found to be over 2 ppm in the n-HA/PU10 group with local toxic risk
increasing when the silver concentration exceeds 1 ppm in tissue, as recommended by the
safety guidelines [33]. Moreover, the same compound has shown the possibility of inducing
liver toxicity [33]. In contrast, the studies by Kose et al. and Yuan et al. found no local
and systemic toxicity in the animal models used, both investigating calcium phosphate
derivates doped with silver ions or nanoparticles, respectively [3,21]. Shimabukuro et al.
reported that the inflammatory effect of silver phosphate (Ag3PO4) in a bone substitute
composed of carbonate apatite (CO3Ap) was concentration-dependent [6]. Similarly, the
study by Schneider et al., not included in this review as it did not directly investigate the
antibacterial effect, showed no inflammatory reactions to cotton-wool-like silver-doped
calcium phosphate nanocomposites in sheep [54]. Another study, not included in this
review for the same reason, performed by Wnukiewicz et al., examined the soft-tissue
reaction to corundum ceramic with colloidal silver in rabbits, finding no difference with
the control group [55].

4. Materials and Methods

An in-depth search of the scientific research was performed according to 2020 PRISMA
(preferred reporting items for systematic reviews and meta-analyses) guidelines [56]. The
search algorithm according to these guidelines is shown in Figure 1.
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Figure 1. PRISMA 2020 flow diagram and the selection of studies.

A search regarding the existing evidence on the use of silver compounds and silver
nanoparticles combined with biomaterials for bone substitution with no restriction on date
of publication, up to the end of June 2022, was performed on the PubMed (https://pubmed.
ncbi.nlm.nih.gov/ (accessed on 30 June 2022)), Scopus (https://www.scopus.com (accessed
on 30 June 2022)), and Web of Science (www.webofscience.com (accessed on 30 June 2022))
databases. Various combinations of the following keywords were used: “silver compound”,
“silver nanoparticles”, “bone substitutes”, “bone biomaterials”. The inclusion criteria were
as follows: original research reporting preclinical results on in vitro testing and in vivo
animal models of the antibacterial activity, pharmacokinetics and pharmacodynamics of
silver combined with biomaterials used for bone substitution. Only studies in English were
retained. Articles that were considered relevant during the electronic search were retrieved
in full-text, and a cross-referencing hand-search of their bibliography was performed, in
order to find further related articles. Reviews and meta-analysis were also analysed, in order
to broaden the search for studies that might have been missed through the electronic search.

A formal assessment of the quality of the articles was not conducted, as there is no
clear evidence of validated tools for the evaluation of preclinical laboratory studies. Only
descriptive statistics were used for this study as the type of data provided.

The following data were independently extracted by all the investigators and sum-
marized in Table 1: study type, material tested, type of antimicrobial activity evaluations,
microorganisms tested, and findings about toxicity.

5. Conclusions

The introduction of bone substitutes doped with ionic silver or silver nanoparticles
into clinical practice would provide a valuable further contribution to the management of
challenging diseases such as osteomyelitis and peri-prosthetic or implant-related infections,
as well as to the prevention of bacterial resistance to antibiotics. Numerous materials
have already been evaluated for this purpose, but the available evidence is still limited
to the preclinical level. In vitro studies have confirmed that when silver is added to bone
substitutes, it retains the antibacterial activity already demonstrated in coatings materials.
The antibacterial effect against Gram+ might be higher than against Gram-. However,
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conclusive data are lacking as well as it is unclear whether silver could provide greater
efficacy than antibiotic loading. The cytotoxicity of silver compounds has generally been
shown to be low and only related to concentrations of silver significantly higher than
those sufficient to achieve antibacterial activity. On the other hand, there are only a few
in vivo studies which appear to confirm antibacterial efficacy, although there is insufficient
evidence on the pharmacokinetics and safety profile of the biomaterials investigated. In
conclusion, research on bone substitutes doped with silver is in its early stages but the
preliminary findings seem promising.
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Abstract: The development of multidrug-resistant (MDR) microorganisms has increased dramatically
in the last decade as a natural consequence of the misuse and overuse of antimicrobials. The World
Health Organization (WHO) recognizes that this is one of the top ten global public health threats
facing humanity today, demanding urgent multisectoral action. The UK government foresees that
bacterial antimicrobial resistance (AMR) could kill 10 million people per year by 2050 worldwide.
In this sense, metallic nanoparticles (NPs) have emerged as promising alternatives due to their
outstanding antibacterial and antibiofilm properties. The efficient delivery of the NPs is also a
matter of concern, and recent studies have demonstrated that hydrogels present an excellent ability
to perform this task. The porous hydrogel structure with a high-water retention capability is a
convenient host for the incorporation of the metallic nanoparticles, providing an efficient path to
deliver the NPs properly reducing bacterial infections caused by MDR pathogenic microorganisms.
This article reviews the most recent investigations on the characteristics, applications, advantages,
and limitations of hydrogels combined with metallic NPs for treating MDR bacteria. The mechanisms
of action and the antibiofilm activity of the NPs incorporated into hydrogels are also described.
Finally, this contribution intends to fill some gaps in nanomedicine and serve as a guide for the
development of advanced medical products.

Keywords: antibiotic resistance; hydrogel; bacterial; antibiofilm; nanotechnology

1. Introduction

Antimicrobial drug resistance is considered one of the greatest threats to global
public health. Multidrug resistance (MDR) is of particular concern, especially among
‘ESKAPE’ organisms: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
emphAcinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp., as they are
responsible for many nosocomial severe infections [1]. Multi-resistant bacteria such as
P. aeruginosa, A. baumannii, and Enterobacteriaceae have been declared priority one pathogens
in a “List of Priority Pathogens for Research and Development of New Antibiotics” [2].
According to the World Health Organization (WHO), antibiotic resistance is one of the
biggest public health problems, and around 79% of bacteria have developed resistance to
one or more antibiotics. Approximately 700,000 people worldwide die from drug-resistant
bacterial infections; by 2050, this number is estimated to reach 10 million [3,4]. In the US
only, the healthcare cost related to antibiotic resistance is approximately $20 billion per
year [4–6].

Antibiotic resistance comes from changes in the structure of bacteria due to changes in
the genetic material or through the acquisition of genetic material from external sources,
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such as viruses, other bacteria, and the environment [7]. Moreover, it is known that about
40 to 80% of bacteria can form biofilms [8]. Biofilms are sets of sessile microorganisms
attached to a substrate, or to each other, enclosed in a self-produced polymeric matrix.
When embedded in the matrix, bacterial cells exhibit an altered rate of growth and gene
transcription. Additionally, they produce specific proteins that help them to become more
resistant, and they present high gene exchange, raising the recombination rate among the
strains [9,10]. According to the National Institute of Health, biofilms are responsible for
up to 80% of all microbial infections in humans, including cases of endocarditis, cystic
fibrosis, non-healing chronic wounds, meningitis, kidney infections, and infections related
to implantable devices such as urinary catheters, prosthetic joints, and heart valves [11].

Both innate and acquired host immune responses are activated during a biofilm
infection. However, neither of these immune responses can eradicate the pathogen in
the biofilm due to the polymeric matrix, which acts as a structural barrier. In addition,
sessile bacteria are less responsive to traditional antibiotic therapy because they are 500
to 5000 times more resistant to drugs than planktonic cells. Thus, new strategies to inhibit
biofilm formation and to eradicate already formed ones, are mandatory [10,12].

Amongst the pathogens with MDR to antibiotics, these bacteria can be highlighted:
S. aureus, resistant to methicillin and vancomycin (MRSA and VRSA, respectively);
E. faecium, resistant to vancomycin or fluoroquinolone; E. coli, resistant to polymyxin;
and Acinetobacter spp., which is resistant to aminoglycosides [13,14]. Between 2018 and
2019, the United States Food and Drug Administration (US FDA) approved nine new
antibiotics from 107 molecules, to fight against MDR bacteria [15].

Numerous studies have aimed to understand the phenotypic and genotypic evolution
of antibiotic resistance [16]. Although some promising agents have been explored [17,18],
there is an urgent need for new active antibiotic molecules, but usually, new antibiotics
take a long time to be developed [4]. Thus, to reduce the problem of antibacterial resistance
in a short period, will be challenging.

Before the discovery of penicillin, certain metals, oxides, or metallic salts were used
to treat bacterial and fungal infections [19], but their use have declined. In recent years,
inorganic materials, especially nanostructured systems, have proven to be effective against
pathogenic microorganisms [20,21]. Nanoparticles of metals and metal oxides, such as silver
(Ag), gold (Au), MgO, ZnO, and TiO2, with antimicrobial activity, have been proposed as
antibiotics (Table 1) [4].

Silver nanoparticles (Ag NPs) and gold nanoparticles (Au NPs) have been pro-
posed as a new class of antibiotics. These NPs have shown a broad antibacterial activity
against E. coli [22–24], S. aureus [25,26], P. aeruginosa [27,28], Proteus vulgaris, S. aureus,
Proteus mirabilis [13], Enterobacter cloacae [29], and Staphylococcus epidermidis [28]. These
metallic NPs are able to inhibit the growth of bacteria by inhibiting the formation of bacterial
biofilms and/or destroying pathogenic microorganisms [30,31].

For in vivo application, the colloid of NPs requires a platform that acts as a carrier,
providing stability to the NPs, regulating their controlled release at the local site of the
bacterial infection. Among the supportive materials for metallic NPs, hydrogels are the
most commonly investigated in nanomedicine. Hydrogels are tridimensional structures
that can be functionalized due to the presence of distinct functional groups inside the net-
work. Recently several antimicrobial agents have been incorporated into hydrogels such as
antibiotics [32], nanoparticles [22–24], bacteriophages, antibacterial peptides [33], biological
extracts [34,35], and antimicrobial enzymes [36]. Some of the prerequisites of hydrogels for
health applications are: non-toxicity, sustainability, environmentally friendly [13], flexibility,
elasticity [37], biocompatibility [38], immunogenic [22], biodegradability [39], resistance to
severe conditions [40], good extensibility [41], and the ability to stimulate nutrients and
metabolic exchange [22]. Hydrogels are capable of improving cellular internalization [29],
absorbing wound exudates [42], expediting skin healing, stimulating the collagen prolifer-
ation [40], and exhibiting antibiofilm activity [23,37,39,43,44]. They may also be applied
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in medical devices such as venous or urinary catheters, artificial voice prosthesis, and
prosthetic heart valves [45].

Table 1. Examples of metallic NPs used against resistant bacteria and their mechanism of bacterici-
dal action.

NPs Bacteria Mechanism of Action Ref.

Ag E. coli, B. subtilis, and S. aureus
• Ag+ ion liberation;
• Cell membrane destruction and electron transport;
• Bacterial DNA damage

[20,46]

Au P. aeruginosa and E. coli

• Interaction with Au NPs
• Mg2+ or Ca2+ ion sequestration to damage the cell membrane
• Competition for the virus binding to the cell

[47–50]

ZnO E. coli, S. aureus, and Botrytis cinerea

• Intracellular NP accumulation
• Damage to the cell membrane
• H2O2 production
• Zn2+ ion liberation

[51–53]

TiO2 E. coli and Bacillus megaterium

• Production of active oxygen species
• Cellular membrane destruction
• Generation of electron-hole pair by visible light excitation

with low recombination rate
[54,55]

Cu E. coli and Bacillus subtilis
• Cu2+ ion liberation
• Cellular membrane damage
• DNA alteration

[56]

MgO E. coli, S. aureus, Bacillus subtilis,
and Bacillus megaterium

• Cellular membrane damage
• Alkalinization by MgO
• Hydration
• Active oxygen liberation

[57,58]

Ag NPs and Au NPs are loaded into polymer-based hydrogels with a porous structure,
such as alginate [59], chitosan [27,60], gelatin [61], konjac glucomannan [23], hydrox-
ypropyl methylcellulose [24], carboxymethyl cellulose [13], carboxymethyl chitosan [62],
polyvinyl alcohol [37], carbopol [63,64], gelatin methacrylate [65], polyacrylamide [40],
polyethyleneimine [66], and polyvinylpyrrolidone [40,63,67–69]. Occasionally, hydrogels
exhibit poor mechanical properties, and other agents are required as additives in the manu-
facturing process, such as tannin acid [60], graphene [66,70–72], aluminosilicate nanotubes
(NTs) [65], and metal-organic frameworks (MOFs) [69].

In this review, several significant aspects are presented, such as (i) biocompatible
natural and synthetic polymers; (ii) synthesis strategies to produce antibacterial hydrogels;
(iii) the physical, chemical, and biological properties of the hydrogels and the NPs; (iv) the
synergism between the hydrogels and NPs characteristics; (v) NPs aspects that stand out in
the antibacterial or antibiofilm efficiency; (vi) mechanisms of antibacterial action, of action
for inhibiting biofilm, and for biofilm eradication.

2. Silver Nanoparticles (Ag NPs)

Ag NPs can damage the extracellular membrane of bacteria and their intracellular
components, exhibiting a broad-spectrum antimicrobial effect [4]. Many Ag NP synthesis
strategies have been developed to allow specific Ag NP surface properties, which, in turn,
strongly depend on the characteristics of the reducing agent and the type of stabilizer used
during their synthesis [4,73–79].

According to Sondi et al. [80], Ag NPs can cause harm to E. coli by forming pits
in the cell wall, which could increase its permeability and affect the membrane vesicles.
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Such damage has also been observed in other bacteria, such as Scrub typhus, P. aeruginosa,
and Vibrio cholerae [81], which is attributed to the ability of Ag NPs to interact with some
of its components, such as lipopolysaccharides (LPSs), and phosphatidylethanolamines
(PEs) [82].

Mirzajani et al. [83] suggested that the ability of Ag NPs to harm the bacterial cell
wall may result from their interaction with the peptidoglycan layer, since Ag NPs attack
the β-1-4 bonds of N-acetylglucosamine and N-acetylmuramic acid of the glycan chain in
the cell membrane of S. aureus. Additionally, Ag NPs may produce free radicals, such as
reactive oxygen species (ROS), inside and outside the bacteria [84,85]. Elevated ROS levels
are known to damage cell DNA, proteins, and enzymes, which could, in turn, interfere
with the normal metabolism of bacteria [86]. It was found that Ag+ ions released from
Ag NPs can damage bacterial membrane function. In particular, the differences in Ag+

concentration can induce a difference between the pH and the electrical potential inside
and outside the membrane vesicles in Vibro cholerae, leading to the failure of membrane
respiration and H+ leakage [87].

The effect of Ag NPs on the bacterial membrane is related to their physicochemical
properties, such as size, shape, surface area, surface charge, oxidation state, and surface
chemistry. It has been reported that Ag NPs with small size and colloidal stability are
preferred rather than those susceptible to aggregation [4,13,22,66,73,88]. The size of NPs
is one of the most critical aspects determining their interaction with cells. Actually, Ag
NP interaction is size-dependent [81,89]. Several works have shown that Ag NPs with a
diameter of 3–10 nm, are the most effective in killing bacteria due to their preferential direct
interaction with the bacterial membrane [52] and how fast the bacterial killing took place
after their interaction [89].

The shape of Ag NPs can directly influence the available contact area needed to
facilitate interactions of Ag NPs with the bacterial membrane. A comparative study
using polyvinylpyrrolidone (PVP)-coated Ag NPs with different shapes suggested a strong
correlation between the shape of the Ag NPs and their bactericidal properties. For example,
Ag nanoplates (two-dimensional structure, 2D) showed the highest antimicrobial activity
against S. aureus and E. coli, when compared to Ag nanorods (one-dimensional structure,
1D) and spherical Ag NPs (zero-dimensional structure, 0D). Sadeghi et al. [90] showed that
Ag nanoplates exhibited the largest surface area, providing the most significant contact
area to interact with the bacterial cell wall.

The Ag NP surface charge is also important. It was observed that positively charged
Ag NPs using capping agents such as poly(amide amine) dendrimers (PAMAM) [91],
poly(ethyleneimine) (PEI) [92], poly(ethylene glycol) (PEG), and polyvinylpyrrolidone
(PVP) [67] facilitated the interaction between the particles and the negatively charged
bacterial membrane [91]. Ag NPs with a negative surface charge have shown lower
antimicrobial activity [93] due to the strong repulsion between the particles and the bacterial
wall. This limits the interaction between Ag NPs and bacteria and considerably weakens
their antimicrobial effect.

Ag NPs have been also combined with antibiotics (ampicillin, amoxicillin, chloram-
phenicol, erythromycin, among others) [94] by chelation of the active groups. The combi-
nation of Ag NPs with other materials, such as polycationic chitosan, has shown promis-
ing results by facilitating the attachment of Ag NPs to the negatively charged bacterial
wall [95]. Mishra et al. [96] developed a multifunctional system of Ag NPs embedded in the
chitosan-polyethylene glycol (CS-PEG) hydrogel. This implantable device inhibited biofilm
formation and the released the drug payload at the same time. Chen et al. [97] prepared a
chitosan sponge containing Ag NPs and used it as a tissue for wound healing. Both in vitro
and in vivo composite tests showed excellent antibacterial activity against drug-resistant
pathogenic bacteria.

Recently, researchers discovered that Ag nanoclusters (NCs) are effective for this
type of application [98,99]. NCs are NPs whose sizes are smaller than 2 nm and contain
“countable” Ag atoms as a nucleus protected by organic ligands [4]. Ag NCs have shown
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promising results for biomedical applications, such as bioimaging, biosensing, and antimi-
crobial agents [100,101]. These NPs have also been used to functionalize natural cellulose
nanofibers [102], silk fibers [103], textiles [104], and natural or synthetic polymer-based hy-
drogels to exhibit antimicrobial activity. Although there are many studies of antimicrobial
Ag NPs embedded into hydrogels as platforms for delivering metallic nanostructures as
alternative to standard drugs; their mechanism of action has not been entirely elucidated.
Nevertheless, all the above examples demonstrate this as a promising strategy in preventing
and eradicating infections [7,105].

2.1. Antibacterial Activity of Ag NPs Loaded into Hydrogels

Ag NPs incorporated into hydrogels have shown antibacterial properties and the
ability to control infections [37]. The NPs are incorporated into a hydrogel with a porous
structure by in situ polymer synthesis or by adding the NP colloid to the polymer. Addi-
tionally, microwave radiation is another approach to produce NPs within hydrogels. The
polymer-based hydrogels help to control the morphology and size of the nanostructures
and participate as a stabilizing medium for nucleation sites to produce silver seeds [13,66].
Biocompatible polymers, such as chitosan [27], konjac glucomannan [23], carboxymethyl
cellulose [13], carboxymethyl chitosan [62], polyvinyl alcohol [37], carbopol-934 [63],
graphene [41,70–72], gelatin methacrylate [65], polyacrylamide [40], polyethyleneimine [66],
and polyvinylpyrrolidone [40,63,67–69], have been used to fabricate antibacterial and an-
tibiofilm materials.

These polymeric biomaterials have helped to treat and prevent infections caused by
pathogenic bacteria and are capable of improving the healing and regeneration of the
skin. For example, Ag/chitosan/hydrogel has been shown to help the healing process,
reduced inflammation at skin wounds, and accelerated the re-epithelization rate to treat
post-operative infection [22].

Chitosan (CS) is derived from chitin, the second most abundant biopolymer in nature,
after cellulose. It has been used in the synthesis of hydrogels due to its biodegradability,
biocompatibility, and antibacterial activity [22]. Chemical crosslinking, the addition of
nanofillers, blending with other polymers, and using alkali–urea solutions, are some of
the methods used to improve chitosan processability. To improve the water solubility of
chitosan, quaternization method has been used, in which a quaternary ammonium moiety
was introduced into the chitosan structure by chemical reactions, thus producing quaternate
chitosan. Some studies have reported the use of chitosan as a matrix to incorporate Ag
nanoparticles. Ag NPs were also synthesized in situ within oxidized dextran (ODex),
adipic dihydrazide-grafted hyaluronic acid (HA-ADH), and quaternized chitosan (HACC),
resulting in the Ag–ODex/HA-ADH/HACC hydrogel [27]. The Ag NPs had a particle
distribution size of around 50–190 nm. The hydrogel displayed antibacterial properties
against E. coli ATCC 8739, S. aureus ATCC 14458, and P. aeruginosa CMCCB10104, and
the inhibition zones were 24, 24, and 27 mm, respectively. These results were associated
with the hydrogel’s positive charge due to the quaternate chitosan’s cationic group, that
favor the interaction with the negatively charged bacterial cell walls. This system reduced
the wound area in rats up to 41.3% after 7 days, decreased inflammation, and improved
re-epithelialization [27].

In a similar study, Xie et al. [22] prepared an Ag/chitosan hydrogel using an alkali–
urea solution, LiOH (4.5% wt.)/KOH (7% wt.)/CH4N2O (8% wt.) by the freeze/thaw
process, AgNO3, and Na3C6H5O7. The silver concentration in the hydrogel increased,
leading to spherical and ellipsoidal Ag NPs with a size distribution of 4.45 nm ± 0.37 nm to
9.22 ± 0.54 nm. The hydrogel composite had large tensile mechanical properties
(15.95 ± 1.95 MPa). The antimicrobial activity was 99.86 ± 0.12% against E. coli and
99.94 ± 0.10% against S. aureus tested on rats for 14 days. The wound contraction was 70.5%
on the 4th day and 99.75% on the 14th day. Thus, Ag NPs coated with chitosan accelerated
the healing process. The authors determined that Ag NPs destroyed the bacterial cell wall
due to interactions between the NPs and the lipid layer of the bacterial cell membrane. The
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Ag NPs would merge with bacterial DNA damaging bacterial replication and impairing
bacterial respiratory function.

Furthermore, carboxymethyl chitosan is a derivative of chitosan, non-toxic, and also
capable of forming gels [62]. Carboxymethyl chitosan-based hydrogels have shown en-
hanced physicochemical, and biological properties, including antimicrobial, antioxidant,
and antifungal activities. This hydrogel has been used in applications such as wound
healing, drug-carrying, smart tissue, and biomedical nanodevices [106]. Additionally, it
has been well explored in the cosmetic and food industry [62].

Ag/chitosan-carboxymethyl β-cyclodextrin hydrogel (CM-βCD) is an alternative
approach to inhibit the growth of bacteria. It has been shown to display antibacterial
activity against E. coli and S. aureus [25]. The interactions between Ag+ ions and bacteria
were improved through ions exchange between Ag+ and H+ from the carboxylic and amino
groups within the Ag NPs-CM-βCD hydrogel. The inhibition zone increased when the
concentration of CM-βCD was increased in the hydrogel [25].

Pandian et al. [37] fabricated a Ag/N, O-carboxymehtyl chitosan (N, O-CMC) hydro-
gel with self-healing properties. The ethylenediaminetetraacetic acid (EDTA, C10H16N2O8)
and ferric ions (Fe3+, FeCl3, 2%) were used in the synthesis process to produce a self-healing
hydrogel. The size distribution of Ag NPs was 25 ± 14 nm according to TEM images. The
hydrogel displayed an antibacterial activity against ATCC and clinical strains of E. coli
ATCC 25922, S. aureus ATCC 35556, MRSA ATCC 43300, P. aeruginosa ATCC 47085, and
K. pneumonia ATCC 700603. The minimum inhibitory concentration (MIC) for P. aeruginosa
was 48.5 mg/mL, 32.5 mg/mL for MRSA, and 32 mg/mL for S. aureus. The Ag NPs/N,
O-CMC hydrogel was more efficient against E. coli and K. pneumonia with MIC values of
17.5 and 23.0 mg/mL, respectively. At the same time, the minimum bactericidal concentra-
tion (MBC) values were 55 and 71 mg/mL, respectively. The authors described that the
interaction between Fe3+ (metal) and -COOH (ligand) was responsible for the self-healing
property of the Ag NPs/N, O-CMC hydrogel [37].

The carboxymethyl chitosan (CMCS) has been mixed with oxidized konjac glucoman-
nan (OKGM). The OKGM is a natural polysaccharide, soluble in water, that was shown to
improve the microstructure and mechanical properties of chitosan [107,108], gelatin [109],
and oxidized hyaluronic acid [110], acting as a macromolecular cross-linker [108]. The
OKGM-based hydrogel exhibited self-healing characteristics in a recent study, where Ag
NPs/OKGM/CMCS hydrogel demonstrated antibacterial properties against E. coli and
S. aureus [23]. This hydrogel was tested on rats’ skin. The hydrogel pore size distribution
was in the range of 59.4 to 230 μm, increasing as the concentration of OKGM increased,
but the swelling capacity decreased. Higher concentrations of polymers accelerated the
gelation time from 600 to 57 s [23]. Similar to a previous study, Ag/konjac glucomannan
hydrogel was tested against S. aureus and E. coli showing good antibacterial efficiency on
rabbit skin infections [111].

Hydrogels based on carboxymethyl cellulose (CMC), polyvinyl alcohol (PVA), and
C8H14O4 (EDGE) has been prepared using microwave radiation as a carrier of Ag NPs
(8–14 nm). The Ag release rate from this hydrogel was 85% over five days [13]. Ag+ ions
are bound to the hydrogel composite via electrostatic interactions. This Ag/hydrogel acted
as a bactericide against pathogenic microorganisms of the urinary tract, such as E. coli,
K. pneumoniae, P. aeruginosa, P. vulgaris, S. aureus, and P. mirabilis [13]. The Ag/hydrogels
with 5 mg/mL of Ag presented a growth inhibition diameter of 16.6 mm against
E. coli, 15.8 mm against K. pneumoniae, 15.6 mm against P. aeruginosa, and 15.2 mm against
P. vulgaris.

Hydrogels based on carbopol-934 and Aloe vera supported Ag spherical NPs encapsu-
lating quercetin (QCT) [63]. This system was designed to take advantage of (i) the properties
of QCT as an anti-inflammatory and antioxidant; (ii) of carbopol-934, as a biodegradable
and bioadhesive polymer with good tensile strength; (iii) Aloe vera that stimulates collagen
production; and finally, (iv) of Ag NPs that have broad antimicrobial activity. The QCT-
Ag/carbopol-Aloe vera hydrogel presented antibacterial activity against S. aureus MTCC
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3160 and E. coli BL-21 with inhibition zone values of about 19.0 and 17.0 mm, respectively.
Ag NPs improved the release rate of quercetin from the hydrogel for the treatment of
wounds in diabetic patients.

Some studies have explored the incorporation of graphene into hydrogel structures due to
its high thermal and electrical conductivity, and sizeable mechanical strength [66,70–72]. The
graphene embedded in hydrogel reduced hydrogel breaking and reinforced its mechanical
properties. The Ag/graphene composite hydrogel was prepared using acrylic acid and
N,N′-methylene bisacrylamide (C7H10N2O2), with a mass ratio of 5:1 silver to graphene [41].
The Ag NPs of an average size of 39 nm were deposited onto the surface of graphene
nanosheets. The Ag NPs/graphene hydrogel was evaluated against E. coli and S. aureus
using the shaking flask method. The antimicrobial activity was enhanced as the Ag NP
concentration increased. Larger nanoparticle sizes displayed better antimicrobial activity
than smaller ones. The graphene promoted the incorporation of a higher number of NPs
and avoided their aggregation onto its surface.

Another approach that has been explored is to combine chitosan and graphene to
produce an antibacterial hydrogel with enhanced durability [71]. For instance, Nešović et al.
prepared Ag/poly(vinyl alcohol)/chitosan/graphene hydrogels [70–72] by electrochemical
synthesis of nanoparticles in a hydrogel network. The hydrogel displayed better mechanical
characteristics, such as tensile strength and elastic modulus. The Ag NPs size distribution
was from 6.38 to 10.00 nm depending on the chitosan content. The antimicrobial activity
was evaluated against E. coli ATCC 25922 and S. aureus TL. The number of bacteria colonies
decreased quickly in 15 min, when the AgNO3 concentration was 0.25 mM and 0.5%
wt. of chitosan, during the composite hydrogel preparation (0.25Ag/PVA/0.5CHI/Gr).
Increasing the chitosan content resulted in a slower Ag release rate from the hydrogel.
Nešović et al. [71] found that Ag NPs prevented adenosine 5′-triphosphate (ATP) formation
within the microorganism.

Figure 1 summarizes the hydrogels embedded with Ag and Au NPs against multidrug-
resistant bacteria.

 

Figure 1. Silver and gold NPs loaded into hydrogels for antibacterial application.

A Ag-polyethyleneimine (PEI)-graphene oxide (GO) hydrogel was produced using
Pluronic F127 gel [66]. In this case, Pluronic F-127 was used to create a sustained antimicro-
bial effect, presenting reverse thermal gelation properties. PEI decreased the aggregation of
nanostructures within the hydrogel. The antimicrobial activity against E. coli was 99.86%,
and 99.94% against C. albicans, using 10 μg/mL of the hydrogel. The Ag release rate from
the hydrogel was 72% in 7 days. The authors proposed that the graphene oxide nanosheets
damaged the bacterial cell wall due to the sharp edges leading to a faster disruption of the
plasmatic membrane by the Ag NPs.
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Furthermore, Ag NPs have been incorporated into nanotubes/polymer hydrogels
to explore NP delivery. For instance, aluminosilicate nanotubes (NTs) are platforms with
a great capacity to store and carry molecules and drugs. They also help to reduce the
hydrogel degradation rate and can be loaded, as additives, into the hydrogels, such as
gelatin methacrylate (GelMA), a biocompatible hydrogel with many biological characteris-
tics [112]. For example, Ag NPs were loaded into aluminosilicate nanotubes (NTs) and then
within a methacrylate gelatin [65] matrix, to produce an antibacterial hydrogel capable
of improving bone regeneration. The hydrogel was prepared using photopolymerization
by UV irradiation of 365 nm and 400 W. According to the inhibition zone results, the
Ag/NTs/GelMA hydrogel showed higher antibacterial activity against E. coli ATCC 8739
than S. aureus ATCC 29213.

In addition, the morphology of Ag NPs is another relevant aspect that influences a
hydrogel’s antibacterial efficiency. Different NP shapes may present a distinct surface area
to interact with bacterial membranes, leading to diverse antibacterial activity [40,113,114].
In this context, Ag NPs with different morphologies (spherical, triangular, and rod) were
incorporated into polyacrylamide (PPA) and N-mehtylene bisacrylamide (MBA) hydrogels,
named PAA-MBA [40]. The mechanical strength of the Ag NPs-PAA-MBA hydrogel (4 to
5 KPa) did not depend on Ag NP shape. Rod-shaped nanoparticles were poorly absorbed
within the hydrogel network due to the formation of aggregates on the hydrogel surface.
However, these NPs showed antibacterial activity. The hydrogel doped with spherical NPs
of 12.7 ± 5.9 nm and triangular NPs of 37.1 ± 15.0 nm demonstrated high antimicrobial
activity against E. coli.

Table 2 summarizes the hydrogels embedded with Ag NPs for antibacterial application.

2.2. Antibiofilm Activity of Hydrogels Loaded with Ag NPs

Taking the usefulness of non-invasive therapy into consideration, and the elimination
of drug-resistant biofilms in oral infections and wound healing, hydrogels loaded with
Ag NPs is an alternative method of infection management [115–117]. In this scenario,
Haidari et al. [43] investigated the effectiveness of applied Ag NP hydrogels in mature
S. aureus biofilms, both in vitro and in vivo. In vitro tests were performed by flow cytometry,
where bacterial cells with compromised membranes were stained red by propidium iodide,
whereas cells with intact membranes were stained green by SYTO9. The test showed that
after treating the S. aureus biofilm with the Ag NP hydrogel, most of the cells were stained
in a high red fluorescence intensity, associated with a substantially lower biofilm biomass,
indicating severe disruption of the mature biofilm. For in vivo tests, an established S. aureus
mouse model of a mature biofilm wound infection was utilized. The antibiofilm treatment
started after biofilms had been fully established. IVIS bioluminescent imaging was used to
track 10 days of Ag NP hydrogel treatment in real-time. The Ag NP hydrogel treatment
gradually decreased the S. aureus biofilm starting on day 4.
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From 5 to 10 days after the infection, there was a statistically significant decrease in the
concentration of bacterial cells, showing the high efficiency of the Ag NPs in eradicating
established mature biofilms in wounds. This study demonstrated the use of an Ag NP
hydrogel as a valid therapeutic approach for the effective and safe elimination of mature
S. aureus biofilms in wounds.

Consistent with these results, Imran et al. [118], also reported the antibiofilm activity
of a Ag NP-loaded hydrogel against B. subtilis and E. coli. It was revealed that the hydrogel
showed a dose-dependent biofilm inhibition activity, with a minimum biofilm inhibition
of approximately 27% when the Ag NPs were used at a concentration of 10 ppm and a
maximum inhibition of 97% when the Ag NPs were used at a concentrations of 100 ppm.
Additionally, the half maximal inhibitory concentration (IC50) values obtained were 29.88
and 27.36 for E. coli and B. subtilis, respectively. Pandian et al. [37], in turn, evaluated the
antibiofilm activity of in situ Ag NPs incorporated in an N, O-carboxymethyl chitosan self-
healing hydrogel. After 48 h, a decrease of 68.86 ± 0.05%, 75.07 ± 0.02%, and 83.22 ± 0.01%
was observed in E. coli-, S. aureus-, and P. aeruginosa-treated biofilms, respectively.

Alfuraydi et al. [119] described the preparation of novel cross-linked chitosan and PVA
hydrogels impregnated with Ag NPs, as well as its activity against different strains of fungi,
Gram-positive and Gram-negative bacteria. In their results, The minimal biofilm inhibition
concentration (MBIC) for the chitosan hydrogels alone ranged from 15.63 to 125 μg/mL,
differing from the MBIC values of the hydrogel containing Ag NPs at 1 and 3%, which
ranged from 1.95 to 7.81 μg/mL. These data demonstrated how the dispersion of Ag NPs
inside the matrix of the chitosan hydrogel significantly improved its ability to prevent the
formation of biofilms.

Similarly, the antibiofilm action of the chitosan hydrogel containing Ag NPs was
previously explored by Pérez-Díaz et al. [120]. In their work, the hydrogels demonstrated a
great impact on the multi-species biofilm of oxacillin-resistant S. aureus (ORSA), achieving
a 6 Log10 reduction at a Ag NP concentration of 100 ppm. The antibiofilm activity against
P. aeruginosa was lower, with a Log10 decrease of 3.3 at a concentration of 1000 ppm. As
stated in the study conducted by Arinah et al. [121], the different results on the tested
drugs’ antibiofilm activity could be attributed to structural variations in the bacterial mem-
brane walls, which differ in Gram-negative or Gram-positive bacteria. In their work, the
authors incorporated Pleurotus ostreatus-biosynthesized Ag NPs into a genipin-crosslinked
gelatin hydrogel to investigate the antibiofilm properties against the biofilms of S. aureus,
P. aeruginosa, Bacillus sp., and E. coli. Stronger biofilm inhibition of about 58 ± 4% was
observed in Gram-negative strains. For Gram-positive bacteria, the percentage of inhibition
was 55 ± 5% for S. aureus and 38 ± 1% for Bacillus spp.

Furthermore, many recent studies have reported antibacterial and antibiofilm activity
improvement of drugs when they are associated with metallic nanoparticles, such as Ag
NPs [122,123]. Thus, in the research conducted by Lopez-Carrizales et al. [124], chitosan
hydrogel loaded with Ag NPs and the antibiotic ampicillin (AMP) were tested against
resistant bacterial pathogens, evaluating its capacity to prevent the early formation of
biofilms by the colony biofilm model. The biofilm produces thick, layered structures, and
the counting of colony-forming units (CFU) was Log10-transformed. The antibiofilm action
of the hydrogel changed depending on the Ag NP and ampicillin concentrations and the
tested strain. The biofilms of A. baumannii, E. faecium, and S. epidermidis, were significantly
inhibited by the hydrogel with the lowest concentration of Ag NPs and ampicillin (25 ppm
Ag NPs/50 ppm AMP), exhibiting Log10 reductions of 10 ± 0.01, 8.9 ± 0.02, and 7.8 ± 0.13,
respectively. However, the E. cloacae biofilm was only inhibited by a higher antimicrobial
dose (250 ppm Ag NPs/500 ppm AMP), resulting in a Log10 reduction of 9.9 ± 0.11.

Recently, Wunno et al. [125] investigated a potentially new sustainable delivery system
of Ag NPs for, among other activities, antibiofilm action. In their work, an ex situ ther-
mosensitive hydrogel based on poloxamers loaded with biosynthesized Ag NPs from
Eucalyptus camaldulensis was created and tested against Gram-positive (S. aureus and
S. epidermidis) and Gram-negative bacterial (A. baumannii and P. aeruginosa) biofilms. At a
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1/2 minimum inhibitory concentration (MIC), the proportion of biofilm inhibition reached
83%. When the mature biofilms were exposed to the Ag NP hydrogel and analyzed by
confocal laser scanning, loosening of the biofilm architecture and cell death were revealed
after 4 h of co-incubation with the hydrogel formulation at a 2 MIC (μg/mL) concentration.
Based on the presented results, it is clear that the tested hydrogel formulation successfully
interrupted biofilm formation and eradicated cell viability within the mature biofilms.

3. Gold Nanoparticles (Au NPs)

The wide range of applications of Au NPs is related to their physicochemical properties
such as the tunable core size, photothermal [126] and photodynamic properties, high
chemical stability, biocompatibility [127], high X-ray absorption coefficient, efficiency in
generating ROS, and localized surface plasmon resonance (LSPR) properties [92,128,129].
Furthermore, Au NPs also exhibit antimicrobial properties absent in bulk or ionic gold. For
example, Au NPs destroy bacterial membranes and slow down their metabolism [58,93–95].
Due to the NP’s small size, gold colloid may be susceptible to NP aggregation. Thus,
Au NPs are usually stabilized with additives such as polyelectrolytes or polymers [96,97].
These stabilizers act as capping or protecting agents, and they prevent aggregation due to
steric hindrance [97–107].

In the design of advanced hydrogels, the Au NPs are embedded into a hydrogel, or in
situ synthesized inside the porous gel structure. Some of the polymers used to incorporate
Au NPs, include chitosan [60], alginate [59], gelatin [61], hydroxypropyl methylcellu-
lose [24], silk [26], acrylamide, diethylene glycol, and indole-3-acetic acid, poloxamer
407, Pluronic F-127, carbopol [64], carboxy methyl tamarind, methacrylated gelatin, and
metal-organic frameworks (MOFs) [69]. Au NPs encapsulated in hydrogels have shown
antimicrobial or bactericidal activity against Gram-positive bacteria, such as Bacillus cereus,
S. aureus [126], and S. epidermidis [124]. Additionally, against Gram-negative bacteria such
as P. aeruginosa [61,126], E. coli [59,126], K. pneumoniae, and E. cloacae [29], and fungus such
as C. albicans [24].

Some important characteristics of Au NPs, such as size and shape have been tailored
and explored to improve the antibacterial activity of the hydrogel. This was evidenced in
studies that developed nanospherical of 29.2 nm [130], nanorods of 82.5 nm [24], 54 nm [131],
49.2 nm [130,132], and nanostars with a core diameter of 25 nm and an average size of
50 nm, 70 nm, and 120 nm [126]. The latest advances in gold nanoparticles embedded in
hydrogels for the treatment of multidrug-resistant bacterial infections are discussed below.
The efficiency of Au NPs against pathogenic bacteria is presented from three relevant
aspects: antibacterial activity, biofilm activity, and antibacterial and antibiofilm mechanism
of action.

3.1. Antibacterial of Au NPs Loaded into Hydrogels

Au NPs have shown very promising results against multi-resistant bacteria to an-
tibiotics. The incorporation of Au NPs into biocompatible supports, such as liposomes,
is one approach used in biomedicine. This structure can interact easily with bacterial
membrane and possesses a high-delivery capacity for NPs, antibiotics, enzymes, etc. To
treat bacterial infections, Zhang et al. [133] fabricated a hydrogel containing pH-responsive
gold nanoparticle-stabilized liposomes as a topical antimicrobial carrier. The authors used
carboxyl-modified AuNPs as stabilizers for cationic liposomes and chemically cross-linked
polyacrylamide as a hydrogel. The hydrogel viscoelasticity was tailored by the cross-
linker concentration, and this resulted in tunable release kinetics of the Au NP liposomes.
S. aureus was used as a model pathogen, and the hydrogel formulation effectively released
nanoparticles into the bacterial culture. No skin reaction was observed when the hydrogel
formulation was topically applied to mouse skin over a 7-day treatment period [133].

One of the methodologies used to obtain hydrogels uses natural polymers, such as
alginate. Alginate is a hydrophilic linear polysaccharide extracted from the cell wall of
some specific species of algae or bacteria. Alginate can form a gel or act as a crosslinker with
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other polymers due to the exchange of Na+ ions from the guluronic acids (C6H10O7) with
other cations (Ca2+, Ba2+, and Mg2+) [134]. Alginate-based hydrogels are biocompatible,
biodegradable, non-toxic, and exhibit a higher capacity of fluid load, acting as a carrier
for NP delivery [135]. Gold nanostars (Au NSts) were loaded into sodium alginate-based
hydrogel by Kaul et al. [126]. The sharp spike (size of 120 nm) from the NSts could puncture
the bacterial wall and membrane. The antimicrobial activity was 35.4% against S. aureus
MTCC 1430, as higher as 80% against P. aeruginosa MTCC 1934 and E. coli. MTCC 443,
using 0.3 to 0.6 μg/mL of nanoparticles on the wounds of Sprague Dawley rats. The spike
length, as well as the topology, of the Au NSts damaged the surface and the bacterial
membrane due to the rupture process. S. aureus were more resistance due to the thick
peptidoglycan layer outside the bacterial cell wall. In similar study, Zhang et al. [59]
prepared an acrylamide (AM) and alginate (SA) hydrogel incorporating Au NPs (8 nm).
This Au/AM-SA hydrogel inhibited the growth of E. coli. The study suggested that Au
NPs interact with the capsule of E. coli, cross the cell wall, and attack the proteins of the
membrane and cell wall. This process leads to the disruption of the outer membrane,
followed by death of the E. coli.

Other biocompatible and biodegradable polymers have been used as a base to produce
advanced hydrogels with metallic NPs, such as chitosan (CS) and gelatin. Lu et al. [60]
synthesized Au NPs in chitosan solution. Then, their surface was functionalized with a shell
of 2-mercapto-1-methylimidazole (MMT), resulting in an Au-CS–MMT nanocomposite
with size 8 to 10 nm. This system was loaded into gelatin using tannin acid as a crosslinker,
the final product was Au-CS–MMT/gelatin. The antimicrobial activity was explored
against S. aureus ATCC 25923, E. coli ATCC 25922, and MRSA using New Zealand rabbits
as a model. The minimum inhibitory concentration (MIC) was <20 μM for the three
bacteria strains. The antibacterial activity of Au-CS–MMT/gelatin was better than the
standard ampicillin treatment used as a control. The results from the surface charge by zeta
potential and the content of Au in E. coli and S. aureus, confirmed the strong electrostatic
interactions with the Au-CS–MMT particles. Additionally, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images showed that Au-CS–MMT
damaged the morphology and disrupted the bacterial cell membrane in less than 1 h
of contact. Ryan et al. [136] synthesized a chitosan and siloxane hydrogel to incorporate
Au NPs. Tetraethyl orthosilicate (TEOS) was used to form an interpenetrating polymer
network and improved the hydrogel structural properties, such as flexibility and strength
(67–74 mPa). The size distribution of the Au NPs was 19 nm ± 18%. Antimicrobial tests
displayed that cross-linking with SiC8H20O4 (TEOS) reduced the attachment of E. coli to
the well plate surface by 80%.

Gelatin is a natural, amphoteric, non-inflammatory polymer and it is obtained from the
hydrolysis of collagen [60]. It has many functional groups allowing its polymerization with
several crosslinking agents [137]. A gelatin-based hydrogel was fabricated by Jiang et al. [61],
in which Au NPs (5 nm) were capped by 6-aminopenicillanic acid (APA), and embedded
into electrospun fibers of poly(ε-caprolactone)/gelatin. The MIC of Au–APA/gelatin was
2.5 μg/mL against E. coli and K. pneumoniae, >5 μg/mL against P. aeruginosa, 5 μg/mL against
MDR E. coli and MDR K. pneumoniae. It was observed that E. coli cell walls were leaky and
broken when the concentration of Au–APA/gelatin increased.

Hydroxypropyl methylcellulose (HPMC) is a non-toxic and non-ionic biopolymer
which is used as a stabilizer, thickener, and emulsifier in several applications in the food
and pharmaceutical industry. HPMC has many polar and non-polar groups which easily
interact with nanoparticles by coordination bonds [138]. Recently, Wafaa Soliman et al. [24]
obtained embedded Au rod-shaped NPs into a HPMC hydrogel for topical application.
The size distribution and surface charge (ζ) of the Au NPs was 82.5 nm and 34.8 mV,
respectively. Male Wistar rats were used as a model for in vivo studies. The MICs against
S. aureus ATCC 10400, E. coli ATCC 25922, and C. albicans ATCC 90028 were 0.125–0.25 ng/mL.
The minimum bactericidal concentrations (MBCs) were 0.1–0.5 ng/mL. This hydrogel was
more efficient against S. aureus and E. coli. The authors suggested that the interactions
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between Au NPs and bacteria happened by the large cationic surface charge of the Au
nanorods leading to membrane disruption, damage to the bacterial cell structures, and
consequently death of the pathogenic microorganism.

A treatment for focal infections, based on laser-mediated heating of Au NPs (13 nm)
suspended in an injectable and degradable silk hydrogel, has also been suggested [26].
Silk is a natural, biocompatible, cheaper polymer, and the silk hydrogel characteristics
can be tailored and controlled by the gelation time [28,139]. The bactericidal procedure
consists of injecting the silk hydrogel/Au NPs composite into the subcutaneous infection,
and to deliver a laser beam with 150 mW of incident green light (532 nm wavelength) for
10 min [26]. The wavelength light is absorbed by the nanoparticles and converted into heat.
This localized heat has a bactericidal effect at the infection site without causing systemic
side effects. The in vivo results showed S. aureus reduced after one round of laser-exposure,
killing 80% of bacteria, demonstrating the potential applicability of this proposal.

In addition to hydrogels obtained from natural polymers, other types of synthetic
polymers or monomers have been used for hydrogel preparation for NPs delivery. A pH-
sensitive hydrogel with antimicrobial activity and wound-healing properties was produced
by Chitra et al. [140]. Au NPs of 17 nm were loaded into a porous hydrogel, obtained
by condensation–polymerization reactions with citric acid (CA), diethylene glycol (DEG),
and indole-3-acetic acid (IAA, C10H9NO2). The swelling profile of the hydrogel decreased
when the content of Au NPs increased, in basic medium. The antibacterial performance
against S. aureus showed an inhibition zone of 8.33 to 11.67 mm, using 1000–2000 μg/mL
of Au/hydrogel by the diffusion method. In a similar study, Au NPs (8–30 nm) and Ag
NPs (4–12 nm) were incorporated into a hydrogel composite based on the condensation–
polymerization between citric acid (CA), diethylene glycol (DEG), and indole-3-acetic
acid (IAA) [128]. This hydrogel nanocomposite was tested against S. aureus, E. coli, and
Bacillus cereus at 2000 μg/well. The inhibition zones of the Au/hydrogel were 14, 16, and
15 mm against E. coli, S. aureus, and B. cereus, respectively. Chitra et al. [128] described that
the results were due to the outside structure of Gram-positive bacteria, which allows the
entry and absorption of foreign molecules into the bacterial cell membrane.

Poloxamer 407 is a triblock copolymer (poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol)). It is water-soluble, and has been explored in the phar-
maceutical industry as an antibiotic delivery platform [141]. A polymeric hydrogel with
Au NPs was reported by Mahmoud et al. [130] to treat wounds. A poloxamer 407 hydrogel
was used to support sphere- and rod-shaped Au NPs with different coating agents, such as
CTAB (C16H33N(CH3)3Br), polyacrylic acid (PAA), poly(allylamine hydrochloride) (PAH),
and poly(ethylene glycol) (PEG), to endow the surface with negatively, positively and
neutrally charged polymers. Rod-shaped Au NPs capped with PEG and positively charged
NPs capped with PAH proved to be the most efficient systems for wound healing after
14 days of treatment. Likewise, the two hydrogel systems presented a high reduction in
viable bacterial against S. aureus and P. aeruginosa, the most common skin bacteria.

Pluronic F-127 is a synthetic thermoresponsive polymer which displays sol–gel tran-
sition near 37 ◦C, excellent biocompatibility, good mechanical strength, and the ability
to retain water [142]. An injectable hydrogel for muscle regeneration was produced by
Ge et al. [68], in which gold–polythyleneimine NPs (10 nm) were embedded into a Pluronic
F-127 hydrogel scaffold, named FPAu. This FPAu biomaterial was obtained by the dou-
ble crosslinking of Pluronic F127, 4-hydroxy benzaldehyde, K2CO3, and modified poly-
dopamine NPs. The number of colony-forming unit decreased rapidly after 2 h of contact
between bacteria and the hydrogel in in vitro tests. The antibacterial activity against
S. aureus and E. coli was 87.5% and 83%, respectively. This study suggested that the antibac-
terial property of the FPAu hydrogel is due to branched polyethyleneimine linked to the
Au NP surface.

Another approach is to coat the hydrogel with a pretreated macrophage membrane
of bacteria. This creates a bacterial receptor able to identify specific sites when it interacts
with the target pathogenic bacteria. Li et al. [131] fabricated a photothermal hydrogel
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of N-acryloyl glycinamide (PNAGA) in which Au nanorods were previously coated in
polydopamine (PDA). The hydrogel was also coated with membrane macrophages against
E. coli and S. aureus. The PNAGA enhanced the mechanical properties of the hydrogel,
showing a tensile strength of 1.64 MPa and a compressive strength of 12.490 MPa. Au
nanorods gave a photothermal ability to the hydrogel under NIR irradiation. When
exposed to NIR irradiation for 5 min, the antibacterial activity of this hydrogel, without
the macrophage membrane, was 74.2 and 72.5% against E. coli and S. aureus, respectively.
However, the hydrogel coated with the activated membrane of macrophage against E. coli
and S. aureus, led to an antibacterial efficiency of 98.4 and 97.6%, respectively.

Some authors have explored alternative methodologies, for example, by incorporating
dual metallic nanoparticles, such as Ag and Au NPs, as core–shell nanoparticles into the
porous structure of a carbopol-based hydrogel [64]. The particle size was 5 ± 3 nm and
the Ag–Au NPs presented several morphologies into the hydrogel. The inhibition zones
against B. cereus and E. coli were 18.5 and 18.1 mm, respectively. This study showed that
Ag–Au NPs inhibited the growth of bacteria by forming pits between the NPs and the cell
wall. This interaction resulted in bacterial death due to leakage of molecules and proteins
from the wall.

The bimetallic NPs, Au–Ag NPs were incorporated by Kumar et al. [29] in a carboxy
methyl tamarind (CMT) hydrogel against MDR E. coli, E. cloacae, and S. aureus MRSA
for in vitro tests using mammalian cells. The bimetallic NPs had a hydrodynamic size of
147 nm and a negative surface charge of −31.5 mV. The growth profiles of the cells were
studied at different concentrations of Au–Ag NPs. E. coli showed an extended lag phase
when exposed to Au–Ag NPs at a concentration of 1 to 3 μg/mL, while at a concentration
of 3 to 12 μg/mL for MRSA in presence of Au–Ag NPs. The lag phase is the earliest
period of the bacterial growth cycle, which the bacteria adjust to their environment, and
cells increase in size [143]. The reported MIC values were 3 and 6 μg/mL for E. coli and
MRSA, respectively. This hydrogel was also tested against clinical isolates of E. cloacae
EC18, which was efficient at 6 μg/mL. The antimicrobial activity results showed that the
Au–Ag/hydrogel was efficient when 20- to 25-fold less concentrated than other drugs, such
as gentamicin.

In a similar study, a gelatin sponge hydrogel functionalized with silver/gold clusters
(Au/Ag–gelatin and Au–gelatin) was used for antibacterial applications [144]. This system
was obtained by a simple one-pot method. Glutathione (GSH) acted as a reducing agent
and as a thiol-ligand. The system’s biocompatibility, as well as good water absorbency and
water retention properties, allows efficient bactericidal effects and presents this hydrogel as
a promising material for wound dressing applications. The antibacterial activities of gelatin,
Au–gelatin and Au/Ag–gelatin were probed by inhibition zone assays, using P. aeruginosa
as a model, since it is implicated in wound infection. Gelatin did not present any inhibition
zone under any of the conditions, while for Au–gelatin and Au/Ag–gelatin, the inhibition
appeared under white light irradiation. According to the authors, the bactericidal activity
is due to ROS generated by the excited NCs. The inhibition zone of Au/Ag–gelatin was
31.9 mm higher than the Au–gelatin with 25.1 mm.

Ribeiro et al. synthesized in situ Au and Ag NPs embedded in a silk fibroin-based
hydrogel [28]. The size distribution of the Au NPs was 9 to 55 nm and 12 to 69 nm for
the Ag NPs. The NP concentration influenced the antimicrobial activity. For example, the
hydrogel loaded with a Au NPs concentration > 0.5% was efficient against the S. aureus
ATCC 33591, MRSA, and P. aeruginosa ATCC 27853. When the concentration was >0.1%, it
inhibited the cell proliferation of S. aureus ATCC 25923 and MSSA, and E. coli ATCC 25922.
However, the hydrogel showed antimicrobial performance against all previous pathogenic
cells, regardless of Ag NPs concentration, even with S. epidermidis RP62A ATCC 35984.

Furthermore, Au NPs have been loaded into porous systems such as metal–organic
frameworks (MOFs). The zeolitic imidazolate framework-8 (ZIF-8) MOF are crystalline,
biocompatible, and biodegradable. ZIF-8 can generate ROS under visible light by means of
photocatalysis [145]. The Au NPs/ZIF-8 strategy can improve the antimicrobial activity of
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Au NPs. For example, Deng et al. [69] embedded Au NPs into a pristine ZIF-8 network. The
nanocomposite was embedded in oxidized sodium alginate (OSA), and carbohydrazide-
modified methacrylated gelatin (GelMA-CDH) obtaining an injectable hydrogel, named
Au–ZIF–GCOA. The stability of the hydrogel was improved by adding another crosslinking
step during the polymerization, leading to a double-network hydrogel. This material
displayed high bactericidal activity against E. coli and S. aureus using mice as an in vivo
model. The number of bacteria colonies decreased in more than 99.0% for both strains using
0.2 mg/mL of Au–ZIF–GCOA. The antibacterial activity was due to the photoproduction of
hydroxyl radicals by Au–ZIF-8 nanostructures, under visible-light irradiation. Mainly, Au
NPs were responsible for the conversion of oxygen to singlet oxygen (1O2). The interaction
of the hydrogel with light prevented the bacteria from acquiring resistance mechanisms to
metal nanoparticles.

Other strategies developed against bacteria resistance combine the properties of
metallic nanoparticles conjugated with drugs in the same hydrogel structure. Au NPs
were incorporated into a cellulose-grafted polyacrylamide hydrogel [146], leading to a
PAMC/Au nanocomposite. Afterwards, ciprofloxacin was embedded into this nanocom-
posite/hydrogel. The antibacterial performance was evaluated against E. coli, S. flexneri,
B. cereus, and Listeria Inuaba. An increased concentration of Au NPs into the hydrogel
was observed to enhance the antibacterial activity from 67 to 95% against the E. coli, and
from 48 to 79% against the S. Flexneri. However, this hydrogel nanocomposite was not as
efficient against B. cereus and L. Inuaba with an antimicrobial activity only between 35–53%.
The study suggested that antimicrobial efficacy was influenced by the hydrogen bonding
interaction between the Au NPs and the amide acrylamide groups.

Au NPs have been incorporated into the hydrogel network combined with Ag NPs
leading into antibacterial hydrogels with dual metallic NPs (Au–Ag). Table 3 summarizes
the hydrogels containing Au NPs for antibacterial application. The antibiofilm activity of
Au NPs incorporated into hydrogels is shown below.
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3.2. Antibiofilm Activity of Au NPs Loaded into Hydrogels

Au NPs have previously shown promising results against several microorganisms and
biofilms in terms of growth inhibition and cell damage [147,148]. With this background
information, Bermúdez-Jiménez et al. [149] embedded gold nanorods (Au NRs) into a
non-toxic chitosan hydrogel, exploring its antibiofilm activity against Gram-positive and
Gram-negative pathogenic bacteria multi-species biofilms, by photothermal therapy. The
authors reported 5 to 8 Log10 reductions in bacterial load when the Streptococcus oralis and
E. faecalis biofilm was exposed to the Au NR hydrogel subjected to a 10 ◦C temperature
rise. However, when the hydrogel was subjected to a 5 ◦C temperature rise, no discernible
drop in the bacterial load was seen. These findings suggest that photothermal therapy was
essential in antibiofilm activity of this Au NR-loaded hydrogel. Correspondingly, Al-Bakri
et al. [132] also investigated the potential of Au NRs incorporated into a hydrogel by
photothermal therapy against P. aeruginosa biofilms. In this study, the photothermal-based
bactericidal activity of the Au NR hydrogel against biofilms showed the same percentage
and Log reduction in viable bacterial count under two different modes of laser excitation.
The results showed approximately 4 Log cycle, and 1 Log cycle reduction in the viable
cells for both, continuous and pulsed laser excitation at 3 W cm−2 and 1 W cm−2 laser
doses, respectively.

Wickramasinghe et al. [150] also investigated the photoactivated Au NRs incorporated
into hydrogel composites, to explore their antibiofilm activity against S. aureus bacterial
biofilms on metal implant materials. A set of 1 W/cm2 power intensities, with a 1 cm2 laser
spot size, and 15 s of laser pulses was devised to assess the hydrogel’s ability to completely
eradicate preformed bacterial biofilms on the surface of metal alloy disks. According to
crystal violet assays, the hydrogel completely eradicated the biofilms. Additionally, a
colony-forming assay was carried out. The results demonstrated that no surviving bacteria
established new colonies because of the gel treatment. Finally, SEM analysis showed that
this hydrogel did not leave any bacterial cells on the surface of the metal alloy disks, even
in the microscale grooves. SEM analysis conducted by Soliman et al. [24] using S. aureus
and E.coli biofilms has also shown the intense reduction in cell number and morphological
changes after treatment with Au NPs incorporated into hydrogels.

Recent work also sought to depict this technique as a useful strategy against biofilm
formation from different bacterial species. In 2022, Galdámez-Falla et al. [151] developed
an E. faecalis biofilm on human roots using the static and dynamic method (modified drip
flow reactor (MDFR), aiming to use photothermal therapy with a hydrogel solution with
Au NRs as an antibiofilm agent. The authors found differences in colony-forming unit
(CFU) when comparing the Au NRs-treated biofilm (188.6 ± 26.7 CFU) with the control
group (337.3 ± 2.82 CFU). The Au NRs successfully eliminated E. faecalis biofilms. The
laser application time, however, was 20 min, which is longer than would be feasible for
an in vivo scenario. The researchers suggested that, in the future, this strategy should be
tested with a shorter laser application time with similar positive outcomes.

Another antibiofilm strategy that has been explored used Au NPs hydrogels in associa-
tion with Ag NPs. Due to the effectiveness in combating bacteria, this strategy has received
great attention among many researchers. The synergistic effect is well-described by Kumar
et al. [29]. In their study, bimetallic NPs (Au–Ag NPs), capped with complex carbohydrates,
and incorporated into a carboxy methyl tamarind (CMT) polysaccharide hydrogel, showed
a dose-dependent effect on biofilm formation for both Gram-positive and Gram-negative
bacteria. Low concentrations, such as 1 μg/mL for E. coli and 1.5 μg/mL for S. aureus, were
able to eradicate the biofilms.

4. Mechanism of Action of Ag NPs and Au NPs Loaded into Hydrogels

4.1. Mechanism of Antibacterial Action

Ag NPs and Au NPs exhibit antibacterial action against different antimicrobial-
resistant bacteria, including Gram-positive and Gram-negative bacteria. In addition, their
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low reactivity and low toxicity, compared to Au and Ag ions, presents them as a relevant
therapeutic strategy for drug-resistant bacterial infections [152,153].

Due to their proven potential, the understanding of the mechanisms of bacterici-
dal action become relevant. In general, Ag NPs and Au NPs act through the follow-
ing mechanisms: (a) adhesion and alteration to the surface of the microbial membrane;
(b) penetration into bacterial cells promoting the breakdown of biomolecules and other
intracellular damage; (c) induction of cellular toxicity by the generation of ROS that pro-
mote oxidative stress within the cell; and (d) inhibition of intracellular signal transduction
pathways [148,154–156], shown in Figure 2.

Figure 2. The mechanisms of bactericidal action of Au NPs and Ag NPs loaded into hydrogels.

Ag NPs and Au NPs act at the cell wall or membrane, as they adhere to these structures
by electrostatic interactions. NPs release their positively charged ions, generated by metal
oxidation, to the negatively charged bacterial cell surface [157,158]. In addition to the
possibility of this interaction, Ag NPs also have an affinity for sulfur proteins in the
microbial cell wall. The adhesion or accumulation of these nanostructures promotes
irreversible morphological changes in the structure of the cell wall and membrane [154,159].

In this sense, it is evident that these nanoparticles interfere with the integrity of the
lipid bilayer by denaturation. This can cause cell lysis, which increases the cell membrane
permeability, affecting the cell’s ability to regulate the transport of substances and causes
loss or leakage of cellular contents, such as cytoplasm, proteins, ions and the cellular energy
reservoir (i.e., adenosine triphosphate) [160,161]. Thus, Ag NPs and Au NPs increase the
permeability of bacterial cell membranes allowing the entry of antibiotics combined with
NPs to potentiate the antibacterial effects [162,163].

Ag NPs and Au NPs can penetrate cells through existing porins in the outer or
cytoplasmic membrane, promoting changes in cellular activity through the binding of NPs
to cellular structures. This includes ribosomes, leading to protein synthesis reduction in
the cytoplasm as well as of biomolecules such as proteins, lipids, and DNA. Among the
biomolecules that are altered by the binding of Ag and Au ions, proteins and bacterial DNA
are the most important [155,156,164].

Ag and Au ions released into the environment will bind to negatively charged protein,
altering the protein structure, denaturing it, and interfering with the normal growth and
metabolism of bacterial cells [164,165]. In addition, Ag ions bind to DNA via bonds with
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the sulfur and phosphorus components of the nucleic acid, causing denaturation, problems
in DNA replication and stopping cell growth [148]. Au NPs, on the other hand, neutralize
the plasmid charge and prevent its movement. These NPs can decrease the stability of the
DNA structure by electrostatic repulsion [158,166].

Another mechanism of action of Ag NPs and Au NPs is the production of ROS and free
radicals. These radicals promote oxidative stress in bacteria, inducing lipid damage, leakage
of cellular biomolecules, protein aggregation, DNA destruction, and eventually, lead to
cellular apoptosis. In addition, these NPs are considered the main agents for cell membrane
disruption and DNA modification [148,167]. The production of ROS is normally dependent
on the concentration of the nanostructures. ROS are generated after the uptake of free
Ag and Au ions in the cells, which can alter the respiratory chain in the inner membrane
by interacting with thiol groups forming Au-thiol groups. Ag-thiol groups promote the
coagulation of respiratory enzymes, interrupting the production of adenosine triphosphate
by altering the electron transport systems, and activating the apoptosis pathway [148,156].

Ag NPs and Au NPs can also alter bacterial signaling pathways. The mechanism of
the signaling depends on the phosphorylation and dephosphorylation of cascade proteins
or enzymes that are essential for cell activity and bacterial growth [164,165,168]. Due to the
unique physicochemical properties of NPs, there is a possibility that these nanoparticles act
as modulators of signal transduction in microbial cells. They may mediate bacterial cell
apoptosis by disrupting the bacterial actin cytoskeletal network causing morphological
changes in the bacterial form. Thus, bacterial cell membranes become more fluid, followed
by cell rupture [155,169].

Au NPs have other different antipathetic activity mechanisms. Near-infrared radiation
can be used to induce Au NPs to convert light into heat, which destroys the cytomembrane
structure, and kills bacteria through lysis and disintegration by local heating. This therapy
significantly reduces the number of bacteria, even at low concentrations, and includes
specific mechanisms such as protein denaturation, cell fluid evaporation, cell structure
breakdown, and blister formation. All these mechanisms damage the bacterial cell wall
and promote cell wall penetration [157,160].

The dissolution state, the size and shape of the NPs in the exposure medium affect the
release of ions and their antibacterial effect and mechanisms. Dissolution efficiency depends
on synthesis and processing factors, as well as on the intrinsic characteristics of Ag NPs
and the surrounding media [163,170]. Thus, studies claim that smaller NPs with a spherical
or near-spherical shape are more prone to release silver. Therefore, reducing particle size
and increasing the dispersibility can help to improve the antibacterial properties of the
NPs. Additionally, this may facilitate adsorption, and penetration due to the greater surface
area, and better dissolution in more acidic environments [152,162]. Thus, it is evident
that the different mechanisms of action presented by the NPs increase the effect of their
antibacterial action.

4.2. Mechanism of Action for Inhibiting Biofilm Formation

Regarding the literature, it is clear that these NPs are promising agents in inhibiting
biofilm formation. However, the mechanism of action for inhibiting biofilm formation
and the interrelation between Ag and Au NPs with biofilms is not completely understood.
Some therapeutic targets are predicted to inhibit biofilm formation, such as: (a) the EPS
network that facilitates the initial attachment of bacteria to the surface and increases
bacterial resistance to host immunity and antibiotics; (b) the flagella, crucial structures for
the initial communication between cells and the surface; (c) adhesion proteins, which allow
for the initial attachment; and (d) quorum sensing (QS), bacterial cell–cell communication,
in which bacteria give feedback via extracellular, signaling molecules to manage microbial
virulence and to release autoinducers that increase in concentration as a function of bacterial
cell density, shown in Figure 3 [168,171,172].
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Figure 3. Mechanism of inhibiting biofilm formation by Au NPs and Ag NPs.

Cells treated with NPs may show alterations in their morphology, presenting a crum-
pled surface morphology, relatively elongated size, and no clear septum. These findings
suggest that Ag NPs prevent bacterial cell division, causing membrane destruction, and
preventing biofilm formation. With this effect, it can be seen that NPs induce morphological
alterations reducing biofilm formation [159,161,173].

The inhibition of biofilm production also occurs by the generation of ROS induced
by Ag NPs and by the release of silver. These mechanisms may inhibit the expression of
genes related to motility and biofilm formation [156,167]. In a similar way, Au NPs cause
mechanical damage to the cell wall through electrostatic interactions. Additionally, Au
NPs can stimulate the production of ROS, and damage cellular structures, functions and
proteins due to the release of metal ions [164].

Due to the positive correlation between EPS secretion and biofilm formation, EPS
inhibition is also considered an alternative target to mitigate the biofilms of pathogenic
bacteria [153,165]. For example, Ag NPs and Au NPs inhibit alginate production in a
concentration-dependent manner. Alginate is a vital constituent of the EPS matrix. It helps
bacteria attach to surfaces, protecting them from the host’s immune response, and thus
making them resistant to antimicrobials. In this sense, one of the focuses of NP activity is to
prevent the production and secretion of EPS matrix components, such as polysaccharides,
proteins, and extracellular DNA or eDNA. These components, confer integrity to the biofilm
and functional architecture, as well as resistance against antibiotics [171,172].

A fundamental step in biofilm formation is bacterial adhesion to a surface. In this
sense, adhesion proteins, fimbriae, and flagella-mediated motility, that regulate the initial
attachment of bacteria to a wide range of surfaces are therapeutic targets where NPs
enact their antibiofilm activity [154,158]. Thus, some metallic nanoparticles can reduce
bacterial adhesion on surfaces through the release of ions, inhibiting the enzymatic activity
of proteins involved in peptidoglycan synthesis, delaying biofilm formation [156,165].

In addition to adhesion, another essential process is quorum sensing (QS). Some stud-
ies have indicated that metallic NPs can disrupt the production of QS molecules, especially
the autoinducer (AI-2). Thus, the production of exopolysaccharides and rhamnolipids,
motility, and some virulence factors necessary for QS-regulated biofilm production is
substantially altered [171,172,174]. Thus, Ag NPs and Au NPs are considered very promis-
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ing agents as a therapeutic strategy for coating surfaces and hospital utensils to prevent
multidrug-resistant bacterial infections with biofilm production.

4.3. Mechanism for Biofilm Eradication

Most antibacterial agents have difficulty in penetrating the EPS matrix produced in a
biofilm, making it difficult to eradicate and treat infections. Thus, it is essential to develop
therapeutic strategies to solve this inconvenience. In this sense, the use of Ag NPs and Au
NPs with intrinsic antimicrobial potential can act as biofilm-targeting agents, promoting
its eradication [170,175]. Some studies have shown the mechanisms of action of these
nanoparticles in biofilm eradication (Figure 4).

Figure 4. Mechanism of biofilm eradication of Au NPs and Ag NPs.

The level of biofilm–nanoparticle interaction depends on the physicochemical proper-
ties of the EPS, nanoparticles, and the environment around the biofilm. Thus, it is necessary
to understand the NP transport process that includes movement to the biofilm–fluid inter-
face, attachment to the surface of the biofilm and migration within the biofilm [176,177].

Initially, the penetration of nanoparticles into the EPS matrix is influenced by NP size,
and by the interactions with components of the extracellular polymeric matrix with the NP
surface properties, such as charge and functional groups [174,176]. Bacterial biofilms, in
general, have a polyanionic and negatively charged matrix, which enables them to interact
with positively charged Ag and Au metallic ions. Other, physicochemical-modulated
characteristics are also important, especially electrostatic ones, such as the zeta poten-
tial [176,178,179].

When NPs begin to come into contact with an environment containing organic
molecules, a corona-like coating is formed on the surface of the NPs. The nature of
this corona influences NP–biofilm interactions [177,180]. After the initial contact, the
nanoparticles begin to interact with macromolecules present in the biofilm, changing their
known surface properties, related to size, strength, functionalization, and other biological
properties [170,177].

Penetration, diffusion and antibiofilm effectiveness depend on physicochemical char-
acteristics, such as adequate size, polydispersity index, purity, and zeta potential. The
composition and structure of the biofilm are also important, including pore size, presence of
water channels, hydrophobicity of the environment, and the chemical gradient of the matrix,
as well as the ionic composition and concentration of the nanoparticle solution [178,180].

In this sense, NPs of 5–500 nm can penetrate into the biofilm water channels, affecting
EPS matrix diffusion as a result of surface functional groups or charge interactions. NPs in-
teract with bacterial cells through penetration and intracellular accumulation promoting the
inhibition of protein function, DNA damage, translation disorders and/or transcriptional
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dysregulation. The pathogen viability is reduced by altering bacterial cell wall permeability
(Figure 4) [164,166,169,173].

Studies have shown that NPs can bind to the negatively charged bacterial surface
and the biofilm interacts electrostatically, promoting changes in quorum sensing and
influencing bacterial growth (Figure 4). The results also showed a dose-dependent decrease
in exopolysaccharide production, preventing the biofilm from maintaining its standard
architecture (Figure 4) [169,171,172,174]. Biofilms treated with the formulation of Ag
NPs and Au NPs may exhibit dispersed cell aggregates with acute structural destruction.
Disruption of cells through membrane bubble whites is attributed to the close interaction
of NPs and Ag and Au ions with the bacterial membrane, in addition to the possible ROS
formation [156,167].

Some studies suggest that the main mechanism of biofilm destruction occurs through
the binding of Ag NPs and Au NPs to the exopolysaccharide matrix. The biofilm structure
is disrupted by recognizing the peptidoglycan structure present in bacterial membranes,
causing physical damage, ion release, production of ROS, leading to oxidative stress, and
DNA damage [154,164,167,169].

When bacteria are treated with Ag NPs morphological changes are revealed in the
biofilm architecture. The irregular cell surface, suggesting cell lysis, relevant morphological
damage to the cell wall, damage to membrane corrugation, changes in membrane polar-
ization and/or permeability, and the distinct formation of an EPS matrix around bacteria
are observed. In addition, electrostatic interactions between NPs and bacterial membranes
cause them to disrupt, so that Ag NPs can penetrate the mature biofilm [156,164,173,174].

In addition, NPs can interfere with the condensation of the condensed cytoplasmic
membrane, the pathways of bacterial metabolism, and the production of extracellular
polysaccharides, leading to a change in the layout of the biofilm [170,180,181]. Due to
these antibiofilm properties, Ag NPs and Au NPs are considered very promising for the
treatment of multidrug-resistant bacterial infections and biofilm production [153,179,182].

5. Conclusions

Bacterial infections are a worldwide public health problem, and it has become more
urgent due to some bacteria developing mechanisms of resistance to current antibiotics.
This is a challenging problem, even more when microorganisms are capable of producing
biofilms. However, this global public health challenge has motivated new research to
develop therapeutic strategy and antibacterial biomaterials described in this review, such
as hydrogels incorporating metallic NPs, in particular Ag and Au.

There is a wide variety of biocompatible polymers used in the production of hydrogels,
such as alginate, chitosan, gelatin, konjac glucomannan, carbopol, carboxymethyl cellulose,
carboxymethyl chitosan, poly-vinyl alcohol, gelatin methacrylate, polyacrylamide, and
polyvinylpyrrolidone. These polymers have been shown to be excellent candidates as
carriers of antibacterial NPs for the prevention and treatment of localized bacterial infec-
tions. Among those polymers, chitosan, Pluronic F127, gelatin, and poloxamer 407 seem
to be the most promising. Some of these systems have achieved an antibacterial effi-
ciency of 99.86%, 99.94%, 99.5%, and 99.0% against E. coli, S. aureus, K. pneumoniae, and
P. aeruginosa, respectively. These bacteria are the most studied pathogenic microorganisms
due to their pathogenic potential, ability to produce biofilms and to acquired antibiotic
resistance. In vivo clinical trials, performed on animals, have shown that antibacterial
hydrogels also help with healing and re-epithelialization.

To enhance the antibacterial action and inhibit the development of new resistance
mechanisms by bacteria, new strategies have been explored, such as: (i) the surface func-
tionalization of nanoparticles with other antimicrobial agents, such as polyethyleneimine,
2-mercapto-1-methylimidazole, 6-aminopenicillins acid, poly(allylamine hydrochloride),
poly(ethylene glycol), and quercetin; (ii) drug encapsulation within the nanoparticles;
(iii) incorporation of two metallic nanoparticles into the hydrogel; (iv) in situ photosyn-
thesis of NPs into the hydrogel structure; and (v) photo-irradiation of the NP/hydrogel
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to eradicate bacteria. Therefore, there are many possible ways to fight against multidrug-
resistant bacteria with the use of metallic nanoparticles incorporated into hydrogels.

Furthermore, the dispersion of metallic nanoparticles within the matrix of hydrogels
significantly improves their ability to prevent and eliminate biofilm formation. This strat-
egy was shown to be highly effective in the eradication of biofilms formed in wounds.
Additionally, other techniques can be used alongside hydrogels to amplify their efficiency,
such as phototherapy or photothermal therapy. Thus, these hydrogels are promising an-
tibiofilm agents and may be critical in treating bacterial infections associated with biofilms
in the future.

Although there are many results in the literature and examples of in vitro and in vivo
studies in animals, clinical applications of biopolymers are limited to a few reports. Ex-
amples of clinical applications in human patients are even scarcer for Ag NPs and Au
NPs incorporated into biopolymers. Real case applications are essential to demonstrate
their technical, economical and clinical feasibility. Therefore, great opportunities for the
development of such composites are on the horizon.

Author Contributions: Investigation, literature searching, writing—original draft preparation, and
conceptualization, Y.P.M.R., L.A.d.A.C. and M.A.A.A.; writing—review and editing, supervision,
and resources, A.G. and I.M.F.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Foundation for the Support of Science and Technology
of the State of Pernambuco—FACEPE (Brazil), grants number APQ-0229-1.06/19, 316048/2020-8,
and Innovative Scientists 2022 (APQ-0287-4.03/22), by Propesqi no 09/2021-Support for Qualified
Production of the Federal University of Pernambuco, and by the National Council for Scientific and
Technological Development—CNPq (Brazil).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Tommasi, R.; Brown, D.G.; Walkup, G.K.; Manchester, J.I.; Miller, A.A. ESKAPEing the labyrinth of antibacterial discovery. Nat.
Rev. Drug Discov. 2015, 14, 529–542. [CrossRef]

2. Shrivastava, S.; Shrivastava, P.; Ramasamy, J. World health organization releases global priority list of antibiotic-resistant bacteria
to guide research, discovery, and development of new antibiotics. J. Med. Soc. 2018, 32, 76. [CrossRef]

3. Piddock, L.J.V. The crisis of no new antibiotics—What is the way forward? Lancet Infect. Dis. 2012, 12, 249–253. [CrossRef]
4. Zheng, K.; Setyawati, M.I.; Leong, D.T.; Xie, J. Antimicrobial silver nanomaterials. Coord. Chem. Rev. 2018, 357, 1–17. [CrossRef]
5. Coates, A.; Hu, Y.; Bax, R.; Page, C. The future challenges facing the development of new antimicrobial drugs. Nat. Rev. Drug

Discov. 2002, 1, 895–910. [CrossRef]
6. Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United States, 2013; Centres for Disease Control and

Prevention, US Department of Health and Human Services: Altanta, GA, USA, 2013.
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Abstract: Simple low-cost, nontoxic, environmentally friendly plant-extract-based polymer films play
an important role in their application in medicine, the food industry, and agriculture. The addition
of silver nanoparticles to the composition of these films enhances their antimicrobial capabilities
and makes them suitable for the treatment and prevention of infections. In this study, polymer-
based gels and films (AgRonPVA) containing silver nanoparticles (AgNPs) were produced at room
temperature from fresh red onion peel extract (“Ron”), silver nitrate, and polyvinyl alcohol (PVA).
Silver nanoparticles were synthesized directly in a polymer matrix, which was irradiated by UV
light. The presence of nanoparticles was approved by analyzing characteristic local surface plasmon
resonance peaks occurring in UV-Vis absorbance spectra of irradiated experimental samples. The
proof of evidence was supported by the results of XRD and EDX measurements. The diffusion-based
method was applied to investigate the antimicrobial activity of several types of microbes located in
the environment of the produced samples. Bacteria Staphylococcus aureus ATCC 29213, Acinetobacter
baumannii ATCC BAA 747, and Pseudomonas aeruginosa ATCC 15442; yeasts Candida parapsilosis CBS
8836 and Candida albicans ATCC 90028; and microscopic fungi assays Aspergillus flavus BTL G-33 and
Aspergillus fumigatus BTL G-38 were used in this investigation. The greatest effect was observed on
Staphylococcus aureus, Acinetobacter baumannii, and Pseudomonas aeruginosa bacteria, defining
these films as potential candidates for antimicrobial applications. The antimicrobial features of the
films were less effective against fungi and the weakest against yeasts.

Keywords: red onion; peel; polyvinyl alcohol; gels; films; silver; nanoparticles

1. Introduction

Scientific research on the antibacterial properties of plant materials was started in the
second half of the 19th century when Louis Pasteur noted the first antibacterial properties
of garlic in 1858 [1]. Since that time, a vast number of different studies have been performed
investigating the antimicrobial properties of plants. It was shown [2,3], that one of the oldest
cultivated plants Allium cepa L. (Liliaceae) or onion indicates antimicrobial properties and
can be used for the treatment of many diseases. Antibacterial and antifungal properties of
onion and onion extracts were discussed in several papers [4–8]. It was found that onion
peel has 3–5 times higher amounts of isolated phenolic compounds and quercetin and
provides approximately 3–5 times higher activity against bacteria than the edible part of the
onion [9]. Investigation of antibacterial assays for the isolated compounds containing water
extract of onion peel (Allium cepa) has shown that 2-(3,4-dihydroxy phenyl)-4,6-dihydroxy-
2-methoxybenzofuran-3-one indicated selective activity against Helicobacter pylori strains,
and 3-(quercetin-8-yl)-2,3-epoxy flavanone was effective against MRSA (multidrug-resistant
Staphylococcus aureus) and H. pylori strains [8]. High antimicrobial activity of red onion
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peel extracts against bacteria Escherichia coli, Pseudomonas fluorescens, and Bacillus cereus and
fungi Aspergillus niger, Trichoderma viride, and Penicillium cyclopium was found as well [9].
This indicated the potential of onion peels to be applied in antimicrobial compositions.
On the other hand, the utilization of red onion peel as an antimicrobial substance may
contribute to the reduction in the problem related to the accumulation of a high amount of
waste produced due to the increased market of processed onion [10–13].

It is known [14] that some metal-based nanoparticles possess antimicrobial activity
as well. Among different metallic NPs, silver nanoparticles (AgNPs) play an enormous
role as antimicrobial agents [15]. However, there are some issues with the fabrication of
AgNPs. The synthesis of AgNPs can be achieved both chemically and physically. Both
approaches include drawbacks: physical operations usually fail to regulate particle sizes
in the nanoscale range and irregularly sized particles are created. Chemical synthesis of
NPs considers the application of toxic materials and requires high energy resources. De-
spite the indicated drawbacks, the antimicrobial activity of silver nanoparticles is amazing
and attracts the huge attention of researchers. Due to this, antimicrobial properties of
composites containing silver nanoparticles have been thoroughly investigated during the
last decades [16–18]. Analyzed research information revealed that there is a possibility to
enhance the antimicrobial activity of compounds containing AgNPs, exploring environ-
mentally friendly green synthesis methods for gaining silver nanoparticles [19–21]. The
green synthesis method has gained a lot of attraction since metallic NPs can be synthesized
biologically using various plants and their extracts which are easily available in huge quan-
tities. The plants and their extracts are safe to handle, less toxic, and eco-friendly. Created
nanoparticles are biocompatible and efficient against microbial intrusion. It should also be
noted that plant extracts act as NP reductants and stabilizers. Several studies discussed the
application of onion peel for green synthesis of silver nanoparticles [22,23].

Taking into account that polymer films originally containing AgNPs may be of advan-
tage for their antimicrobial applications, the use of red onion peel extract for green synthesis
of silver nanoparticles in polymer films directly was introduced in our previous work [24].
Gelatine (natural polymer) as a matrix for AgNPs has been considered due to its biodegrad-
ability, biocompatibility, and unique biological properties. However, gelatine samples
exhibited poor mechanical and adhesive properties and were temperature-sensitive, thus
limiting their end-use applications [25–34]. To overcome this problem, PVA, a non-toxic,
biodegradable, flexible synthetic polymer possessing characteristics of hydrophilic nature,
was suggested as a substitute for gelatine [29,35]. PVA has a good film formation capability,
solid conglutination, and excellent thermal stability [36–38]. It indicates good forming and
manufacturing features and is already adopted for soft tissue replacement (in its hydrogel
form) [38]. It is noticed that PVA itself and also gelatin do not possess any antioxidant
and antimicrobial properties and do not impact the antimicrobial properties of bioactive
materials [39–45].

Taking into account the results of the conducted literature analysis, our study is aimed
at the fabrication and characterization of red onion peel–PVA compositions containing
silver nanoparticles and assessment of their antimicrobial efficacy when interacting with
different types of microorganisms (bacteria, yeast, fungi).

2. Results and Discussion

2.1. Optical Properties of Red Onion Peel–PVA Gels Containing Green Synthesized
Silver Nanoparticles

Red onion extract was prepared following the procedure described in our previous
paper [24]. The composition of the prepared samples is indicated in the Materials and
Methods chapter. UV-Vis absorbance spectra were used for the identification of the optical
properties of different material compositions (Figure 1). Dark-red-colored aqueous red
onion peel extract “Ron” indicated a broad low-intensity peak with a maximum of 538 nm.
The addition of a small amount of Ron extract to a colorless PVA–water solution resulted
in a color change to light pink confirming the formation of a RonPVA hydrogel with an
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almost negligible UV-Vis peak at 562 nm due to the high dilution of the Ron extract. The
concentration of the red onion extract was chosen so that the UV-Vis absorbance peaks
corresponding to red onion anthocyanins did not obscure the local surface resonance
peaks that indicate the presence of silver nanoparticles in the gels [24]. The addition and
dissolving of silver nitrate in the RonPVA hydrogel solution under continuous stirring has
not introduced significant color changes, and the formed AgRonPVA gel demonstrated
almost the same transparent color, but the observed UV-Vis absorbance peak at 447 nm was
shifted towards a lower wavelength (Figure 1).

Figure 1. UV-Vis spectra of experimental samples: red onion extract (Ron); RonPVA hydrogel; and
AgRonPVA gel after UV exposure for 0 min, 10 min, 30 min, and 45 min.

A possible green-synthesis mechanism was provided by H. Yang et al. [46]. Based
on the findings provided in the mentioned article, it was suggested that red onion peel
extract can contribute to the green synthesis of nano seeds/nanoparticles and can be used
to reduce Ag+ and form Ag/Ag2O/AgO nanocomposites. It should be noted that the
strong oxidation property of nanocomposites can be better addressed by providing an
ion-associated form of the composite: Ag/Ag+/Ag3+. Our suggestion was based on the fact
that red onion peel comprises different molecular substances. Proteins and polyphenols
and others containing strong reducible hydroxyl groups are among them. The hydroxyl
group can reduce silver ions into silver. On the other hand, biological macromolecules
containing amino and carbonyl groups exhibit a strong complexation for silver and silver
ions, which can be wrapped on the surface of AgNPs providing the effect of dispersion
and protection.

The free energy (surface tension) on the surface of nanoparticles, especially when
newly formed, is very high, so the nanoparticles are unstable and can easily agglomerate
into larger particles. In our case, silver nanoparticles are wrapped by biological macro-
molecules of red onion peel extract, resulting in reduced surface free energy of the particles
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and avoiding to some extent particle aggregation and their growth. It should be noticed that
in the case of the same volume, the lowest energy of the system is provided when spher-
ical particles are present because spherical-shaped particles occupy the smallest surface
area [46].

Based on the information provided above, we assumed that red onion peel extract
contributed to the formation of spheric AgNPs as silver composites containing silver (Ag)
and silver oxides, Ag2O(Ag+) and AgO(Ag3+), after the addition of AgNO3 to the peel
extract, as it can be proven by the appearance of the LSPR peak at 447 nm of the UV-Vis
spectrum (Figure 1).

However, it should be noted that the influence of the PVA matrix for accommodation
of AgNPs is not fully disclosed. Also, the mechanism of dispersion and stabilization of
AgNPs coated by biological macromolecules needs further development [47–49], especially
when speaking about two opposite processes: formation and preservation of AgNP growth
by plant extracts and initiation of AgNP growth by photoreduction (UV exposure).

Ag+ + Phytochemicals of red onion hν→ Ag0(Ag NPs with AgxOy coating
)

(1)

Polymer hydrogels containing AgNO3 were exposed to UV light for 10 min, 30 min,
and 45 min. UV-Vis absorbance spectra of differently exposed samples were used to follow
up the formation of AgNPs (Figure 1).

It was found that UV-exposed gel samples obtained a reddish-brown color. The
appearance of a broad UV-Vis absorbance peak with the maximum intensity at 448 nm was
observed after gel exposure for 10 min. The intensity of the peak was slightly increasing
with the prolonged duration of UV exposure, and the peak maximum position itself was
slightly shifted to a longer wavelength (462 nm) after gel exposure for 45 min. No significant
color changes of exposed gels were observed. The observed peaks were identified as
local surface plasmon resonance (LSPR) peaks that were characteristic for metal particles
introduced in a polymer matrix. It was suggested that the formation of silver nanoparticles
(AgNPs) starts from silver seeds which can be created when silver ions bind hydrated
electrons and reactive water radicals produced as a consequence of UV exposure or interact
with fragments of the red onion since plant extracts are known as reductants and stabilizers
for nanoparticles [19]. Created silver seeds grew to silver nanoparticles by binding silver
ions on single seeds. The growth of silver nanoparticles is reflected by the broadening
of the LSPR peak with a shift towards longer wavelengths. Based on the analysis of the
obtained UV-Vis spectra it was assumed that in this experiment, silver nanoparticles of
approximately the same size, but in different amounts, were formed depending on the
duration of the exposure, rather than growing in size.

To identify the influence of formed AgNPs on the optical properties of newly composed
hydrogels, different amounts of AgRonPVA gels exposed to UV for 45 min were diluted
in distilled water, and the UV-Vis absorbance spectra of these solutions were investigated
(Figure 2). It was found that the intensity of the absorption peak was decreasing depending
on the amount of AgRonPVA in distilled water. Dilution of the AgRonPVA gel led to the
appearance of well-expressed LSPR peaks. The maximum of the LSPR peak of diluted gels
remained at the same initial position of (462) nm.

It is known [50,51] that the increasing number of formed silver nanoparticles may
change the dielectric properties of gels, causing overlapping of SPR peaks from individual
nanoparticles and initiating the shift of LSPR peak to longer wavelengths. Results obtained
in this study supported the hypothesis that synthesized spherical AgNPs are accommo-
dated in the cells of the RonPVA polymer networks. Since AgNPs do not aggregate into
local metallic silver derivatives in distilled water (dielectric), they can be distributed in the
AgRonPVA water solution without the original size change.
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Figure 2. UV-Vis spectra of the diluted in distilled water AgRonPVA gels: 4.02 wt.%; 8.41 wt.%;
10.06 wt.%; 100 wt.% (not diluted AgRonPVA gel).

2.2. Optical Properties of Red Onion Peel–PVA Films Containing Silver Nanoparticles

Antibacterial films containing AgNPs can be fabricated following preset requirements:
(1) the avoidance of AgNP agglomeration and formation of metallic silver; (2) preservation
of antimicrobial properties of the AgRonPVA gels during the film formation procedure.
Also, ~10% loss in mass during the drying process of gels (formation of films) was taken
into account. Photographs of the UV-exposed AgRonPVA films are provided in Figure 3
alongside a photograph of the colorless RonPVA film (without AgNPs) which is shown
for comparison.

RonPVA 
0 min 

AgRonPVA 
5 min 10 min 30 min 45 min 

     

Figure 3. Photographs of fabricated experimental films.

Due to the loss of some water amount by drying of exposed gels, the UV-Vis spectra
of films (Figure 4) indicated broadening of the LSPR peaks that were better pronounced
and slightly shifted towards longer wavelength as compared to those of the gels shown in
(Figure 1). LSPR peak locations of the differently exposed AgRonPVA films were found by
eliminating baseline and fitting: locations of LSPR peak maximum at 486 nm and 492 nm
were found for 5 min UV exposed film and 45 min exposed film, respectively. A weak LSPR
peak with a maximum of 507 nm was found for the RonPVA films. It was slightly shifted
towards a lower wavelength as compared to the RonPVA gels indicating the contribution
of anthocyanins from red onion peel extract that appeared due to the loss of water during
the drying process and were responsible for color changes of the films [24,52]. Taking into
account the appearance of only one single LSPR peak and its location in the UV-Vis spectra,
it is assumed that only spherical or near-spherical particles were synthesized. In the case
of anisotropic particles, two or three LSPR peaks would be seen by their shapes [53]. As
the AgRonPVA gel dries, water evaporates from the samples, changing the environment of
the silver nanoparticles to an optically denser one (polymer network), limiting particles’
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mobility in the volume and reducing agglomeration possibility. This results in an increase
in the SPR peak intensity as compared to the LSPR peak measured in the gels (Figure 2).

Figure 4. UV-Vis spectra AgRonPVA films obtained from 100 wt.% AgRonPVA gels exposed to UV.

It is assumed that during drying of the film, the water amount in gels will be re-
duced, which leads to the changes in the polymer matrix. Since the matrix network
becomes denser, the growth in the AgNPs from the seeds is restricted. Possible growth
and aggregation of silver nanoparticles were simulated using open access “MiePlot” soft-
ware, version 4.6 [54]. The algorithm of this software is based on calculations of Mie
scattering from a sphere (scattering of light by Ag NPs in our case). “MiePlot” software,
version 4.6 allows us to calculate scattering efficiency (Qext—extinction; Qabs—absorption;
Qs—scattering) as a function of wavelength. Light absorption dominates in the extinc-
tion (extinction = absorption + scattering) spectrum for particles with a relatively small
(radius <20 nm), and light scattering becomes the dominant process for larger particles. In
our calculations, we used PVA as a medium for the dispersion of nanoparticles having a
diameter from 10 to 90 nm with a 5% standard deviation in a log-normal distribution. Qext
as a function of wavelength is presented in Figure 5.

The performed simulation revealed that only small particles (<40 nm) are indicated
by strong well-defined peaks. Increasing the particle size leads to a decrease in the SPR
peak intensity, peak broadening, and shift towards a longer wavelength. A comparison of
simulation and experimental results leads to the conclusion that >40 nm sized AgNPs were
mainly formed in our experiment. However, performed modeling has not accounted for
the water content in the films and also the presence of the red onion peel extract, which
may affect the SPR peak position.

It is known that the crystalline structure of polymer composites can be estimated from
the XRD patterns. The XRD pattern of the 45 min UV-exposed AgRonPVA film is presented
in Figure 6.

The XRD peaks corresponding to silver nanoparticles located in the PVA matrix are of
a lower intensity in comparison with AgNPs produced in gels, because Ag nanoparticles
are integrated into the PVA network [55]. Silver nanocrystals are usually characterized by a
face-centered cubic (fcc) structure with a dominating orientation of crystallites along the
(111) direction (38.45◦). The XRD peaks of lower intensity are seen at 42.30◦ and 60.70◦
corresponding to (200) and (220) crystalline planes of the face-centered cubic crystalline
structure of silver [JCPDS No. 04-0783, JCPDS file no. 84-0713]. An additional broad peak
at 30.6◦ and distinct peaks at 22◦ and 41.8◦ were assigned to corresponding PVA planes
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(110) and (200), as was indicated in [55–59]. A Ag crystallite size of 53.96 nm in AgRonPVA
films was determined using the Scherrer method [60–62].

Figure 5. Simulated UV-Vis spectra for differently sized spherical silver nanoparticles in PVA.

Figure 6. XRD pattern red onion PVA films containing silver nanoparticles (AgRonPVA45).

H.Yang et al. [46] indicated that silver derivatives, Ag, Ag2O, and AgO, may be
registered, suggesting their green synthesis in the bio-organic phase and crystallization on
the surface of Ag nanoparticles. This explains the presence of the additional diffraction
peaks observed in our XRD pattern (Figure 6): AgO(Ag3+) (JCPDS, file No. 84-1108) and
Ag2O(Ag+) (JCPDS, file No. 42-0874).

Analysis of SEM images and results of EDX evaluation of unexposed (as prepared) and
UV-exposed AgRonPVA films revealed that the observation of AgNPs was very problematic,
due to the low amount of seeds/particles in the film and their embedding in the network
of the polymer matrix. Due to the very small amount of silver, it was not detected in as-
prepared AgRonPVA films. An example of the obtained results of differently UV-exposed
AgRonPVA films is provided in Figure 7.
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Figure 7. SEM images and EDX analysis results.

It was found that the amount of silver in as-prepared and 5 min UV-exposed films was
low—0.24 wt.%—indicating the possible contribution of red onion peel extract to green
synthesis of nano seeds. The registered amount was slightly increasing with the increased
duration of UV exposure and was 0.29 wt.% after film UV exposure for 10 min, 0.39 wt.%
after 30 min, and 0.46 wt.% after 45 min.

2.3. Antimicrobial Activity of the AgRonPVA Films Containing Silver Nanoparticles

Bacteria Staphylococcus aureus ATCC 29213, Acinetobacter baumannii ATCC BAA 747,
and Pseudomonas aeruginosa ATCC 15442; yeasts Candida parapsilosis CBS 8836 and Candida
albicans ATCC 90028; and microscopic fungi Aspergillus flavus BTL G-33 and Aspergillus
fumigatus BTL G-38 were used for the assessment of the antimicrobial activity of experimen-
tal AgRonPVA films. The agar diffusion method was used for antimicrobial activity testing
of red onion skin extract films containing silver nanoparticles. This was realized by the
uniform spreading of the prepared microorganism suspensions (see Section 3) with a swab
on Mueller–Hinton agar (bacteria) or on Sabouraud dextrose agar (yeasts and microscopic
fungi) in Petri dishes. The pieces of AgRonPVA films (5 mm × 5 mm) containing silver
nanoparticles were placed on the surface of each media as the microbial suspension was
absorbed into it.
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It is to point out that red onion peel extract itself (the main bioactive agents are
phenolic compounds) or in combination with silver nanoparticles provides inhibition prop-
erties against different bacteria as was shown by several authors: Streptococcus agalactiae
(Gram-positive), Pseudomonas aeruginosa (Gram-negative), Salmonella typhimurium
(Gram-negative), and Staphylococcus aureus (Gram-positive) [63]. The antimicrobial com-
pounds made of red onion peel have various mechanisms to inhibit bacteria: inhibition
of phagocytosis in macrophages; increasing the production of Interleukin-12 (IL-12) by
quercetin and thus increasing the phagocytic ability of macrophages; altering the membrane
potential of bacterial cells and disrupting their performance; and binding to bacteria pili
and inhibiting bacterial adhesion [64]. The red onion skin extract also indicates antifungal
properties against some fungi, however to a lesser extent and with lower effectiveness as
compared with bacteria [9,65,66].

Three antibacterial mechanisms are known when discussing the antimicrobial proper-
ties of silver nanoparticles [18,67,68]; however, it should be noted that the chemical size,
charge, and surface structure of silver nanoparticles influence their antibacterial capacity as
well [69].

The first mechanism proposes that silver nanoparticles might penetrate the outer
membrane accumulating in the inner membrane, where the adhesion of the nanoparticles
to the cell generates their destabilization and damage, increasing membrane permeability
and inducing leakage of cellular content and subsequently its death [70].

The second mechanism proposes that nanoparticles not only can break and cross the
cell membrane altering its structure and permeability but can also enter the cell where
silver nanoparticles may interact with sulfur or phosphorus groups, present in intracellular
content such as DNA and proteins, altering their structure and functions [70]. Silver
nanoparticles also may alter the respiratory chain in the inner membrane by interacting
with thiol groups in the enzymes inducing reactive oxygen species and free radicals,
generating damage to intracellular machinery and activating the apoptosis pathway.

The third mechanism may be present in parallel with two others and accounts for
the release of silver ions from the nanoparticles, which due to their size and charge can
interact with cellular components altering metabolic pathways, membranes, and even
genetic material [71–76].

Based on the results obtained investigating experimental AgRonPVA films containing
composite-type silver NPS, it was assumed that the third mechanism of the antimicrobial
activity was responsible for the inhibition of different microorganisms.

The results of the performed study have shown (Table 1 and Figure 8) that all differ-
ently exposed (duration of exposure was responsible for the formation of a certain number
of AgNPs) AgRonPVA films indicated antimicrobial activity against applied bacteria, yeasts,
and fungi. The greatest effect was observed on Staphylococcus aureus, Acinetobacter bauman-
nii, and Pseudomonas aeruginosa bacteria. The diameter of the inhibition zones of the tested
bacteria ranged from 20.0 mm (UV 5 min) to 18.7 mm (UV 45 min) for Staphylococcus aureus,
from 18.3 mm (UV 5 min) to 18.0 mm (UV 45 min) for Acinetobacter baumannii, and from
21.0 mm (UV 5 min) to 19.7 mm (UV 45 min) for Pseudomonas aeruginosa and indicated de-
creasing tendency with the increasing duration of UV exposure. The antimicrobial features
of the AgRonPVA films were less effective against fungi, where the diameter of inhibited
zones varied between 13.0 mm (UV 5 min) and 12.6 mm (UV 45 min) for Aspergillus flavus,
and between 16.0 mm (UV 5 min) and 11.7 mm (UV 45 min) for Aspergillus fumigatus which
indicated the highest sensitivity to the film exposure duration. The antimicrobial effect of
the films on yeasts (Candida parapsilosis and Candida albicans) was the weakest.

Obtained results are in line with the findings of Pereira et al. [77], who showed that a
combination of plant extracts, possessing antimicrobial properties and polymers containing
AgNPs, leads to an enhanced antimicrobial effect compared with these compounds alone,
thus indicating conjugates as promising candidates for biocidal treatments.
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e) f) 

Figure 8. Antimicrobial activity of AgRonPVA films containing silver nanoparticles against
(a) Staphylococcus aureus ATCC 29213, (b) Acinetobacter baumannii ATCC BAA 747, (c) Pseu-
domonas aeruginosa ATCC 15442, (d) Candida parapsilosis CBS 8836, (e) Candida albicans ATCC 90028,
and (f) Aspergillus flavus BTL G-33 fungus. Numbering of Petri dishes with immersed films:
(1) control; (2) AgRonPVA (UV 5 min); (3) AgRonPVA (UV 10 min); (4) AgRonPVA (UV 30 min);
(5) AgRonPVA (UV 45 min).

Table 1. Antimicrobial activity of the AgRonPVA films containing silver nanoparticles.

Microorganism

Films

1 2 3 4 5

RonPVA
(Control)

AgRonPVA
(UV 5 min)

AgRonPVA
(UV 10 min)

AgRonPVA
(UV 30 min)

AgRonPVA
(UV 45 min)

Zone Diameter, mm

Staphylococcus aureus
ATCC 29213 0 20.0 ± 1.0 19.7 ± 0.6 18.7 ± 0.6 18.7 ± 0.6

Acinetobacter baumannii
BAA 747 0 18.3 ± 0.6 18.0 ± 0.0 18.0 ± 0.0 18.0 ± 0.0

Pseudomonas aeruginosa
ATCC 15442 0 21.0 ± 0.0 20.7 ± 0.6 20.7 ± 0.6 19.7 ± 0.6
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Table 1. Cont.

Microorganism

Films

1 2 3 4 5

RonPVA
(Control)

AgRonPVA
(UV 5 min)

AgRonPVA
(UV 10 min)

AgRonPVA
(UV 30 min)

AgRonPVA
(UV 45 min)

Zone Diameter, mm

Candida parapsilosis CBS 8836 0 10.7 ± 0.4 11.3 ± 0.5 9.3 ± 0.4 9.5 ± 0.3

Candida albicans ATCC 90028 0 9.7 ± 0.4 9.3 ± 0.3 9.7 ± 0.4 9.3 ± 0.4

Aspergillus flavus BTL G-33 0 13.0 ± 0.5 12.7 ± 0.6 12.0 ± 0.0 12.6 ± 0.4

Aspergillus fumigatus
BTL G-38 0 16.0 ± 0.0 13.3 ± 0.6 14.3 ± 0.6 11.7 ± 0.5

3. Materials and Methods

3.1. Preparation of AgRonPVA Gel

Fresh bulbs of red onions (Allium cepa ‘Red Karmen’) were purchased from a local
vegetable market. Onion peel extract was prepared following instructions provided in our
previous work [24]. Particularly, peels of fresh red onion were removed from the bulbs and
dried. A total of 2.65 g of dried red onion peel was immersed in 53 g of distilled water and
heated for 20 min at 62.5 ◦C. The prepared extract was filtered twice using a white-band
filter (Filtrak, Germany, size of pores 8–12 μm) and was ready to use.

AgNO3 (CAS No 7761-88-8, purity ≥99.9%, Sigma–Aldrich, Poznan, Poland) was in
distilled water to achieve a 1 molar (M) concentration of silver nitrate solution.

PVA (C2H4O)n powder (CAS 25213-24-5, Chempur®, Merck KGaA, Darmstadt, Germany).
All was dissolved in distilled water to achieve 10% concentration under continuous stirring
keeping a constant temperature of 60 ◦C. Later, the PVA solution was cooled down to room
temperature.

3.2. Synthesis of AgNPs in RonPVA Gels

In total, 200 μL of 1 M AgNO3 water-based solution was dripped into 4 g of freshly
prepared “Ron” extract and filled with 76 g of 10 wt.% of PVA water-based solution under
continuous stirring. In total, 20 g of the AgRonPVA gel was poured into glass bottle
(22 ± 0.5 m, LBG SVSN-C26-121), and the samples were ready for investigation. The
composition of experimental samples is provided in Table 2.

Table 2. Composition of the experimental samples.

Solutions AgRonPVA (Gel)

Red onion extract, wt.% 4.99

PVA gel wt.% 94.73

1 M AgNO3, wt.% 0.28

Total, wt.% 100.00

Photoreduction of silver ions in the solution was achieved by exposing experimental
samples to a UV lamp (36 W black light source with a UV emission peak at 365 nm and
weak blue light emission peak at 404 nm). The exposure time varied from 5 to 45 min.
Exposed AgRonPVA gels were stored in the dark for at least 24 h.

3.3. Preparation of AgRonPVA Films

AgRonPVA films were formed via drying of a small amount (5 g) of the UV-exposed
pure (100 wt.%) AgRonPVA gel deposited as a thin layer in a Petri dish. To avoid thermal
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and photo effects that may contribute to the loss of antimicrobial properties and initiate the
growth and aggregation of silver nanoparticles, Petri dishes (55 mm) with the deposited
gels were dried in the dark box at room temperature (20 ± 2 ◦C) for 24 h.

The thickness of the dried films prepared from 5 g of gels was (156 ± 15) μm. The average
loss in mass of AgRonPVA films related to the drying process was (10.1 ± 0.3) wt.%.

3.4. Characterization of the AgRonPVA Gels and Films

Optical properties (absorbance) of the UV exposed samples were evaluated by analyz-
ing UV-ViS absorption spectra of experimental gels and films obtained using Photospec-
trometer Ocean Optics (measurement range from 200 to 1100 UV/Vis, bandwidth 1.5 nm
Ocean Optics, Ocean Optics, Inc., Orlando, FL, USA).

The thickness of the films was obtained by measuring with a digital micrometer
0-25MM IP65 (measurement range 0–25 mm, resolution ±0.002 mm, accuracy: ± 4μm
(HEBDA Werksvertretungen E.K., Freiburg im Breisgau, Germany).

The structure of synthesized Ag nanoparticles was investigated using a D8 Discover
X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) operating at 40 kV and
40 mA with a Cu Kα radiation source (λ = 1.5418 Å) and parallel beam geometry with
60 mm Göbel mirror. Diffraction patterns were recorded using a fast-counting LynxEye
detector with an opening angle of 2.475◦ and a slit opening of 6 mm. The peak intensities
were scanned over the range of 20–7◦ (coupled 2θ–θ scans) using a step size of 0.05◦ and a
collection time of 60 s per step.

The surface morphology of red-onion-PVA films without and with silver nanoparticles
were investigated by a scanning electron microscope (SEM, Hitachi S-3400 N, Tokyo, Japan)
using a secondary electron detector.

Elemental mapping of red onion PVA films without and with silver nanoparticles
was performed using energy-dispersive X-ray spectroscopy (EDS, Bruker Quad 5040,
Hamburg, Germany).

3.5. Microorganisms and Inoculum Preparation

Bacteria Staphylococcus aureus ATCC 29213, Acinetobacter baumannii ATCC BAA 747,
and Pseudomonas aeruginosa ATCC 15442, yeasts Candida parapsilosis CBS 8836 and Candida
albicans ATCC 90028, and microscopic fungi Aspergillus flavus BTL G-33 and Aspergillus
fumigatus BTL G-38 were used in assays. Microorganisms were stored at −70 ◦C in
a freezer in the Laboratory of Biodeterioration Research of the Nature Research Centre
(Vilnius, Lithuania). Bacteria for antimicrobial tests were grown on Tryptone Soy Agar
(Merck, KGaA, Darmstadt, Germany), and yeasts and fungi were grown on Sabouraud dex-
trose agar (Merck, KGaA, Darmstadt, Germany). Inoculums were obtained from overnight
bacterial cultures grown at 37 ± 1 ◦C. Yeasts were cultured for 2 days, and fungi were
cultured for 4 days at 28 ± 1 ◦C. The optical density of the microorganism cell suspensions
was measured with a spectrophotometer (Thermo Scientific, Waltham, MA, USA) at 530 nm
for yeasts and microscopic fungi and at 625 nm for bacteria. The resulting microorganism
suspensions were vortexed for 15 s.

3.6. Evaluation of the Antimicrobial Activity of the AgRonPVA Films Containing
Silver Nanoparticles

The agar diffusion method was used for antimicrobial activity testing of AgRonPVA
films containing silver nanoparticles. For the agar diffusion assay, each microorganism
suspension was uniformly spread with a swab on Mueller–Hinton agar (bacteria) or on
Sabouraud dextrose agar (yeasts and microscopic fungi) in 90 mm Petri dishes. The pieces
of AgRonPVA films (5 mm × 5 mm) containing silver nanoparticles were placed on the
surface of each media as the microbial suspension was absorbed into it. The plates were
incubated at 28 ± 1 ◦C for 2 days (yeasts) or 4 days (microscopic fungi), while the plates
with bacteria were incubated at 37 ± 1 ◦C for 1 day only. All tests were triplicated for
all strains. The pure RonPVA film was used as a negative control. The inhibition zone’s
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diameters were measured in millimeters after the incubation period. Data were collected
and processed using open access program packages. Mean values, standard errors, and
confidence intervals were estimated.

4. Conclusions

AgRonPVA nanocomposites containing silver nanoparticles have been produced at
room temperature in the form of gels and thin films. The formation of silver nanoparticles
in these composites was achieved by the photoreduction method via exposing experimental
samples to UV light and was verified by detecting characteristic SPR peaks in the UV-Vis
absorbance spectra. It was shown that green synthesis of silver seeds/nano particles was
possible, and red onion peel extract contributed to the final reduction in AgNPs. Mainly
spheric AgNPs as silver composites containing silver (Ag) and silver oxides, Ag2O(Ag+)
and AgO(Ag3+), were formed.

The antimicrobial activity of the UV exposed AgRonPVA films was investigated using
the agar diffusion method. The greatest effect was observed on Staphylococcus aureus,
Acinetobacter baumannii, and Pseudomonas aeruginosa bacteria. The antimicrobial features
of the films were less effective against fungi and the weakest against yeasts. In general,
AgRonPVA films containing silver nanoparticles indicated higher antifungal activity as
compared to the previously indicated antimicrobial activity of silver NP-enriched red
onion extract–gelatine films [24], thus defining these films as potential candidates for
antimicrobial applications.
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Abstract: Background: Massive fruit losses are caused by microbial pathogens of unknown identities.
Therefore, ecofriendly biocontrol measures are well sought after, and biogenic silver nanoparticles are
plausible candidates. Here we investigate the antimicrobial effect of three different sized AgNPs sam-
ples on those pathogens. Methodology: Identities of three local pathogenic bacteria were investigated
using molecular methods. Three different-sized samples of silver nanoparticles were bio-synthesized
in the external solution of a cyanobacterial culture, characterized, and used in antimicrobial bioassay.
Results: The pathogens were identified as Erwinia pyrifoliae, Staphylococcus warneri, and Xanthomonas
citri. UV-vis. and FTIR spectroscopy confirmed the biosynthesis of AgNPs. and their three differ-
ent sizes were confirmed using Scanning electron microscopy. Growth of bacterial pathogens was
inhibited by all three samples of AgNPs, but the largest inhibition zone was for the smallest sized
AgNPs against Staphylococcus warneri (1.7 cm). Discussion: The identity of the pathogens infecting
different local fruits is reported for the first time. They belong to different bacterial lineages. The fact
that biogenic AAgNPs were effective against all of them shows their broad-spectrum of antibacterial
effect. Customized biosynthesis was successful in yielding different-sized AgNPs. The smaller the
AgNPs, the stronger the antimicrobial impact. Conclusion: Local bacterial species infecting fruits are
diverse. Customized biogenic AgNPs are effective broad-spectrum biocontrol agents against bacterial
pathogens of local fruits and thereby help maintain food security and environmental sustainability.

Keywords: antimicrobial; fruits; environmental sustainability; plant pathogenic bacteria; cyanobacteria;
silver nanoparticles

1. Introduction

Nanoparticles are minute particles of size 10−9 m whose chemical and physical char-
acteristics are different from bulk particles [1]. Cyanobacteria are wide-spread photosyn-
thetic prokaryotes that represent bio-factories for the production of nanoparticles [2,3].
Cyanobacteria grow rapidly in inexpensive growth media, require only minerals and light
energy for growth and can produce nanoparticles without toxic byproducts or energy
consumption [4,5]. Therefore, their synthesis of nanoparticles is both cost-effective and
eco-friendly [2]. Currently, there is a surge to find new biological sources for antimicrobial
agents. In this regard, cyanobacteria are considered promising sources of silver nanopar-
ticles that are effective antimicrobial agents [4,5]. They are reported to reduce silver ions
via chemical entities or reductase enzymes such as NADH-dependent reductases and
electron carriers such as quinones [6]. The shape and size of the nanoparticles vary ac-
cording to the synthetic methods, reductant, and biological source [3,7]. Hong et al. [8]
used the microwave-assisted method for the preparation of three different shapes of silver
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nanoparticles: nanocubes, nanospheres, and nanowires. They found that silver nanowires
exhibited the weakest antibacterial activity due to poor contact with the bacterial cells
as compared with silver nanocubes and nanospheres. Silver nanocubes showed stronger
antibacterial activity than nanospheres. They concluded that the shape effect of AgNPs
is attributed to the specific reactivity of the surface areas and facets. Indeed, [9] reported
that nanoscale size and the presence of a {111} plane increase the biocidal action of silver
nanoparticles. With regard to the effect of size, [10] showed that the smaller the size of
nanosilver particles, the more effective they are as antibacterial agents. However, little is
known about the biogenically-synthesized nanosilver particles and the relation between
their size, shape, and their antimicrobial activity, as well as the extent of their antimicrobial
bioactivity whether wide-spectrum or narrow. Recently, Oves et al., 2023 [11] showed that
by using the flower extract of Bougainvillea glabra as a biological reducing agent, silver
nanoparticles were generated. The biological synthesis of biogenic silver nanoparticles
may proceed internally and externally and enzymes [12], such as NADH-dependent ni-
trate reductase, act as an electron shuttle by taking electrons from nitrate molecules and
transforming them into silver metal ions leading silver nanoparticles formation. Also [13]
suggested that the negatively charged carboxylic group in bacterial cell walls may provide
an electrostatic interaction and reduction. Moreover, some amino acids such as arginine,
aspartic acid, cystine, glutamic acid, lysine, and methionine may be involved. They act as
catalysts and produce hydroxyl ions that react with the reducing agent’s aldehyde. Inter-
estingly, [14] showed that biogenic silver nanoparticles generated through fungi-mediated
synthesis were small (15.56± 9.22 nm), spherical, and stable (zeta potential of—38.43 mV)
AgNPs with good crystallinity with the FTIR spectroscopy indicating the presence of hy-
droxyl, amino, and carboxyl groups, on the surface of silver nanoparticles which in turn
showed antimicrobial and antibiofilm activities against Gram-positive and Gram-negative
bacteria. In addition, they found the MIC and MBC values to range between 16–64 and
32–512 μg mL−1. Using cyanobacterial extract from novel cyanobacterium called Dester-
ifilum sp., Hamida et al., 2020 [15] performed green synthesis of silver nanoparticles by
adding AgNO3 to cyanobacterial filtrate at room temperature under direct illumination
(2000 ± 200 Lux) for 24 h. Indeed, silver nanoparticles were formed which exhibited
antimicrobial activity against human pathogenic bacteria. However, they used a single
concentration of the precursor silver nitrate and they prepared the cyanobacterial filtrate by
filtering through a Whatman filter No. 42. The shape of the biosynthesized silver nanoparti-
cles was spherical but with some aggregation and they suggested that polysaccharides and
proteins may have contributed to the bio-fabrication of the synthesis of silver nanoparticles.
In the present study, we aim to investigate the effect of biosynthesized silver nanoparticles
that were biosynthesized by three different concentrations of silver nitrate. Additionally,
the cell-free filtrates were prepared by filtration using micromillipore filtration units. The
resulting different sized silver nanoparticles were used as antimicrobial agents against
different plant pathogenic bacteria. Those different plant pathogens (both gram-positive
and gram-negative) were isolated and identified using molecular methods as part of the
study. The factors of the size and shape of silver nanoparticles are also addressed. Antibio-
sis is addressed using several tests to select for the most efficient silver nanoparticle size
as antimicrobial agents. Moreover, the study also documents some of the different plant
pathogenic bacteria found in Al Ahsa, Kingdom of Saudi Arabia.

2. Materials and Methods

Materials used in this investigation including silver nitrate and other reagents mostly
purchased from Sigma. The bacterial strains were isolated from different infected fruits
bought from the local market in Al-Ahsa, KSA. Symptoms of infection included the fol-
lowing: (1) Apple: The fruit was shriveled and brown; (2) Dates: fruit had spots and
(3) Mandarin had large corky lesions with centered cracks on a fruit.
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2.1. Isolation of the Cyanobacterial Strain and Pathogenic Bacteria

Water samples were collected from rice field Al Ahsa, centrifuged at 3000 rpm to
get rid of some of the contaminating bacteria, the cyanobacterial biomass was spread on
solid BG 11 medium. The agar streaking was repeated several times and the isolated
colonies were used to establish a liquid culture. The culture was subjected to antibiotic
treatment (ampicillin 200 uL/L) in the dark overnight. The culture was washed with BPS,
recentrifuged and the biomass used to establish a liquid culture. The last two steps were
repeated until an axenic culture was obtained and identified by light microscopy [16]. On
the other hand, the process of serial dilution was used to isolate pathogenic bacteria from
fruits. The fruits were smashed into a suspension with BPS in a pre-sterile mortar and
pestle, and the mixture was serially diluted from 10−1 to 10−6 CFU/mL. A spreader was
used to spread 100 μL of each diluted fruit suspension onto nutrient agar medium that was
clearly labeled. Pure colonies of bacteria were inoculated into 70% broth media (HIMEDIA)
containing 30% Glycerol (v/v), incubated at 30 ◦C for 24 h, and then kept at 4 ◦C. To isolate
bacterial DNA, isolates were grown in 5 mL tubes containing 2 mL of Luria broth. To precipitate
bacterial pellets, 2 mL of bacterial suspension was centrifuged at 5000 rpm for 5 min.

2.2. DNA Extraction

DNA was extracted according to [17] as follows: 20 mg of freshly harvested bacterial
pellet was ground with 500 μL of Dellaporta buffer (100 mM Tris pH 8, 50 mM ethylenedi-
aminetetraacetate EDTA, 500 mM NaCl, 10 mM beta-mercaptoethanol, BME). A total of
33 μL of 20% sodium dodecyl sulfate (SDS, w/v) was added, vortexed and incubated for
10 min at 65 ◦C. Moreover, 160sixty μL of 5 M potassium acetate was added, vortexed and
centrifuged for 10 min at 10,000 rpm. Following which, 450 μL of supernatant was trans-
ferred to a new tube and 450 μL phenol, chloroform and isoamyl-alcohol (PCI) 25:24:1 was
added. The mixture was vortexed then centrifuged for 5 min at 10,000 rpm. After, 400 μL of
the upper phase was removed and added to 0.5 volume of isopropanol and centrifuged for
10 min at 14,000 rpm. The nucleic acid pellet, after discarding the supernatant, was washed
with 70% ethanol and centrifuged for 5 min at 10,000 rpm. The pellet was resuspended in
100 μL ddH2O.

2.3. Polymerase Chain Reaction (PCR)

Amplification of the 16S rRNA gene from bacterial isolates was carried out us-
ing the universal primers; 27F 5′-AGA GTT TGA TCM TGG CTC AG-3′ and 1492R 5′-
TACGGYTACCTTGTTACGACTT using the following program; initial denaturation at
94 ◦C for 5 min, 30 cycles of the amplification using the following stages; denaturation at
94 ◦C for 45 s, annealing at 55 ◦C for 60 s, and extension at 72 ◦C for 60 s in 30 amplification
cycles, followed by a final extension step at 72 ◦C for 10 min. PCR was done in a 25 μL
reaction containing 1 μL of the DNA extract (40 ng of total DNA), 2 mM MgCl2, 2.5 μL of
10× PCR buffer,1.5 μL of 10 μM of each primer, 2.5 μL of 10 mM dNTPs, 0.3 μL of 5U
Taq DNA Polymerase and the reaction was made to 25 μL with nuclease-free water. PCR
products were purified using the QIAquick® PCR purification kit according to the man-
ufacturer’s instructions. The purified PCR products were sequenced by Macrogen Inc.
(Seoul, Republic of Korea), and sequencing of the purified isolates was performed in both
directions using a primer pair. The sequences were uploaded on BLASTn of Genbank and
a similarity check was run. For analysis of phylogenetic inference, the closely related se-
quences were used alongside the sequences retrieved for all pathogenic bacteria to establish
phylogenetic trees using the tree construction within BLASTn.

2.4. Biosynthesis of Silver Nanoparticles by Cyanobacterial Cultures

To synthesize silver nanoparticles of different sizes, the method of [17] was followed
(Scheme 1). Briefly, 5 ml of mid-logarithmic Cyanothece-like sp. culture diluted with BPS
to 18 mL was incubated with 0.2, 1, or 2 mL of 10 mM silver nitrate solution and the
mixture was completed to 20 mL. The samples were allowed to stand in the dark at 25 ◦C
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until the appearance of brown colour, but with varying intensity for the three treatments.
This colour is indicative of the formation of silver nanoparticles. The external solution of
the cyanobacterial cultures was filtered through millipore filters of a pore diameter size
of 0.2 μm.

Scheme 1. Method of preparation.

2.5. Characterization of Silver Nanoparticles

The steps detailed in [17] were followed. The plasmon resonance absorption spec-
trum was determined using a UV-visible spectrophotometer in the wavelength range
200–600 nm. FTIR chemical functional groups were identified by the banding pattern in the
FTIR spectrum.

2.6. Scanning Electron Microscopy

Synthesis of different-sized silver nanoparticles was confirmed by Scanning electron
microscopy. Both control and aqueous external solutions that were filtered from the three
treatments of biogenic nanosilver were examined by SEM. A drop of each sample was
mounted on metallic stub, air dried, and fixed using double face adhesive carbon. Sputter-
coating with gold was carried out three times to increase conductivity, reduce thermal
damage, and improve secondary electron signals. Samples were visualized using a Joel
JSM-5510LV scanning electron microscope.

2.7. Antimicrobial Bioassay

Two pathogenic bacteria were isolated from infected apple and mandarin fruits. They
were purified triple times and kept as pure cultures for identification by molecular methods
using PCR, sequencing, and phylogenetic inference. The third bacterium was previously
characterized as the gram-positive Staphylococcus warneri that was isolated from date fruit.
The antibacterial potency of silver nanoparticles biosynthesized by Cyanothece-like sp. was
evaluated against pathogenic bacteria. The sensitivity of pathogenic strains to the extract
was assayed through a modified Kirby Bauer Disk Diffusion Susceptibility method. Ster-
ilized paper discs were saturated with 30 μL of a silver nanoparticle suspension. Discs
were dried and placed on the surface of a nutrient agar medium which was inoculated
with bacterial suspensions prepared in physiological saline. Plates were kept for 2 h at 4 ◦C
to ensure diffusion of bioactive material, after which, the plates were incubated at 37 ◦C.
Discs containing 30 μL of sterilized distilled water were left to dry and used as negative
controls, whereas positive control sets included discs of the antibiotic chloramphenicol
at a concentration of 50 μg/L. Plates were incubated for 24 h and the diameter of inhi-
bition zones (mm) were measured in triplicate and the average standard deviation was
recorded. Statistical analysis (one-way ANOVA) was performed using Minitab package,
version 13, to evaluate the effect of size of biogenic silver nanoparticles on their antimicro-
bial activity. To ascertain the antibacterial activity of silver nanoparticles, several methods
were used [18,19].
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2.7.1. Antibacterial Action and Measurement of Minimum Inhibitory Concentration (MIC)

In dimethylsulfoxide (DMSO, 0.1%), silver nanoparticles 9.2 × 10−7 M were placed.
Disks made of filter paper containing silver nanoparticles each were utilized in the experi-
ment. After diluting the tested bacterial species’ culture to 1 × 106 CFU, the diameter of
the inhibition zones was measured to assess the silver nanoparticles’ antibacterial activ-
ity. Using the serial dilution approach, the minimum inhibitory concentration (MIC) was
determined according to [20].

2.7.2. Time-Kill Test of AgNPs

For Erwinia amylovora, Staphylococcus warneri, and Xanthomonas citri, AgNPs were di-
luted with the nutritional broth medium (containing 1.5 × 108 CFU/mL bacterial inoculum)
to concentrations of 0 × MIC, 0.5 × MIC, 1 × MIC, 2 × MIC, and 4 × MIC. A volume of
0.1 mL of the medium was grown on Müller-Hinton agar and incubated at various times
(0, 0.5, 1, 2, 4, and 6 h) for 24 h at 37 ◦C. All experiments were performed in triplicates.

3. Results

3.1. Molecular Characterization and Phylogenetic Inference of Pathogenic Bacteria

The bacterium isolated from apples was identified as the gram-negative rod-shaped
bacterium Erwinia pyrifoliae whereas that from mandarins was identified as Xanthomonas
citri, which is a gram-negative, rod-shaped proteobacterium. The Neighbor-joining phylo-
genetic tree showed the co-clustering of the first isolate with strains of Erwinia pyrifoliae
thereby confirming its identity (Figure 1). Similarly, a Neighbor-joining phylogenetic tree
(Figure 2) confirmed the identity of Xanthomonas citri.

Figure 1. A Neighbor-joining phylogenetic tree for Erwinia pyrifoliae (pyrifoliae). The sequence
retrieved is highlighted in yellow. Bootstrap value is indicated by the scale bar. The tree was
constructed using the Phylogenetic tree reconstruction tool in BLASTn.
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Figure 2. A Neighbor-joining phylogenetic tree for Xanthomonas citri. The sequence retrieved is
highlighted in yellow. Bootstrap value is indicated by the scale bar. The tree was constructed using
the Phylogenetic tree reconstruction tool in BLASTn.

3.2. UV-Visible Spectroscopy

The formation of silver nanoparticles in the cell-free filtered external solution was
confirmed by the UV- visible absorbance spectra of the three samples. The three samples
of biogenic nanosilver showed a strong absorbance peak at 450 nm (Figure 3 and Supple-
mentary Materials, Figures S1 and S2). This is within the range of plasmon resonance that
is characteristic of silver nanoparticles [3]. The characteristic plasmon resonance of silver
nanoparticles is due to the vibrational modes of electrons based on the size and shape of
nanoparticles [17].

 
Figure 3. UV-visible spectrum of the largest sized biogenic silver nanoparticles (average size 92 nm).
The X axis denotes wavelength, whereas the Y axis denotes absorbance.
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3.3. FTIR Spectroscopy

The Fourier transmission infrared spectrum of silver nanoparticles showed the charac-
teristic signal of silver nanoparticles present at 3356–3350 cm−1 overlapping with the OH
signal, possibly resulting from phenolic compounds leaking from cyanobacteria. Moreover, at
1636–1637 cm−1 there was a clear C-H stretching (Supplementary Materials, Figures S3–S5).
No other functional groups were detected. The pattern of spectrum of silver nanoparticles
is similar to that reported by Zhang et al. (2016) [21], thus confirming the formation of
silver nanoparticles. With regard to the confirmation of corona absence, the lack of bands at
1209 cm−1 and at 1533 cm−1 indicated its absence. The presence of signals at wave numbers
of 1427, 1271, and 842 cm−1 corresponds to the C–C in the ring, C–N stretching and C–C
in ring vibrations of covalent bonds, respectively, most likely related to the extracellular
polymeric substances such as polysaccharides and peptides (Mota et al., 2021. [22]. The
peak at 513 cm−1 indicates the vibration frequency of the Ag-O ionic bond group accord-
ing to Gharibshahi et al., 2017) [23]. We indeed detected a signal within that range as in
Supplementary Materials Figure S3.

3.4. Scanning Electron Microscopy

SEM was used to detect particle shape and size. The electro-micrograph confirmed the
angular nature of the AgNPs (Supplementary Materials; Figure S6A–C). The Size detected
by SEM was congruent with the size previously reported by Dynamic Light Scattering [13]
when using the same synthesis method detailed in El Semary and Bakir, 2022 [17] where
the average of the three size ranges was 34 nm for the smallest, 67 nm for the medium, and
93 nm for the largest nanoparticles.

3.5. The Antimicrobial Bioassay of Biogenic Nanosilver Samples against Plant Pathogenic Bacteria

The three samples of biogenic silver nanoparticles were analysed for their ability to
adversely inhibit these diverse pathogenic bacteria in order to investigate their broad-
spectrum antimicrobial activity. The antimicrobial bioassay showed broad spectrum ac-
tion of silver nanoparticles of different sizes. They were effective against gram-positive
Staphylococcus warneri and gram negative Xanthomonas citri and Erwinia pyrifoliae (Table 1).
The statistical analysis showed significant differences among the different treatments as
compared to negative control. All three samples of silver nanoparticles were effective
as antimicrobial agents against the three tested local plant pathogens but with varying
degrees of efficacy. The smallest sized silver nanoparticle was the most active. This is
in total agreement with what Dong F. et al. [20] reported that AgNPs were effective at
different sizes and concentrations and that the smaller the particle size, the greater the antib-
acterial activity.

Table 1. Antimicrobial bioassay of three different-sized silver nanoparticles against three plant
pathogenic bacteria. Smallest silver nanoparticle average size is 33.9 nm, Medium average size is
67 nm and largest sized is 92.5 nm. Negative control (water) had no inhibition zone whereas positive
control inhibition zone diameter was 2.5 cm.

Bacteria
Inhibition Zone of

Smallest AgNPs
(cm)

Inhibition Zone of
Medium AgNPs

(cm)

Inhibition Zone of
Largest AgNPs

(cm)

Erwinia pyrifoliae 1.0 ± 0.2 0.8 ± 0.1 0.6 ± 0.1
Staphylococcus warneri 1.7 ± 0.1 1.5 ± 0.3 1.0 ± 0.1

Xanthomonas citri 1.0 ± 0.1 0.9 ± 0.3 0.9 ± 0.1

The results of the disc diffusion method-based antibacterial test of the PT-AgNPs
against Erwinia amylovora, Staphylococcus warneri, and Xanthomonas citri are shown in Figure 4
and Supplementary Materials Figure S7. Except for Staphylococcus warneri, for which the
MIC was 50 g/mL, the data showed that PT-AgNPs had outstanding antibacterial efficacy
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against all tested bacterium strains. Additionally, the outcomes of the time-kill studies
demonstrated that all the examined bacteria were killed by the AgNPs at 4 MIC after 2 h
(Figure 4, Tables 2–4).

(a) 
 

(b) 

Figure 4. Cont.
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(c) 

Figure 4. (a–c). The time-kill curve plots of S. enteritidis, after the exposure to the PT-AgNPs at
0 × MIC, 0.5 × MIC, 1 × MIC, 2 × MIC, and 4 × MIC.

Table 2. Erwinia amylovora.

Incubation Time
(Hours)

MIC (% w/v)

0 0.5 1 2 4

0 a 8 a ± 0.9 a 8 a ± 0.87 a 8 a ± 0.77 a 8.1 a ± 0.91 a 8 a ± 0.78

0.5 b 7.5 a ± 0.6 b 7.1 b ± 0.68 b 6.3 c ± 0.35 b 5.2 d ± 0.35 b 3.1 e ± 0.32

1 b 7.5 a ± 0.4 b 7 b ± 0.56 c 5.7 c ± 0.39 c 4.6 d ± 0.69 c 2.5 e ± 0.21

2 b 7.2 a ± 0.4 b 7 b ± 0.43 c 5.7 c ± 0.21 d 3.3 d ± 0.28 d 0 e ± 0.0

4 d 7 a ± 0.22 c 6 b ± 0.2 d 4.7 c ± 0.11 e 2.8 d ± 0.12 d 0 e ± 0.0

6 d 7 a ± 0.35 b 6 c ± 0.4 e 4 c ± 0.22 f 1.7 d ± 0.13 d 0 e ± 0.0

Table 3. Staphylococcus warneri.

Incubation Time
(Hours)

MIC (% w/v)

0 0.5 1 2 4

0 a 8 a ± 0.8 a 8 a ± 0.91 a 8 a ± 0.7 a 8.1 a ± 0.81 a 8 a ± 0.8

0.5 b 7.4 a ± 0.5 b 7 b ± 0.68 b 6 c ± 0.5 b 5 d ± 0.3 b 3 e ± 0.1

1 b 7.4 a ± 0.3 b 6.7 b ± 0.56 c 5.5 c ± 0.29 c 4.4 d ± 0.9 c 2.1 e ± 0.14

2 c 7 a ± 0.2 b 6.7 b ± 0.43 c 5.5 c ± 0.21 d 3.1 d ± 0.2 d 0 e ± 0.0

4 d 6 a ± 0.12 c 6 b ± 0.2 d 4.2 c ± 0.1 e 2.2 d ± 0.1 d 0 e ± 0.0

6 d 6 a ± 0.44 b 6 c ± 0.4 e 4 c ± 0.12 f 1.5 d ± 0.1 d 0 e ± 0.0
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Table 4. Xanthomonas citri.

Incubation Time
(Hours)

MIC (% w/v)

0 0.5 1 2 4

0 a 8 a ± 0.9 a 8 a ± 0.8 a 8 a ± 0.1 a 8.1 a ± 0.1 a 8 a ± 0.71

0.5 b 7.1 a ± 0.4 b 7 b ± 0.2 b 6.1 c ± 0.4 b 5 d ± 0.5 b 4.1 e ± 0.4

1 b 7.1 a ± 0.3 b 6.6 b ± 0.4 c 5.1 c ± 0.29 c 4.5 d ± 0.9 c 3.5 e ± 0.3

2 c 7 a ± 0.3 b 6.6 b ± 0.3 c 5.1 c ± 0.22 d 3.2 d ± 0.8 d 0 e ± 0.0

4 d 6.5 a ± 0.1 c 5.5 b ± 0.1 d 4.3 c ± 0.1 e 2.4 d ± 0.3 d 0 e ± 0.0

6 d 6.5 a ± 0.5 b 5.5 c ± 0.3 e 4 c ± 0.3 f 1.1 d ± 0.2 d 0 e ± 0.0

Data are expressed as the mean zone of inhibition in mm followed by SD. The values
with different subscript letters in the same column and those with different superscript
letters in the same row are significantly different according to an ANOVA and Duncan’s
multiple range tests.

4. Discussion

Molecular and phylogenetic analyses confirmed the identity of Erwinia pyrifoliae,
which is a gram-negative bacterium that causes shoot blight, a disease that affects trees of
apples and pears. The disease can kill fruit, shoots, and entire trees. The molecular and
phylogenetic analyses also confirmed the identity of Xanthomonas citri which is a gram-
negative bacterium that causes citrus canker. Staphylococcus warneri on the other hand is a
gram- positive bacterium. These pathogenic bacteria, alongside the previously identified
Staphylococcus warneri, were test organisms in the antimicrobial bioassay using biogenic
silver nanoparticles. The biological synthesis of nanoparticles helps avoid the chemical
and physical synthetic methods with their lengthy procedures and hazardous by-products.
Biological synthesis also allows the cost-effective synthesis of nanoparticles at physiological
pH which renders them biocompatible with cellular systems [17,20]. Cyanobacteria have
been found to be an eco-friendly, cost-effective bio-factory of biogenic nanoparticles [4].
Indeed, the Cyanothece-like isolate used here in the current study proved to be an efficient
nanoparticle producer and was employed to biosynthesize three different sized silver
nanoparticles efficiently. The filtration of the external solution using Millipore filters of
0.2 μm pore diameter resulted in the removal of macromolecules mostly leaving ions in
the cell free filtrate. According to [7], those ions are involved in the reduction of silver ions
and formation of silver nanoparticles. The success in the synthesis of three-sized silver
nanoparticles was confirmed by chemical analyses including UV, FTIR and DLS as well
as SEM. The UV-Visible spectrum showed the characteristic plasmon resonance of silver
nanoparticles is due to the vibrational modes of electrons based on the size and shape of
nanoparticles [17].

The lack of functional groups associated with silver nanoparticles as FTIR results show
indicates the effectiveness of filtration in preventing macromolecules from associating
with silver nanoparticles, thereby preventing the formation of corona. This corona usually
develops from interfacial interactions between silver nanoparticles and biological fluids
including proteins. Corona formation can lead to limited cytotoxicity of silver nanoparticles
where it interferes with the dissolution of AgNPs to toxic silver ions [24,25]. In our protocol,
the microfiltration was apparently effective in preventing corona formation and hence the
cytotoxicity of AgNPs was preserved. Nevertheless, the FTIR consistently showed the
characteristic band indicative of AgNPs which overlaps with the OH band [17].

A scanning electromicroscopic analysis was used (SEM) for the determination of shape
and size. SEM showed that silver nanoparticles were angular in shape. and this may
contribute to the high broad spectrum bactericidal effect. Indeed, it was reported that silver
nanocubes showed greater antibacterial effect against Escherichia coli (Gram negative) as
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compared to silver nanospheres [8]. Previously, DLS analysis revealed the size range for the
smallest sized sample which was derived from 0.2 mL AgNO3 was of average 33.9 nm, the
middle with an average of 67 nm, and the largest average was 92.5 nm [17]. The synthesis of
three sizes of silver nanoparticles was further confirmed in this study by scanning electron
microscopy which also confirmed the shape of the produced particles. The biogenic AgNPs
had angular form and their size coincided with the DLS results previously reported [17].

The proposed mechanisms by which cyanobacteria produce silver nanoparticles was
the focus of several studies. For example, Ali et al. [26] reported that filamentous cyanobac-
teria reduce silver ions using ß-NADPH-dependent nitrate reductase. Lengke et al. [4]
reported that the biosynthesis of silver nanoparticles in cyanobacteria occurs both inside
the cells (with size < 10 nm) and in solution (with size 1–200 nm), forming spherical and
octahedral platelets over the time course. This is in agreement with our results where the
different sized nanoparticles in the external solution fell within the range reported by [4].
The shape of our particles also corresponds to the octahedral platelets [4].

Ferdous and Nemmar [24] reviewed the proposed mechanisms of antibacterial action
of the silver nanoparticles. One scenario proposes the interaction of silver nanoparticles
with bacteria, either through interacting with bacterial membrane, damaging it and killing
the bacteria [27] or by inducing reactive oxygen species (ROS) via interaction with respi-
ratory chain proteins on the membrane and interrupting oxygen reduction. Eventually
this ROS causes cellular oxidative stress and bacterial death [28]. Another scenario is
based on the adhesion of AgNPs to the bacterial wall, following [27]. It is also reported
that small-sized AgNPs cause cytotoxicity in both gram-positive and gram-negative bacte-
ria [29]. Smaller silver nanoparticles have a larger surface area to volume ratio, and they
show a faster rate of silver ion dissolution in their microenvironment, thereby inducing
greater cytotoxicity than larger NPs [24,30]. The released Ag+ ions interact with respiratory
chain proteins and induce the production of reactive oxygen species (ROS), thereby caus-
ing cellular oxidative stress in microbes and death [24,31] Inside the bacterial cell, silver
nanoparticles interact with sulphur and phosphorus, causing DNA replication inhibition.
They also inhibit protein synthesis by denaturing ribosomes [7]. Future application of the
current results will include the use of nanosilver in coating films used for packaging, in
order to keep them sterile and hygienic [32].

5. Conclusions

The broad-spectrum antimicrobial effect is due to ease of penetration of AgNPs.
The smaller the AgNPs, the more easily they penetrate cells. This clearly shows the
potentials of using these biogenic nanoparticles against plant pathogens as an alternative to
harmful pesticides.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12071114/s1, Figure S1: UV spectrum of the small sized
nanosilver; Figure S2: Uv spectrum of the medium-sized nanosilver; Figure S3: FTIR spectrum of
smallest sized (34 nm) biogenic silver nanoparticles; Figure S4: FTIR spectrum of medium-sized
(67 nm) biogenic silver nanoparticles; Figure S5: FTIR spectrum of Largest sized (92 nm) biogenic
silver nanoparticles; Figure S6: Scanning electron micrograph showing (A) small (average 34 nm),
(B) medium (average 67 nm) and (C) large sized (average 92 nm) nanoparticle; Figure S7: The time-kill
curve plots of Staphylococcus warneri, Erwinia amylovora and Xanthomonas citri after the exposure
to the PT-AgNPs at 0 × MIC, 0.5 × MIC, 1 × MIC, 2 × MIC, and 4 × MIC.
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Abstract: In this study, seven different silver nanoparticles (AgNPs) were obtained using the fungi
species from the phylum Ascomycota, Aspergillus tubingensis, Aspergillus spp., Cladosporium pini-ponderosae,
Fusarium proliferatum, Epicoccum nigrum, Exserohilum rostratum, and Bionectria ochroleuca, isolated from
the Brazilian biodiversity, particularly from the mangrove and Caatinga biomes. The nanoparticles
were coded as AgNP-AT, AgNP-Asp, AgNP-CPP, AgNP-FP, AgNP-EN, AgNP-ER, and AgNP-BO and
characterized using spectrophotometry (UV-Vis), dynamic light scattering (DLS), zeta potential, trans-
mission electron microcopy (TEM), and Fourier-transform infrared (FTIR) spectroscopy. All the AgNPs
presented homogeneous size in the range from 43.4 to 120.6 nm (DLS) and from 21.8 to 35.8 nm (TEM),
pH from 4.5 to 7.5, negative charge, and presence of protein coating on their surface. The antifungal
activity of the AgNPs was evaluated on clinical strains of Candida albicans, and on the non-albicans
species, Candida krusei, Candida glabrata, Candida parapsilosis, Candida tropicalis, and Candida guilliermondii,
common in hospital infections, and against the phytopathogens Fusarium oxysporum, Fusarium phaseoli,
Fusarium sacchari, Fusarium subglutinans, Fusarium verticillioides, and Curvularia lunata, which are species
responsible for serious damage to agriculture production. The AgNPs were effective against the yeasts
with MICs ranging from 1.25 to 40 μM and on the phytopathogens with MICs from 4 to 250 μM,
indicating the promising possibility of application of these AgNPs as antifungal agents. The results
indicated that the physicochemical parameters of the AgNPs, including the functional groups present
on their surface, interfered with their antifungal activity. Overall, the results indicate that there is no
specificity of the AgNPs for the yeasts or for the phytopathogens, which can be an advantage, increasing
the possibility of application in different areas.

Keywords: biogenic silver nanoparticles; phytopathogens; Candida sp.; antifungal activity

1. Introduction

The growth of fungal infections has become a major threat to public health, with
more than 300 million people suffering from fungal diseases each year, resulting in over
1 million deaths worldwide [1,2]. In addition to infections caused by fungi in humans and
animals, there are also problems caused by phytopathogens in several types of crops that
are important for food production [3,4].

A recent study reported that at least 137 phytopathogens and pests are responsible for
infections in potato, wheat, rice, maize, and soybean, causing massive crop losses [5]. The
loss in the production is estimated to be 17.2% for potato, around 20% for soybean, wheat,
and maize, and 30.0% for rice [5]. The food loss is important in all countries; however,
the maximum loss has been observed in food-insecure regions with high populations,
significantly increasing the problem of starvation [5].

The situation is worsened by the increased resistance of these pathogens to the cur-
rently available treatments, which are scarce, for infections both in humans [2] and ani-
mals [6] and for phytopathogens [7]. Microbial resistance is considered a global health
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problem, which compromises the effectiveness of antibiotics, making the treatment of
common infections unfeasible [8,9].

Candida sp. species are a global threat to public health, with frequent outbreaks in
hospitals and a high rate of mortality [10]. The genus Candida can be found in several
ecosystems, such as in the microbiota of man and of some animals. Candida sp. species
degrade proteins and carbohydrates to acquire carbon and nitrogen for their development
and have an adaptive ability to multiply in aerobic and anaerobic conditions. These species
are commensal and usually are present in the gastrointestinal tract, vagina, urethra, and
lung microbiota. In case of an imbalance in the body’s microbiota, Candida sp. can become
pathogenic for the host, causing candidiasis or even a severe candidemia, being, due to
that, considered opportunistic microorganisms [11–14].

Among 15 Candida species usually present in infections in humans, Candida albicans,
Candida glabrata, Candida tropicalis, Candida parapsilosis, and Candida krusei are the most
common, causing more than 90% of all the candidemia cases [15].

A study performed in Portugal, in 2016 and 2017, reported 117 cases of candidemia
in 114 patients, and among them, 51.3% were caused by C. albicans, followed by 22.2%,
15.4%, 4.3%, and 2.6% caused by C. glabrata, C. parapsilosis, C. tropicalis, and C. lusitaniae,
respectively [10].

The most common fungi species responsible for frequent and problematic contamina-
tion of foods and feeds due to mycotoxins production belongs to the genera Aspergillus,
Fusarium, and Penicillium [16–18]. Under natural conditions, these species are able to pro-
duce mycotoxins, in pre- and post-harvest cultures, which can be extremely harmful to
humans and animals. The exposure to these mycotoxins occurs primarily by ingestion
but can also occur by the dermal and inhalation routes. The effects of some food-borne
mycotoxins can be acute, with symptoms of severe illness appearing rapidly after the
consumption of food products contaminated [16–19].

For the treatment and successful control of the serious threats caused by phytopathogenic and
human pathogenic fungi, new strategies against the shortage of antifungal drugs are necessary.

Nanomaterials of sizes between 1 and 100 nm have been successfully used in differ-
ent medical and pharmaceutical applications [20]. In general, nanoscale materials have
excellent antimicrobial activity due to the high surface area to volume ratio and physical
chemical properties [20]. Several studies have demonstrated the antifungal activity of
metallic nanoparticles, and among them, silver nanoparticles (AgNPs) represent a potential
option as antimicrobial agents [20–25].

AgNPs can be obtained using physical, chemical, or biological methods [20,23–25].
However, biological synthesis stands out as an ecologically sustainable process, economi-
cally viable and able to be scaled up to industrial production without a big challenge. In the
biological route, factors such as pH, luminosity, chemical characteristics, and concentration
of the substrate or reducing agents are factors that can interfere with the nucleation, growth,
agglomeration, and stability of the nanoparticles [22,23,25].

Through the bioreduction of the metal precursor (i.e., silver, gold), reducing or sta-
bilizing agents produced by plants, algae, bacteria, yeasts, or fungi, such as ether, thiol,
carbonyl, hydroxyl, amine, polyamine, proteins, and peptides groups, can also perform
a coat on the metallic nanoparticles surface [22,23,25]. These biological coating groups,
usually from proteins [26], can improve the uptake and functionality of the nanoparticles,
reducing their toxicity and improving their potential as candidates to treat diseases in
humans, animals, and in agriculture [20,21,27,28].

The mycogenic biosynthesis of AgNPs has been reported with the application of sev-
eral species of fungi [22,23,25,29] and presence of a protein coating surrounding the metal
ion, which provides high stability, avoiding aggregation of the nanoparticles [22,23,25].
This property is an advantage that improves the interaction of the nanoparticles with
biological targets and their biological effect [27,28].

Among the possible organisms capable of biosynthesizing AgNPs, fungi offer ad-
vantages because they are easy to manipulate, allowing a large-scale culture and biomass
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production that can be used for metal nanoparticles biosynthesis, which own a protein coat
that can contribute to an improved biological activity [22,23,25].

Considering the high demand for new antifungal agents, due to the emergence of
microbial resistance to the existing treatments and the potential of AgNPs as an antifungal
alternative, in this study seven AgNPs were obtained by green synthesis, using seven
species of fungi isolated from the Brazilian biodiversity, particularly from the mangrove
and Caatinga biomes. The mangroves in the Brazilian coast are anaerobic and saline,
and the Caatinga is an arid environment with high temperature and hot soil through
all the year. Both these environments harbor extremophiles microorganisms, and the
fungi Aspergillus spp., Cladosporium pini-ponderosae, Fusarium proliferatum, Epicoccum nigrum,
Aspergillus tubingensis, and Bionectria ochroleuca applied in this study were previously
isolated from mangrove, while Exserohilum rostratum was isolated from the Caatinga biome.

To the best of our knowledge, this is the first report on the biosynthesis of AgNPs
using the species of F. proliferatum, C. pini-ponderosae, and E. rostratum. The obtained AgNPs
were characterized according to their physicochemical properties, using spectrophotometry
(UV-Vis), Fourier-transform infrared (FTIR) spectroscopy, transmission electron microscopy
(TEM), dynamic light scattering (DLS), and zeta potential. The antifungal activity of the
AgNPs was evaluated in C. albicans, C. krusei, C. glabrata, C. parapsilosis, C. tropicalis, and
Candida guilliermondii, that are important pathogenic yeasts present in hospital infection [10],
and on the phytopathogens Fusarium oxysporum, Fusarium phaseoli, Fusarium sacchari, Fusar-
ium subglutinans, Fusarium verticillioides, and Curvularia lunata, which are species responsible
for serious damage in the agricultural production.

2. Results and Discussion

2.1. Physicochemical Characterization of the AgNPs

The AgNPs obtained using the fungi Aspergillus spp., E. nigrum, F. proliferatum,
C. pini-ponderosae, E. rostratum, A. tubingensis, and B. ochroleuca were coded by the initial of
the respective fungus species applied in their biosynthesis, being AgNP-Asp, AgNP-EN,
AgNP-FP, AgNP-CPP, AgNP-ER, AgNP-AT, and AgNP-BO, respectively.

The formation of the AgNPs was observed by the reaction of the extracellular cell free
aqueous extract (AE) obtained from the culture of the seven fungi species with AgNO3 as
represented in Figure 1. As can be observed in Figure 2, there was a color change of the
reactional mixtures from colorless to brownish, indicating the formation of AgNPs in the
first hours of the reaction.

 
Figure 1. Representation of the silver nanoparticles biosynthesis by the reaction of the extracellular
cell free aqueous extract (AE) obtained from the fungi culture with AgNO3.
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Figure 2. Color of the AgNP-AT, AgNP-Asp, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-ER, and
AgNP-FP formed by the reaction of the extracellular cell free aqueous extract (AE) obtained using
the fungi A. tubingensis, Aspergillus spp., B. ochroleuca, C. pini- ponderosae, E. nigrum, E. rostratum, and
F. proliferatum with AgNO3. Pictures were obtained 96 h after the beginning of the reaction.

The resonant oscillation of electrons density present on the surface of the AgNPs
resulted in the formation of the surface plasmon resonance observed at 420 nm for all
AgNPs (Figure 3A), which is the main characteristic of AgNPs formation [30].

It is possible to observe a difference in the intensity of the brownish color of the
AgNPs (Figure 2) and in the absorbance (Figure 3A), which was higher for the AgNP-EN,
followed by AgNP-ER, AgNP-Asp, AgNP-FP, and AgNP-CPP. The color intensity is related
to the concentration of AgNPs formed after 96 h of reaction. The data allow inferring that
the AgNP-EN was formed faster than the other AgNPs. The hydrodynamic sizes of the
AgNPs measured by DLS were 44.9 ± 4.1, 43.4 ± 3.3, 120.6 ± 3.5, 87.1 ± 3.4, 71.2 ± 6.7,
86.4 ± 6.4, 59.6 ± 2.1 nm for the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CPP, AgNP-EN,
AgNP-ER, and AgNP-FP, respectively (Table 1). The sizes of the AgNPs measured by TEM
were, respectively, 33.3 ± 2.7, 25.0 ± 6.5, 21.8 ± 4.1, 35.8 ± 5.16, 28.0 ± 6.31, 22.1 ± 2.9,
26.7 ± 5.3 nm. As expected, the sizes measured by TEM were smaller than those measured
by DLS. Through the DLS, the protein corona surrounding the metal ion in the nanoparticles
is also measured, and consequently, the size of the nanoparticles is higher. This data is
interesting since the protein corona can interfere with the interaction of the nanoparticles
with the target [27,28].

Table 1. Physicochemical properties of the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CCP, AgNP-EN,
AgNP-ER, and AgNP-FP: size (nm) by DLS and TEM, polydispersity index (PDI), zeta potential, and
pH values.

AgNPs Size (DLS) * Size (TEM) * PDI Zeta Potential pH

AgNP-Asp 44.9 ± 4.1 33.3 ± 2.7 0.343 −1.04 6.0

AgNP-AT 43.4 ± 3.3 25.0 ± 6.5 0.080 −22.26 7.0

AgNP-BO 120.6 ± 3.5 21.8 ± 4.1 0.257 −2.19 7.5

AgNP-CPP 87.1 ± 3.4 35.8 ± 5.16 0.334 −1.59 5.0

AgNP-EN 71.2 ± 6.7 28.0 ± 6.31 0.404 −33.28 5.0

AgNP-ER 86.4 ± 6.4 22.1 ± 2.9 0.230 −14.40 4.5

AgNP-FP 59.6 ± 2.1 26.7 ± 5.3 0.199 −15.33 6.0
* Mean ± standard deviation (n = 6).
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Figure 3. AgNPs characterization by (A) UV-Vis profile from 200 to 800 nm with presence of surface
plasmon resonance around 420 nm for the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CCP, AgNP-EN,
AgNP-ER, and AgNP-FP, obtained using the extracellular cell free aqueous extract (AE) of the culture
of Aspergillus spp., A. tubingensis, B. ochroleuca, C. pini-ponderosae, E. nigrum, E. rostratum, and F. prolif-
eratum, respectively. Transmission electron microscopy for (B) AgNP-Asp (magnification 100,000×),
(C) AgNP-AT (magnification 46,640×), (D) AgNP-BO (magnification 60,000×), (E) AgNP-CPP (mag-
nification 60,001×), (F) AgNP-EN (magnification 50,000×), (G) AgNP-ER (magnification 60,001×),
and (H) AgNP-FP (magnification 46,640×). The extracellular cell free aqueous extracts (AE) obtained
from all fungi culture were used as control for the UV-Vis analysis and showed the same profile.
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The polydispersity index (PDI) is related to the distribution of the AgNPs sizes. The
smaller the PI values, the more homogeneous is the size of the AgNPs. The AgNP-AT
presented the lowest PI, followed by AgNP-FP, AgNP-ER, AgNP-BO, AgNP-CPP, AgNP-
Asp, and AgNP-EN. These data can be confirmed by the size and morphology observed
for each AgNPs through the analysis by using TEM (Figure 3B–H). It can be also observed
that all AgNPs are predominantly spherical, with a few or any aggregate formations
(Figure 3B–F).

Literature describes that smaller AgNPs can be more cytotoxic than larger ones,
due to intracellular uptake and greater surface area, which can promote more effective
interaction with cells or their intracellular components [27,28,31]. The surface charge
of AgNPs is defined by the presence of negatively or positively charged molecules on
their coat, which is a relevant property for the nanoparticles’ stability. The negative
charge generates repulsiveness between particles and a low constant of force between
then, preventing the formation of aggregates [32]. All seven AgNPs obtained in this study
showed negative zeta potential values (Table 1) and, as it is shown in Figure 3B–F, there
was no aggregation formation for almost all the AgNPs.

The pH value is an interesting parameter due to its influence on the size, shape,
dispersion, and protein coating of AgNPs [33]. In the present study, the AgNPs with
larger sizes showed lower pH values. Similar results were previously demonstrated in
a study performed by Prakash and Soni [33], in which the size and shape of the AgNPs
obtained using the fungi Chrysosporium tropicum and F. oxysporum were according to the
pH and temperature applied for the synthesis. The pH of biogenic AgNPs is related to
its protein coat, and both can interfere with the nanoparticles function and activity in
biological systems, according to the possibility of nano–bio interaction [27,28,31].

The FTIR spectroscopy of the AgNPs showed the presence of functional groups
attributed to aromatic rings, ether, carboxylic, and amide groups in their composition,
which are from molecules present in the AE. These molecules acted as reducing agents for
the formation of the AgNPs, or as capping agents promoting the protein corona formation
and stability of the AgNPs (Table 2 and Figures 4 and 5). Additional functional groups
were detected and attributed to amino acid residues present in the side chains of proteins
presents in the AE (Table 2, and Figures 4 and 5).

The functional groups identified by FTIR for AgNP-Asp, AgNP-CCP, AgNP-EN,
AgNP-ER, and AgNP-FP, and shown in Table 2, indicate the presence of several molecules
around the nanoparticles’ surface, as those previously reported for AgNP-AT and AgNP-
BO [26,34]. The presence of a band in the region of 3200 cm−1 for all AgNPs was attributed
to OH (chelate) groups and indicate the chelation of the metal ion (Ag+) by molecules from
the AE used for the biosynthesis of the AgNPs (Table 2 and Figures 4 and 5), as it was also
observed for the AgNPs obtained using other microorganisms [35]. The results indicate that
the secondary structure of proteins present in the AE used for the AgNPs biosynthesis was
not modified by the oxidation–reduction reaction, or binding to the metallic core [26,34].

The effectiveness of AgNPs against specific targets is related to several aspects such as
the morphology, size, PI, zeta potential, and pH values. In general, the AgNPs obtained
in this study showed different functional groups on their surface forming the protein
corona and interesting physicochemical properties, which are suitable for antimicrobial
application. These groups were identified by FTIR spectroscopy and come from the AE
used for the biosynthesis of the AgNPs (Table 2 and Figures 4 and 5). It is known that
small and homogeneous size and absence of aggregates are interesting for the interaction
of nanoparticles with biological systems [27,28,31], and in this study, in general the AgNPs
showed this profile in their properties.
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Table 2. Profile of vibrational frequencies (cm−1) and functional groups present in the AgNP-Asp,
AgNP-AT, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-ER, and AgNP-FP. Data obtained using Fourier-
transform infrared (FTIR) spectroscopy.

AgNPs ≈Vibrational Frequencies (cm−1) Functional Groups

AgNP-Asp

825–860 Aromatic ring (2 adjacent H)
1020–1170 C-O (ether)

1320 C-N (aromatic)
1560–1490 N-H

1790 C=O of acyl chloride
2925 Aliphatic C-H
3200 O-H (chelate)

AgNP-AT

840–775 R2C=CHR (C-H out of plane)
1165–1040 C-O (ether)

1300 C-O (carboxyl)
1590–1500

2927
C=C (aromatic)
Aliphatic C-H

3062 C-H (aromatic)
3200 O-H (chelate)

AgNP-BO

825 Aromatic ring (2 adjacent H)
1030–1018 C-O (ether)
1350–1300 C-O (ester)

1648 C=O (amides)
2929–2900 Aliphatic C-H
3400–3263 O-H (chelate)

AgNP-CPP

840–790 R2C=CHR (C-H out of plane)
1160–1021 C-O (ether)

1289 C-N (aromatic)
1490 N-H
1625 C=C (aromatic)
2936 O-H (chelate)
3330 Free NH (secondary amine)

AgNP-EN

945 RCH=CH2
1190–1026 C-O (ethers)

1336 SO2 (sulfone)
1500 C=C (aromatic)
2360 CO2
2934 O-H (chelate)
3343 Free NH (secondary amines)

AgNP-ER

820–798 R2C=CHR
1170–1025 C-O (ether)

1312 SO2 (sulfone)
1493 N-H
1621 C=C (aromatic)
2936 Aliphatic C-H
3230 O-H (chelate)

AgNP-FP

835–820 Aromatic ring
1168–1020 C-O (ether)

1300 C-O (ester)
1490 N-H
1550 NH2
1630 C=O (amides)
1790 C=O (acyl chloride)
2925 C-H (aliphatic)
3055 C-H (alkene)
3200 O-H (chelate)
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Figure 4. Fourier-transform infrared (FTIR) spectroscopy profile for the (A) AgNP-Asp, (B) AgNP-AT
(C) AgNP-BO, and (D) AgNP-CPP.
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Figure 5. Fourier-transform infrared (FTIR) spectroscopy profile for the (A) AgNP-EN, (B) AgNP-ER,
and (C) AgNP-FP.
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2.2. Antifungal Activity

AgNPs have a broad spectrum of antimicrobial activity [20–24,34–37], including the
ability to inhibit biofilm formation [36], and, due to that, are a promising option as anti-
fungal agents. In this study, the antifungal activity of the AgNPs was evaluated against
different species of Candida sp., common in hospital infections and against different rel-
evant phytopathogens, capable of causing agricultural damage. The AgNPs showed
antifungal activity against clinical strains of C. albicans, C. krusei, C. glabrata, C. guillermondii,
C. parapsilosis, and C. tropicalis. The AgNPs were more effective than amphotericin B (AMB),
which was used as the positive control, and was not effective until 32 μM in all the Candida
sp. species. The AgNPs showed MIC in the range from 1.25 to 40 μM, and C. guillermondii,
C. krusei, and C. glabrata were the most sensitive to the action of all AgNPs that showed
MIC from 1.25 to 5 μM (Table 3). The only exception was the AgNP-FP, that until 40 μM
was not effective on C. glabrata. It is noteworthy that the AgNP-CPP was not effective on
any of the four C. albicans strains evaluated, but it was effective on non-albicans species
with MICs of 1.25 to 5 μM (Table 3).

Table 3. Antifungal activity of the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-
ER, and AgNP-FP by minimal inhibitory concentration (MIC—μM) against an ATCC strain and
clinical species of Candida sp.

Yeasts AgNP-Asp AgNP-AT AgNP-BO AgNP-CPP AgNP-EN AgNP-ER AgNP-FP AMB

C. albicans ATCC 36802 2.5 20 5 >40 1.25 20 10 32

C. albicans IOC 4556 10 40 20 >40 20 20 20 >32

C. albicans IOC 4525 2.5 20 20 >40 10 20 20 >32

C. albicans IOC 4558 10 40 20 >40 20 10 10 >32

C. glabrata IOC 4565 5 5 2.5 1.25 2.5 5 >40 >32

C. krusei IOC 4559 1.25 2.5 1.25 1.25 1.25 5 1.25 >32

C. guillermondii IOC 4557 1.25 2.5 1.25 1.25 1.25 2.5 1.25 32

C. parapsilosis IOC 4564 40 20 10 2.5 10 10 >40 >32

C. tropicalis IOC 4560 >40 20 20 5 20 10 5 >32

MIC = minimal inhibitory concentration refers to at least 90% of the yeast growth inhibition. AMB= amphotericin
B; ATCC = American Type Culture Collection, IOC = Instituto Oswaldo Cruz Collection.

The AgNPs were effective on C. parapsilosis and C. tropicalis, but with MIC from 2.5
to 40 μM. Until 40 μM, the AgNP-Asp was not effective on C. tropicalis and AgNP-FP on
C. parapsilosis.

The AgNPs showed antifungal activity against the phytopathogens C. lunata,
F. subglutinans, F. verticillioides, and on one strain of F. oxysporum. The AgNPs showed
higher MIC on the F. oxysporum WLA-FP07 that was less susceptible to their activity. These
phytopathogens cause diseases in sugarcane and in crops such as in rice, maize, and beans
with a great impact on agriculture and economy [38–40]. Synthetic fungicides are used in
the management of these diseases, and their systematic and uncontrolled use has often led
to fungal resistance [41].

Among the seven AgNPs, until 250 μM, none prevented the growth of F. sacchari
(Table 4). The phytopathogens C. lunata and F. verticillioides were the most susceptible to
the AgNPs, and even at low concentrations, all the AgNPs prevented the growth of these
fungi (Table 4). These phytopathogens cause diseases in different cultivar species, and their
impact on the economy is very relevant [42].
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Table 4. Antifungal activity of the AgNP-Asp, AgNP-AT, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-
ER, and AgNP-FP by minimal inhibitory concentration (MIC—μM) on the phytopathogens C. lunata,
F. sacchari, F. subglutinans, F. oxysporum (WLA-FP07), F. oxysporum (WLA-FP25), and F. verticillioides.

Phytopathogens
AgNP-Asp AgNP-AT AgNP-BO AgNP-CPP AgNP-EN AgNP-FP AgNP-ER AMB

MIC FC MIC FC MIC FC MIC FC MIC FC MIC FC MIC FC MIC FC

C. lunata 8 8 4 4 16 16 4 4 4 4 4 4 4 4 4 4

F. sacchari >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 >250 16 16

F. subglutinans 60 60 60 60 >250 >250 120 120 120 120 60 60 120 120 16 16

F. oxysporum
(WLA-FP07) 120 120 120 120 >250 >250 250 250 120 120 120 120 120 120 >32 >32

F. oxysporum
(WLA-FP25) 30 30 30 30 30 30 120 120 60 60 30 30 30 30 16 16

F. verticillioides 16 16 8 8 16 16 8 8 60 60 16 16 8 8 16 16

MIC = minimal inhibitory concentration refers to at least 90% of the fungi growth inhibition; AMB = amphotericin
B; FC = fungicide concentration.

On the phytopathogens, the AgNPs showed the same values for MICs and fungicide
concentration (FC), indicating that the activity of AgNPs is more fungicide than fungistatic.

In this study, the AgNPs presented sizes in the range from 43.4 to 120.6 nm (DLS) and
from 21.8 to 35.8 nm (TEM), spherical and regular forms, with negative zeta potential and
pH ranging from slightly acidic to neutral. The participation of biological molecules in
the biosynthesis of AgNPs confers interesting advantages to the AgNPs, improving the
interaction with biological targets and the biocompatibility [27,28,31]. The influence of
these factors can be related to the antifungal activity.

The antifungal activity of biological AgNPs was previously described by several
authors [20–24,34–37,43]. In the current study, the higher antifungal activity was observed
for the AgNP-Asp on the different Candida species, including the non-albicans. However,
the AgNP-CPP was the less effective.

An analysis of the physicochemical parameters (Table 3) for the AgNP-Asp and AgNP-
CPP indicates that the size was important for the antifungal activity. The first one has a size
of 44.9 and the last one of 87.1 nm. The lower size contributes to a better activity. Between
both nanoparticles, there was not a high difference in pH, zeta potential, and PDI. On the
yeasts, the range of MICs values obtained for the different AgNPs was from 1.25 to 40 μM.
The MICs were different on the different strains of C. albicans, and that from ATCC was
more susceptible to the action of AgNPs, while clinical isolates were more resistant. These
differences were expected due to a possible genetic variability, and therefore it is important to
test the susceptibility of different strains, especially of clinical isolates to the AgNPs activity.

The FTIR analysis showed the presence of aliphatic (C-H) functional group for AgNP-
Asp, AgNP-AT, AgNP-BO, AgNP-ER, and AgNP-FP, and these nanoparticles were the most
effective in killing the phytopathogens and yeasts, with lower MICs values. Interestingly,
the AgNP-CPP and AgNP-EN did not present this functional group and were the less
effective AgNPs on the yeasts and on phytopathogens with higher MICs value. This func-
tional group has already been described as a potent antifungal agent against Saccharomyces
cerevisiae, where primary aliphatic alkanols were tested and showed minimum fungicidal
concentration (MFC) of 25 μg/mL (0.14 mM) [44].

The comparison between the physicochemical parameters of the AgNP-Asp and
AgNP-FP shows a difference in their size and zeta potential. AgNP-FP has size and
zeta potential of 56.9 ± 2.1 nm and −15.33, while for the AgNP-Asp these values are
44.9 ± 4.1 nm, and −1.04. Both nanoparticles have pH of 6.0 and are surrounded by
molecules containing the functional aliphatic group. The AgNP-Asp is smaller with higher
zeta potential value and was more effective then AgNP-FP as an antifungal agent on the
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yeasts. As previously reported [27,28,31], these data indicate that all the parameters are
related and can interfere with the antifungal activity.

The results showed that the AgNPs were very effective against clinical yeasts and
phytopathogens. The AgNPs were effective against phytopathogens, showing MICs from
4 to 120 μM, and against yeasts with MICs range of 1.25 to 40 μM, indicating the promising
possibility of application of these AgNPs as an antifungal agent.

3. Materials and Methods

3.1. Fungal Strains

Fungi species employed in the AgNPs biosynthesis were previously isolated from
the Brazilian biodiversity and deposited at the microorganisms collection from Instituto
Oswaldo Cruz (IOC, Rio de Janeiro, RJ, Brazil), Instituto Adolfo Lutz (IAL, São Paulo,
SP, Brazil), or in the “Collection of Microorganisms for Biocontrol of Phytopathogens and
Weeds” at Embrapa Genetic Resources and Biotechnology (CENARGEN, Brasília, DF,
Brazil). The species Aspergillus spp. is an endophyte and C. pini-ponderosae (IAL 7248),
F. proliferatum (IOC 4682/IAL 7246), and E. nigrum (IAL 7249) are epiphytes from the leaf
of the mangrove plant Rhizophora mangle, respectively. The E. rostratum (IAL 7247) was
isolated as an endophyte from the plant Croton blanchetianus, collected in the Brazilian
biome called Caatinga.

The pathogen C. albicans (ATCC 36802/IOC 3704) is a strain from the American
Type Culture Collection (ATCC), and C. albicans (IOC 4525, IOC 4556, IOC 4558), C. kru-
sei (IOC 4559), C. glabrata (IOC 4565), C. parapsilosis (IOC 4564), C. tropicalis (IOC 4560),
and C. guilliermondii (IOC 4557) are clinical species from the IOC collection. The Fusarium
species were isolated from the Rhizosphere of sugar cane [45] by the group of Prof. Welington
L. Araújo, from Institute of Biomedical Sciences of the University of São Paulo, that kindly
provided the phytopathogens from his collection (WLA) for this study. The phytopathogens
were C. lunata (WLA-FP06), F. sacchari (WLA-FP04), F. subglutinans (WLA-FP21), F. oxyspo-
rum (WLA-FP07), F. oxysporum (WLA-FP25), and F. verticillioides (WLA-FP05).

3.2. Biosynthesis and Physicochemical Analysis of the AgNPs

The biosynthesis of the AgNPs was performed according to the protocol previously
described by our group [34]. The fungi A. tubingensis, Aspergillus spp., B. ochroleuca,
C. pini-ponderosae, F. proliferatum, E. nigrum, and E. rostratum were cultivated in potato
dextrose agar (PDA, Himedia #M096) for a week at 28 ◦C and sub-cultivated in an Erlen-
meyer flask of 500 mL with 150 mL of potato dextrose broth (PDB) (Himedia #M096) for
72 h at 28 ◦C and 150 rpm, in an orbital shaker (Marconi MA-420, Piracicaba, SP, Brazil).
After filtration through a polypropylene membrane, the biomass was washed with sterile
deionized water to remove any residue of the culture medium. The biomass was incubated
with sterile deionized water (10 g/100 mL) at 28 ◦C and 150 rpm for 72 h. Subsequently,
following a filtration and biomass discard, the supernatant was sterilized using a 0.22 μm
polyethersulfone (PES) membrane, resulting in the aqueous extracellular cell free extract
(AE). For the AgNPs biosynthesis, silver nitrate (AgNO3) was added to the sterile AE for
the final concentration of 1 mM. The reactional mixture was protected from light, and the
formation of AgNPs was monitored by reading the absorbance from 200 to 800 nm (UV-Vis,
Agilent 8453), showing the presence of a surface plasmon resonance around 420 nm.

The obtained AgNPs were coded according to the initials of the fungi species used for
their biosynthesis being AgNP-AT, AgNP-Asp, AgNP-BO, AgNP-CPP, AgNP-FP, AgNP-
EN, and AgNP-ER. The AgNPs were characterized by size (Dynamic Light Scattering,
DLS, Nanoplus–Particulate Systems, Norcross, GA, USA), polydispersity index (PDI),
zeta potential, pH, Fourier-transform infrared (FTIR) spectroscopy, and morphology by
transmission electron microscopy (TEM, Zeiss LEO 906 E, de 120Kv, Freiburg, Germany),
as previously described [26,34]. The size of the AgNPs was also measured by TEM for at
least seven particles of each AgNPs and expressed by the mean ± the standard deviation.
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3.3. Antifungal Activity Assay

The antifungal activity was evaluated on four strains of C. albicans (ATCC 36802/IOC
3704, IOC 4525, IOC 4556, IOC 4558), C. krusei (IOC 4559), C. glabrata (IOC 4565), C. parapsilosis
(IOC 4564), C. tropicalis (IOC 4560), and C. guilliermondii (IOC 4557). The phytopathogens
utilized were C. Lunata, F. phaseoli, F. sacchari, F. subglutinans, F. oxysporum (WLA-FP07 and
WLA-FP25), and F. verticillioides.

The yeasts and phytopathogens were cultured on PDA and sub-cultured in PDB.
The yeast suspensions were prepared in RPMI 1640 (Gibco #23400-013) culture media
at 0.5–2.5 × 103 CFU/mL, according to standard curves previously established in our
laboratory. For the phytopathogens, the spores were prepared in a saline solution at 0.9%
and after being counted using a Neubauer chamber, the suspensions were prepared in
RPMI 1640 with 1 × 106 spores/mL.

The antifungal assay was evaluated by the microdilution assay in a 96-well plate [46–48].
The AgNP-AT, AgNP-Asp, AgNP-BO, AgNP-CPP, AgNP-EN, AgNP-ER, and AgNP-FP
were serially diluted in RPMI 1640, and each well received 100 μL of the yeasts or phy-
topathogens suspensions and 25 μL of resazurin dye at 0.02% in saline solution. The AgNPs
were assayed at final concentrations of 1.25, 2.5, 5, 10, 20, and 40 μM for the yeasts, and of
4, 8, 16, 30, 60, 120, and 250 μM for the phytopathogens. Untreated culture that received
only RPMI 1640 was used as the negative control and amphotericin B (AMB) at 16 and
32 μM was used as positive control. The plates were incubated at 30 ◦C for 24 h, and
the minimal inhibitory concentration (MIC90) was defined as the lowest concentration in
which the color of the dye resazurin was kept in blue due to the inhibition of at least 90%
of the microorganism’s growth [46]. For the yeasts, the MICs were expressed by the mean
of three independent experiments, in duplicate for each AgNPs concentration, and for the
phytopathogens by the mean of two assays in triplicate. The fungicidal concentration (FC)
for phytopathogens was determined from the MICs. For that, 50 μL of two concentrations
before and after the MICs were collected from the plate and incubated in Petri dishes
containing PDA at 30 ◦C for 120 h. The absence of phytopathogens growth was defined as
the FC.

4. Conclusions

In this study, seven biogenic AgNPs were obtained using the fungi species A. tub-
ingensis, Aspergillus spp., B. ochroleuca, C. pini-ponderosae, F. proliferatum, E. nigrum, and
E. rostratum isolated from the Brazilian biodiversity. Among them, this is the first report of
E. rostratum, F. proliferatum, and C. pini-ponderosae application on the biosynthesis of AgNPs.
The nanoparticles showed spherical morphology, with pH from 4.5 to 7.5, and size in the
range from 43.4 to 120.6 nm (DLS) and from 21.8 to 35.8 nm (TEM). The functional groups
from the biomolecules surrounding the AgNPs were analyzed by FTIR.

The AgNPs showed antifungal activity against clinical strains of C. albicans, C. krusei,
C. glabrata, C. parapsilosis, C. tropicalis, and C. guilliermondii, common in hospital infections
and against phytopathogens, responsible for serious damages in agricultural production.
As expected, the results indicated that the physicochemical parameters of the AgNPs
including the functional groups present on their surface interfere on their antifungal
activity. Overall, the results indicate that there is no specificity of the AgNPs for yeasts or
phytopathogens, which can be an advantage, increasing the possibility of application in
different areas.
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Abstract: UV-irradiation method has grown as an alternative approach to in situ synthetize silver
nanoparticles (AgNPs) for avoiding the use of toxic reducing agents. In this work, an antimicrobial
material by in situ synthesizing AgNPs within 3D-printed collagen-based scaffolds (Col-Ag) was
developed. By modifying the concentration of AgNO3 (0.05 and 0.1 M) and UV irradiation time
(2 h, 4 h, and 6 h), the morphology and size of the in situ prepared AgNPs could be controlled. As
a result, star-like silver particles of around 23 ± 4 μm and spherical AgNPs of 220 ± 42 nm were
obtained for Ag 0.05 M, while for Ag 0.1 M cubic particles from 0.3 to 1.0 μm and round silver
precipitates of 3.0 ± 0.4 μm were formed in the surface of the scaffolds at different UV irradiation
times. However, inside the material AgNPs of 10–28 nm were obtained. The DSC thermal analysis
showed that a higher concentration of Ag stabilizes the 3D-printed collagen-based scaffolds, while
a longer UV irradiation interval produces a decrease in the denaturation temperature of collagen.
The enzymatic degradation assay also revealed that the in situ formed AgNPs act as stabilizing and
reinforcement agent which also improve the swelling capacity of collagen-based material. Finally,
antimicrobial activity of Col-Ag was studied, showing high bactericidal efficiency against Gram-
negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria. These results showed
that the UV irradiation method was really attractive to modulate the size and shape of in situ
synthesized AgNPs to develop antimicrobial 3D-printed collagen scaffolds with different thermal,
swelling and degradation properties.

Keywords: 3D-printing; UV irradiation method; AgNPs; collagen; antimicrobial scaffolds;
post-printing

1. Introduction

The recent advances in 3D printing technology and its marriage with the biomaterials
field allowed the development of 3D-printed scaffolds for biomedical applications [1]. This
technology leads to the manufacture of custom-made 3D structures with high resolution
and controlled architecture [2]. Among the different methods used to create 3D-materials,
fuse deposition modelling (FDM) is highly used, and it is based on the material extrusion [3].
In this sense, extrusion-based printing is an adaptation from the FDM with the purpose
of printing biocompatible materials and cells. This method used pneumatic pressure or
mechanical force to extrude the ink out of the nozzle in an uninterrupted line [4].

There are several materials that could be used to produce 3D-printed scaffolds, such
as collagen, chitosan, cellulose, hyaluronic acid, and alginate. Among them, collagen has
gained popularity because of its interesting properties. Collagen is the main protein of the
extracellular matrix of animals, almost 30% in vertebrates. Maintaining the biological and
structural integrity of the extracellular matrix is the main role of collagen [5]. Collagen type
I has important biocompatible properties and forms strong and stable fibers through its
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self-assembly and cross-linking that could lead to the development of useful scaffolds [6,7].
On the other hand, it is interesting to improve the properties of the scaffolds by adding
other functionalities to the 3D-printed material. In this sense, the incorporation of antimi-
crobial agents is a relevant improvement. In this line, Ag nanoparticles (AgNPs) has gained
popularity as a metal with great antimicrobial activity [8,9]. This metal has an important
antibacterial capacity against both Gram-negative and Gram-positive bacteria, even the
drug-resistant ones [10,11]. AgNPs has several mechanisms to achieve the antimicrobial
activity: anchoring and penetrating the bacterial cell wall, leading to structural changes in
cell membrane; binding to proteins; interacting with DNA bases leading to irreversible dam-
ages; production of free radicals; and inhibition of cell division and reproduction [12–14].
The presence of these different mechanisms of action, hinders the development of microbial
resistance. It is known that the main responsible of the AgNPs antimicrobial activity is the
silver ions release (Ag+) [15].

There are several physical and chemical methods available to synthesize AgNPs, such
as electrochemical changes, and chemical and photochemical reduction [16–19]. Among
them, the chemical reduction is the most frequently used in order to reduce Ag+ ions
to obtain AgNPs. In this sense, AgNPs are usually synthesized by reduction of a sil-
ver salt with a reducing agent, such as sodium borohydride in the presence of a col-
loidal stabilizer. The most commonly used colloidal stabilizers are polyvinyl alcohol [20],
poly(vinylpyrrolidone) [21], bovine serum albumin [22], and citrate [23]. In another work,
polyethyleneimine was used to avoid the aggregation of AgNPs prepared on the surface of
commercial cellulose filter papers by reduction with polydopamine [24]. Supramolecular
agents, such as cyclophanes, were also used to stabilized AgNPs [25]. During the process of
synthesizing the nanoparticles the different parameters, such as the interaction kinetics of
the metal ions with the reducing agent and adsorption of the stabilizer agent, among others,
can influence the morphology, stability, and physicochemical properties of AgNPs [26,27].
However, the reduced agent used during these chemical methods, such as sodium borohy-
dride, hydrazine, and N,N-dimethylformamide could lead to environmental concerns due
to their inherent toxicity [28]. To overcome this disadvantages, it is gaining attention the
use of physical methods, such as photoreduction methods, like ultrasonic waves, laser, and
ultraviolet light (UV) irradiation [29–32]. In particular, UV light has become a promising
method to in situ synthesize AgNPs from silver solutions without using any reducing or
stabilizer agent [33]. This leads to a method which is ecofriendly, with increased energy
efficiency and reduced costs [34].

Since it is promising the development of materials that could be printed with 3D
technology, the aim of this work was to develop a new 3D-printed material based on
collagen, with the in situ synthesis of AgNPs in order to endow the biomaterial with the
antimicrobial activity of silver.

2. Results and Discussion

2.1. Preparation of Antimicrobial 3D-Printed Collagen-Based Scaffolds and In situ Reduction in Ag

The first step for the manufacture of the antimicrobial 3D-printed AgNPs-loaded
Collagen gels (Col-Ag) involved the preparation of suitable inks. In order to obtain a
collagen-based ink with good printability, a high concentration of collagen was needed to
enhance the shape fidelity. For this reason, a collagen solution in acetic acid was lyophilized
and then resuspended in distilled water or AgNO3 solutions to obtain a final concentration
of collagen of 80 mg/mL. After 24 h of hydration and mixing, homogeneous inks were
obtained, and used to print the 3D scaffolds.

After printing, 3D square grid collagen-based scaffolds (6 mm × 6 mm × 2 mm) were
obtained as test samples. To induce in situ reduction in Ag, 3D-printed Col-Ag grids were
exposed to UV light during different time intervals. Once jellified, 3D-printed collagen-
based composites were finally obtained from the different AgNO3 0.05 and 0.1 M solutions,
labeled as Col-Ag0.05 and Col-Ag0.1, respectively. As can be seen in Figure 1A, colorless
3D-printed Col-Ag scaffolds were obtained before UV irradiation, but after 2 h, 4 h, and 6 h

92



Antibiotics 2023, 12, 16

of exposure to UV light, a gradual increase in brown color was observed as a result of the
reduction in silver and a possible formation of silver particles within the collagen network.
In addition, the brown color was more intense in Col-Ag0.1 than in Col-Ag0.05, due to a
greater concentration of silver in the ink.

 
Figure 1. (A) Images of dry 3D-printed collagen-based scaffolds after in situ reduction of Ag
by different UV irradiation intervals. Dimensions of 3D-printed collagen-based scaffolds are
6 mm × 6 mm × 2 mm. (B) Schematic illustration of the mechanism of in situ AgNPs formation by
using the UV irradiation method.

The mechanism proposed by which silver is reduced within collagen suggests the for-
mation of hydrated electrons (e−aq) by photolysis of aqueous solution during UV irradiation
(Figure 1B-1) and the following capture of these electrons by Ag+ ions (Figure 1B-2). The
neutral Ag0 atoms bind to other Ag+ ions to give Agn

+ species (Figure 1B-4), which in pres-
ence of the hydrated electrons leads to the formation of silver particles (Figure 1B-5) [32]. It
was found that the high rate constant of the reaction between e−aq and Ag+ in a solution of
a biopolymer indicates that silver ions are favorably reduced to Ag0 by UV irradiation [35].
At the same time, the amino acids glycine, proline, and hydroxy proline present in collagen
could be involved in the Ag+ ions reduction [36,37].

2.2. Characterization of Antimicrobial 3D-Printed Col-Ag
2.2.1. SEM Imaging

To confirm the formation of silver particles within collagen hydrogels after UV irradia-
tion, the 3D-printed materials were analyzed by SEM. Figure 2 shows SEM images obtained
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for 3D-printed named Col-Ag0.05-2, Col-Ag0.05-4, Col-Ag0.05-6, Col-Ag0.1-2, Col-Ag0.1-4,
and Col-Ag0.1-6, where the second tags denote the UV irradiation time. Silver particles
with different morphology and sizes were formed on the surface of the scaffolds depending
on the initial concentration of silver used to prepare the inks and on the UV irradiation
time. In case of Col-Ag0.05-2, star-like micro-sized particles [38] of around 23 ± 4 μm were
obtained (Figure 2A), but as UV irradiation interval increased to 4 h and 6 h (Figure 2B,C,
respectively), a mixture of free spherical AgNPs [20] of 220 ± 42 nm and elongated clusters
of around 4.0 ± 0.6 μm formed by the agglomeration of the AgNPs were observed. Col-
Ag0.1-2 (Figure 2D) shows few round silver precipitates of around 3.0 ± 0.4 μm, whereas
after 4 h and 6 h of UV irradiation cubic silver particles [39,40] from 0.3 to 1.0 μm were
mainly observed in 3D-printed Col-Ag0.1-4 and Col-Ag0.1-6 (Figure 2E,F, respectively).
Furthermore, at a longer time of UV radiation, the formation of a larger number of particles
was observed. The analysis of the obtained nanomaterials by energy-dispersive analysis
further confirms the presence of the silver in nanoparticles (Figure 2G).

From these results, it is evident that varying the condition of synthesis (concentration
of AgNO3 and UV irradiation time), the formation process of silver particles changes,
leading to particles of different size and morphology [41]. The shape of the Ag particles
obtained depends on the interaction between Ag+ ions with collagen and electrons formed
during the UV exposure, and the reaction time and the crystallinity of the initial nucleus.
These factors could be controlled by modifying the concentration of AgNO3 used for
the preparation of the ink and the molar ratio between collagen and AgNO3. In this
sense, it was possible to tune the shape and size of in situ synthesized particles by a more
environmentally friendly and rapid method, avoiding the use of toxic chemicals.

To further characterize the in situ prepared AgNPs, the material was completely
degraded by a collagenase solution and the obtained suspension was studied by TEM
(Figure 3). Interestingly, the particles formed inside the collagen have a smaller size (Table 1)
than those formed on the surface of the material (Figure 2), possibly due to a stabilizing
action of the collagen [42] and due to the different degree of UV light penetration among
with limited space for particles growth (Figure 3G). This is attractive since the size and
morphology are not only controlled through the different conditions of synthesis studied,
but they are also given according to the place of the material they are formed, whether on
the surface or inside the 3D-printed scaffolds.

Table 1. Size of AgNPs formed in situ, inside the 3D-printed collagen-based scaffolds.

Sample AgNPs Size (nm)

Col-Ag0.05-2 26.17 ± 5.53
Col-Ag0.05-4 27.70 ± 7.45
Col-Ag0.05-6 24.39 ± 7.50
Col-Ag0.1-2 12.02 ± 3.34
Col-Ag0.1-4 9.74 ± 2.23
Col-Ag0.1-6 10.18 ± 2.45
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Figure 2. SEM images of (A): Col-Ag0.05-2; (B): Col-Ag0.05-4; (C): Col-Ag0.05-6; (D): Col-Ag0.1-2;
(E): Col-Ag0.1-4; (F): Col-Ag0.1-6. (G): Representative EDS analysis of Col-Ag.
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Figure 3. TEM images of the AgNPs formed inside the 3D-printed collagen-based scaffolds. (A): Col-
Ag0.05-2; (B): Col-Ag0.05-4; (C): Col-Ag0.05-6; (D): Col-Ag0.1-2; (E): Col-Ag0.1-4; (F): Col-Ag0.1-6.
(G): schematic illustration of the variation of the size of the silver particles according to the place of
the material where they are formed.
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2.2.2. FTIR Analyses

FTIR spectra of 3D-printed Col (in the absence of AgNPs), Col-Ag0.05 and Col-Ag0.1
scaffolds are shown in Figure 4. FTIR analysis was performed to study whether there was
an interaction between collagen and in situ synthesized Ag particles. When comparing
FTIR spectra of Col, Col-Ag0.05 (Figure 4A) and Col-Ag0.1 (Figure 4B) representative peaks
were found. However, a close analysis of the spectra indicates that a more intense band at
around 1340 and 1400 cm−1 was observed for 3D-printed Col-Ag0.05 and more clearly in
Col-A0.1 scaffolds. These vibration signals, located at 1340 and 1400 cm−1, respectively,
could indicate the possible interaction between silver particles and collagen (antiparallel-
βsheet) [43]. Furthermore, a decrease in the intensity of the bands at 1635 and 1556 cm−1

corresponding to C=O of amide I and NH groups of amine II of collagen was observed for
these scaffolds. This may also indicate that these groups are involved in the reduction and
stabilization of silver particles in collagen [36,44].

Figure 4. FTIR spectra of Col, Col-Ag0.05 (A), and Col-Ag0.1 (B) after different time of UV light
exposure (0 h, 2 h, 4 h, and 6 h).
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2.2.3. Silver Content

Silver content in the 3D-printed Col-Ag materials was quantified by Atomic Absorp-
tion technique. Figure 5 shows the final concentration of silver present in Col-Ag0.05 and
Col-Ag0.1 after the different UV irradiation times.

 

Figure 5. Silver content in 3D-printed Col-Ag0.05 and Col-Ag0.1 scaffolds, after 2 h, 4 h, and 6 h of
UV irradiation, measured by Atomic Absorption spectroscopy.

As expected, Ag concentration of Col-Ag0.1 is higher than in Col-Ag0.05. The re-
duction in Ag concentration from the initial amount of AgNO3 used for the preparation
of the inks is related with the successive washes of the materials after the gelation with
NH3. Interestingly, a longer exposure to UV radiation light produces a decrease in the final
silver content in the 3D-printed collagen materials. This could be attributed to the higher
amount of Ag particles in situ formed at longer exposure time to UV light (Figure 2). It has
been probed that interaction between proteins and silver ions is stronger than with Ag0

formulations [45], thus, after successive washes, a higher percentage of Ag particles are
prone to be released, remaining less Ag in contact with the collagen.

2.2.4. DSC Thermal Analysis

To determine the changes in the morphological integrity and stability of the 3D-printed
collagen scaffolds after in situ synthesized Ag particles, the denaturation temperature of
the collagen-based scaffolds was analyzed using DSC. Figure 6 shows the DSC curves for
Col, Col-Ag0.05, and Col-Ag0.1 exposed to 2 h, 4 h, and 6 h of UV light.

DSC curves of 3D-printed Col scaffolds (Figure 6A) exposed at different UV times show
the typical denaturation temperature at ca. 52.0 ± 0.9 ◦C found in fibrillar collagen [46].
Interestingly, for Col-Ag0.05 and Col-Ag0.1, opposite effects were found. In case of Col-
Ag0.05 (Figure 6B), a shifting of DSC curves to lower temperatures is observed. This
indicates that the addition of 0.05 M concentration of Ag produces a destabilization of
collagen fibrils by interfering in the self-assembling processes of collagen molecules. This
effect can be attributed to the binding of silver ions with collagen, mainly sulfhydryl groups
of the fibrillar protein, which finally leads to a decrease in the denaturation temperature
of the collagen [47,48]. However, when Col-Ag0.1 (Figure 6C) was analyzed, DSC curves
were obtained at higher temperatures than Col. This suggests that under this conditions
collagen is stabilized by a higher concentration of Ag (0.1 M) through other chemical
interactions [49]. In fact, FTIR spectra indicate that the interactions between Ag and amides
groups of collagen are stronger in Col-Ag0.1 than in Col-Ag0.05. This effect is in good
agreement with previous data showing that silicic acid influenced the self-assembly of
collagen triple helices and, consequently, their denaturation temperature. On the one
hand, at low silicification rates, a slightly diminution in the denaturation temperature was
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attributed to the charges provided by the inorganic component which hinders the correct
aggregation of collagen. On the other hand, a significant increase in collagen thermal
stability was reported in the presence of higher silicate content due to the coverage of
collagen fibril with the inorganic component that stabilized its structure [6,50].

Figure 6. DSC thermal analyses for 3D-printed Col (A), Col-Ag0.05 (B), and Col-Ag0.1 (C) scaffolds
after different UV irradiation times.
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Furthermore, the longer the UV irradiation time, the lower the denaturation tem-
perature of collagen. This behavior was observed for both Col-Ag0.05 and Col-Ag0.1,
demonstrating that an increase in the irradiation dose damages collagen molecules and
produces conformational changes, such as a loss of triple helical content of the protein [51].
In addition, longer irradiation times lead to the formation of more particles and, conse-
quently, less Ag+ ions are available to interact with collagen. From these results, it could be
assumed that stability of collagen matrices depends on Ag concentration in the ink and the
UV radiation dose.

2.2.5. Enzymatic Degradation

Stability of the 3D-printed collagen-based hydrogels was also evaluated by collagenase
degradation test. For this, Col, Col-Ag0.05 and Col-Ag0.1 were incubated with a solution of
collagenase 20 U/mL at 37 ◦C and their weight was measured over time. As a result, after
24 h Col without Ag was completely degraded and Col-Ag0.05 preserved around 10% of its
initial weight (Figure 7A). In contrast, 3D-printed Col-Ag0.1 scaffolds only lost about 50% of
their initial mass (Figure 7B) indicating, and the thermal analysis, that the in situ formation
of silver particles from a higher Ag concentration improves stabilization of 3D-printed
fibrillar collagen. According to previous works, silver particles act as reinforcement of
collagen-based material enhancing its stability and slowing down collagenase degradation
by a physical filling effect and chemical interactions [20,52].

Figure 7. Collagenase degradation test of 3D-printed collagen-based scaffolds. Weight percentage is
shown as a function of time comparing Col with Col-Ag0.05 (A), and Col with Col-0.1 (B). Col-2(–•–
blue), Col-4(–•–green), Col-6 (–•–red), Col-Ag0.05-2 (-�-blue), Col-Ag0.05-4 (-�-green), Col-Ag0.05-6
(-�-red), Col-Ag0.05-2 (-�-blue), Col-Ag0.05-4 (-�-green), and Col-Ag0.05-6 (-�-red). Results are
expressed as mean ± SD from triplicate experiments.

2.2.6. Swelling Capacity

The swelling response of the 3D-printed Col-Ag materials was also investigated as it is
related to the exchange of substances, such as Ag ions and Ag particles, and subsequently,
to their antimicrobial activity [53]. Figure 8 shows that Col, Col-Ag0.05, and Col-Ag0.1
reach the maximum water uptake after 6 h, and no further change was observed after
24 h. Col-Ag0.01 (Figure 8B) exhibited a higher capacity to take up water compared to
Col-Ag0.05 (Figure 8A), and both showed a higher water absorbency than Col. As the
number of fixed charges in collagen increases in presence of a higher Ag concentration, the
electrostatic repulsions between collagen chains also increases. As a result, hydrophilicity of
the collagen network is increased, leading to a greater swelling capacity [54]. Furthermore,
it was observed that at longer UV irradiation intervals the swelling capacity decreases,
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more significantly in 3D-printed Col scaffolds. According to DSC results, UV radiation
causes a possible collapse of the structure and damage of collagen [55,56].

Figure 8. Swelling capacity of Col-Ag0.05 (A) and Col-Ag0.1 (B). Col-2(–•–blue), Col-4(–•–green),
Col-6 (–•–red), Col-Ag0.05-2 (-�-blue), Col-Ag0.05-4 (-�-green), Col-Ag0.05-6 (-�-red), Col-Ag0.05-2
(-�-blue), Col-Ag0.05-4 (-�-green), and Col-Ag0.05-6 (-�-red). Results are expressed as mean ± SD
from triplicate experiments.

2.3. Antimicrobial Activity of 3D-printed Col-Ag Scaffolds

Antimicrobial activity of 3D-printed Col-Ag was studied against two bacterial strains,
E. coli and S. aureus, using two different methods, the solid and the dilution technique. As it
is shown in Figure 9A, when the antimicrobial activity was evaluated against E. coli, there
were clear inhibition zones both around the samples and between the gaps for Col-Ag0.05-2,
Col-Ag0.05-4, Col-Ag0.05-6, Col-Ag0.1-2, Col-Ag0.1-4, and Col-Ag0.1-6. When inhibition
zones with commercial nanoparticles were studied, it was observed that the inhibition
zone for the Ag concentration of 288 ppm was (1.3 ± 0.05 cm) similar to the inhibition
zone obtained for Col-Ag0.05-6 (1.0 ± 0.06 cm). This result shows that collagen material
with Ag presented a higher antimicrobial activity compared to Ag alone. This may be due
to the fact that collagen’s own hydration improves the silver diffusion phenomenon [57].
In addition, when the antimicrobial activity was evaluated by the dilution method, 100%
inhibition of bacterial growth was observed for Col-Ag0.05-2, Col-Ag0.05-4, Col-Ag0.05-6,
Col-Ag0.1-2, Col-Ag0.1-4, and Col-Ag0.1-6 (Figure 9B). These results clearly demonstrate
that 3D-printed Col-Ag scaffolds present antimicrobial activity against Gram-negative
bacteria. In addition, the MIC for Gram-negative bacteria was 4.66 ppm.

When the antimicrobial activity against S. aureus was studied by the solid method,
well-defined inhibition zones were also observed around the samples and between the gaps
for Col-Ag0.05-2, Col-Ag0.05-4, Col-Ag0.05-6, Col-Ag0.1-2, Col-Ag0.1-4, and Col-Ag0.1-6
(Figure 10A). When inhibition zones with commercial nanoparticles was studied, it was
observed that the inhibition zone for the Ag concentration of 167 ppm was (1.2 ± 0.07 cm)
equal to the inhibition zone obtained for Col-Ag0.05-6 (1.2 ± 0.05 cm). This result shows
that collagen material with Ag presented a higher antimicrobial activity compared to Ag
alone. This may be due to the fact that collagen’s own hydration improves the silver
diffusion phenomenon. Moreover, as it is shown in Figure 10B, when evaluated the
antimicrobial activity using the dilution method, it was found a percentage of inhibition
of bacterial growth greater than 90% for Col-Ag0.05-2, Col-Ag0.05-6, Col-Ag0.1-2, Col-
Ag0.1-4, and Col-Ag0.1-6, except for Col-Ag0.05-4. These results suggest that 3D-printed
Col-Ag materials also present antimicrobial activity against Gram-positive bacteria. In
addition, the MIC for Gram-negative bacteria was 5.83 ppm. However, the slight difference
between the percentage of inhibition of bacterial growth among both bacteria strains could
be explained by the structural difference in the bacterial cell walls between Gram-negative
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and Gram-positive bacteria [58]. The antimicrobial activity observed against both bacterial
strains is attributed to the reported well-known antibacterial capacity of the AgNPs thanks
to the release of Ag+ ions [20,52]. In fact, when the materials were incubated for 24 h in
liquid medium, it was found that Col-Ag0.05-2, Col-Ag0.05-4, Col-Ag0.05-6, Col-Ag0.1-2,
Col-Ag0.1-4, and Col-Ag0.1-6 released 32.09 ± 0.37, 29.47 ± 0.38, 27.30 ± 1.86, 55.21 ± 0.40,
55.42 ± 0.31, and 56.44 ± 0.37 ppb of Ag+, respectively.

Figure 9. Antimicrobial activity of 3D-printed Col and Col-Ag gels against E. coli. (A) Disk diffusion
method. (B) Percentage of growth inhibition, evaluated by the dilution method.
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Figure 10. Antimicrobial activity of silver in 3D-printed Col and Col-Ag gels against S. aureus.
(A) Disk diffusion method. (B) Percentage of growth inhibition, evaluated by the dilution method.

3. Materials and Methods

3.1. Preparation of Inks

Collagen (type I) was obtained from rat tails tendons and dissolved in 17.5 mM
acetic acid. The collagen solution was lyophilized, then the dry powder was resuspended
with the necessary volume of distilled water or a solution of AgNO3 in order to obtain a
final collagen concentration of 80 mg/mL. Based on previous works, a concentration of
0.05 M [20,52] of AgNO3 was used to in situ prepared AgNPs, and for comparison a higher
concentration 0.1 M was also evaluated. The three prepared inks were allowed to hydrate
at 4 ◦C in darkness, and, after 24 h, were transferred to a 1 mL syringe.

3.2. Printing of Collagen-Based Scaffolds

A square grid design was chosen as model structure to study 3D-printed Col-Ag
material properties. The design was created with the software Onshape® (2013–Present)
and saved as stereolithography (.stl) file, which was then converted to a G-code file by
Repetier software. This G-code file was then used to dictate the scaffold dimensions and
printing coordinates to the bioprinter. Scaffolds were printed using an extrusion-based
Life SI 3D-bioprinter (Life SI, Humanizing Technology, Córdoba, Argentina). For this, the
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optimal printing conditions were first determined (25 ◦C temperature, delay of 40 μseg,
and 1 nL/4 μm for the amount of printed material), then 6 mm × 6 mm × 2 mm square
grids were printed by extruding the inks through a 21G needle with an internal diameter
of 514 μm.

3.3. In situ Reduction in Ag by Using the UV Irradiation Method

To induce in situ reduction in silver nitrate, the UV irradiation method was used. The
3D scaffolds printed from the inks prepared with collagen dissolved in 0.05 or 0.1 M of
AgNO3 were irradiated utilizing an ultraviolet light (UV) chamber with a UV lamp at
λ: 365 nm. UV light exposure was applied during 2 h, 4 h, or 6 h at room temperature.
As control, 3D-printed scaffolds obtained from collagen inks without AgNO3 were also
irradiated with UV light.

3.4. Gelation of 3D-Printed Scaffolds

After UV irradiation, the in situ Ag particles-synthesized 3D-printed Col scaffolds
were exposed to ammonia vapors to produce gelation of collagen. After 12 h, the 3D-
printed gels were removed from the basic atmosphere, and finally washed with water until
a neutral pH was reached. The hydrogels were defined as Col-2, Col-4, Col-6, Col-Ag0.05-
2, Col-Ag0.05-4, Col-Ag0.05-6, Col-Ag0.1-2, Col-Ag0.1-4, and Col-Ag0.1-6, respectively,
according to the silver concentration (0.05 or 0.1 M) and UV irradiation time (2 h, 4 h, and
6 h).

3.5. Characterization of 3D-Printed Col-Ag Scaffolds
3.5.1. SEM Imaging

Col-Ag gels were characterized by scanning electron microscopy (SEM) using a Carl
Zeiss-EVO 10 HV W microscope. For this, the 3D-printed Col-Ag gels were fixed with
a 2.5% glutaraldehyde solution and lyophilized for 48 h. The freeze-dried samples were
placed on carbon double-sided tape supported in aluminum SEM sample holder and
sputter-coated with gold.

3.5.2. TEM Imaging

The morphology and size of the in situ formed AgNPs were studied by transmission
electron microscopy (TEM) using a Zeiss EM109T electron microscope. For this, the 3D-
printed Col-Ag scaffolds were completely degraded by incubation with type I collagenase
solution of 100 U/mL (Gibco® (Waltham, MA, USA), 340 U/mg) at 37 ◦C for 12 h. Finally,
a drop of each obtained suspension was added to carbon copper grids and let dry for a few
minutes before introducing them to the microscope.

3.5.3. FTIR Analysis

Fourier transform infrared (FTIR) spectra of 3D-printed collagen gels (Col and Col-Ag)
were performed using an FTIR-Raman Nicolet iS50 (Thermo Scientific, Waltham, MA, USA).
Briefly, the three-dimensional samples were dried under a nitrogen flow, then a small slice
of each one was placed on the attenuated total reflection accessory of the spectrometer.
The spectra were recorded over the range of 4000–500 cm−1. The SpectraGryph software
(v.1.2.16) was used to normalize FTIR data.

3.5.4. DSC

Differential Scanning Calorimetry (DSC) analysis of 3D-printed collagen gels (Col and
Col-Ag) were performed using a DSC Calorimeter (DSC 822, Mettler Toledo, Switzerland).
For this purpose, a known amount (5–10 mg) of each sample was placed in an aluminum
crucible and the DSC curves were obtained with a heat flow of 10 ◦C min−1 from 25 to 80 ◦C,
under a nitrogen atmosphere. The collagen denaturation temperature was determined at
the maximum of the melting peak after baseline subtraction.
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3.5.5. Swelling Capacity

To determine the amount of liquid that 3D-printed collagen-based gels can absorb,
Col and Col-Ag gels were dried and weighed. Then, they were re-hydrated with 500 μL of
distilled water and incubated at room temperature. The change of the weight was measured
over time for 24 h. For each time, the 3D-printed hydrogels were removed and wiped
dry. In order to quantify the swelling capacity of each sample, the following Equation (1)
was used:

% Swelling =
Wwet − Wdried

Wdried
× 100 (1)

3.5.6. Enzymatic Degradation

The degradation of the 3D-printed collagen-based gels with and without Ag was
evaluated by collagenase digestion. Briefly, the Col and Col-Ag gels were first weighed
and placed in a 24-well plate. Then, 500 μL of a 50 U/mL solution of type I collagenase
enzyme (Gibco®, 340 U/mg) was added to each of the wells containing the 3D-printed
scaffolds and incubated at 37 ◦C. The weight of the Col and Col-Ag gels was measured after
0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, and 24 h. For this, the material was removed from the enzyme
solution, the excess of liquid was dried and finally weighted. The changes of weight of Col
and Col-Ag gels were analyzed over time.

3.5.7. Silver Content in 3D-Printed Collagen-Based Gels

To determine the final concentration of silver in 3D-printed Col-Ag gels, Col-Ag0.05-2,
Col-Ag0.05-4, Col-Ag0.05-6, Col-Ag0.1-2, Col-Ag0.1-4, and Col-Ag0.1-6 were digested with
5 mL of an acid mixture of HNO3 (65%)/H2O2 (10 vol.) 9:1 for 24 h, when a complete degra-
dation of collagen-based gels was reached. The final silver concentration was determined
by Atomic Absorption Spectrometry in a 210 VGP spectrometer (Buck Scientific, Norwalk,
CA, USA) by the electrothermal atomization method using pyrolytic graphite tubes.

3.5.8. Silver Release

To study the release of Ag+ from the 3D-printed collagen scaffolds containing in
situ prepared AgNPs, the materials were submerged in 500 μL of H2O and incubated at
room temperature for 24 h. The concentration of silver in the supernatant was measured
by Atomic Absorption Spectrometry in a 210 VGP spectrometer (Buck Scientific) by the
electrothermal atomization method using pyrolytic graphite tubes.

3.6. Antimicrobial Activity

To study antimicrobial activity of silver in 3D-printed Col-Ag gels, Col-Ag0.05-2,
Col-Ag0.05-4, Col-Ag0.05-6, Col-Ag0.1-2, Col-Ag0.1-4, and Col-Ag0.1-6 Gram-positive
(Staphylococcus aureus, ATCC 29213) and Gram-negative (Escherichia coli, ATCC 9637) bac-
teria were used. The antimicrobial activity was evaluated using two methods: the solid
and the dilution method. Both, Gram-negative and positive bacteria were grown in Luria
Bertani (LB) medium (yeast extract, 5 g/L; NaCl, 10 g/L, and tryptone, 10 g/L) at 37 ◦C
and diluted up to 1 × 106 Colony Forming Units (CFU)/mL. Briefly, for the disk diffusion
method, we spread 50 μL of a bacterial suspension 1:1000 on an agar Petri dish. Then, the
3D-printed Col-Ag gels, Col-Ag0.05-2, Col-Ag0.05-4, Col-Ag0.05-6, Col-Ag0.1-2, Col-Ag0.1-
4, and Col-Ag0.1-6 were placed on the agar surface and incubated them at 37 ◦C. Finally,
the diameter of the bacteria-free areas that surround the 3D-printed Col-Ag materials to
determine the antimicrobial activity was measure. In addition, the mentioned groups
were compared to the antimicrobial activity of Ag (Nanotek S.A., 20–40 nm, colloidal
suspension of 1% w/v, (nanArgen®, Buenos Aires, Argentina), CAS no. 7440–22-4) in
different concentrations. On the other hand, for the dilution method, 100 μL of the bacterial
suspension 1:1000 was mixed with 3D-printed Col-Ag gels, Col-Ag0.05-2, Col-Ag0.05-4,
Col-Ag0.05-6, Col-Ag0.1-2, Col-Ag0.1-4, and Col-Ag0.1-6 with 900 μL of LB medium, and
were incubated at 37 ◦C for 24 h. Then, 20 μL of the dilutions was seeded on agar Petri
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dishes and incubated at 37 ◦C for 24 h. Finally, CFU was determined by counting manually
the colonies on the plate. To determine the minimum inhibitory concentration (MIC) of the
material, Col-Ag0.05-6 was selected, since it is the condition with fewer concentration of Ag.
Different amounts of the material were placed in the LB medium with S. aureus or E. coli and
incubated for 24 h at 37 ◦C. Finally, the MIC was determined as the lowest concentration
of the material at which there was no visible growth of the organism. The growth was
evaluated by turbidimetry. Results are expressed as mean ± SD from triplicate experiments.

4. Conclusions

In this work, antimicrobial 3D-printed collagen-based scaffolds through in situ synthe-
sizing AgNPs by the UV irradiation method were developed. First, lyophilized collagen
was resuspended in AgNO3 (0.05 and 0.1 M) to prepare suitable inks for 3D printing. Once
the scaffolds were 3D-printed, they were irradiated during different UV intervals (2, 4, 6 h).
As a result, AgNPs with different morphologies and sizes were obtained within the collagen
scaffolds. This is very interesting since it was possible to grow and control the shape and
size of the Ag nanoparticles through an environmentally friendly and simple method,
without using toxic reagents. DSC analysis showed that the concentration of AgNO3 and
UV time exposure influence the thermal stability of collagen. This was also verified by the
enzymatic degradation assay, which showed that 3D-printed Col-Ag scaffolds prepared
from a higher concentration of AgNO3 were more resistant to collagenase action, indicating
that a higher amount of silver particles acts as better reinforcement of the 3D-printed
material. In addition to this, swelling capacity of Col-Ag also varied according to the prepa-
ration conditions of the antimicrobial 3D-printed materials. Finally, each and every Col-Ag
scaffold showed bactericidal activity against Gram-positive and Gram-negative bacteria.

In summary, in this work the UV irradiation method and 3D printing technique
were combined to in situ prepare AgNPs, and thus develop broad spectrum antimicrobial
collagen-based scaffolds. This is attractive to design and prepare new bactericidal materials
by nontoxic and cost-effective methodologies.
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Abstract: Silver nanoparticles (AgNPs) play an important role in the medical field due to their potent
antimicrobial activity. This, together with the constant emergence of resistance to antimicrobial
drugs, means AgNPs are often investigated as an alternative to solve this problem. In this article,
we analyzed the antifungal and antiamoebic effects of a recently described type of AgNP, silver
nanorings (AgNRs), and compared them with other types of AgNPs. Tests of the activity of AgNPs
against various fungal and amoebic species were carried out. In all cases, AgNPs showed a high
biocidal effect, although with fungi this depended on the species involved. Antifungal activity was
detected by the conditioning of culture media or water but this effect was not dependent on the
release of Ag ions. On the other hand, the proliferation of Acanthamoeba castellanii trophozoites was
reduced by silver nanorings (AgNRs) and silver nanowires (AgNWs), with AgNWs being capable
of totally inhibiting the germination of A. castellanii cysts. AgNRs constitute a new type of AgNP
with an antifungal and antiacanthamoebic activity. These results open the door to new and effective
antimicrobial therapies as an alternative to the use of antifungals or antiamoebic drugs, thus avoiding
the constant appearance of resistance and the difficulty of eradicating infections.

Keywords: silver nanoparticles; silver nanorings; silver nanospheres; silver nanowires; antifun-
gals; antiamoebics

1. Introduction

In recent years, nanotechnology has been in continuous development and recent
advances show that nanoparticles (NPs), specifically silver nanoparticles (AgNPs), are
playing and will play an important role in the medical, biological and pharmaceutical
fields. NPs are between 1–100 nm and the increase in the use of AgNPs compared with
other metal NPs is due to their physical-chemical characteristics and the well-known toxic
effect of silver, which gives them good antimicrobial capabilities [1–3]. Depending on how
they are synthesized, their size, and their morphology, AgNPs have unique and differ-
ent characteristics, which allows them to be applied in a wide range of functions such
as biosensors and anticancer therapy, in bioimaging, wound healing, disease treatment
and drug delivery, or as nutraceuticals [4,5]. To date, several studies described the potent
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antimicrobial activity of AgNPs against bacteria, considering them an effective alternative
to dealing with the problem of bacterial multidrug resistance such as ampicillin-resistant
Escherichia coli, erythromycin-resistant Streptococcus pyogenes and methicillin-resistant or
vancomycin-resistant Staphylococcus aureus and the concomitant increase in the number
of infections [3,6–8]. However, little is known about the effect of these particles on eu-
karyotic microorganisms such as fungi or parasites such as amoebas and, despite the
strong antibacterial effect of AgNPs that has been widely described, the mechanisms of
this action have not yet been completely elucidated. It has been observed that the use of
AgNPs conjugated with multipurpose solutions for contact lenses significantly reduces
the adherence of Acanthamoeba trophozoites to the surface of the contact lens, decreasing
the risk of Acanthamoeba keratitis infection. It has also been seen that the conjugation of
AgNPs with amphotericin B, means that nystatin has amoebicidal activity, being more
effective against Acanthamoeba castellanii compared to drugs alone [9,10]. In relation to the
size of AgNPs, it is known that the smaller the size, the higher the surface-to-volume ratio
and the greater the effectiveness of their use as anti-infective agents. Small-sized AgNPs
can interact with the surface of microorganisms altering numerous basic functions such
as membrane permeability and respiration [11]. What is more, the silver ions released can
interact with the negative charges of the membrane, increasing the toxic effect, and they can
also interact with the sulfate or phosphate groups of DNA and proteins in the cytoplasm,
causing irreversible damage and inhibiting their growth and replication [1,11]. Moreover,
the production of reactive oxygen species (ROS), DNA fragmentation and apoptosis have
also been reported [12]. On the other hand, there is evidence that AgNP activity depends
not only on their size, but also on their concentration and shape [1], although little is known
about the mechanism involved [12–17]. It is generally agreed that concentration seems to
be key to their cytotoxic action, albeit being dependent on the cell type with which they
interact; in the case of bacteria, the greater sensitivity of Gram-negatives to the action of
AgNPs was observed [16]. In the case of fungi of the genus Candida, the correlation between
the fungicidal effect and AgNP concentrations varies depending on the species [15,18].

In addition to this, the shape of the AgNP itself plays an important role and seems
to influence its activity [14–17]. Using different synthesis methods, it is possible to create
AgNPs that are spherical, rod-like or triangular in shape, and the latter demonstrate
the greatest bactericidal and antifungal potential with respect to dental implants, this
apparently being due to their larger active surface area [19]. A similar effect was observed
in Escherichia coli, where triangular nanoparticles were found to be qualitatively more
effective than those that were rod-like or spherical in shape [14]. A new ring-shaped AgNP
morphology was recently described, and these NPs demonstrated greater effectiveness
against a broad spectrum of bacteria such as Enterococcus faecalis, Streptococcus pneumoniae,
E. coli and Neisseria gonhorreae in terms of biocidal activity when compared with spherical
and wire-shaped NPs [20]. Since the 3 morphologies were obtained by the same procedure,
the observed effect highlighted the influence of the shape on the antibacterial activity of
AgNPs [20].

On the other hand, the formation of biofilms by a large number of bacteria and fungi
is also a serious health problem due to their resistance to existing treatments. Numerous
studies analyzed the ability of AgNPs to eradicate these structures, showing that their
effectiveness depends on their shape, concentration, size and the species involved in the
formation of said structures [1,21,22], although the mechanism underlying their action
remains unclear, as in the planktonic cases.

Currently, the increased prevalence of fungal infections, the low availability of anti-
fungal drugs that have low levels of side effects on host cells, and the increase in fungal
drug resistance resulted in AgNPs being targeted as potential antifungal agents. AgNPs
exhibited very good antifungal activity against Candida spp. and Candida biofilms, which
are implicated in many infections, although their impact on other fungal pathogens is
scarcely explored [23–26]. However, in the case of Candida, it was described that AgNPs
damage the structure of the cell membrane, producing holes on their surface, increasing
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membrane permeability and the release of potassium ions, as well as inhibiting cellular
processes that are involved in yeast budding through the disruption of the membrane
integrity and producing reactive oxygen species that ultimately cause cell apoptosis [18,27].
On the other hand, infections by the free living amoeba Acanthamoeba sp. are one of the most
difficult to eradicate due to the existence of two different cell forms in the environment, the
trophozoite and the cyst. A lack of effective therapeutic agents led to the analysis of the use
of NPs conjugated with available drugs for the treatment of this protist, resulting in the
significant inhibition of trophozoite growth, along with the inhibition of the encystation
and excystation processes [28–30].

Taking into account the currently limited knowledge of AgNPs in eukaryotic organ-
isms and that the new ring-shaped NPs known as nanorings (AgNRs) have only been
tested in bacteria, the aim of this article was to analyze and compare the antifungal and
antiamoebic activity of three different AgNPs, namely nanowires (AgNW), nanospheres
(AgNS), and the new AgNRs. All Nps were obtained through the same synthesis process
and the tests were carried out using six different fungal species and A. castellanii.

2. Results

2.1. Antifungal Effect of AgNPs Depends on Their Structure and the Species with Which
They Interact

The addition of AgNPs to the different species of fungi produced, in all cases, a
biocidal effect although its extent was dependent on the microorganism and the type of
AgNP used. (Figure 1). Candida albicans and Candida glabrata showed high inhibition values,
of above 70%, from very short incubation periods, with no notable changes afterwards,
and without great differences between the types of nanostructure used (Figure 1a,c). In the
case of filamentous fungi Fusarium solani and Scedosporium apiospermum, a similar result
was obtained (Figure 1e,f). In contrast, Candida parapsilosis showed differences in inhibition
patterns, which were dependent on incubation time, particularly when AgNRs were used
(Figure 1b), and S. cerevisiae treated with AgNWs also showed an effect clearly dependent
on the incubation time (Figure 1d). With both these fungi, the inhibition observed in periods
longer than 15 min of incubation were high, and similar for all three nanostructures used.

Figure 1. Antifungal effect of AgNPs. (a) C. albicans, (b) C. parapsilosis, (c) C. glabrata, (d) S. cerevisiae,
(e) F. solani, (f) S. angiospermum. (� ) AgNSs, (�) AgNWs, (•) AgNRs.

2.2. Fungal Growth Is Influenced by the Presence of AgNPs and by Their Morphology

The effect of AgNPs on growth curves was also analyzed. The results showed that both
AgNWs and AgNRs were able to completely inhibit growth in both yeast and filamentous
fungi (Figure 2). In contrast, AgNSs showed a variable effect depending on the fungal
species involved, that is, they were able to completely inhibit the growth of C. albicans,
C. parapsilosis and S. cerevisiae but in the case of C. glabrata and F. solani, limited growth
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continued over an extended period, although this was greater in F. solani (Figure 2). AgNSs
hardly produced any inhibition in the presence of S. apiospermum (Figure 2b).

Figure 2. Influence of AgNPs on the growth of fungi species. (a) Ratio of yeast:AgNPs used: (•) 1:0,
(�) 1:1, (� ) 1:2, (Δ) 1:3. (b) Ratio of filamentous fungi:AgNPs used: (•) 1:0, (�) 1:1, (� ) 1:2, (Δ) 1:3.

2.3. Culture Medium Conditioned by the Presence of AgNPs Shows an Antifungal Effect, although
the Effect Is Not Dependent on the Release of Ag Ions

The observed antifungal effect could be due to the direct physical contact of the AgNPs
with the microorganisms, or to the toxic conditioning of the culture medium, or both. Taking
into account that any such toxic conditioning should be dependent on contact time, both
the Saboureaud medium and the deionized water were conditioned with AgNPs using
different contact times, which was then followed, after the elimination of the nanoparticles,
by immediate contact with C. albicans.

The results showed a variable effect that was highly dependent on whether condi-
tioning was performed with deionized water or culture medium, as well as on the type of
AgNP used and on the conditioning time of the medium (Figure 3a). In deionized water,
AgNWs induced an intense antifungal effect after only 10 min of incubation, while AgNRs
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had a smaller effect that increased over time, reaching values close to 60% toxicity after 120
min of incubation. Interestingly, AgNSs had no effect, and an initial increase in the growth
of the microorganism was observed (Figure 3a).

Figure 3. Antifungal effect of medium conditioned by contact with AgNPs. (a) Influence of contact
time with AgNPs on the antifungal activity of deionized water and Saboureaud conditioned with
(� ) AgNSs,(�) AgNWs, (•) AgNRs. (b) Effect of AgNO3 concentration on the viability of C. albicans.

(c) Temporal decay of the antibacterial activity of deionized water and Saboureaud from the moment
conditioning with (� ) AgNSs, (�) AgNWs or (•) AgNRs was stopped. (d) Comparative antifungal
effect of AgNPs (black bars) and Saboureaud conditioned (gray bars).

In contrast to the above, when conditioning was carried out using Saboureaud medium,
AgNWs did not have any effect, AgNRs reduced viability to values below 20% in incu-
bations of 60 min or longer, while AgNSs produced progressive toxic effects that reached
more than 70% after 2 h of conditioning (Figure 3a).

To analyze the possibility that the release of Ag ions by the nanostructures could
be responsible for the observed antifungal effect, the susceptibility of C. albicans to these
ions was analyzed by determining its viability after keeping the fungus in a wide range
of AgNO3 concentrations for 30 min. The results showed that viability was reduced by
50% under these conditions at concentrations of around 10 μM (Figure 3b). Next, the
release levels of Ag ions in conditioned medium without AgNPs were determined by ICP-
AES, using various combinations of Saboureaud and deionized water with the different
nanostructures, both in the presence and absence of C. albicans. The results obtained
showed that in all cases the concentration of Ag was below 5 ppb (Table 1), which rules out
the possibility of attributing the observed antifungal effect to the presence of a sufficient
concentration of Ag ions in the conditioned medium.
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Table 1. Presence of Ag ions in AgNP-free conditioned medium analyzed by inductively coupled
plasma atomic emission spectroscopy (ICP-OES).

Sample [Ag] (ppb)

H2O milliQ <5

H2O milliQ + AgNSs <5

H2O milliQ + AgNWs <5

H2O milliQ + AgNRs <5

H2O milliQ + AgNSs + C. albicans <5

H2O milliQ + AgNWs + C. albicans <5

H2O milliQ + AgNRs + C. albicans <5

Saboureaud <5

Saboureaud + AgNSs <5

Saboureaud + AgNWs <5

Saboureaud + AgNRs <5

Saboureaud + AgNSs + C. albicans <5

Saboureaud + AgNWs + C. albicans <5

Saboureaud + AgNRs + C. albicans <5

Having established the existence of the antifungal capacity of the medium conditioned
by AgNPs in certain circumstances, the analysis of its duration and stability seemed appro-
priate. For this, the toxic effect on C. albicans cells in Saboureaud medium and deionized
water previously conditioned with AgNPs for 1 h, and subsequently maintained for a vari-
able interval after elimination of the nanostructures, was measured. In the case of deionized
water, the observed effects dissipated in all cases in less than 4 h. Interestingly, the analysis
of the conditioned Saboureaud medium showed that the effects observed with AgNSs,
notably higher than those of the other nanostructures, only partially decreased in the first
few hours, after which a decrease in viability of around 30% was maintained (Figure 3c).

The existence of antifungal activity in the conditioned medium made it interesting
to compare it with the effect observed in the presence of AgNPs. To determine this,
Saboureaud was conditioned for 30 min with the different AgNPs, and its effect on the
viability of C. albicans was compared with yeast incubations in the presence of each AgNP,
with incubation for a duration of 30 min in both situations. The results showed that in all
cases the reduction in viability was clearly higher when there was physical contact with
the AgNPs (>95% for AgNSs, 99.5% for AgNWs and 100% AgNRs), while the medium
conditioned by AgNSs reduced viability by 41%, and by 14% when conditioned with
AgNRs, while AgNWs had no effect (Figure 3d).

2.4. AgNWs and AgNRs Reduce the Proliferation of Acanthamoeba castellanii Trohozoites

Acanthamoeba spp. comprises free-living amoeba that can act as opportunistic pathogens.
It constitutes a model of a non-fungal eukaryotic microorganisms, which makes it inter-
esting to analyze the effect of AgNPs on its viability. As controls for the experiment, the
trophozoites initially present (t = 0 h) and the additional trophozoites formed after 48 h+ of
incubation in the absence of AgNPs were used. In all cases, there was some statistically
significant proliferation, even in the presence of AgNPs, especially AgNSs (around 195%),
although also, to a lesser extent, in the presence of AgNRs (47%) and AgnWs (23%). How-
ever, when the proliferation values were compared with those obtained in the absence of
AgNPs no significant differences were observed for AgNSs, while AgNRs and AgNWs
inhibited proliferation by around 71% and 86%, respectively (Figure 4).
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Figure 4. Influence of AgNPs on A. castellanii trophozoite proliferation. Statistically significant
differences are denoted by ***, ** and * which indicate, respectively, p < 0.001, p < 0.01 and p < 0.05.

2.5. AgNWs Inhibits Germination of A. castellanii Cysts

The effect of AgNPs on the germination of A. castellanii cysts was studied by quan-
tifying the appearance of trophozoites from these forms of resistance in the absence and
the presence of nanoparticles. In all cases, it was found that AgNPs significantly inhibited
germination, although the magnitude of the effect was highly dependent on AgNP mor-
phology. Both AgNSs and AgNRs reduced trophozoite formation by around 40%, while
AgNWs were far more effective, completely inhibiting their formation (Figure 5).

Figure 5. Influence of AgNPs on A. castellanii cyst germination. Statistically significant differences
are denoted by * which indicate p < 0.05.

3. Discussion

The great cytotoxic potential of AgNPs has been widely described in the literature.
Numerous studies analyzed their antibacterial capacity against a wide spectrum of mi-
croorganisms among which are some such as S. aureus, Staphylococcus epidermidis, Bacillus
subtilis, Klebsiella pneumoniae, E. coli, Salmonella typhi [1,17]. However, the antifungal effects
of AgNPs received only marginal attention and only a few studies have been published
on this area, with most of them taking the genus Candida, and specifically C. albicans, as
a model [23]. Even less is known about their activity against other parasitic eukaryotic
microorganisms such as amoeba [31]. The shape, size and concentration of AgNPs are
important aspects that influence the effects observed [15,32]. This work analyzed the bioci-
dal capacity of a recently described morphology of AgNPs, namely AgNRs, which have
a filament diameter of 80 nm and a ring diameter of between 12 and 18 μm. In addition,
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the effect of AgNRs was compared against two other types of AgNPs, namely AgNSs and
AgNWs. The biocidal effects of AgNSs and AgNWs were described previously in various
studies, unlike those of AgNRs, whose activity has only been described in a single study
against a broad spectrum of bacteria such as S. aureus, S. epidermidis, Streptococcus pyogenes,
Streptococcus pneumoniae, E. faecalis, B. globisporus, E. coli, Serratia marcescens, Haemophilus
influenzae, Klebsiella pneumoniae, Neisseria gonorrhoeae and Pseudomonas aeruginosa [20]. Due
to the fact that the synthesis of these particles can be carried out by a variety of physical
and chemical processes, and that their properties may vary, the comparison of these three
morphologies was carried out after obtaining them in parallel using the same methodology.

When the toxic effect of the different AgNPs on fungi was analyzed, a wide range of
efficiency could be observed in most cases from the outset and without great differences
being observed depending on the nanostructure employed, with the exception of S. cere-
visiae and C. parapsilosis, where AgNWs and AgNRs showed a lower effect at the start of
incubation but then achieved inhibition values similar to the other two nanoparticles over
longer periods of time. In the case of filamentous fungi, the toxicity values reached were
very high, were similar for all three types of AgNPs and did not show great differences
with the results obtained in most yeasts. This differs from what has previously been de-
scribed with bacteria, where differences between the bacteria analyzed were observed and,
furthermore, the antibacterial effect of each AgNP varied depending on the microorganism
tested and their gram nature [20]. Interestingly, in many cases this inhibitory effect was not
as high as in fungi. In addition, AgNSs showed a greater antibacterial effect compared to
AgNWs and AgNRs, corroborating the finding that the smaller the size of a nanoparticle,
the greater its effectiveness [16,17]. These results, however, differ from what was obtained
in this work, where the differences in the size and morphology of the nanoparticles did
not seem to show uniform behavior in terms of the level of inhibition when they were in
contact with the fungi for short periods of time.

Although the inhibition values obtained over short periods were greater than 70%,
the growth of the small surviving fraction was analyzed in longer incubation periods. In
this scenario, the efficiency of the AgNPs was different from that observed in the shorter
periods. AgNRs and AgNWs displayed a strong inhibitory effect with all fungi analyzed
although AgNSs reduced the rate of the fungus growth in a variable manner depending on
the fungal species. AgNSs were able to completely inhibit the growth of all fungi with the
exceptions of C. glabrata and F. solani, where limited growth appeared over longer periods,
and S. apiospermum, where no effect was observed. The effect observed with AgNRs is
similar to that obtained in the earlier experiment with bacteria, where they represented the
nanoparticles with the greatest inhibitory effect regardless of the gram nature of the bacteria,
unlike AgNSs, whose efficacy was lower than the other AgNPs with both bacteria and fungi,
although the extent of their impact depended on the microorganism involved [20]. These
data do not support the idea that the reduced size of the AgNSs favors their effect in long
incubation periods [33], although they do reinforce the notion that the shape of the particle
has an important role in terms of its effectiveness. In addition to the physical-chemical
characteristics of AgNPs, a key factor in their toxicity is the physiological characteristics
of the microorganism on which they act. Thus, the differential response to the action of
AgNPs may be due in part to differences in the composition of the cell wall, metabolism or
virulence, as occurs in other antimicrobial drug treatments [34]. AgNPs adhere to the cell
wall or membrane in both bacteria and fungi, and can penetrate into the cells, leading to
serious and varied alterations in cell physiology, causing changes to signal transduction
pathways, the induction of oxidative stress and damage to the intracellular structure [16].
The effect of AgNPs on the genus Candida has been the subject of some studies and seems
to lie in the accumulation of AgNPs on the outside of the fungal wall and the release of
Ag ions. As a consequence, alterations in the physiological state of cells and the fluidity of
their membranes occur, along with a reduction in the levels of ergosterol and fatty acids in
them, inducing cell death [23,35]. This could also explain the differences observed in the
viability of the fungal species tested here. On the other hand, some mechanisms do not
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always involve direct contact with the microorganism and it may even be that the release
of Ag ions by the AgNPs is also involved in toxicity [16]. In the case of bacteria, it was
described that a large effect occurs when a medium previously conditioned with AgNPs
is used, although mortality rates are lower compared to when nanoparticles are present.
In the present study, unlike with the bacteria, where a toxic effect was observed in both
media and with all types of AgNPs, in C. albicans strong differences were observed between
type of conditioned medium, deionized water or Saboureaud medium, as well as on the
basis of the type of nanoparticle used. While AgNWs produced the highest mortality rate
when deionized water was used, in the Saboureaud medium the most effective AgNPs
were AgNSs. For their part, AgNRs produced their greatest effect in deionized water. The
toxicity of Ag to fungi has been previously described [35] and the possibility that AgNPs
release Ag ions has therefore been investigated, finding that the concentration of silver
necessary to reduce the viability of C. albicans to 50% was 10 μM, a concentration 10 times
higher than that required with bacteria [20]. However, the effect does not seem to be due to
the release of Ag ions by AgNPs since concentrations of ions sufficient to account for the
effect were not detected in either medium. These data suggest the formation of chemical
species capable of producing, at least in part, a toxic effect on fungi that is highly dependent
on the type of AgNP involved. On the other hand, the average duration of this effect
depended on the type of medium and AgNP used. In deionized water, the toxic capacity of
all AgNPs progressively dissipated after the first 5 min, similar to what was observed in
bacteria. However, analysis of the conditioned Saboureaud medium showed that, in the
case of AgNSs, the loss of toxicity over time was limited, unlike that observed in bacteria,
where the antibacterial activity in BHI was lost more quickly. This could indicate that either
the toxic reactive species released differ depending on the composition of the conditioned
medium, or that the effect on fungi is different to in bacteria. Although an antifungal
effect was observed in the conditioned medium, it is less than that observed after direct
contact with AgNPs, which suggests that, although the mechanism of action is mixed, the
AgNP–fungus interaction plays the most important role.

Another eukaryotic opportunistic pathogen is the genus Acanthamoeba. Due to the
wide distribution of these amoebas in the environment and the variety of diseases that
they can cause in humans, together with the difficulties in diagnosing them and the
ineffectiveness of treatment, which is often toxic to human cells [28], analyzing the effect
of AgNPs on their viability is of great value. To date, few studies have investigated the
activity of AgNPs against A. castellanii. Cobalt NPs have been studied for their anti-amoebic
potential, hexagonal microflakes showing better anti-Acanthamoeba results compared to
nanoflakes and granular cobalt NPs [36]. In the case of AgNPs, it was observed that their
use, alone or conjugated with different drugs, has anti-amoebic and amoebistatic effects,
along with inhibited encystation and excystation; in the case of conjugation, this also
improves their bioavailability, sustained release, intracellular permeability and efficacy
against the eradication of the infection [9,37]. However, there are no data in the literature
about the influence of AgNPs morphology on Acanthamoeba eradication. The present work
was able to establish that the presence of AgNPs reduces the proliferation of trophozoites,
albeit without achieving their complete inhibition, when compared to control conditions
where AgNPs were not present. The results demonstrate that AgNSs did not have a
significant effect, unlike AgNWs, which were the most effective, and AgNRs, which
inhibited proliferation, though to a lesser degree. In addition, using AgNPs in the presence
of A. castellanii cysts lowered the percentage of excystation and, consequently, germination
was also notably reduced; therefore, AgNWs once again were identified as the most
effective followed by AgNRs and AgNSs. Once again, these results are not consistent
with previously described observations that a smaller AgNP size produces a greater effect,
instead suggesting the existence of other important factors that influence the mechanism of
action of these nanostructures. However, in this work, it seems to be that the shape of an
AgNP has a strong influence on its activity against both trophozoites and cyst forms, in
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contrast to what was observed by other authors, who reported that the shape of an AgNP
does not seem to be such an important factor in terms of its activity [38].

4. Material and Methods

4.1. Fungal Species, Amoeba and Culture Conditions

The fungal species used in this study were C. albicans, C. parapsilosis, Candida glabrata, S.
cerevisiae, F. solani and S. apiospermum, with all of them being clinical isolates obtained from
the Hospital Universitario Central de Asturias and identified at the species level by MALDI-
TOF MS spectrometry (Bruker Daltonics, Bremen, Germany). All species were grown in
Saboureaud medium at 37 ◦C for 48 h. In the case of F. solani and S. angiospermum, both of
which are filamentous fungi, they were grown in a volumetric flask with glass balls at 30 ◦C
for 5 days in a shaking incubator. The amoeba used was A. castellanii, in both its active
form (throphozoite) and its dormant form (cyst), obtained from Fundación de Investigación
Oftalmológica. A. castellanii was grown at 30 ◦C in Peptone yeast glucose medium (PYG)
supplemented with 0.5 mM CaCl2, 4 mM MgSO4, 2.5 mM Na2HP4, 2.5 mM KH2PO4,
3.4 mM C6H9Na3O9, 0.05 M Fe (NH4)2(SO4)2 and penicillin G/streptomycin (5000 IU/mL,
5000 μg/mL).

4.2. Synthesis of AgNPs

The synthesis of AgNPs was carried out in the same way as described in Gonzalez-
Fernandez et al. [20]. Briefly, this involves the reduction of AgNO3 in ethylene glycol in
the presence of polyvinylpyrrolidone 360 k. The solution obtained had a transparent to
a pearly appearance, denoting the presence of silver nanostructures. The reaction was
performed at 170 ◦C under magnetic stirring. When the reaction was complete, the solution
was submerged in ice water until room temperature was reached. After this, the separation
and purification steps were carried out. AgNPs were separated by centrifugation and
the remaining solution was left to decant for 3 days, after which, from the supernatant
obtained, a concentrated solution of AgNRs together with a small quantity of AgNWs was
obtained. Finally, the majority of AgNWs were then obtained from the remaining solution.
The AgNPs were suspended in water and in order to verify the initial concentrations
a gravimetric method was used, the final data being as follows: 1.7 × 107 AgNSs/μL
suspension; 6.0 × 104 AgNRs/μL suspension; 2.4 × 104 AgNWs/μL suspension. The
structural features of the nanostructures obtained through this process were analyzed by
FEG-SEM, and were previously published by our group [20]. These features are AgNSs,
40–60 nm in diameter; AgNRs, 80 nm wire diameter, 12–18 μm (average 14 μm) ring
diameter; AgNWs, 200 nm in diameter and 50–100 μm in length. The chemical nature and
purity of the silver nanostructures developed were verified by means of an FRX probe,
coupled to the FEG-SEM equipment, resulting in a content of 99.9% silver.

4.3. Effect of AgNPs on Cell Viability in Fungal Cultures

To test the influence of different AgNPs on yeast and filamentous fungi viability, fungal
cultures were grown at an A600 of 0.5 and kept at room temperature under agitation with the
AgNPs for periods of between 5 and 30 min. The yeast:NP and filamentous fungi:NP ratio
were 1:1 and 1:100, respectively. Next, the NPs were removed by centrifugation at 800 rpm
for 2 min, and different dilutions of the supernatant were seeded on solid Saboureaud
medium plates. After incubation of the plates at 37 ◦C overnight, the colonies obtained
were quantified.

4.4. Effect of AgNPs on Cell Growth in Fungal Cultures

The influence of different AgNPs on yeast and filamentous fungi growth was analyzed
by incubating the AgNPs with fungal cultures at an A600 of 0.02, and using fungi:NP
proportions of 1:1, 1:2 and 1:3. The effect on yeast growth was quantified by absorbance
after incubation periods of 2, 4, 6 and 8 h. In the case of filamentous fungi, absorbance was
determined after incubation for 2, 4, 8, 16 and 24 h.
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4.5. Determination of the Concentration of Silver Ions Released by AgNPs

Different samples of C. albicans in Saboureaud at an A600 of 0.5, sterile Saboureaud,
suspensions of C. albicans in deionized water at an A600 of 0.5 or sterile deionized water
were individually treated with an amount of different AgNPs equivalent to a yeast:NP
ratio of 1:1 in all cases. After incubating for 30 min with stirring, the suspensions were
centrifuged at 3000 rpm for 5 min to discard the AgNPs. The concentration of Ag in the
particle-free supernatants was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-OES) using an Agilent 5110 ICP-OES Instrument (Agilent, Santa Clara,
CA, USA).

4.6. Study of the Toxic Effect of Media Conditioned by AgNPs

To analyze the effect that conditioning through the presence of AgNPs might have
on fungal viability, aliquots of deionized water or BHI were kept in contact with NPs
at different concentrations (1010, 2 × 1010, 4 × 1010, 8 × 1010, 16 × 1010 Units/L) for a
variable time (5, 10, 20, 30, 60 or 120 min, depending on the experiment) with stirring.
Next, the AgNPs were removed by centrifugation at 3000 rpm for 5 min, and C. albicans
was incubated in the conditioned media at an A600 of 0.5 for 30 min with stirring. The
quantity of nanostructures used in the experiments was adjusted to a fungi:NP ratio of 1:1,
equivalent to that used in the cell viability experiments in planktonic fungal cultures. Finally,
different dilutions of these cultures were seeded onto solid Saboureaud plates and, after
incubation overnight at 37 ◦C, the colonies obtained were quantified. In order to establish
the temporary durability of the culture medium conditioning, aliquots of deionized water
and BHI were kept in contact with AgNPs at the same concentrations described in the
previous paragraph, after which the AgNPs were removed by centrifugation at 3000 rpm
for 5 min, and the supernatant was kept at room temperature for 0, 2, 4 and 24 h. Each
sample of conditioned medium was incubated with C. albicans at an A600 of 0.5 for 30 min
with stirring, and the quantification was carried out by dilution in solid BHI medium as
described above.

4.7. Effect of AgNPs on Cell Viability in Trophozoites and Cyst Form of A. castellanii

The influence of NPs on the trophozoite and cyst forms of A. castellanii was analyzed
by culturing the amoeba in 24-well plates. The trophozoites were coincubated with the
different NPs at 30 ◦C for two days in the trophozoite:NP 1:250 ratio, while the cysts were
coincubated with the NPs at 30 ◦C for 8 days, using a cyst:NP ratio of 1:500. After this time,
the trophozoites were quantified using a Neubauer chamber. The cysts were also analyzed
following the same method, although the quantification was carried out after both 4 and
8 days of coincubation.

4.8. Statistical Analysis

The results were analyzed using a Kruskal–Wallis test in the Statistics for Windows
program (Statsoft Inc.; Tulsa, OK, USA). The differences were considered significant when
p < 0.05.

5. Conclusions

This work analyzed the antifungal and antiamoebic properties of AgNRs, a new type
of AgNP that has recently been described, and compared the results with those of two other
morphologies, namely AgNSs and AgNWs. AgNRs showed antifungal activity in all cases
although the effectiveness varied depending on the fungus and incubation time involved.
In addition, they were able to inhibit the growth of yeasts and in the case of filamentous
fungi, the AgNRs showed great effectiveness compared to the other AgNPs. In addition,
AgNPs were able to partially inhibit the proliferation of trophozoites and the germination
of cysts of A. castellanii, the best results being seen with AgNWs. These results open the
door to new and effective antimicrobial therapies as an alternative to the use of antifungals
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or antiamoebic drugs, thus avoiding the constant appearance of resistance and addressing
the difficulty of eradicating infections.
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Abstract: Background: Cyanobacteria are considered as green nano-factories. Manipulation of the size
of biogenic silver nanoparticles is needed to produce particles that suit the different applications such
as the use as antibacterial agents. The present study attempts to manipulate the size of biosynthesized
silver nanoparticles produced by cyanobacteria and to test the different-sized nanoparticles against
pathogenic clinical bacteria. Methods: Cyanothece-like. coccoid unicellular cyanobacterium was
tested for its ability to biosynthesize nanosilver particles of different sizes. A stock solution of silver
nitrate was prepared from which three different concentrations were added to cyanobacterial culture.
UV-visible spectroscopy and FTIR were conducted to characterize the silver nanoparticles produced
in the cell free filtrate. Dynamic Light Scattering (DLS) was performed to determine the size of
the nanoparticles produced at each concentration. The antimicrobial bioassays were conducted on
broad host methicillin-resistant Staphylococcus aureus (MRSA), and Streptococcus sp., was conducted to
detect the nanoparticle size that was most efficient as an antimicrobial agent. Results. The UV-Visible
spectra showed excellent congruence of the plasmon peak characteristic of nanosilver at 450 nm for
all three different concentrations, varying peak heights were recorded according to the concentration
used. The FTIR of the three solutions revealed the absence of characteristic functional groups in the
solution. All three concentrations showed spectra at 1636 and 2050–2290 nm indicating uniformity of
composition. Moreover, DLS analysis revealed that the silver nanoparticles produced with lowest
concentration of precursor AgNO3 had smallest size followed by those resulting from the higher
precursor concentration. The nanoparticles resulting from highest concentration of precursor AgNO3

were the biggest in size and tending to agglomerate when their size was above 100 nm. The three
types of differently-sized silver nanoparticles were used against two bacterial pathogenic strains with
broad host range; MRSA-(Methicillin-resistant Staphylococcus aureus) and Streptococcus sp. The three
types of nanoparticles showed antimicrobial effects with the smallest nanoparticles being the most
efficient in inhibiting bacterial growth. Discussion: Nanosilver particles biosynthesized by Cyanothece-
like cyanobacterium can serve as antibacterial agent against pathogens including multi-drug resistant
strains. The most appropriate nanoparticle size for efficient antimicrobial activity had to be identified.
Hence, size-manipulation experiment was conducted to find the most effective size of nanosilver
particles. This size manipulation was achieved by controlling the amount of starting precursor.
Excessive precursor material resulted in the agglomeration of the silver nanoparticles to a size greater
than 100 nm. Thereby decreasing their ability to penetrate into the inner vicinity of microbial cells and
consequently decreasing their antibacterial potency. Conclusion: Antibacterial nanosilver particles
can be biosynthesized and their size manipulated by green synthesis. The use of biogenic nanosilver
particles as small as possible is recommended to obtain effective antibacterial agents.
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1. Introduction

The green synthesis of nanoparticles is ideal as it does not cause pollution and is of
minimal cost. In addition, allows nanoparticles production in large quantities with no
toxic by-products [1]. Inorganic nanoparticles of noble metals such as gold and silver
nanoparticles are increasingly used in biology and medicine due to their distinctive charac-
teristics such as ease of use, good functionality, biocompatibility and ability to target specific
cells [2]. In regard to their production, cyanobacteria are considered an active source of
nanomaterials [3,4]. Several cyanobacterial genera are reported to produce nanoparticles
including; Anabaena, Calothrix, and Leptolyngbya which actively produced Au, Ag, Pd,
and Pt nanoparticles. These particles are naturally released in the culture medium and
stabilized by algal polysaccharides/peptides that enable easy recovery. The size of the
recovered particles and yield depend on the cyanobacterial genus [5]. The mechanisms by
which those nanoparticles are produced were recently reviewed [6] and their biosynthesis
was classified into extracellular and intracellular. In intracellular biosynthesis, ions are
reduced by electrons in the electron transport systems that are involved in photosynthesis
and respiration. Enzymes such as NADH-dependent reductases are mostly involved in
electron transport and redox reactions in the cytoplasm, thylakoid membranes, and plasma
membrane [7,8]. Extracellular synthesis involves cellular exudates such as pigments, pro-
teins, enzymes, hormones, and ions which play an important role in the reduction and
capping process of nanoparticles [9,10]. Biomolecules such as NADH-reductases and
sulfur-containing proteins in the cell-free supernatant are important in bio-reduction of
nanoparticles [11–13]. Due to the antibacterial action of silver nanoparticles, they are in-
corporated in footwear, cosmetics, wound dressings and plastics [11]. The antimicrobial
effect of silver nanoparticles, biosynthesized by algae against human bacterial pathogens
has been previously reported [14,15]. The cyanobacterium under study is unicellular,
photosynthetic prokaryotic microorganism. It can be grown easily with minimal growth re-
quirements in the presence of light source. This ease of growth ensures a continuous supply
of cells capable of biosynthesizing nanosilver particles. In addition, this cyanobacterium
is Gram-negative which means it has a large outer lipid membrane made of fatty acids
that are important functional molcules in the binding and possibly reduction of nanosilver
ions from a solution [16]. The Cyanothece genus is a quite unique as it is able to undergo
diurnal cycle of photosynthesis in the day and perform nitrogen fixation in the night. Both
of the two are reducing processes which only indicates its strong reducing abilities [17].
Indeed, Cyanothece spp. showed unique reducing ability and ease of manipulation for
the production of nanogold particles of different sizes [4]. Here we isolated and used
Cyanothece-like cyanobacterial strain in an attempt to biosynthesize silver nanoparticles to
be used as antimicrobial agents. Analysis by Ultra violet-visible (UV-vis.) spectroscopy and
Fourier Transmission Infrared spectroscopy (FTIR) were carried out for all different Silver
nanoparticles (AgNPs) samples. In the UV-vis. spectroscopy, surface plasmon resonance
(SPR) was recorded and indicated the specific vibration modes of electrons limited by
the size and shape of the nanoparticles. [18]. Fourier transmission Infrared spectroscopy
will also be performed to detect any functional groups associated with silver nanopar-
ticles [14] in the water-based cell-free filtrate. Moreover, the Dynamic Light Scattering
will be used for accurate determination of the size of the three AgNPs samples [19]. The
AgNPs samples were tested in antimicrobial bioassays against bacterial pathogens. It is
noteworthy that the extent of antimicrobial activity of biosynthesized nanosilver particles
against bacterial pathogens appeared to be linked to particles’ size [20]. Unfortunately,
the size manipulation of silver nanoparticles biosynthesized using cyanobacteria has been
scarcely studied. On the other hand, size-manipulation of gold nanoparticles that were
biologically synthesized was successfully achieved [4]. Here, we provide a simple protocol
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for the manipulation of the size of silver nanoparticles produced and we investigated the
antibacterial impact of differently-sized nanosilver particles on two multi-drug resistant
clinical pathogenic bacteria.

2. Methods and Materials

2.1. Cyanobacterial Culture Establishment and Identification

The Cyanothece-like coccoid unicellular cyanobacterium used in the experiment was
originally isolated from a rice-field in Al Ahsa, Eastern Province, KSA. Water samples were
taken from canals filled with irrigation water. The samples were centrifuged at 3000 rpm
for 10 min to eliminate contaminating bacteria by discarding the supernatant under a
12:12 h (light:dark) cycle at ambient temperature. The biomass pellet was streaked on agar
plates based on BG11 growth medium. Cultures were kept under 12:12 h (light:dark) cycle
at ambient temperature. The green colonies were picked and re-streaked on agar plates
and then examined by light microscopy for morphological description. Liquid cultures
of BG11 were inoculated with pure colonies and left to grow as monoalgal cultures. The
cultures were subjected to antibiotic treatment using Ampicillin (200 μL/L) and left in
the dark for two days to kill heterotrophic bacteria and then brought back to light and
centrifuged. The supernatant was discarded and the biomass was re-suspended in sterile
water for washing. Centrifugation and washing steps were repeated then the biomass was
inoculated into fresh sterile BG11 medium, left to grow and checked microscopically to
ascertain that axenic cyanobacterial culture was established for use in experiments.

2.2. Preparation of Nanosilver Particles

A stock solution of 10 mM silver nitrate (Sigma, Aldrich) was prepared. Three different
volumes of the same stock were prepared (2 mL, 1 mL and 0.2 mL) and added to a
cyanobacterial biomass (0.5 g fresh weight in 5 mL BG 11 growth medium) then, completed
with distilled water to obtain a 20 mL total volume. The solutions were left for three days,
the colour change was observed from the onset of the experiment. The external solution
containing nanosilver was purified from the cells through filtration using Millipore filters
of diameter size of 0.2 μm. This tiny pore size excluded all aggregates, cells, and bulky
cellular components. The cell-free filtrate was watery in nature, as the stock precursor
AgNO3 was prepared in distilled water and the cyanobacterium was cultured in a water-
based mineral growth medium (BG11). Siver nanoparticles were synthesized in a mixture
containing distilled water, +5 mL of the cyanobacterial culture, and +10 mM AgNO3 (added
in three different volumes; 0.2, 2, and 1 mL). We assessed the nanoparticles in the cell-free
supernatant after filtration through Millipore filters of pore diameter size of 0.2 μm.

2.3. UV–Visible Spectroscopic (UV–Vis) Analysis

The initial characterization of the silver nanoparticles was performed using a UV–vis
spectrophotometer (Genesys10S UV–visible double beam spectrophotometer). The scans
were recorded at room temperature using 1 mL of each nanosilver concentration in the
range of 200 nm to 700 nm.

2.4. FTIR

Infrared spectrometric analysis of silver nanoparticles was performed on cell-free
supernatant containing nanosilver using Fourier-Transform infrared spectrometer (FT-IR,
Agilent Cory 630, Agilent Technologies, Santa Clara, CA, USA). A control sample with no
silver nitrate was also used.

2.5. Dynamic Light Scattering Analysis

The size of the silver nanoparticles was studied by Dynamic light scattering (DLS),
using Dual Scattering Particle Size Analyzer (cilas, Nano DS). Each sample was analyzed
in triplicates at 25 ◦C with scattering angle 60◦. Deionized water was used as the dispersal
medium. The integration time was 30 min and the algorithm used was cumulative. The
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samples were loaded into quartz microcuvettes, and replicate measurements were recorded,
of which the mean was calculated.

2.6. Antibacterial Bioassay

The antibacterial activity of the three solutions of the nanosilver particles was assessed
against freshly sub-cultured bacteria originally isolated from clinical samples at the College
of Medicine, King Faisal University. The two bacterial isolates were identified as Gram-
positive MRSA-Methicillin-resistant Staphylococcus aureus and a Streptococcus sp. and
supplied by Dr Munirah Aldayel, King Faisal University. The sensitivity of pathogenic
strains to nanosilver was assessed by modified Kirby-Bauer Disk Diffusion Susceptibility
method [21]. Sterile paper discs (6 mm in diameter) were saturated with 30 μL of nanosilver
at the three concentrations examined. The discs were dried and placed on the surface of
nutrient agar medium inoculated with a bacterial-suspension and kept for 24 h in an
incubator at 37 ◦C. A positive control disc containing 30 μL antibiotic Chloramphenicol
was also used. The diameter of the inhibition zones (mm) was measured in triplicates
and the average and standard deviation were recorded [22]. As a negative control the
supernatant without AgNO3 was also used. The MIC/MBC was also determined to verify
the bacteriostatic/bactericidal effect of the three types of the differently-sized nanoparticles.

3. Results

3.1. Description of Cyanobacterial Strain

The unicellular cyanobacterium tested appeared in pairs after division. No colonies
form as there is no common mucilaginous envelope. Cells are coccoid and usually bright
blue-green. All of these characteristics are typical of the genus Cyanothece. Molecular
characterization revealed only 88% of similarity to Cyanothece sp. Due to the lack of suffi-
cient diagnostic phenotypic characters of the coccoid cyanobacterium, it was designated
Cyanothece-like cyanobacterium.

3.2. Preparations of Different Silver Nanoparticles Samples

The culture inoculum contained 4 × 104 cells/mL taken from one month old culture,
The three different concentrations of silver nitrate applied to the cyanobacterial culture
were; 1 × 10−4 M, 5 × 10−4 M and 1 × 10−3 M. The samples showed a gradual color change
from faint brown to, light brown and then to dark brown, corresponding to the volumes of
the precursor materials, i.e., 0.2, 1, and 2 mL, respectively. Each mixture was left in at room
temperature, and the cell-free supernatant was taken from external solution of the cultures
after incubation period of three days. The solution was microfiltered using Millipore filters
of pore diameter size of 0.2 μm. The cell-free filtrates of the three samples were used in
further analyses.

3.3. UV-Visible Spectroscopy

Nano-silver particles were successfully synthesized both intra and extra-cellularly. The
extracellular formation of AgNPs was confirmed by UV-Vis absorbance spectra of AgNPs
of the three samples with the highest peak belonging to highest concentration of nanosilver
followed by the medium concentration and lowest concentration, respectively (Figure 1).
All the three concentrations of biogenic nanosilver showed a strong specific peak for the
synthesized AgNPs at 450 nm (Figure 1). There was congruence for the peaks detected
for the three concentrations. This coincided with the plasmon resonance characteristic of
nanosilver particles [23].
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Figure 1. UV-Visible spectrum of the three samples of AgNPs with different heights and width
according to the nanoparticle size. The lowest peak (red) denoted by the lower thin arrow belongs
to the smallest-sized AgNP, the middle peak (red) denoted by the middle arrow belongs to the
medium-sized particles and the highest peak (green) belongs to the largest sized silver nanoparticle.
The X-axis denotes the wavelength whereas y-axis denotes the absorbance.

3.4. FTIR Spectroscopy

The FTIR spectra of the three samples of AgNPs had the same pattern exemplified
in Figure 2 and clearly exhibited the characteristic signals of AgNPs at 3356–3350 cm−1

overlapping with OH signal. At 1636–1637 cm−1 there was a clear signal corresponding to
C-H stretching [24]. No other functional groups were detected in all samples. (Figure 2 and
Supplementary Materials Figures S1 and S2).

Figure 2. FTIR of the smallest−sized AgNPs. The x-axis denotes the wavenumber, The y-axis denotes
% transmittance.

3.5. Dynamic Light Scattering

According to the DLS analysis, the size range for the smallest-sized silver nano-
particles (1 × 10−4 M) was 23–47 nm, with an average of 33.9 nm. The coefficient of
var-iation (%) was 27.5, the polydispersity index (%) was 71.7, and rms was 0.36329. The
size of the medium-sized silver nanoparticles (5 × 10−4 M) was in the range of 35–122 nm,
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with an average of 67 nm. The coefficient of variation (%) was 47, the polydisper-sity
index (%) was 130.5, and rms was 0.02417. The size range for the highest-sized sil-ver
nanoparticles was 78–108 nm, with some nanoparticles above 100 nm (Figure 3), with an
average of 92.5 nm. The coefficient of variation (%) was 12.5, the polydispersi-ty index (%)
was 32.3 (Figure 3)

 
(a) 

 
(b) 

Figure 3. Cont.
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(c) 

Figure 3. Hydrodynamic diameter of the (a) smallest-, (b) medium-, (c) largest-sized AgNPs.

3.6. Antimicrobial Bioassay

The three different nanosilver concentrations showed strong antimicrobial effects,
with the smallest-sized nanoparticles being the most efficient in inhibiting bacterial growth,
showing an inhibition zone diameter of 1.8 cm for the Streptococcus sp. and of 1.6 cm for
Staphylococcus aureus (MRSA). The second potent antimicrobial concentration was that of
medium-sized nanosilver particles (derived from 1 mL of AgNO3 solution), with an inhibi-
tion zone of 1.4 cm for Staphylococcus aureus (MRSA) and of 1.3 cm for the Streptococcus
sp. The least effective were the largest sized-nanosilver particles (derived from 2 mL of
AgNO3 solution), with an inhibition zone of 1.2 cm for the Streptococcus sp. and of 1.1
for Staphylococcus aureus (MRSA). (Table 1) The bactericidal and bacteriostatic effects for
the three sized AgNPs were verified using an antimicrobial bioassay and calculating the
MIC/MBC in μg/mL (Table 2).

Table 1. Antibacterial impact of differently sized nanosilver particles.

Strain

Inhibition Zone
Diameter (mm)

(Nanosilver
Particles Derived from

a High
Precursor

Concentration)

Inhibition Zone
Diameter (mm)

(Nanosilver Particles
Derived from a

Medium Precursor
Concentration)

Inhibition Zone
Diameter (mm)

(Nanosilver
Particles Derived from

a Low Precursor
Concentration)

Inhibition Zone
Diameter (mm) of

Control Disc
(chloramphenicol)

Staphylococcus aureus
(MRSA) 11 ± 2 13 ± 1 16 ± 1 28

Streptococcus sp. 12 ± 2 ± 2 14 ± 1 18 ± 1 25
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Table 2. Antimicrobial Bioassay Determning MIC/MBC in μg/mL.

Bacteria
Smallest Medium Largest

MIC MBC MIC MBC MIC MBC

Streptococcus sp. 1 1.5 2.5 2.5 4 4.5
(MRAS)

Staphylococcus aureus 2 2.5 3.5 3.5 6 7

3.7. Antimicrobial Bioassay Determning MIC/MBC in μg/mL

The minimum inhibitory concentration (MIC) and minimum bactericidal concentra-
tion (MBC) for the silver nanoparticles of different particle size were investigated. The
nanoparticles exhibited both bacteriostatic and bactericidal capabilities (Table 2). The low-
est MIC and MBC values were for the smallest-sized silver nanoparticles, indicating their
effectiveness at the lowest concentration.

4. Discussion

The ability of cyanobacteria to bind bulk ions from solutions followed by further
reduction and nano-formation is mainly related to surface entities on cyanobacteria as well
as to the polysaccharide sheath present on the cyanobacterial surface and, sometimes, in
solution [3]. Indeed, our previous work showed the biosynthetic ability of cyanobacteria
for gold nanoparticles [3], with the possibility of customized biosynthesis as well [4].
Cell-free media were found to be required for the synthesis of nanoparticles, as their
content of enzymes, antioxidants, and phenolic and ions facilitates the bio-reduction of
NPs. Thus, they are involved in the bio-fabrication of metallic NPs [6]. DLS is accurate for
measuring the size of nanoparticles. According to [19], the size of a particle is related to
the scattering time, as small-size molecules scatter faster than larger-sized molecules. The
manipulation of the size of synthesized particles can be affected by the concentration of
bio-reductants, which have an important influence on the shape and size of AgNPs [25]. It
was also found that the extracellular formation of AgNPs depends on the dose of silver
nitrate. This is in complete agreement with our results. Moreover, it was reported that
the biosynthesis of AgNPs in cyanobacteria takes place both inside the cells (with particle
size <10 nm) and in solution (with particle size of 1–200 nm), leading to spherical and
octahedral particles over time [26]. This is again in total agreement with our results, as the
range of the nanoparticles’ size was within the one previously reported. As the volume
decreased, the chance to produce freely dispersed nanoparticles became much higher.
As the volume increased, more nanoparticles were produced in the external solution.
The smallest the nanosilver particles, the higher their antibacterial activity. This is in
accordance with previous results [20]. The preferred method to determine the size of
nanoparticles is DLS. [19] compared the accuracy of the DLS method to TEM (transmission
electron microscopy). They clearly showed that measurements by DLS were more accurate
compared to TEM results. Dynamic Light Scattering (DLS) is based on the collision of
dispersed particles with solvent molecules, leading to random movement (Brownian
movement) and causing light scattering. The smaller the particles are, the faster their
diffusion. UV–visible plasmon resonance showed excellent congruence within the peak
range characteristic of silver nanoparticles, which indicated the purity of the three samples
of silver nanoparticles; the peak heights of the samples varied, corresponding to their
size difference. It is important to highlight the fact that the surface of metals is similar to
plasma because of the presence of free electrons in the conduction band and positively
charged nuclei [18]. Therefore, metallic nanoparticles have characteristic optical absorption
spectra in the UV–visible region, as the vibration modes of electrons are limited by the
size and shape of the particles [18]. Indeed, [18] were able to synthesize differently sized
silver nanoparticles with the same absorption band but with varying band intensities and
widths, due to the varying size of the AgNPs. This is in complete agreement with our
results, which showed a similar trend. The poor detection of functional groups associated
with silver nanoparticles by FTIR only indicates their absence in the cell-free filtrates. The
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small pore diameter of the Millipore filter used allowed the removal of any aggregates or
bulky materials. Indeed, [6] reviewed reports showing that cell-free supernatants contain
reducing ions/moieties that transformed silver ions into their reduced nanoform.

With regard to the antimicrobial bioassay, the pathogenic bacterium Streptococcus
sp., which is a Gram-positive bacterium, has a wide range of hosts. It usually exhibits
a high degree of resistance against antibiotics [27,28]. It was shown [29] that there is a
noticeable rise in antibiotic-resistant Streptococci strains that are capable of infecting hu-
mans and animals, causing morbidity and fatalities. This rise was associated with several
mechanisms including the activity of efflux pumps [30], the modifications of the antimi-
crobial targets by methylation of rRNA (erm genes) or target mutations, and enzymatic
inactivation [31]. Another mechanism of multidrug resistance could be horizontal gene
transfer or chromosomal point mutations caused by the excessive use of antimicrobials.
Streptococcal strains also produce biofilms which are highly resistant to antibiotics. Similar,
but more contagious, is the Methicillin-resistant Staphylococcus aureus (MRSA), which is
also a Gram-positive bacterium. Through the years, this bacterium has become multi-drug
resistant through both mutations and the gain of exogenous genes that have successfully
converted Staphylococcus aureus into Methicillin-resistant Staphylococcus aureus, which is
resistant to all β-lactam antibiotics. This, therefore decreases the efficacy of antibiotics
and increases the mortality rates following infection by this [32]. Clearly, strains that are
resistant to antibiotics need alternative biocontrol strategies. In that regard, biogenic silver
nanoparticles represent the most favorable biocontrol alternative due to their minimal
cost, possibility of massive production, lack of toxic by-products, rapid preparation, and
broad-spectrum host range. Another good reason is that their biosynthesis can be sim-
ply manipulated and customized to suit the desired application, as demonstrated here.
Nonetheless and most importantly, the ability of silver nanoparticles to combat multi-drug
resistant pathogens, as shown also in our study, makes them plausible candidates for future
antibacterial drugs. Indeed, current antibiotics can be potentiated by the addition of silver
nanoparticles to increase their antibacterial potential [14]. Silver nanoparticles have both
bactericidal and bacteriostatic effects against bacteria. We showed that the smallest-sized
particles were the most effective at low concentration, in accordance with previous stud-
ies [33,34]. These previous works reviewed the bactericidal effect of silver nanoparticles
and summarized their mechanism of action in the following steps: (1) adhesion of silver
nanoparticles on surface layers, (2) AgNPs penetration in bacterial cells and damage to
intracellular structures and macromolecules (protein, lipids, and DNA), (3) induction of
oxidative stress by reactive oxygen species (ROS) and free radicals, and (4) modulation of
signal transduction pathways. AgNPs may modulate the human immune system, promot-
ing bacterial inhibition [35]. Silver nanoparticles have both bacteriostatic and bactericidal
effect. It was shown [36] that the bacteriostatic action is more easily observed under aerobic
conditions, whereas the bactericidal action is more intense under anaerobic conditions.
It was suggested that AgNPs may act by decreasing the integrity of the cell membrane.
Their bactericidal effect stems from their ability to penetrate the bacterial cell and disrupt
its machinery and structure. The larger the nanosilver particles, the less successful they
are in penetrating bacterial cells [20]. Small-size AgNPs in the range of 10 and 15 nm
show more stability, biocompatibility, and enhanced antimicrobial activity [37]. A study
conducted by [38] showed that silver nanoparticles synthesized by the microwave-assisted
method had a size of 55 ± 10 nm, showing that they were effective against Escherichia coli,
the Gram-negative bacterium which is hard to combat due to its outer lipid layer. The
synthesis of differently shaped nanoparticles of different sizes was also reported. It should
be noted that this synthetic method yielded silver nanoparticles whose size was within
a range and not fixed and uniform. The manipulation of biological systems to produce
nanoparticles of a specific size is difficult. Biogenic synthesis deals with a living organism,
where the biosynthesis process is dependent on many factors including pH, temperature,
nature of the synthesis process, precursor concentration, and bio-reductant [6]. The success
in manipulating a biological system for the synthesis of nanoparticles of a certain size opens
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the door for many applications that need “tailored” nanoparticles. Unfortunately, studies
on customized biosynthesis are scarce, especially those on species form rather pristine
habitats whose microflora is underexplored and underexploited. It must be noted that it is
highly needed to study unexplored organisms with potentially exceptional biosynthetic
potentials and opportunities of exploitation. Our study provides novel data on the topic
and describes a simple approach to reach that target. All the different independent analyses
we performed confirmed the synthesis of biogenic silver nanoparticles of three different
sizes and showed that those particles had different antimicrobial activity due to their size
difference. Indeed, the smallest-sized biogenic silver nanoparticles were the most effective
antibacterial agents. In agreement with this, a study showed that the antibacterial action
of AgNPs is higher against S. aureus when nanoparticles of small size are used [39]. The
inhibitory effect of nanosilver is due to the damage it causes to several cellular components,
including cell wall and plasma membrane, through the generation of reactive oxygen
species. This disrupts cellular respiration and permeability [40] as reactive oxygen species
(ROS), such as superoxide or hydrogen peroxide, interact with lipids, proteins, or DNA,
inducing cell lysis [41]. Nanosilver particles’ adverse effects also include downregulating
the enzymes responsible for the bacterial secretion system [42]. Silver nanoparticles can
also inhibit proteins as well as DNA replication by accumulating at the membrane and
interacting with sulfur and phosphorus needed for the synthesis of DNA [6,43]. Eventually,
all those damages will result in microbial cell death. Hence, antimicrobial nanoparticles can
serve as a substitute for antibiotics, at least in some cases. Indeed, Ref. [29] recommended
the use of nanomedicine tools as an alternative to antibiotics to counteract multidrug-
resistant pathogenic bacteria. It was also shown that current antibiotics can be potentiated
with silver nanoparticles. The rationale behind this is that antibiotics and nanosilver par-
ticles use different mechanisms, and their combination would prevent the development
of resistance [29]. For example, rifampicin associated with silver nanoparticles increased
the antibiotic bioactivity against methicillin-resistant bacteria [44]. Ref. [45] used green
biosynthesized silver nanoparticles in dental applications for better biocompatibility and
antibacterial impact against S. mutans, responsible for caries. Green biosynthesized silver
caused a reduction in lactic acid and polysaccharides in bacterial biofilms [46]. In our case,
the absence of the biological cyanobacterial protein corona allowed an easy and smooth
penetration of the silver nanoparticles into the vicinity of the bacterial cells. Nonetheless,
there is always the possibility to further develop a commercial product that can be bionically
coated to allow the commercialization and application of the product. Indeed, a study [47]
used proteins (Retinin or Retinin-like proteins from insects) as a base for nanocoatings
that allowed the particles to be more reactive with metallic ions. This facilitated reduction,
coalescence, and nucleation of the metal nanoparticles. It was shown that these bionic
nanocoatings, with metal nanoparticles, achieved higher antimicrobial activity compared
to pure metallic coatings. The method provided in our research is very simple and versatile
and opens the door for different ways of exploitation and manipulation.

In conclusion, antimicrobial silver nanoparticles can be produced using cyanobacteria
as a green platform for their biosynthesis. Biogenic silver nanoparticles proved to be
effective against multi-drug resistant pathogens. They are highly recommended to be used
in the future either as a supplement to antibiotics or as an alternative treatment.

5. Conclusions

Nanosilver particles can be biosynthesized by cyanobacteria (green synthesis). Size
manipulation is achievable by controlling the concentration of the precursor. Smallest-
sized nanosilver particles are recommended as an antibacterial agent. Nanosilver particles
are successful biocontrol agents against multi-drug resistant bacterial strains. Future
antibacterial drugs can be based partially or entirely on nanosilver particles.
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Abstract: Syzygium aromaticum (clove) has been used as a dental analgesic, an anesthetic, and a
bioreducing and capping agent in the formation of metallic nanoparticles. The main objective of this
study was to evaluate the antimicrobial effect in oral microorganisms of biogenic silver nanoparticles
(AgNPs) formed with aqueous extract of clove through an ecofriendly method “green synthesis”.
The obtained AgNPs were characterized by UV-Vis (ultraviolet-visible spectroscopy), SEM-EDS
(scanning electron microscopy–energy dispersive X-ray spectroscopy), TEM (transmission electron
microscopy), and ζ potential, while its antimicrobial effect was corroborated against oral Gram-
positive and Gram-negative microorganisms, as well as yeast that is commonly present in the oral
cavity. The AgNPs showed absorption at 400–500 nm in the UV-Vis spectrum, had an average size
of 4–16 nm as observed by the high-resolution transmission electron microscopy (HR-TEM), and
were of a crystalline nature and quasi-spherical form. The antimicrobial susceptibility test showed
inhibition zones of 2–4 mm in diameter. Our results suggest that AgNPs synthesized with clove can
be used as effective growth inhibitors in several oral microorganisms.

Keywords: biosynthesis; silver nanoparticles; Syzygium aromaticum; oral microorganisms

1. Introduction

The ideal properties of an antibacterial coating include prolonged activity, high levels
of bactericidal and bacteriostatic activity, ability to act against a wide spectrum of bacteria,
biocompatibility, and low in vivo toxicity [1–5]. Historically, silver compounds and ions
have been extensively used for hygienic and healing purposes. However, over time, their
application as an anti-infection agent has dwindled due to the advent of antibiotics and
other disinfectants [2,3,6,7]. Recently, there has been renewed interest in manufactured
silver nanomaterials, thanks to their unusually strong physicochemical properties and
biological activities compared to their bulk parent materials [1,4]. Today, it should be noted
that nanomaterials have managed to enter different regulatory and safety fields (such as
clinical trials and good manufacturing practices) [6], this to regulate and guarantee the
quality of different areas of management and production [7]. In addition, silver nanopar-
ticles (AgNPs) synthesized by green methods have many other applications in different
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biotechnological areas such as water filtration agents [8], disinfection and preservation of
foods [9,10] and various materials [11], the production of cosmetics [10,12], nanoinsecti-
cides and nanopesticides [13], nanocomposites [14], amongst others [15–20]. Depending on
the technique used, their synthesis can be divided into the following: chemical methods
involving the reduction or precipitation of metals in the presence of stabilizing agents;
physical methods such as thermolysis, photochemical, and sonochemistry; finally, bio-
logical methods [16,21–25]. Biological methods are extremely important, since reducing
agents of a chemical nature are not required. In biological methods, reducing agents are
obtained from compounds present in natural extracts. This is the case of the synthesis
being used in this research, which also has great advantages, because it is an easy and
low-cost method [26]. Compared to chemical methods, biological methods represent less
toxicity and are more respectful of the environment, since the most used reducing agents
at the industrial level and within chemical methods are sodium borohydride, hydrazine
and hypophosphite, which can increase environmental toxicity or biological hazards. In
addition, capping agents, such as polyvinyl alcohol, must be used to prevent the AgNPs
from aggregating. Another issue is that the high temperature may also increase the produc-
tion cost [16,27]. Fortunately, the biological synthesis of nanoparticles (NPs), also known as
“green synthesis,” has allowed the formation of metallic nanostructures from the use of bac-
teria, fungi, plants, or their extracts, meaning that this approach to synthesis is a non-toxic
and environmentally friendly alternative. Sometimes, the deployment of this synthesis
equals or exceeds the expectations of NPs synthesized by physical and chemical methods,
in terms of cost and characteristics, as previously described [27–30]. Green extracts contain
molecules that carry hydroxyl moieties in their functional groups, mainly of the phenolic
type, which can be used for the reduction of metal ions and formation of stable complexes
with metallic NPs [1,31,32]. AgNPs show efficient antimicrobial properties compared to
other metallic NPs, due to their large surface area, which provides better contact with
microorganisms. Although AgNPs have been reported to be involved in a wide range of
molecular processes within microorganisms, the mechanism of action is still being stud-
ied [33], It is important to note that there are not only bacteria that cause conditions in the
oral cavity, but also some yeasts such as Candida albicans [34], Recently, it has been shown
that AgNPs induce alterations in fungal cells and the formation of pores on the cell surface,
in addition to changes in membrane fluidity, all of which may be related to changes in the
lipid constitution of the plasma membrane and membrane depolarization [35]. Regarding
the mechanism of action of AgNPs on bacteria, it has been studied that they have the
ability to anchor and subsequently penetrate the bacterial cell wall, which causes structural
changes and cell death [36]. The formation of free radicals by the AgNPs may be considered
another mechanism by which cells die. Diverse studies, in which electron spin resonance
spectroscopy was used, suggest that free radicals form when the NPs come into contact with
the bacteria [37]; these radicals are able to damage the cell membrane, rendering it porous,
which can ultimately lead to death [2]. It is also true that the interaction of the AgNPs
with the sulfur and phosphorus major components of DNA can lead to problems in the
DNA’s replication of bacteria (such as epigenetic changes) [28]. Moreover, when it comes
to microbial flora, the oral cavity is one of the most densely populated sites of the human
body [38]. Over 700 bacterial species or phylotypes have been detected in this location, of
which more than half have not been cultivated [39]. This means that microorganisms of the
oral community should display extensive interactions when forming biofilm structures,
carrying out physiological functions, and inducing pathogenesis [40,41]. The oral cavity is
a complex ecosystem that is inhabited by more than 300 bacterial species. Some of these
have been implicated in oral diseases such as caries and periodontitis, which are among
the most common bacterial infections in humans [42]. The bacteria colonize the teeth
in a reasonably predictable sequence. The first or primary colonizers tend to be aerobic
(especially streptococci, which constitute 47–85% of the cultivable cells found during the first
four hours after professional tooth cleaning); as plaque oxygen levels fall, the proportions
of Gram-negative microorganisms tend to increase [43]. In the normal oral cavity, several
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species of the genera Streptococcus, Lactobacillus, Lactococcus, Enterococcus, Staphylococcus,
Corynebacterium, Veillonella and Bacteroides stand out for being responsible for various oral
conditions [44]. Silver compounds and NPs have already been used as dental restorative
material, endodontic retrofill cements, dental implants, and caries inhibitory solutions.
Despite the effectiveness shown by AgNPs in dental practice, controversy remains over
their toxicity in biological and ecological systems, due to the cytotoxicity caused by high
concentrations or the specific size of the nanoparticles [45,46]. Syzygium aromaticum (Clove)
is employed in Indian ayurvedic medicine, Chinese medicine, and western herbalism,
while in dentistry, its essential oil is used as an anodyne (painkiller) for emergencies. Clove
oil is a pale-yellow liquid with a characteristic odor and taste. It consists of 81–95% phenols
(eugenol with about 3% of acetyl eugenol), sesquiterpenes (a- and b-calyophyllenes), and
small quantities of esters, alcohols, and ketones [24,27–30,36,41,45–52]. The high level of
eugenol present in clove oil endows it with intense biological and antimicrobial activity [53],
which is why it was explored here as a stabilizing and reducing agent in the synthesis of
AgNPs. Therefore, it is important to develop dental materials with antibacterial activity
and better mechanical properties, which could be manufactured and employed in future
clinical applications.

Herein, AgNPs were synthesized using aqueous clove extract, as a reducing and
stabilizing agent, taking advantage of the AgNPs antimicrobial properties in synergy
with the clove dental applications as an analgesic and anesthetic. The green-synthesized
AgNPs were characterized by ultraviolet-visible (UV-Vis) spectrometry, scanning elec-
tron microscopy–energy dispersive X-ray spectroscopy (SEM-EDS), transmission elec-
tron microscopy (TEM) and ζ potential. The antibacterial activity of the AgNPs against
Gram-positive and Gram-negative microorganisms and yeast were tested by the disc-
diffusion method.

2. Results

2.1. Synthesis of Silver Nanoparticles

The reduction of silver ions and formation of AgNPs occurred after silver nitrate
solution was placed in contact with the clove aqueous extract, followed immediately by a
change in color of the suspension, from colorless to yellow. This process was carried out
under ambient conditions. It is relevant to mention that no stabilizing or capping agent
was used.

2.2. Characterization of Synthesized Silver Nanoparticles
2.2.1. UV-Vis Spectroscopy

The spectra were recorded when both the color and absorption intensity of the colloidal
samples remained constant, as shown in Figure 1. Each surface plasmon resonance (SPR)
maximum was ubicated in the range of 431–447 nm. In addition, no surface plasmon
resonance was observed at more than 500 nm, indicating that most of the AgNPs obtained
were of small size and similar shape. As time increases, AgNPs stabilize and reach their
maximum growth.
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Figure 1. UV-Vis absorption spectrum of synthesized silver nanoparticles by S. aromaticum extract at
different time intervals.

2.2.2. SEM-EDS Analysis

The characterization technique was consistent with the EDS analysis. AgNPs generally
showed absorption peaks at approximately 3 keV (Figure 2).

Figure 2. Scanning electron microscopy–energy dispersive X-ray spectrum of synthesized sil-
ver nanoparticles.

2.2.3. TEM

TEM was employed to characterize the size, shape, and morphology of the synthesized
AgNPs, which resulted to be quasi-spherical, with sizes ranging 4–16 nm, with a mean size
of 10 nm and a standard deviation of 4.27 nm (Figure 3).
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Figure 3. Characterization of synthesized biogenic silver nanoparticles from clove extract. (A) Micro-
graph of transmission electron microscopy, the insert shows size distribution and (B) high-resolution
transmission electron microscopy micrograph.

2.2.4. ζ Potential

The electrostatic stabilization of the AgNPs was estimated by measuring their ζ

potential values, which were found to be in the range of −15.7 to −16.2 mV.

2.3. Antimicrobial Activity
2.3.1. Disk Diffusion Test

The biogenic AgNPs were tested for antimicrobial activities against Gram-positive,
Gram-negative bacteria and yeast, presenting similar inhibition zones in all cultures. The
inhibition zones produced by the AgNPs displayed halos of 2–4 mm in diameter. The
control group (clove extract) did not show any antibacterial effect only antifungal effect
(Figure 4). This last datum provides information regarding the efficacy provided by the
clove extract only against Candida albicans, which turns out to be really important. In
Figure 4E, it is easy to perceive this important antifungal activity, and it is observed to be
slightly enhanced by the AgNPs. Regarding the results obtained in bacteria, as previously
described, it is possible to see the activity of the potentiated extract.

Figure 4. Antimicrobial activity against: (A) Streptococcus mutans, (B) Staphylococcus aureus, (C) Es-
cherichia coli, (D) Enterococcus faecalis, (E) Candida albicans. Disk 1, 24 h after synthesis; disk 2, 7 days
after synthesis; disk 3, 14 days after synthesis; disk 4, 21 days after synthesis; disk 5, control disk only
with clove extract.
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2.3.2. Microdilution in Broth Test

Through this study, we were able to determine both the maximum effective concentra-
tion (MEC), as well as the minimum inhibitory concentration (MIC), where we can observe
the effectiveness of the NPs at different concentrations against the different microorganisms
mentioned above (Figure 5a and Table 1). Specifically, in Figure 5a, it is possible to observe
the complete inhibition at the highest concentration; likewise, it is reflected in Figure 5b
how Microbial growth after exposure to determined concentrations of synthesized silver
nanoparticles. This information is reflected in Table 1. A very important result is that of
the activity it has against the bacteria E. coli, where the antibacterial activity is completely
inhibited until the last treatment.

Figure 5. Microdilution in broth: (a) inhibition of microbial growth, (b) graph of antimicrobial growth
against the applied concentration of nanoparticles.

Table 1. Minimum inhibitory concentration and maximum effective concentration of silver nanoparticles.

AgNPs

AgNPs (mg/mL) E. coli S. aureus E. faecalis S. mutans C. albicans

0.849 - - - - -
0.425 - - - - +
0.212 - - - + +
0.106 - + - + +
0.053 - + + + +
0.026 - + + + +
0.013 + + + + +

Control + + + + +

+ Microbial growth, - Without microbial growth MIC MEC .

Table 1 shows, for the five types of microorganisms, the minimum inhibitory con-
centration and the concentrations in milligrams/mL, as well as the maximum effective
concentration of the AgNPs.

3. Discussion

Clove is one of the most valuable of all spices, and it has been used for centuries as
a food preservative and for medicinal purposes, as an analgesic and antispasmodic, with
eugenol being the main compound responsible for this activity. This plant represents one
of the richest sources of phenolic compounds such as eugenol, eugenol acetate, and gallic
acid (75–77%) [54–57]. Several authors [51,54,56] have studied the antimicrobial effects of
clove extract. For example, Duhan used various plant extracts with high concentration
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of eugenol, including clove, and compared them with 3% sodium hypochlorite against
Enterococcus faecalis. Meanwhile, Mansourian and Rana used clove extract against C. albicans
and compared it to nystatin. In both cases, the results obtained with the clove extracts were
more effective than the substances they were compared to. The most probable pathway
for AgNPs biosynthesis is that the flavonoids, from the clove buds, act as reducing agents
when they encounter Ag+ ions. The electrons are transferred and the reduction process
occurs, leading to the formation of AgNPs. It is well known that flavonoids also prevent
agglomeration and stabilize the AgNPs in aqueous solution [16,21–23,58]. This makes a
strong case for the involvement of flavonoids in rapid biosynthesis and for the stability
of metallic NPs in the aqueous medium [17,59]. Upon storage of the bio-functionalized
AgNPs that were synthesized using macerated clove solution, it was observed that the
colloidal solution maintained its stability and uniformity. The biosynthesis of AgNPs by
clove extract is carried out rapidly, the solution changes color as a function of time, the
kinetics of formation (Figure 1) indicates that the reaction stabilizes after 6 h. The process
of biosynthesis in this study was carried out under ambient conditions. Qian Sun [60],
Deshpande [49], and Bajpai [55] performed different studies to generate AgNPs using a
similar green synthesis approach, obtaining antibacterial properties such as those in our
study under the same conditions. In addition, Jeevika [48] produced silver nanowires via
biosynthesis using clove oil. It is well known that AgNPs show a yellowish-brown color in
aqueous solution; this color is a result of the excitation of surface plasmon vibrations in the
metal NPs [48,49].

According to UV-Vis spectroscopy results, in the first 20 min of reaction, there was an
incipient reduction in which the SPR could already be observed. This may be attributed
to the high availability of reducing agents such as eugenol in the aqueous extract. During
the next six hours of reaction, the SPR was clearly observed at 447 nm, indicating the
formation of AgNPs. After six hours of reaction, SPR with a defined shape appears
at 447 nm, indicating that the NPs now have a defined shape and size, compared to
plasmons at 431 nm at short reaction times, indicating incipient nanoparticle formation.
Measurements were made approximately once every five minutes to verify the AgNPs
kinetics of formation.

EDS analysis of the AgNPs confirmed the presence of metallic Ag (see Figure 2),
according to [61,62]. It is important to point out that these biogenic AgNPs exhibited
certain low size polydispersity and similar shapes, making our method distinct from
other bio-reductors; this was corroborated by the TEM micrographs, whereby the image
in Figure 3A showed that AgNPs prepared using clove extract have a considerably low
polydispersity and an almost spherical morphology. The particle size distribution histogram
was determined using TEM images. AgNPs diameters range between 4 and 16 nm, with a
standard deviation of 4.2 nm (Figure 3A).

The HR-TEM image in Figure 3B shows AgNPs of 8–10 nm in diameter. This image
possesses atomic resolution; therefore, several crystalline planes are distinguishable and the
interplanar distances can be measured. The interplanar distances shown in the micrograph
of these NPs, wherein the corresponding crystalline planes were specified. The interplanar
distances and their corresponding crystalline planes match those of metallic Ag (face-
centered cubic structure). The measured interplanar distance was 2.4 Å, which corresponds
to the plane [111]. Generally, a suspension that exhibits an absolute zeta potential of
0–100 mV is ubicated on the threshold of agglomeration, and the stability of the particles
from the solution will be increased with higher values of approximately −100 mV [63,64].
In this study, the zeta potential of AgNPs was in the range of −15.7 to −16 mV. These
values allow us to corroborate an acceptable stability of the AgNPs colloidal suspension.

The microorganisms selected in this study for microbiological tests are part of the
normal and pathogenic microflora of the oral cavity. Streptococcus mutans, the main causal
agent of tooth decay and periodontitis, is found in 70–90% of the population. Mean-
while, Staphylococcus aureus is found in patients with bacterial endocarditis and cellulite.
Enterococcus faecalis is present in most failed root canal treatments. Escherichia coli has been
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isolated from salivary gland infections, while Candida albicans is found in one in every
1000 patients attending dental consultation and also in stomatitis associated with the use of
dental prostheses. Taken together, these bacteria are responsible for various opportunistic
infections in immunocompromised patients. In this study, the antibacterial activity of
AgNPs against four types of bacteria and one yeast was investigated. The inhibition zones
were similar in all cell cultures. Biological tests of AgNPs against test strains showed
that they have a significant effect on the growth of Gram-positive and Gram-negative
bacteria. The latter have a layer of lipopolysaccharides at the exterior, while underneath lies
a thin layer of peptidoglycan. Thus, a potent antimicrobial effect can be determined in the
microdilution in broth study that emphasizes the antibacterial and antifungal effectiveness
of the AgNPs as shown in Figure 5b, taking into account the efficacy in Escherichia coli
having microbial effect until the last concentration of NPs. On the other hand, we observed
bacterial growth of the Streptococcus mutans strain from the third highest concentration, and
also the following Staphylococcus aureus and Enterococcus faecalis; on the other hand, we see
that the antifungal effectiveness of the AgNPs against Candida albicans is low but not null.
Several studies indicate [1,30,65,66] that the antibacterial activity of AgNPs is based on the
NPs attachment to the bacterial cell wall, or the formation of free radicals. In addition, the
silver ions released from AgNPs may play a vital role in the antibacterial activity, due to
their interaction with the thiol groups of enzymes. Although the lipopolysaccharides are
composed of covalently linked lipids and polysaccharides, they have a lack of strength
and rigidity. The negative charges on them are attracted toward the weak positive charge
available on AgNPs [67,68]. This indicates that AgNPs have great potential to be used in
biomedical applications.

4. Materials and Methods

4.1. Synthesis of AgNPs

In this experimental study, the chemical precursor used was silver nitrate (AgNO3)
(Sigma-Aldrich, St. Louis, MO, USA). The AgNPs were directly synthesized with the clove
(Terana, Especias selectas, Ciudad de México, México) extract using a simple green synthesis
procedure. Initially, various concentrations were tested until the optimum conditions
were established.

A 10 mM solution of AgNO3 was prepared using deionized water. To prepare the
reducing agent, 1 g of chopped clove was added to 100 mL of boiling deionized water
for five minutes. The mixture was allowed to cool before being filtered into a vacuum
flask using a Buchner funnel and Whatman filter paper no. 5. The aqueous extract was
mixed, at room temperature, with AgNO3 in 3:1 ratio. The resultant mixture was kept
undisturbed in a dark place. After a couple of hours, the color of the solution changed due
to the formation of AgNPs. The process of biosynthesis was carried out under ambient
environmental conditions (that is, at room temperature and under atmospheric pressure);
the reaction was completed within a few minutes.

4.2. Characterization of Synthesized Silver Nanoparticles
4.2.1. Spectroscopy UV-Vis

The UV-Vis analysis was performed using a spectrophotometer (CARY 5000 Conc
UV-Vis spectrophotometer, Varian, Inc., Palo Alto, CA, USA), which was operated at a
resolution of 1 nm at room temperature. The spectral range was 300–800 nm. In this way,
the kinetics of the reduction were followed until stable NPs were obtained.

4.2.2. SEM-EDS

The final product was sonicated for 30 min to break up larger nanoparticle agglom-
erates; then, the particles were dried in a vacuum at room temperature (20 ◦C) prior to
analysis. The NPs were attached to aluminum stubs with conductive tape, coated with
carbon, and observed under SEM (JEOL, JSM-6510LV at 20 kcV, Tokyo, Japan) with sec-
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ondary electrons at ×100, ×500, and ×3000 magnification that was operating at 20 kV. EDS
analysis was developed.

4.2.3. TEM

TEM was obtained via a JEOL JEM-2100 microscope (Tokyo, Japan). Samples for the
TEM examination were prepared by placing a drop of the suspension on a copper grid
(300 mesh) coated with carbon film, and allowing it to dry under ambient conditions.

4.2.4. Z Potential

Zeta potential measurements were determined using the Zetasizer 2000 (Malvem
Instruments Ltd., Worcestershire, UK). The voltage applied to drive the electrodes of
the zeta cell was 150 V capillary electrophoresis. The sample was prepared by injecting
approximately 2 mL solution into the cell.

4.3. Antimicrobial Activity

The bacterial strains used in this study were obtained from the stock culture collection
of the Biochemistry laboratory at the School of Dentistry within the National Autonomous
University of Mexico (UNAM). The strains were originally collected from clinical samples of
the oral cavity of patients from the previously mentioned institution. These strains are native
to central Mexico, having all been characterized through a set of culture media assays and
biochemical tests. They included Gram-positive (Staphylococcus aureus, Streptococcus mutans,
Enterococcus faecalis) and Gram-negative microorganisms (Escherichia coli) and yeast
(Candida albicans), which are commonly present in the oral cavity and are responsible
for important conditions in oral health. The experiments into antimicrobial activity were
carried out as proscribed by the Clinical and Laboratory Standards Institute [69].

4.3.1. Disk Diffusion Test

The NPs antibacterial properties were measured by the Kirby–Bauer disc diffusion
method against the Gram-positive and Gram-negative bacteria and yeast. The inoculum
was prepared by diluting the colonies with 0.9% of NaCl to 0.5 according to the McFarland
scale, before they were applied to Muller–Hinton agar (Bioxon BD Mueller–Hinton II Agar)
plates using sterile cotton swabs. The sterile paper discs were saturated with 10 μL of
AgNPs (0.849 mg/mL) that had been prepared 24 h previously. In addition, three tubes
with AgNPs that had been prepared 7, 14, and 21 days before the antimicrobial tests were
used to saturate the paper discs and placed on agar plates. The disc impregnated with
extract of clove was used as a positive control. After 24 and 48 h of incubation at 37 ◦C, the
microbial susceptibility was determined through the measurement of any noticed inhibition
zones. The assays were performed in triplicate [70].

The research protocol was reviewed and approved by the Ethics Committee of the
Center for Research and Advanced Studies in Dentistry.

4.3.2. Microdilution in Broth

The antimicrobial capacity of AgNPs were determined following the dilution method
of the broth [71]. Selective media were used to grow each strain and then cultured on
non-selective media. Samples were initially incubated at 37 ◦C for 24 h for fresh bacterial
cultures, which were used to prepare McFarland standards. Then, 100 μL of Mueller–
Hinton broth medium and positive control and a negative control (Mueller–Hinton broth
and NPs as sterility control) were used. Each well was aseptically inoculated with 5 μL of
the bacterial suspension (final concentration approximately 5 × 105 CFU/mL) excluding
controls. Subsequently, 100 μL of AgNPs (0.849 mg/mL) were placed at the beginning
and seven serial microdilutions were made from the 100 μL of AgNPs. These assays
were performed in triplicate in four wells for each concentration and strain. Inoculated
microplates were incubated at 37 ◦C with continuous shaking at ~200 rpm for 24 h. The
presence or absence of turbidity in each well was presented to the naked eye. The minimum
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concentration in the wells is taken as the MIC and the maximum effective concentration
of MEC was identified by determining the lowest concentration of antimicrobial agent
that reduces the viability of the initial bacterial inoculum by 99.9% or a log reduction in
inoculum count [72].

5. Conclusions

AgNPs synthesized from aqueous extracts of Sizygium aromaticum show strong an-
tibacterial activity. It is important to highlight that the nanoparticle generation method
does not represent a strong environmental impact, it is very easy to carry out and, above
all, very economical. In addition, this research has shown that AgNPs synthesized by this
method are effective against the five most common microorganisms present in the oral
cavity, these microorganisms are responsible for many oral health disorders, and we are
sure that this research can contribute to the development of new antimicrobial agents for
dental health or medical use, the routes of administration and cytotoxic assays will be
exposed in future research because the expectations of this material are very high.
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Abstract: Silver nanoparticles (AgNPs) represent an excellent option to solve microbial resistance
problems to traditionally used antibiotics. In this work, we report optimized protocols for the
production of AgNPs using extracts and supernatants of Trichoderma harzianum and Ganoderma sessile.
AgNPs were characterized using UV-Vis spectroscopy and transmission electron microscopy, and the
hydrodynamic diameter and Z potential were also determined. The obtained AgNPs were slightly
larger using the fungal extract, and in all cases, a quasi-spherical shape was obtained. The mean sizes
of AgNPs were 9.6 and 19.1 nm for T. harzianum and 5.4 and 8.9 nm for G. sessile using supernatant
and extract, respectively. The AgNPs were evaluated to determine their in vitro antibacterial effect
against Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus. The minimum inhibitory
concentration (MIC) was determined, and in all cases the AgNPs showed an antimicrobial effect, with
a MIC varying from 1.26–5.0 μg/mL, depending on the bacterial strain and type of nanoparticle used.
Cytotoxicity analyses of AgNPs were carried out using macrophages and fibroblast cell lines. It was
determined that the cell viability of fibroblasts exposed for 24 h to different concentrations of AgNPs
was more than 50%, even at concentrations of up to 20 μg/mL of silver. However, macrophages
were more susceptible to exposure at higher concentrations of AgNPs as their viability decreased at
concentrations of 10 μg/mL. The results presented here demonstrate that small AgNPs are obtained
using either supernatants or extracts of both fungal strains. A remarkable result is that very low
concentrations of AgNPs were necessary for bacterial inhibition. Furthermore, AgNPs were stable
for more than a year, preserving their antibacterial properties. Therefore, the reported optimized
protocol using fungal supernatants or extracts may be used as a fast method for synthesizing small
AgNPs with high potential to use in the clinic.

Keywords: silver nanoparticles; green synthesis; Trichoderma harzianum; Ganoderma sessile; bacterial
inhibition; cytotoxicity

1. Introduction

The production of nanoparticles (NPs), with a scale of 0.1 to 100 nm in at least one of
its three dimensions [1], has allowed the manufacture of a variety of nanomaterials for their
use in optical, magnetic, electrical, as well as in the food, cosmetic, pharmaceutical and
diagnostic industries, among others [2,3]. Silver NPs (AgNPs) in particular have important
biomedical applications; they have been evaluated as antimicrobial agents in dentistry and
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surgical materials, as well as in cancer diagnosis and therapy [2,4–7]. AgNPs are regularly
produced by chemical or physical methods, which are associated with high environmental
impact due to the use of toxic chemicals, high-energy consumption and the use of high
temperatures during their manufacture [3]. The most common chemical method is the
chemical reduction, using three main components: metal precursors, reducing agents
and stabilizing/capping agents. The advantage of chemical methods is the high yield,
compared to physical methods; however, the use of toxic and hazardous materials is a clear
disadvantage. The most important physical methods are evaporation-condensation and
laser ablation. Here, the clear advantage is that no hazardous chemicals are involved, but
these methods have low yield and a high energy consumption [3].

In the past decades, the synthesis of NPs using biological materials has been exten-
sively studied because it has been recognized as a simple and rapid method, which allows
obtaining non-toxic, eco-friendly organic molecules to produce metallic NPs under opti-
mized conditions [3,8,9]. Among the biological materials that have been reported for the
synthesis of NPs, fungi are considered excellent candidates because they secrete a large
number of extracellular enzymes and secondary metabolites, which serve as bio-reducing
and stabilizing agents for the production of metallic NPs.

Biogenic AgNPs are potentially useful in the clinic; they have been proposed as antimi-
crobial agents to offer an alternative treatment to solve problems of resistance to antibiotics
traditionally used against pathogenic strains [10,11]. However, for the application of bio-
genic NPs in the medical area, it is necessary that the biological material used for the
synthesis does not come from pathogenic microorganisms, containing potentially toxic
molecules for humans [10].

The biosynthesis of NPs using living microorganisms such as fungi can occur in-
tracellular or extracellularly [11,12]. Although the exact mechanism for the synthesis of
nanoparticles has not been fully described, some well-described mechanisms have been
proposed to intervene in the process. Some of the suggested mechanisms are an electron
transfer dependent on enzymatic processes, electron charges, reducing agents and oxidative
stress, among others, where the metal ions are converted into a less toxic form in the fungal
mycelium [11,13]. On the other hand, the use of extracts and/or supernatants excreted
by the mycelium has also been described for the biogenic synthesis of NPs [8]. Here, the
biosynthesis process is dependent on the presence of bioactive metabolites, which intervene
in the synthesis and stabilization of NPs [14–16]. According to the reports, each of these
compounds can influence the particular characteristics of the obtained NPs, their properties
and their potential applications [15,16].

Most of the studies for the biogenic synthesis of metallic NPs using fungi report the
use of extracellular components [8]. The extracellular or supernatant fraction of fungal
liquid cultures contain extracellular proteins and other secreted metabolites, while the
intracellular components contain the released proteins, enzymes, primary and secondary
metabolites, DNA and RNA fragments, etc., after mechanically disrupting the fungal
washed biomass [17]. The use of both intracellular and extracellular components has
only been reported for several thermophilic fungi [17] and various basidiomycetes [18].
Differences in size and polydispersity were observed when using the intracellular and
extracellular fractions of fungal liquid cultures. Bigger and polydisperse NPs are produced
when using the intracellular components, compared with smaller polydisperse NPs when
using the extracellular fraction [17]. In addition, shape, size and aggregation of synthesized
nanoparticles depend on the species used and the type of reduction agent, i.e., extracellular
and intracellular fractions [17,18].

However, one of the main challenges when using biogenic precursors is to achieve the
reproducibility of the synthesis method [19], which is essential to be able to reproduce the
specific characteristics and properties of the synthesized nanoparticles.

Therefore, the objective of this study is to obtain and define a reproducible protocol
for the biosynthesis of small silver NPs (1–20 nm), using extracts and supernatants of fungi
and compare their antibacterial and biocompatibility properties. For this, T. harzianum and
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G. sessile were used since they are considered not harmful for humans. Trichoderma spp. are
commonly used to stimulate plant growth and for the bio-control of phytopathogenic fungi
in economically important crops [20]. Ganoderma spp. are wood degrading fungi, and their
crude extracts are traditionally used and consumed worldwide because of their antioxidant
and immune-stimulant properties [21]. Therefore, toxic or harmful effects due to the
biological material used for the synthesis were prevented. After defining a reproducible
protocol, the synthesized AgNPs were evaluated in in vitro assays to determine their
antimicrobial effect against pathogenic bacteria. In addition, their biocompatibility in
murine cell models of fibroblasts and macrophages was determined.

2. Materials and Methods

2.1. Strains and Culture Conditions

Strains of Ganoderma sessile and Trichoderma harzianum were obtained from the stock of
the Microbiology Department of the Ensenada Center for Scientific Research and Higher
Education (CICESE). Strains were cultured in potato dextrose agar (PDA) in Petri plates at
26 ◦C and stocks conserved at 4 ◦C.

To obtain fungal biomass in liquid cultures, the strains were cultivated in potato-
dextrose broth (PDB) and incubated at 26 ◦C under gentle agitation in an orbital shaker
(Orbit Environ Shaker) at 125 rpm for 7 days. To inoculate the liquid cultures, plugs from
fresh Petri plate cultures were placed in 500 mL flasks containing 300 mL of medium. After
incubation, biomass was collected and weighted.

2.2. Fungal Extracts

To obtain the intracellular components of fungal strains, the biomass of each fungus
was separated from the culture broth, washed with distilled water and triturated in an
agate mortar with deionized water in a ratio of 1:1 (g/mL) until obtaining a homogeneous
mixture [22]. Afterward, the resulting mixture was centrifuged at 10,000 rpm for 15 min,
the pellet was discarded, and the aqueous extract was filtered with a 0.22 μm nitrocellulose
membrane to eliminate any biomass residues.

2.3. Fungal Supernatants

To obtain the extracellular components of fungal strains, the biomass of each fungus
was washed with deionized water, weighed and placed in a flask with 100 mL of deionized
water. Cultures were maintained at 26 ◦C for 3 days in a shaker at 125 rpm. Afterward,
biomass was removed by filtration and the resulting supernatant was centrifuged and
subsequently filtered with a 0.22 μm nitrocellulose membrane.

2.4. Biosynthesis of Silver Nanoparticles (AgNPs)

The optimized protocol for the synthesis of AgNPs was carried out with the super-
natants and extracts of T. harzianum and G. sessile. Final conditions, according to the
results previously obtained (Supplementary Materials), were as follows: Supernatant
was obtained using 10 g of previously washed biomass that was incubated in 100 mL of
deionized water for 3 days. Fungal extracts were obtained using the protocol reported
by Quester et al. [22]. The formation of NPs was best achieved using a ratio of 1:3 v/v of
(extract or supernatant)/1 mM AgNO3 and incubation for 3 days at 60 ◦C.

2.5. UV-Vis Spectroscopy

Each synthesis was evaluated by UV-Vis spectroscopy at 300 to 700 nm after 24 h; at
this time the color of the reaction changed from clear to pale brown, which is characteristic
of the reaction kinetics in the synthesis of AgNPs. Curves of absorbance for the optimized
protocol are reported after 72 h of incubation; at this time, no further change in absorbance
was detected.
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2.6. Transmission Electron Microscopy

To determine the size and shape of synthesized nanoparticles, 5 μL of the samples were
placed on formvar/carbon-coated copper grids and allowed to dry. Samples were analyzed
under transmission electron microscopy (TEM) (Hitachi H7500, Hitachi Ltd. Tokyo, Japan)
at 100 kV. Samples from the optimized protocol were placed on Lacey carbon copper grids
and analyzed under high-resolution transmission electron microscopy (HRTEM) (JEM0-
2100 from JEOL, JEOL Ltd. Tokyo, Japan) at 200 kV to obtain the crystalline structure of
the particles.

2.7. Dynamic Light Scattering (DLS) Characterization

For optimized synthesis, the zeta potential and the hydrodynamic diameter of the syn-
thesized AgNPs were measured with a Zetasizer Nano ZS instrument (Malvern Panalytical
Inc., Westborough, MA, USA).

2.8. FTIR Analysis of Synthesized AgNPs

To determine the functional groups from the supernatants/extracts involved in the
reduction and stabilization of silver nanoparticles, the samples were placed on a glass
slide and allowed to dry at room conditions and finally the Fourier transform infrared
spectroscopy (FTIR) spectra were collected using a Bruker Tensor 27 FT-IR spectrometer
(SpectraLab Scientific Inc., Markham, ON, Canada) with resolution of 0.5 cm−1 in transmis-
sion mode. For each spectrum, an average of 5 scans was recorded over the 450–4000 cm−1

wavelength range.

2.9. Evaluation of Antibacterial Effect

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) was evaluated with AgNPs obtained with the optimized protocol. Amount of
silver was calculated for serial dilutions and approximate concentrations were used (0.31,
0.63, 1.2, 2.5, 5.1, 10.1, 20.2 and 40.4 μg/mL). The bacteria strains used in this study were
Staphylococcus aureus (ATCC 25923), Pseudomonas aeruginosa (ATCC 27853) and Escherichia
coli (ATCC 25922). To prepare the inoculum, fresh Petri plate cultures were used. Each
microorganism was suspended separately in sterile saline solution (0.9% NaCl) and ad-
justed by UV-Vis spectroscopy to an optical density (OD) corresponding to a 0.5 McFarland
standard (1.5 × 108 CFU / mL).

For the inhibition assays, the Mueller Hinton liquid culture medium was used. The
bacteria were cultured in 96-well plates at 37 ◦C for 24 h. To evaluate qualitatively and
quantitatively the degree of inhibition in bacterial growth, bacteria were exposed to serial
dilutions of the produced AgNPs according to concentrations mentioned above. In each
well, 50 μL of the culture medium of the corresponding strain was placed and 50 μL of the
corresponding AgNP dilution was added. Samples were incubated for 24 h, and then 2.5 μL
of the sample was taken from each culture and spread on Mueller Hinton agar medium
and incubated at 37 ◦C for 24 h. As negative controls, the supernatants and extracts of each
AgNP synthesis were used. These studies were performed in triplicate at different times for
each strain. For qualitative evaluation, changes in coloration and turbidity in the culture
media were taken into account, as well as the presence of colony growth when the cultures
were spread on agar plates.

2.9.1. Cell Viability Assay

Bacteria were seeded in a 96-well plate for 24 h at 37◦C in the presence of different silver
concentrations (0.31, 1.26, and 10 μg/mL) or with the supernatant from T. harzianum (TS) or
G. sessile (GS), in a final volume of 200 μL per well. After this, cells were washed thrice with
PBS 1x and then 10 μL of MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide, 0.5 μg/μL) was added to each well in 90 μL LB media and incubated in darkness
for 4 h at 37◦C. The reduction of MTT was used to assess cell viability, as reported by [23].
Briefly, the absorbance of the samples was read in an ELISA plate reader (Thermo Fisher
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Scientific, Waltham, MA, USA). The background absorbance of the cell viability test was
measured at 690 nm and subtracted from the absorbance values at 570 nm. A control
from cell viability was taken from cells cultivated in LB media without treatment, while
positive control was carried out by exposing the cells to Ciprofloxacin at a concentration
of 50 μg/mL. The absorbance of negative control cells was used to calculate cell viability
from the obtained data from three experiments.

2.9.2. Reactive Oxygen Species (ROS) Quantification by Fluorimetry

Cells were seeded in a 96-well plate at a concentration of 1 × 105 cells per well
and incubated for 24 h at 37 ◦C, with different silver concentrations (0.31, 1.26, and
10 μg/mL) and with the supernatant from T. harzianum (TS) or G. sessile (GS). After this,
cells were washed thrice with 200 μL of PBS 1× and incubated in darkness with DCFDA
(2′,7′-dichlorofluorescein diacetate, 45 μM) for 60 min at 37◦C. Then the fluorescence
was recorded with a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies
CA, USA) using a 485 nm excitation laser and 530 nm emission laser. Bacteria without
silver concentrations were used as a negative control, while cells incubated with 1mM of
H2O2 were considered positive for generating higher ROS levels. The results were plotted
by comparing the mean ± standard deviation fluorescence of three experiments with the
positive control of ROS generation (H2O2).

2.10. Biocompatibility Evaluation

To evaluate the biocompatibility of AgNPs obtained with optimized protocol, cell via-
bility tests were assessed in the cell lines from L929 fibroblasts and RAW 264.7 macrophages.
Cytotoxicity assays were performed using the standard MTT metabolic reduction method,
based on the reduction of MTT. The cell lines were obtained from ATCC and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum,
1% L-glutamine, 1% antibiotic/antifungal and 1.5 g of sodium bicarbonate. Cells grown in
DMEM medium without AgNPs were used as a positive control, and as negative viability
control, cells were incubated with 1% TritonX-100 in PBS to induce cell death (negative
viability control). For cytotoxicity assays, dilution series of biogenic AgNPs were carried
out, according to the results obtained in the bacterial inhibition assays. The cytotoxicity of
the precursors was also measured (AgNO3 and reducing agents). For the assays, 10,000 cells
were seeded per well in a 96-well plate and incubated for 24 h at 37 ◦C and at atmosphere
of 5% CO2. Subsequently, the different concentrations of AgNPs were added in a final
volume of 100 μL per well and incubated for 24 h at 37 ◦C and in an atmosphere of 5% CO2.
Afterward, the medium was removed and the cells were washed three times with 200 μL
of PBS. Thereafter, 10 μL of MTT (0.25 mg/mL) and 90 μL of DMEM medium were added;
the plates were incubated for 4 h at 37 ◦C and an atmosphere of 5% CO2. Finally, 100 μL
of isopropanol were added to dissolve the formazan, a product of MTT metabolism. The
absorbance of the culture plates was read at 570 and 690 nm. The resulting values were
taken as an indirect measure of cell viability, taking the value of absorbance of cells grown
in DMEM media as 100% of live cells. Three independent assays were conducted.

2.11. Statistical Analysis

Mean and standard deviation of nanoparticle size were calculated after measuring
1000 nanoparticles of each synthesis. Inhibition and biocompatibility experiments were
carried out in triplicate and were expressed as the mean and standard deviation.

3. Results

3.1. Optimized Synthesis of AgNPs Using Fungal Extract and Supernatant of T. harzianum and
G. sessile

Synthesis of AgNPs in all reactions was observed after 24 h of incubation; however,
it was after three days that no further change in the reaction was detected, i.e., no further
change in color or agglomeration was observed and the peaks of absorbance by UV-Vis
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analysis were similar (values were 438 and 442 nm for G. sessile and 453 and 460 nm
for T. harzianum, for AgNPs synthesized with the supernatant and extract, respectively).
In all cases, the reaction changed gradually from clear/pale yellow to dark brown, and
the characteristic curve of absorbance for AgNPs was obtained. Analysis by UV-Vis
spectroscopy indicated the SPR (surface plasmon resonance) absorption maximum in
the range of 400–500 nm (Figures 1–4). Analysis by TEM revealed polydispersed quasi-
spherical nanoparticles in all synthesis reactions (Figures 1–4). AgNPs obtained with the
supernatant of T. harzianum (AgNPs-TS) presented an average size of 9.6 ± 4.6 nm and
size range of 1 to 33 nm (Figure 1C), with a hydrodynamic diameter of 22 nm and a zeta
potential of –18.5 mV (Figure 1D). AgNPs obtained with the extract of T. harzianum (AgNPs-
TE) were slightly larger, presenting an average size of 19.1± 12.6 nm and a size range of 3 to
59 nm (Figure 2C) with a hydrodynamic diameter of 33 nm and a zeta potential of –11.8 mV
(Figure 2D). Average size for AgNPs obtained with the supernatant of G. sessile (AgNPs-GS)
was 5.4 ± 3.0 nm with size range of 1–50 nm (Figure 3C); with a hydrodynamic diameter
of 24 nm and zeta potential of –23.3 mV (Figure 3D). Nanoparticles synthesized using the
extract of G. sessile (AgNPs-GE) presented an average size of 8.9 ± 7.7 nm and size range
of 1–38 nm (Figure 4C), with a hydrodynamic diameter of 47 nm and a zeta potential of
–33.2 mV (Figure 4D). Characterization of AgNPs obtained with the optimized protocol,
using the supernatant and extract of both fungi is summarized in (Table 1).

 
Figure 1. Silver nanoparticles obtained with the optimized protocol using the supernatant of
T. harzianum (A) UV-Vis analysis of AgNPs-TS after 72 h of reaction, (B) TEM micrograph showing the
morphology of NPs, (C) size distribution histogram of AgNPs, (D) Zeta potential. Inset in (A) shows
the fungal supernatant and synthesized NPs. TS = Trichoderma supernatant.

After one year of synthesis, NPs synthesized using the optimized protocol were an-
alyzed by UV-Vis and TEM, and in none of the cases aggregates or precipitation of the
nanoparticles were observed. Furthermore, NPs were analyzed under high-resolution
transmission electron microscopy confirming quasi-spherical shape. In addition, the lattice
fringe spacing of AgNPs was measured confirming the planes (111) (Figure 5A,C). Ad-
ditionally, the corresponding diffraction patterns of pure Ag particles with a crystalline
structure were obtained (Figure 5B,D). HRTEM images (Figure 5E) and (Figure 5F) show the
lattice spacing was about 0.23 nm between the (111) planes, consistent with FCC structure
of Ag. Furthermore, the SAED patterns in Figure 5G,H indicated that the samples have
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a polycrystalline nature, with a d-spacing of 0.23 nm, which could be indexed as (111)
reflection corresponding to FCC silver structure.

 
Figure 2. Silver nanoparticles obtained with the optimized protocol using the extract of T. harzianum
(A) UV-Vis analysis of AgNPs-TE after 72 h of reaction, (B) TEM micrograph showing the morphology
of NPs, (C) size distribution histogram of AgNPs, (D) Zeta potential. Inset in (A) shows the fungal
extract and synthesized NPs. TE = Trichoderma extract.

 
Figure 3. Silver nanoparticles obtained with the optimized protocol using the supernatant of G. sessile.
(A) UV-Vis analysis of AgNPs-GS after 72 h of reaction, (B) TEM micrograph showing morphology
of NPs, (C) size distribution histogram of AgNPs, (D) Zeta potential. Inset in (A) shows the fungal
supernatant and synthesized NPs. GS = Ganoderma supernatant.
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Figure 4. Silver nanoparticles obtained with the optimized protocol using the extract of G. sessile.
(A) UV-Vis analysis of AgNPs-GE after 72 h of reaction, (B) TEM micrograph showing morphology
of NPs, (C) size distribution histogram of AgNPs, (D) Zeta potential. Inset in (A) shows the fungal
extract and synthesized NPs. GE = Ganoderma extract.

Table 1. Characterization of silver nanoparticles obtained with the optimized protocol, using a ratio
of 1:3 v/v of reduction agent/AgNO3 1mM and incubation time of three days at 60 ◦C.

Fungus
Reduction

Agent

UV-Vis
Peak
(nm)

Average Size
(nm)

Size Range
(nm)

Z Potential
(mV)

Hydrodynamic
Diameter

(nm)

Trichoderma
harzianum

Supernatant 450 9.6 1–33 −18.5 22

Extract 451 19.1 3–59 −11.8 33

Ganoderma
sessile

Supernatant 435 5.4 1–25 −23.3 24

Extract 437 8.9 1–38 −33.2 47

3.2. FTIR Analysis of Synthesized AgNPs

Fourier transform infrared spectroscopy (FTIR) was used to elucidate the possible
functional groups of the supernatants and extracts of T. harzianum and G. sessile that are
involved in the reduction and stabilization of AgNPs. Samples of the produced AgNPs
were analyzed with a FTIR spectrometer in the region of 4000–500 cm−1. The spectrum of
AgNPs using both the supernatant and extract of T. harzianum revealed a similar profile
(Figure 6A,B). The bands around 3257 and 3244 cm−1 correspond to the N–H stretching
vibrations, the bands at 2916 and 2914 cm−1 correspond to the C–H stretching vibrations.
The absorption peaks at 1618 and 1620 cm−1 show the C=C stretching and N-H bending;
the peaks at 1370 and 1386 cm−1 correspond to the –C–N stretching vibrations; and finally,
the peaks at 1037 and 1015 cm−1 correspond to the C–O bending and C-N stretching.
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Figure 5. High-resolution transmission electron microscopy of AgNPs synthesized using the su-
pernatant of T. harzianum (A) and G. sessile (C) with planes (111) and the corresponding diffraction
pattern (B,D) indicating the crystalline structure. HRTEM image (E) and SAED pattern (G) of the Ag
nanoparticles obtained with T. harzianum supernatant and HRTEM micrograph (F) and SAED pattern
(H) of Ag synthetized with G. sessile supernatant, respectively.

Figure 6. FTIR spectra of synthesized AgNPs. (A,B) AgNPs synthesized using the supernatant (TS)
and extract (TE) of T. harzianum, respectively, (C,D) AgNPs synthesized using the supernatant (GS)
and extract (GE) of G. sessile, respectively.

The spectra of AgNPs using the supernatant and extract of G. sessile were similar;
however, in AgNPs-GE the peaks at 1608 and 1348 cm−1 were hardly noticeable (Figure 6D).
The absorption peaks at 3324 and 3621 cm−1, correspond to the O–H stretching vibrations.
The absorption peaks at 2918 and 2913 cm−1 correspond to stretching vibrations of C–H
bonds. The absorption peaks at 2157 and 2158 cm−1 correspond to C=C conjugated and
C≡ stretch for alkynes. Bands at 2010 and 2023 cm−1 correspond to C≡C–H stretch,
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1608 cm−1 indicates the presence C=C stretching and N-H bending vibrations. The peak at
1348 cm−1 indicates the presence of –C–N stretching, the strong absorption peaks at 1037
and 1032 cm−1 correspond to the C–O bending and C–N stretching, and the absorption
peaks at 762 and 766 cm−1 correspond to the C–H (rocking) and N–H rocking vibrations.

The spectrum of the AgNPs synthesized with the extracts showed more intense peaks;
this could be due to the presence of a higher concentration of biomolecules. In general, FTIR
spectra of AgNPs synthesized using supernatant and extract of the same fungal species
were similar, while some band assignments were not detected in both species (Table 2).

Table 2. FTIR spectrum absorption bands and the corresponding functional groups involved in the
synthesis of AgNPs.

AgNPs-TS AgNPs-TE AgNPs-GS AgNPs-GE Band Assignment

3257 3244 3324 3621 N–H and O–H stretching

2916 2914 2918 2913 C–H stretching

- - 2157 2158 C=C conjugated and C≡ stretch

- - 2010 2023 C≡ C–H stretch

1618 1620 1608 - C=C stretching and
N–H bending

1370 1386 1348 - –C–N stretching
(Aromatic amines)

1037 1015 1037 1032 C–O bending and
C–N stretching

- - 762 766 C–H (rocking) and N–H rocking
TS = T. harzianum supernatant, TE = T. harzianum extract, GS = G. sessile supernatant, GE = G. sessile extract.

3.3. Evaluation of the Bactericidal Properties of AgNPs

All bacterial strains were inhibited at low silver concentrations using the obtained
AgNPs (Table 3). Inhibition of S. aureus was observed from concentrations of approximately
2.5 μg/mL with AgNPs-GS, the MBC was obtained at a concentration of 10.0 μg/mL
with AgNPs of both fungi. In the case of P. aeruginosa, inhibition was obtained with
AgNPs at concentrations from 1.26 μg/mL; the MBC was 2.5 μg/mL for all AgNPs. For
E. coli, inhibition was observed also from a concentration of 1.26 μg/mL and the MBC was
2.5–5.0 μg/mL depending on the type of particle. After 12 months of storage, inhibition of
all bacteria was observed using the disk diffusion method (Figure 7A), and the CMI was
determined with these NPs (Table 3). Fresh supernatants were used in the disk diffusion
method, but no evident inhibition was observed (Figure 7A). Inhibition with AgNPs-TS was
better against E. coli and P. aeruginosa, although inhibition by Ciprofloxacin was superior
to those of AgNPs, However for S. aureus better inhibition was obtained with AgNPs-GS,
even compared with Ciprofloxacin (Figure 8).

Table 3. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of AgNPs synthesized with the supernatants and extracts of T. harzianum and G. sessile.

MIC (μg/mL) MBC (μg/mL)

Bacterial
Strains

AgNPs-TS AgNPs-TE AgNPs-GS AgNPs-GE AgNPs-TS AgNPs-TE AgNPs-GS AgNPs-GE

E. coli 1.26 1.26 1.26 2.5 2.5 2.5 2.5 5.0
P. aeruginosa 1.26 1.26 1.26 1.26 2.5 2.5 2.5 2.5
S. aureus 5.0 5.0 2.5 5.0 10.0 10.0 10.0 10.0
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Figure 7. Representative images of bacterial inhibition strains with biosynthesized AgNPs (A) and
cell viability of bacteria (B) after exposed to AgNPs for 24 h. Results are expressed as the mean ± SD
(n = 3) ** p < 0.01; *** p < 0.001; **** p > 0.0001 using two-way ANOVA with a Dunnett’s multiple
comparisons tests.

Figure 8. Bar graph showing zone of inhibition produced by biosynthesized AgNPs using super-
natants of G. sessile (GS) and T. harzianum (TS) against E. coli, P. aeruginosa and S. aureus.

The MTT assay also corroborated the bactericidal properties of AgNPs (Figure 7B).
The growth of E. coli and P. aeruginosa was inhibited with all the silver concentrations used.
However, the inhibition of S. aureus was only decreased in the presence of 10.0 μg/mL of
silver from AgNPs obtained from the extract of T. harzianum. In addition, the supernatant
from T. harzianum (TS) significantly diminished the growth of the three bacteria. In contrast,
all the silver concentrations from AgNPs obtained by the extract from G. sessile exhibited
a more prominent toxic effect for E. coli and P. aeruginosa. Indeed, the growth of S. aureus
decreased after 1.26 μg/mL of silver. However, the supernatant from G. sessile (GS) induced
an apparent cytotoxic effect for P. aeruginosa rather than for E. coli and S. aureus.
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The ROS production was scored to investigate whether the bactericidal effect elicited
by AgNPs was due to oxidative stress. As observed in Figure 9, it is clear that overpro-
duction of ROS correlated with the bactericidal effect. In the case of AgNPs produced
with the extract from T. harzianum, all the concentrations of silver induced an abrupt
overproduction of ROS in both E. coli and P. aeruginosa. However, the fact that ROS
overproduction in S. aureus is less could be attributed to a growth inhibitory effect after
0.31 μg/mL of silver. In addition, the supernatant from T. harzianum (TS) did not induce
any overproduction of ROS. Interestingly, all the silver concentrations used herein, from the
AgNPs produced by the extract of G. sessile, also induced ROS overproduction in all the
tested bacteria, especially for S. aureus; the diminishment of growth was more significant
than for E. coli and P. aeruginosa. Worth mentioning is that the supernatant from G. sessile
(GS) also induced overproduction of ROS in all the tested bacteria.

Figure 9. ROS production by biosynthesized AgNPs using supernatants of T. harzianum (A) and
G. sessile (B) against E. coli, P. aeruginosa and S. aureus. TS = T. harzianum supernatant, GS = G. sessile
supernatant. Results are expressed as the mean ± SD (n = 3) * p < 0.05; ** p < 0.01; *** p < 0.001,
**** p < 0.0001 using two-way ANOVA with a Dunnett’s multiple comparisons tests.

3.4. Biocompatibility Evaluation of AgNPs in Mammalian Cell Lines

For biocompatibility analysis, cell lines were exposed to AgNPs obtained from the
optimized protocol using the extract and supernatant of both fungi. The concentration
range evaluated was determined according to the concentration at which bacteria were
inhibited, including a higher concentration of silver. Serial dilutions of AgNPs were used
in all cases at the following approximate concentrations of silver: 0.0, 0.63, 1.26, 2.53, 5.06,
10.11 and 20.23 μg/mL.

In the cytotoxicity assays on fibroblasts, it was observed that cell viability was higher
at the lowest concentration (0.63 μg/mL) of silver in cells exposed to AgNPs synthetized
using both fungi. Results obtained at all other concentrations and types of NPs showed a
degree of cytotoxic effect; however, cell viability was greater than 55% (Figure 10A).

In the biocompatibility tests carried out on macrophages, it was observed that in gen-
eral, cell viability decreased in a dependent manner with the increase in the concentration
of silver. Although macrophages were more sensitive at higher concentrations of silver,
cell viability was greater than 80% in concentrations of up to 20.23 μg/mL with AgNPs
synthesized with the supernatant of T. harzianum. Good viability also was observed at
concentrations up to 5.06 μg/mL for AgNPs-TS and AgNPs-TE. However, with AgNPs-GS
and AgNPs-GE cell viability decreased drastically at concentrations of 5 μg/mL and higher
(Figure 10B).
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Figure 10. Cell viability assay in fibroblasts (A) and macrophages (B) exposed to AgNPs synthesized
using the supernatant and extract of T. harzianum and G. sessile. The bars represent the mean and
standard deviations of experiments performed in triplicate. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

4. Discussion

It is well-documented that silver nanoparticles (AgNPs) can be produced using extracts
of numerous biological materials, searching for eco-friendly protocols. Furthermore, by
using extracts of biological material to synthesize AgNPs, the potential use in medical
treatments is increased since the risk of adverse reactions to harmful chemicals is avoided.
Silver nanoparticles possess excellent antimicrobial properties; hence, their use in difficult-
to-treat cutaneous infections could be a feasible option if the reducing agent used for the
synthesis does not provoke unfavorable effects. Among the biological materials used to
synthesize nanoparticles, fungi are reported as excellent reducing agents for the production
of metallic nanoparticles [8]. However, few studies have reported the stability of the
produced nanoparticles and the biocompatibility with animal cells. Therefore, in this work
we report an optimized and highly reproducible protocol for the production of small stable
AgNPs using Trichoderma harzianum and Ganoderma sessile.

The use of T. harzianum for the synthesis of AgNPs has been reported previously [24–31];
however, in all cases, only the extracellular supernatant has been used as a reducing
agent. Using extracellular supernatants of fungi is widely applied in the synthesis of
metallic nanoparticles due to the straightforward protocol; thus, it is the most common
fungal reducing agent [8]. To our best knowledge, there are only two reports using the
extracellular and intracellular fractions for the synthesis of metallic NPs. For instance,
Molnár et al. [17] used the extracellular and intracellular components and the autolyzates
of thermophilic filamentous fungi to synthesize gold nanoparticles. Although the protocols
used by [17] have significant differences compared with the ones used in this work and
the synthesized NPs were gold, not silver, in general terms the results are comparable;
they found smaller, less polydispersed NPs using the supernatants, compared with the
intracellular fractions. In this work, AgNPs synthesized using the intracellular extracts of
T. harzianum were bigger than those obtained with the supernatants (average size of 19 and
9 nm, respectively). In addition, in most reports the supernatants used for the synthesis
of nanoparticles contain traces of the culture media [17]. They demonstrated that those
remnants contribute to the formation of NPs. In this work, the biomass was thoroughly
washed before incubation in deionized water to obtain the supernatant, and the same was
done before obtaining the extracts; therefore, only fungal compounds were responsible
for the formation and stabilization of NPs. In the study of [18], the use of intracellular
and extracellular components of Lentinus edodes, Ganoderma lucidum, Pleurotus ostreatus and
Grifola frondosa was reported for the synthesis of silver and gold NPs. They found large
and aggregated AgNPs using the extracellular fraction of all basidiomycetes; however, the
culture conditions and synthesis protocol differ largely from the one used in this work.
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Synthesis of metallic NPs using G. sessile has not been previously reported; therefore,
the optimized protocol used for T. harzianum was applied. A similar protocol was used
to synthesize NPs using G. lucidum by [32], who reported AgNPs of 10.72 nm using the
supernatant of fruiting bodies. The authors described as optimum conditions the use
of 1 mM AgNO3 and a reaction temperature of 85 ◦C. However, in the case of G. sessile
AgNPs were approximately 50% smaller, compared to those obtained with T. harzianum.
Differences in size can be due to the nature and/or number of excreted metabolites. In fact,
differences in the production of AgNPs were detected even when using fungi of the same
genera, as reported by Devi et al. [33], who explored the synthesis of AgNPs using the same
protocol for different species of Trichoderma. Although the size range for each species was
not reported, they found differences in the synthesis reaction; the highest UV-Vis absorption
band was found for T. virens followed by T. longibranchiatum, T. asperellum, T. pseudokoningii
and T. harzianum. The authors explored the role of reductases in the biosynthesis of AgNPs
by the nitrate reductase assay. However, they did not find a direct relationship with the
nitrate reductase activity and the production of AgNPs between species.

The analysis by DLS revealed a bigger size of nanoparticles in all cases, compared
with the size obtained by TEM. This was expected since DLS measures the hydrodynamic
diameter, which includes the diameter of the nanoparticle plus the layer of molecule(s)
attached or absorbed on their surface, whereas the analysis by TEM provides the projected
surface area of dry particles [34]. Thus, the size of particles obtained by DLS is substantially
increased by the capping agents, which are bound to biological synthesized NPs [30,35].
Zeta potential (ZP) measurements were negative for all obtained AgNPs; values were
similar to previously reported [30,36,37]. Considering the commonly used guidelines [34],
NPs are relatively stable and moderately stable for T. harzianum and G. sessile, respectively.
Values of ±30 mV are considered as highly stable; however, there are stable colloids with
low ZP and vice versa, since stability depends not only on electrostatic repulsive forces
but also on the van der Waals attractive forces [34]. ZP values for G. sessile were higher
compared with those of T. harzianum; this could be due to the nature of the reducing agent,
since ZP is influenced by several parameters such as pH, ionic strength and concentra-
tion [34]. Nevertheless, NPs did not display agglomeration even after one year of storage
at room temperature.

FTIR spectroscopy provides information about the organic functional groups attached
to AgNPs, which can be responsible for their synthesis and/or stabilization. The band
assignments of the functional groups involved in AgNPs synthesis were resolved according
to [38,39]. The spectrum of AgNPs-TS (Figure 6A) was found to be comparable to the
spectrum reported for T. Harzianum [25,30]. The presence of alcohol, phenols, carbonyl,
amines (both aromatic and aliphatic) and amide functional groups is observed in both
spectra AgNPs-TS (Figure 6A,B) and the report of Ahluwalia et al. [30].

In the case of FTIR analysis for AgNPs synthesized using G. sessile, no previous studies
report the production of metallic NPs or the analysis of the metabolites produced by this
fungus. Recently, G. sessile was reported as a fast polysaccharide producer, achieving the
highest biomass and polysaccharide yields, both in liquid culture and solid-state fermenta-
tion, compared with Ganoderma lingzhi and Ganoderma oregonense [40]. Thus, this fungus
has high potential for the manufacture of dietary supplements [40] and for its use in the
production of metallic NPs. Previous FTIR analyses on metallic NPs synthesized with
other Ganoderma spp. confirm the presence of capping biomolecules that stabilize and
affect the morphology of the nanostructures [36,37,40–47]. Strong bands in the region of
3650–1000 cm−1 were reported for AgNPs synthesized using G. lucidum [45], with the –OH
and C–OH stretching vibrations of polysaccharides represented by the appearance of a
strong absorption band at 1043 cm−1. The metabolites responsible for the reduction of
silver ions were polyphenols, polysaccharides, triterpenoids and sterols [45]. For AgNPs
synthesized with G. sessile, the functional groups detected could be associated with pro-
teins, aromatic amines and polysaccharides, which could be acting as reducing or/and
capping agents.
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As mentioned earlier, silver nanoparticles possess antimicrobial activity, and those
synthesized using supernatants of Trichoderma spp. have been reported as possessing excel-
lent antibacterial properties [26,30,48]. In this work, AgNPs synthesized using intracellular
and extracellular components had similar antibacterial properties; in general, bacterial
growth was significantly reduced in a dose-dependent manner. Usually, very low con-
centrations were necessary for bacterial inhibition; depending on the bacterial strain and
the type of AgNPs, the necessary concentration for inhibition (MIC) was 1.26–5.0 μg/mL.
Similarly, it was reported that AgNPs synthesized with the supernatant of T. harzianum
were effective against Staphylococcus aureus and Klebsiella aeruginosa. In addition, it was
found that bacterial growth was reduced in a dose-dependent manner using concentrations
of 3–15 μg/mL [30]. AgNPs synthesized with intracellular components of T. harzianum
have not been evaluated against human pathogens; however, they were evaluated against
Clavibacter michiganensis subsp. michiganensis, which is the causative pathogen of tomato
canker disease. The synthesized AgNPs were used for antimicrobial assays using the
disk diffusion method, and the inhibitory effect improved with increased concentration of
silver [26].

Studies reporting AgNPs synthesized using Ganoderma spp. have documented in-
hibitory properties against pathogenic bacteria. However, most studies for the synthesis of
AgNPs using Ganoderma spp. have been carried out with G. lucidum [32,42,43,45–47]. Strong
bactericidal activity against S. aureus, E. coli, Staphylococcus mutants, Klebsilla pneumoniae
and P. aeruginosa was reported using AgNPs (5–30 nm) synthesized with the supernatant of
G. lucidum [42]. Recently, other Ganoderma spp. have started to be investigated for their use
in AgNPs synthesis and their potential applications as antimicrobial agents. For instance,
AgNPs synthesized using G. applanatum (20–25 nm) exhibited high antioxidant capacity
and in vitro antibacterial activity against S. aureus and E. coli [41]. AgNPs obtained using
G. sessiliforme extract were effective against common food-borne bacteria, such as E. coli,
Bacillus subtilis, Streptococcus faecalis, Listeria innocua and Micrococcus luteus, and it was
concluded that the synthesized AgNPs could be used to control the growth of food-borne
pathogens and thus have potential application in the food packaging industry [44]. Most
studies with AgNPs synthesized using Ganoderma spp. have been carried out using the
pulverized fruiting bodies to obtain the extract; however, G. lucidum mycelia has also been
used for the synthesis of AgNPs, and strong bactericidal activity against S. aureus and E. coli
was reported for AgNPs in the range of 10–70 nm [43]. Furthermore, the best inhibition of
E. coli, S. aureus and P. aeruginosa was found with AgNPs (11.38 ± 5.51 nm) biosynthesized
from G. lucidum extracts, compared with AgNPs synthesized by chemical methods [45].
In this work, AgNPs synthesized using G. sessile displayed strong bacterial inhibition at
very low silver concentrations, and inhibition increased with NPs synthesized with the
supernatant fraction. Furthermore, inhibition of S. aureus was higher with G. sessile AgNPs,
and therefore we can assume that AgNPs are more effective to kill Gram-positive bacteria.

Although the exact mechanism of action of AgNPs on bacteria is not completely de-
scribed, there is significant information on the interaction of AgNPs with bacteria and their
effects. In general, the antibacterial activity of AgNPs apparently is closely related with
the continuous release of Ag+; small AgNPs attach to the bacterial cell surface and release
high concentrations of Ag+, causing physical modifications in the membrane [48]. AgNPs
together with the continuous release of Ag+ inactivate several cell functions, causing:
(a) Disruption of the cell wall and membrane, (b) Denaturation of ribosomes, inhibiting
protein synthesis, (c) Interruption of ATP production, (d) Membrane disruption by ROS,
(e) DNA damage, (f) Denaturation of membrane, and (g) Perforation of membrane [49]. In
fact, disruption of the cell membrane, resulting in big gaps or holes in the cell surface and
the consequent leakage of cellular materials, has been demonstrated [50,51]. ROS produc-
tion by metallic NPs correlates with particle size, shape, surface area and chemistry [52].
High concentrations of ROS (including superoxide anion radicals, hydroxyl radicals and
hydrogen peroxide) in bacterial cells can result in oxidative stress. It is reported that bac-
terial cells exposed to AgNPs causes overproduction of ROS attacking membrane lipids,
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leading to a breakdown of the membrane function [52]. ROS formation has been previously
documented in bacteria when exposed to fungal synthesized AgNPs [53–55]. ROS pro-
duction completely inhibited bacterial growth provoking membrane disruption, causing
leakage of cell components and finally cell death [54,55]. In this work we also detected
overproduction of ROS correlated with the bactericidal effect in bacteria exposed to dif-
ferent AgNPs concentrations, corroborating previous reports [53–55]. Cell viability assays
also corroborated that very low concentrations of the biosynthesized AgNPs are necessary
to inhibit bacteria and that AgNPs-GS have great potential for killing both, Gram-negative
and Gram-positive bacteria.

Regarding human cell viability, we found that the pure extracts and supernatants
of T. harzianum and G. sessile did not affect the viability of fibroblasts or macrophages
(Figure 10). Therefore, cytotoxic effects on cell lines were due only to AgNPs, which were
found to be dose-dependent. In the case of AgNPs obtained from the extract of T. harzianum,
fibroblasts were more sensitive, presenting 80% of viability at a concentration of 2.53 μg/mL,
and at higher concentrations, cell viability was up to 70 % (Figure 10A). AgNPs obtained
from T. harzianum supernatant induced good cell viability at the higher concentrations tested
(Figure 10B). Similarly, it was reported that AgNPs using the supernatant of T. harzianum
presented cytotoxic and genotoxic effects depending on the cell line used and the exposure
concentration [56]. In addition, cell lines respond differently when exposed to silver
nanoparticles, some being more sensitive than others [57].

AgNPs synthesized using G. sessile had more cytotoxic effects in both cell lines than
those synthesized using T. harzianum. In this case, macrophages were more susceptible
than fibroblasts at the higher concentrations assayed (Figure 10B). The results obtained
could be due to the smaller sizes obtained with the extracts and supernatants of G. sessile.
In general, smaller AgNPs have been reported with more cytotoxic effects, as documented
by Yen et al. [58], who reported that AgNPs of 3 nm showed more significant cytotoxicity
compared to those of 25 nm at a concentration of 10.0 μg/mL in macrophage cell lines
(J774 A1). AgNPs synthesized with the supernatant of G. sessiliforme were evaluated in
fibroblast cells (L-929), and 80% of cell viability was found at high concentrations of silver
(100 μg/mL); however, AgNPs had an average size of 45 nm [44].

An important characteristic of the obtained AgNPs is their stability; however, few
studies document this parameter. In the case of T. harzianum, AgNPs were reported to be
stable for 3 months [30]. In this study, all synthesized AgNPs were stable for more than
1 year, which is advantageous for increasing their shelf life.

5. Conclusions

A high reproducible and optimized protocol for the synthesis of small AgNPs using
extracellular (supernatants) and intracellular (extracts) fungal components is reported.
The results presented here suggest a harmless use of the extracts and supernatants of
T. harzianum and G. sessile to synthesize nanoparticles, since no cytotoxic effects were
detected in fibroblasts and macrophages. The resulting AgNPs were smaller using the
supernatants of both fungi, and in general, NPs synthesized with G. sessile were smaller
than those synthesized with T. harzianum (sizes were 9.6 and 19.1 nm for T. harzianum and
5.4 and 8.9 nm for G. sessile using the supernatant and extract, respectively). An important
result is the low concentration of silver that was necessary for bacterial inhibition, with
an MIC varying from 1.26–5.0 μg/mL and MBC from 2.5–10.0 μg/mL. Results indicate
that AgNPs synthesized with G. sessile supernatant (AgNPs-GS) are effective against Gram-
positive bacteria, killing S. aureus at a concentration of 10.0 μg/mL. In addition, the obtained
AgNPs were stable for more than 1 year at ambient temperature, increasing their shelf
life. Therefore, the potential application of AgNPs as topical antimicrobials can be further
evaluated since the synthesized AgNPs preserve their antibacterial activity after a long
time of storage.
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Abstract: Caries lesions during cement repairs are a severe issue, and developing a unique antimicro-
bial restorative biomaterial can help to reduce necrotic lesion recurrence. As a result, Thymus vulgaris
extract was used to biosynthesize copper nanoparticles (TVE-CuNPs) exhibiting different characteris-
tics (TVE). Along with TVE-CuNPs, commercial silver nanoparticles (AgNPs) and metronidazole
were combined with glass ionomer cement (GIC) to test its antibacterial efficacy and compressive
strength. FTIR, XRD, UV-Vis spectrophotometry, and TEM were applied to characterize the TVE-
CuNPs. Additionally, AgNPs and TVE-CuNPs were also combined with metronidazole and GIC. The
modified GIC samples were divided into six groups, where groups 1 and 2 included conventional
GIC and GIC with 1.5% metromidazole, respectively; group 3 had GIC with 0.5% TVE-CuNPs, while
group 4 had 0.5% TVE-CuNPs with metronidazole in 1.5%; group 5 had GIC with 0.5% AgNPs, and
group 6 had 0.5% AgNPs with metronidazole at 1.5%. An antimicrobial test was performed against
Staphylococcus aureus (S. aureus) and Streptococcus mutans (S. mutans) by the disc diffusion method and
the modified direct contact test (MDCT). GIC groups 4 and 6 demonstrated a greater antimicrobial
efficiency against the two tested strains than the other groups. In GIC groups 4 and 6, the combination
of GIC with two antimicrobial agents, 1.5% metronidazole and 0.5% TVE-CuNPs or AgNPs, enhanced
the antimicrobial efficiency when compared to that of the other groups with or without a single agent.
GIC group specimens combined with nanosilver and nanocopper had similar mean compressive
strengths when compared to the other GIC groups. Finally, the better antimicrobial efficacy of GIC
boosted by metronidazole and the tested nanoparticles against the tested strains may be relevant for
the future creation of more efficient and modified restorations to reduce dental caries lesions.

Keywords: antimicrobial efficiency; AgNPs; caries lesions; GIC; metronidazole; TVE-CuNPs

1. Introduction

Dental caries, one of the famous common chronic oral diseases in humans world-
wide [1,2], is related to a wide range of Gram-positive and Gram-negative microorganisms.
According to the contemporary caries etiology hypothesis, an imbalance of oral flora can

Antibiotics 2022, 11, 756. https://doi.org/10.3390/antibiotics11060756 https://www.mdpi.com/journal/antibiotics168



Antibiotics 2022, 11, 756

cause acid accumulation and tooth demineralization, resulting in caries formation. Accord-
ing to the World Health Organization, dental caries affects roughly three-quarters of the
world’s population [3]. Caries treatment is still dependent on filling repair at the moment.
Therefore, a hotspot in the field of caries suppression and treatment is the evolution of
novel anti-caries materials. Metals such as silver, gold, copper, zinc, titanium, and others
have been used as antimicrobial agents for centuries to solve this problem [4]. Each metal
has unique properties and activity spectra. Because of their delivery capabilities, biocidal,
and anti-adhesive properties, silver and copper nanoparticles have received the most atten-
tion in recent years [5]. In comparison to silver nanoparticles, few studies have reported
copper’s antimicrobial properties against oral microbes, and copper nanoparticles bind
to SH groups and disrupt bacterial nucleic acids and key enzymes. The copper nanopar-
ticles have a high thermal and electrical conductivity and are less expensive than silver
nanoparticles [6]. The metal nanoparticles can be synthesized by biological methods using
plants. Typically, Thymus vulgaris leaf oil or extract is used to treat sore throats, tonsillitis,
gum disease, rheumatism, and arthritis [7–9] and can also be used in the biosynthesis of
nanoparticles. AgNPs kill bacteria by a variety of mechanisms, including the rupture of
the bacterial cell membrane via AgNP adherence and the penetration of AgNPs into the
cell and nucleus, resulting in binding interactions with proteins and DNA and, ultimately,
cell death [10]. Combinations of AgNPs with antibiotics have been reported to have syner-
gistic antibacterial effects toward both nonresistant and resistant strains [11]. According
to Xu et al. [12], nanoparticles such as those of silver or copper have good mechanical
properties, allowing them to be used in dental restorative cements. Glass ionic cement
(GIC) is a popular restorative material in dentistry due to its biocompatibility, antimicrobial
action, adhesion to dental structures, and fluoride release [13]. The GIC surface erodes
because of biofilm formation [14]. To solve this problem, restorative materials have been
mixed with antibiotics in previous studies because they have antimicrobial properties [15].
Nonetheless, due to the emergence of multidrug resistant pathogens, traditional antimi-
crobials are becoming ineffective in treating oral infections. Metronidazole is one of these
antibiotics that has antimicrobial activity and inhibits DNA synthesis in anaerobic mi-
crobes [16]. Metronidazole resistance has been described in dental abscesses and anaerobic
streptococcus illness [17].

To the best of the authors’ knowledge, the effect of antibiotic (metronidazole), AgNPs,
and biosynthesized CuNPs in novel GIC biomaterial formulations against oral microbes has
never been studied. This study uses Thymus vulgaris, which is used in dental applications,
to produce TVE-CuNPs. The principal aim of this research is to investigate the antimicrobial
efficacy of GIC after being treated with metronidatole, commercial AgNPs, and TVE-CuNPs
to bio-fabricate a novel anti-microbial dental biomaterial. The researchers tested modified
GIC as a novel anti-microbial dental filling biomaterial against caries-causing oral microbes.
This research is significant because improving the antibacterial efficiency and compressive
strength of GIC dental cements will result in modified GIC cements with superior properties
that can increase the longevity of the restorations and reduce recurrent caries.

2. Materials and Methods

2.1. Experimental Design

This study used GIC. GIC was mixed with three antimicrobial agents: metronidazole,
AgNPs, and TVE-CuNPs. Commercially available AgNPs powder of size 20 to 50 nm
(Alibaba Company, Shanghai Xinglu Chemical Technology Co., LTD, Shanghai, China) was
purchased. The antimicrobial efficiency of the modified dental cement on two common
microbial strains, S. mutans and S. aureus, was determined using Kirby–Bauer agar diffusion
and modified direct contact tests (Scheme 1).
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Scheme 1. Outline of the study design of conventional GIC and modified GIC against S. mutans and
S. aureus. MET = Metronidazole.

2.2. Materials and Equipment

The GIC (GC Fuji IX, Tokyo, Japan) was used in this study, as well as three antimicro-
bial agents: commercial AgNPs (Sigma-Aldrich, Saint Louis, MO, USA), TVE-CuNPs, and
metronidazole (VETRANAL®, analytical standard, Sigma-Aldrich, Saint Louis, MO, USA).
Thymus vulgaris L extract was used to biosynthesize TVE-CuNPs. Before manipulation,
the AgNPs, TVE-CuNPs, and metronidazole were weighed and mixed with GIC powder.

2.3. Biosynthesis of Copper Nanoparticles

Thymus vulgaris (25 g) was added to 100 mL of distilled water. The solution was
heated at 80 ◦C for one hour to prepare an aqueous extract, as shown in our previous
study by Gad El-Rab et al. [18]. In brief, 40 mL of copper chloride (2 mM) was mixed with
10 mL of Thymus vulgaris extract (TVE) and stirred for more than 2 h at room temperature
with constant magnetic stirring (200 rpm). The solution mixture’s color changed from
deep brown to yellowish brown during the reaction. It is suggested that TVE-CuNPs
were formed.

2.3.1. TVE-CuNP Characterization

The characterization of TVE-CuNPs was performed using the following methods.

UV-Visible Spectrum

This analysis was conducted using a UV–Vis spectrometer (Shimadzu UV-1650, Tokyo,
Japan) in the range of 300–800 nm to confirm the manufacture of TVE-CuNPs [15]. After
that, the final mixture was centrifuged at 10,000× g to separate the TVE-CuNPs. Finally,
brown-black TVE-CuNPs were recovered.

Transmission Electron Microscopy (TEM)

TEM analysis was carried out on TEM JEOL at 100 kV, Tokyo, Japan (Assiut Electron
Microscope Unit). Each sample for TEM analysis was prepared by placing a drop of the
suspension on carbon-coated copper grids and allowing it to dry on the grid for 4 min. The
shape and size of TVE-CuNPs were determined by a TEM micrograph [16].

X-ray Diffraction

A thin layer of well-grinded dry TVE-CuNPs was distributed on the glass slide that
was introduced into the XRD chamber to study the XRD pattern. The phase of TVE-CuNPs
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was characterized using Shimadzu XRD (3A, Tokyo, Japan), and the spectra were recorded
by CuKα radiation with a wavelength of 1.5406 Å in the 2θ (from the range of 20–80◦) [15].

Fourier Transform Infrared Analysis (FT-IR)

To determine the functional groups that are responsible for TVE-CuNP formation and
stabilization [19], as KBr pellets, the FTIR spectra of TVE and TVE-CuNPs were recorded
on a Shimadzu IR-470 Spectrometer, Tokyo, Japan, in the range of 4000–500 cm−1.

2.4. Preparation and Characterization of AgNPs

The AgNPs with diameters of 20–50 nm were obtained from Alibaba Company,
Shanghai Xinglu Chemical Technology Co., LTD, Shanghai, China. The samples were
re-suspended in deionized water at the concentration of 1 mg/mL. The UV–Vis spectra of
the AgNPs were recorded using a UV–Vis spectrometer (Shimadzu UV-1650, Tokyo, Japan).
The dimensions and sizes of the AgNPs were confirmed using a transmission electron
microscope TEM JEOL at 100 kV (Assiut Electron Microscope Unit).

2.5. Preparation of Specimens

A split Teflon mold (3 mm in height and 6 mm in diameter) was used to create disc-
shaped specimens of GIC cement (180 disc) [18]. All GIC specimens were prepared at
room temperature. The GIC powder and liquid were apportioned and combined using a
plastic spatula for 30 s to avoid dehydration of the GICs, as indicated by the manufacturer,
before being inserted into the molds. The molds were covered on both sides with polyester
strips and thick glass plates and let to set for 20 min before being taken from the mold and
sanitized for 30 min with UV light. The modified GIC samples (n = 180) were divided into
six groups of 30 specimens each, as follows:

1. (Group 1) GIC.
2. (Group 2) GIC and 1.5% metronidazole.
3. (Group 3) 99.5% GIC with 0.5% TVE-CuNPs.
4. (Group 4) 98% GIC with 0.5% TVE-CuNPs and 1.5% metronidazole.
5. (Group 5) 99.5% GIC with 0.5% AgNPs.
6. (Group 6) 98% GIC with 0.5% AgNPs and 1.5% metronidazole.

All groups were tested for antibacterial efficacy against S. aureus and S. mutans (at
1 day, 1 week, and 1 month).

2.6. Drug Release Determination

To determine metronidazole release from modified GIC, the samples were submerged
in 5 mL of phosphate-buffered saline (PBS) at pH 7.4 and incubated at 37 ◦C for up to
30 days. A UV-Vis spectrophotometer (Shimadzu UV-1650 pc spectrophotometer, Tokyo,
Japan) was used to quantify the concentration of metronidazole in the release medium
at 340 nm using a calibration curve. The metronidazole release (%) was calculated using
the equation: C (%) = B/A × 100, where C is the metronidazole release (%), B is the
total quantity of metronidazole released in the solution, and A is the amount of loaded
metronidazole in modified GIC samples.

2.7. Bacteria and Growth Conditions

Strains of S. aureus and S. mutans were obtained from our previous study by Enan et al. [18].
Before performing the antimicrobial test, fresh inoculums of S. aureus and S. mutans were
inoculated in Mannitol Salt Agar medium and Brain Heart Infusion (BHI) medium (Oxoid
Ltd., London, UK), respectively, and adjusted to the famous standard (i.e., 1.5 × 108 CFU/mL)
with the help of BHI and Mannitol Salt medium, respectively, and the culture was incubated
in growing conditions (18 h at 37 ± 2 ◦C).
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2.7.1. Amicrobial Efficacy Using Agar Disc Diffusion Assay

The disc diffusion assay was followed to determine the inhibition zones of the test
modified GIC [19]. Mueller–Hinton agar was prepared and added to the Petri plates upon
autoclaving and kept for setting or solidifying for 10–15 min. The targeted test for S. aureus
and S. mutans of 0.1 mL was added to media plates and spread with sterile cotton swabs
evenly throughout the plates. The test modified GIC discs were placed on the plates, which
were kept in an incubator at 37 ◦C for growth. The inhibition zones were recorded with the
zone interpretation scale. All experiments were run in triplets. The antibacterial efficiency
of modified GIC discs was evaluated at three time intervals: 24 h, 1 week, and 1 month.

2.7.2. Modified Direct Contact Test

The modified direct contact test (MDCT) [20] is based on determining the colony-
forming unit (CFU) of bacterial growth in 96-well microtiter plates. A microtiter plate was
held horizontally, and the floor of the wells was evenly coated with a thin layer of GIC. The
side walls of 96-well microtiter plates were coated with a thin layer of GIC. In accordance
with the manufacturer’s recommendation, the modified luting cement was allowed to set.
A total of 50 μL of S. aureus or S. mutans (approximately 106) were placed on the GIC with
100 μL of Mueller–Hinton broth or brain–heart infusion broth, respectively, for S. aureus
or S. mutans. A positive control, as prepared by placing 50 μL of bacterial suspension
along with 100 μL of Mueller–Hinton broth or brain–heart infusion broth in a separate well
without the GIC cement, was considered. After 24 h, the S. aureus or S. mutans suspension
was introduced in Mueller–Hinton agar or brain–heart infusion agar plates for S. aureus
or S. mutans, respectively, and the CFUs of the suspension were compared. The data were
recorded approximately 24 h after incubation. Additional tests were performed on a set of
modified GIC that had been aged for one month.

2.8. Compressive Strength Measurement

GIC samples (4 mm in diameter and 6 mm in height) were produced for the com-
pressive strength test (CS) using a Teflon mold. For 20 min, the GIC samples were left
at room temperature. After 24 h of mixing, the CS of GIC cement was measured using
a Material Test System (810 MTS Co., Minneapolis, MN, USA) at a crosshead speed of
0.5 mm/min−1. Six samples were tested for each GIC sample group. The highest recorded
force was measured at the fracture, and CS (N/mm2) was calculated using the equation
shown below [18].

CS = 4P/πd2 (1)

where P denotes the failure load and d denotes the sample’s diameter.

2.9. Statistical Analysis

The mean difference was calculated using One-way Statistical Analysis of Variance
(ANOVA) and Tukey’s Post Hoc test in the Statistical Package for Social Sciences version
17 software (SPSS Inc., Chicago, IL, USA). All statistical tests were two-sided, with a
significance level of p < 0.05.

3. Results

3.1. Biosynthesis of TVE-CuNPs

TVE-CuNPs were biosynthesized in the current study by reducing copper chloride
to TVE-CuNPs using TVE. A change in color from blue to brown indicates the green-
mediated synthesis of TVE-CuNPs in the reaction mixture. The formation of brown color
in an aqueous solution of TVE-CuNPs was caused by the excitation of surface plasmon
resonance (SPR) [21].
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3.2. Characterization of TVE-CuNPs
3.2.1. UV-Vis Spectroscopy of TVE-CuNPs

After the formation of TVE-CuNPs, UV–Vis absorption was measured using a UV–
visible spectrophotometer between 485 and 800 nm. Peaks at 573 nm were observed for
pure TVE-CuNPs (Figure 1). Cu-NPs, in particular, generated noticeable absorption in the
visible area in the range of 573–600 nm as a result of SPR.

Figure 1. Biosynthesis of TVE-CuNPs using Thymus vulgaris extract.

3.2.2. Size and Shape of TVE-CuNPs

TEM was used to investigate the TVE-CuNPs (Figure 2). TEM analysis determined
the size of the synthesized TVE-CuNPs to be 10–25 nm. The particle size distribution of the
TVE-CuNP picture further revealed that the TVE-AgNP size distribution ranged from 10 to
25 nm. TVE-CuNPs were spherical and monodispersed (Figure 2).

Figure 2. TEM images of the synthesized TVE-CuNPs (A) and percentage of the particle size
distribution of TVE-CuNP (B).

3.2.3. X-ray Diffraction (XRD)

The XRD pattern explained the sharp and distinct peaks of (2θ) 46.3◦, 53.5◦, and 72.3◦
that correspond to the planes (111), (200), and (220) of the pure copper’s face-centered cubic
crystalline (FCC) structure (Figure 3). The purity of the TVE-CuNPs was reflected in the
XRD results of this study.
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Figure 3. XRD patterns of the synthesized TVE-CuNPs.

3.2.4. Comparison of FTIR Spectra of Thymus vulgaris Extract and TVE-CuNPs

FTIR analysis was used to characterize the TVE and TVE-CuNPs. As shown in Figure 4
and Table 1, the broad band at 3402 cm−1 is assigned to the O-H stretch of the polyphenol
groups of Thymus vulgaris L extract. The peaks that appeared at 2934 cm−1 can be assigned
to C–H in methyl and alkanes. The fewer absorption peaks are observed at regions of 1630
and 1421 cm−1, which belong to the C=O stretching of amide in the carbonyl stretch in
proteins and enzymes. These proteins can be combined with metal nanoparticles via the
carboxylate of amino acid remnants or free amine groups.

Figure 4. FTIR spectra of Thymus vulgaris extract (A) and the synthesized TVE-CuNPs (B).

3.3. Characterization of AgNPs

The AgNPs (1 mg/mL) utilized in this investigation were obtained commercially.
In deionized water, the solution was diluted to 100 μg/mL (Figure 5A). TEM and UV–
Vis spectroscopy were used to examine the size, shape, and homogeneity of the AgNPs.
The absorbance spectra revealed a single high peak at 405 nm (Figure 5B), indicating
the existence of spherical AgNPs. TEM verified that the particles were spherical in form
(Figure 5C). The AgNPs had an average diameter of 20–50 nm (Figure 5D).
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Table 1. Peaks were obtained by FTIR analysis and corresponding functional groups in Thymus
vulgaris extract and TVE-CuNPs.

Thymus vulgaris Extract TVE-CuNPs

Peak (cm−1) Functional Groups Peak (cm−1) Functional Groups

3429 Amine group (N–H) and the hydroxyl
group (O–H) 3402 Amine group (N–H) and the hydroxyl

group (O–H)
2920 C–H in methyl and alkanes 2927 C–H in methyl and alkanes

1624 C=O stretching of amide in carbonyl
stretch in proteins/enzymes 1631 C=O stretching of amide in carbonyl

stretch in proteins/enzymes
1060 C–O of proteins 1094 C–O of proteins

Figure 5. AgNPs characterizations: (A) AgNP solution; (B) UV–Vis spectrum absorption of the
AgNPs; (C) AgNP TEM; and (D) AgNP size distribution.

3.4. Drug Release Determination

Figure 6 depicts the metronidazole release (%) from the modified GIC groups C and
D, revealing a two-step release: The quick first-step release, which is the metronidazole
release (%) from GIC, in groups 4 and 6, reached 58% and 64% after 24 h, respectively. After
240 h, the delayed second-step release reached about 84% and 87%, respectively.
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Figure 6. In vitro metronidazole release profile from GIC Group 4—1.5% metronidazole + 0.5%
TVE-CuNPs + 98% GIC. Group 6—1.5% metronidazole + 0.5% AgNPs + 98% GIC.

3.5. Antimicrobial Activity of the Tested Biomaterials

The results of agar disc diffusion assays against S. mutans and S. aureus revealed that
groups 3 and 4 of GIC had a significant effect on bacterial growth inhibition when compared
to other groups, as shown in Figure 7A,B. Furthermore, as shown in Figure 7C,D, GIC
groups 5 and 6 inhibited bacterial growth significantly more than GIC groups 1 and 2. This
effect was more pronounced when metronidazole and TVE-CuNPs or AgNPs were added,
as in groups 4 and 6, which showed the statistically highest inhibition zones compared to
groups 3 and 5, which contained TVE-CuNPs or AgNPs, (Group 4 > Group 3 > Group 2 >
Group 1), as well as with GIC groups (Group 6 > Group 5 > Group 2 > Group 1), as shown
in Table 3. The efficacy of GIC combined with metronidazole and TVE-CuNPs in group 4
was slightly lower than that of GIC combined with metronidazole and AgNPs in group 6.
The inhibition zone and significant effects of metronidazole and TVE-CuNPs or AgNPs
were the greatest in groups 4 and 6.

The mean inhibitory zones of the modified groups of GIC in the case of S. aureus
were significantly higher than the mean inhibitory zones of these groups in the case of
S. mutans. However, when compared to the other tested groups, groups 4 and 6 had the
highest inhibition zones (see Figure 7 and Table 3).

Figure 8 depicts the MDCT assay results of GIC groups against S. mutans and
S. aureus. The modified GIC (Group 4 > Group 3 > Group 2 > Group 1) and modified GIC
(Group 6 > Group 5 > Group 2 > Group 1) had a significant antimicrobial effect against
S. mutans and S. aureus when the antimicrobial effects of the GIC groups were compared.
These were modified after one hour. In comparison to other groups, the modified GIC
groups with AgNPs or TVE-CuNPs with metronidazole were more effective. At the end
of the month, groups 4 and 6 had the highest antimicrobial efficacy against S. aureus and
S. mutans when compared to the other groups (Figure 8), though the antimicrobial efficacy
of groups 3 and 4 was slightly lower than that of groups 5 and 6, respectively, against
S. aureus (as shown in Figure 8A,C) and S. mutans (as shown in Figure 8B,D). As a result,
when compared to the other groups, GIC combined with antimicrobial agents (AgNPs
or TVE-CuNPs and 1.5% metronidazole) demonstrated a superior antibacterial activity
against S. mutans and S. aureus.
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Figure 7. Antimicrobial activity of the biomaterials against Staphylococcus aureus (A,C) and Streptococ-
cus mutans (B,D). 1—(Group 1) GIC; 2—(Group 2) 98.5% GIC with 1.5% metronidazole; 3—(Group 3)
99.5% GIC with 0.5% TVE-CuNPs; 4—(Group 4) 98% GIC with 0.5% TVE-CuNPs + 1.5% metronida-
zole; 5—(Group 5) 99.5% GIC with 0.5% AgNPs; 6—(Group 6) 98% GIC with 0.5% TVE-CuNPs +
1.5% metronidazole.

3.6. Compressive Strength Measurement

Table 2 shows the compressive strength of GIC in the following order: Group 3 ≥
Group 4 > Group 2 > Group 1 and Group 5 ≥ Group 6 > Group 2 > Group 1. Table 2 shows
that, when GIC groups 4 and 6 were coupled with metronidazole and nano-copper or Ag-
NPs, the compressive strength was slightly increased compared to GIC alone. Compressive
strength measurements were not significantly different, indicating that the incorporation
of metronidazole and/or nanoparticles did not reduce the strength of GIC for dental
applications. The difference between all GIC groups was statistically insignificant (p > 0.05).

Table 2. Tested GIC samples’ compressive strength (MPa).

Tested Groups n Mean ± SD ANOVA F Value ANOVA p Value

Group 1 8 41.2 ± 3.4

2.74 0.165

Group 2 8 42.8 ± 2.8
Group 3 8 44.2 ± 3.8
Group 4 8 43.9 ± 3.7
Group 5 8 45.9 ± 4.1
Group 6 8 45.0 ± 4.5

1—(Group 1) GIC; 2—(Group 2) 98.5% GIC with 1.5% metronidazole; 3—(Group 3) 99.5% GIC with 0.5% TVE-
CuNPs; 4—(Group 4) 98% GIC with 0.5% TVE-CuNPs +1.5% metronidazole; 5—(Group 5) 99.5% GIC with 0.5%
AgNPs; 6—(Group 6)-98% GIC with 0.5% TVE-CuNPs +1.5% metronidazole.
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Figure 8. Number of CFU normalized to the control after one hour MDCT on the modified GIC
cement and modified GIC cement after one month in suitable media (n = 3). 1—(Group 1) GIC;
2—(Group 2) 98.5% GIC with 1.5% metronidazole, 3—(Group 3) 99.5% GIC with 0.5% TVE-CuNPs;
4—(Group 4) 98% GIC with 0.5% TVE-CuNPs +1.5% metronidazole; 5—(Group 5) 99.5% GIC with
0.5% AgNPs; 6—(Group 6) 98% GIC with 0.5% TVE-CuNPs +1.5% metronidazole against S. aureus
(A,C) and S. mutans (B,D).

Currently, metronidazole and TVE-CuNPs or AgNPs with GIC are successfully bio-
fabricated and exhibit the highest antibacterial efficiency against resistant S. aureus and
S. mutans when compared to other modified materials (GIC with TVE-CUNPs or AgNPs).
Because of the AgNPs effect, the modified GIC with metronidazole and TVE-CuNPs had
a slightly lower antimicrobial efficiency than the GIC with metronidazole and AgNPs.
However, both groups 4 and 6 show superior antimicrobial efficacy when compared to
the other tested forms, which adds to the study’s novelty and significance in terms of
controlling dental caries lesions.

4. Discussion

In this study, commercial AgNPs and TVE-CuNPs were synthesized using TVE and
coupled with GIC with or without metronidazole to generate a new dental biomaterial.
When GIC was mixed with the tested nanoparticles and metronidazole, its antibacterial
effects were demonstrated when compared to GIC combined with AgNPs, TVE-CuNPs,
or metronidazole alone. The current work validates the success of the biosynthesis of
TVE-CuNPs from TVE based on our findings. The production of brown color in an aqueous
solution of TVE-CuNPs was induced by surface plasmon resonance (SPR) excitation [21].
The production of TVE-CuNPs at the absorption band of around 573 nm due to SPR in
TVE-CuNPs was verified by UV-Vis spectroscopy [22]. The TVE includes phytochemicals
including phenol and protein amino acids, as well as enzymes that function as reducing
and stabilizing agents for the greenly synthesized TVE-CuNPs and may also be responsible
for the reduction of Cu+ to Cu0 [23]. TVE-CuNPs were spherical and monodispersed, with
sizes ranging from 10 to 25 nm, and these results are in agreement with those of Suarez-
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Cerda et al. [24]. The TVE-CuNPs XRD pattern revealed three main peaks at 2θ values. The
XRD pattern’s significant intensity and small breadth, and the sharpness of TVE-CuNP
diffraction peaks indicated that the TVE-CuNPs were well crystalline. This study’s XRD
data revealed the purity of TVE-CuNPs, which is similar to prior research [25,26]. The
presence of large absorption peaks in TVE’s FTIR spectra proved the existence of reducing
and stabilizing agents, such as proteins, amino acids, and phenolic chemicals (i.e., ellagic
acid, thymol, -terpinene, -pinene, carvacrol) [23,25].

The AgNP characterization was undertaken. The spectra revealed a single high peak
at 405 nm, indicating the presence of AgNPs, and TEM verified the particles’ spherical
form [27]. Smaller nanosilvers have a peak at 400 nm, but bigger nanosilvers have higher
scattering and expanded peaks pushed towards longer wavelengths, as observed in ear-
lier research [27,28].

The drug release from GIC groups 4 and 6 was carried out in two stages. The primary
rapid release during the first 24 h is very dependent on the strength of the drug attachment
and might be caused by weak electrostatic interactions between metronidazole molecules
and the GIC surface, hydrogen bond breakdown, and non-covalent connections [29]. The
surface of GIC is susceptible to chemical and hydrolytic deterioration. Water can infiltrate
the resin matrix and enhance matrix solubility, which is accelerated by a low pH [30]. As a
result, the inorganic component of the GIC on the surface can dissolve and metronidazole
can be released. For the next 216 h, a protracted and progressive release profile was seen.
The release during this extended stage might be attributable to medication molecules
trapped in the cement’s resin matrix. The two-step and prolonged release process is
important in therapeutic treatments because the initial rapid release provides a therapeutic
dosage rapidly and the subsequent long-term release maintains this dose over a long period
of time. After 240 h, the released percentage was 86% of the total quantity.

The MDCT and agar disc diffusion assay results of GIC groups against S. mutans and
S. aureus show that, when metronidazole and TVE-CuNPs or AgNPs were added, as in
groups 4 and 6, there were statistically highest antimicrobial effect compared to groups
3 and 5, which contained TVE-CuNPs or AgNPs that were conjugated with SH groups
in proteins and disrupted neuclic acids [6]. These findings are consistent with those of
Mittal et al. [31] and Aguilar-Perez et al. [32], who found that the antimicrobial efficiency
was affected by the concentration of metronidazole and nanoparticles used. Additionally,
these findings are in agreement with the previous studies, which explain that the addition
of nanoparticles to antibiotics enhances the antibacterial efficacy of clinically approved
drugs [33] because metronidazole revives when mixed with TVE-CuNPs or AgNPs.

The findings of the GIC groups containing TVE-CuNPs were equivalent to those
including commercial AgNPs against the tested bacteria, which exhibited somewhat de-
creased antibacterial activity, which was consistent with the findings of Zia et al. [34]. When
compared to copper nanoparticles, silver nanoparticles were shown to be more reactive in
inhibiting bacterial growth. According to Gad El-Rab et al. [35], S. mutans and S. aureus are
very sensitive to nanoparticles containing antibiotics, which can be efficiently taken up by
the bacteria because AgNPs and TVE-CuNPs regenerate the metronidazole to be active.
Furthermore, AgNPs and TVE-CuNPs were conjugated with the SH group in proteins
and damageed nucleic acids. In the current research, and for the first time, as shown in
Table 4, GIC was combined with metronidazole and TVE-CuNPs or AgNPs, and the result
demonstrates a significantly higher antimicrobial efficacy against the tested microbes when
compared to the GIC with a single antimicrobial agent as well as the conventional GIC
without any combinations [32,36,37]. Furthermore, the compressive strength difference
across all GIC groups was statistically negligible (p > 0.05). These findings are consistent
with those of Enan et al. [18], who discovered that adding nanoparticles to GIC did not
result in a substantial improvement in compressive strength.
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Table 4. Comparison of earlier research with restorative biomaterials for antibacterial activity against
oral bacteria.

Materials Concentration Bacteria Reference

• GIC + CuNPs • 96% GIC + 4% CuNPs • S. mutans and S.
sanguinis • Aguilar-Perez et al. [32]

• GIC + antibiotics • 98% GIC + 2% antibiotic • S. mutans • Singer et al. [36]

• GIC + AgNPs • GIC + 0.5% AgNPs • S. aureus, S. mutans and
C. albicans • Ashour et al. [37]

• GIC + TVE-CuNPs +
metronidazole

• 98% GIC + 0.5%
TVE-CuNPs + 1.5%
metronidazole

• S. aureus, and S. mutans • This study

• GIC + AgNPs +
metronidazole

• 98% GIC + 0.5% AgNPs
+ 1.5% metronidazole • S. aureus, and S. mutans • This study

Currently, the combination of GIC, metronidazole, and AgNPs or TVE-CuNPs is
successfully produced and exhibits high antimicrobial activity against the tested strains
because metronidazole revives when mixed with TVE-CuNPs or AgNPs. It appears to have
superior antimicrobial efficacy when compared to other forms. The GIC groups containing
TVE-CuNPs were equivalent to those containing commercial AgNPs against the tested
bacteria, although they exhibited somewhat decreased antibacterial activity. These findings
add to the novelty and significance of the study that can be applied in the dental field to
prevent dental caries. In the future, we will study the antimicrobial activity of these novel
materials in vivo.

5. Conclusions

To conclude the results of the present study, Thymus vulgaris extract is a potential
natural product for the green biosynthesis of TVE-CuNPs by the reduction of copper salts
using reducing agents, such as phenolics and proteins, in addition to the enzymes present
in TVE and for forming TVE-CuNPs. When metronidazole was combined with AgNPs or
TVE-CuNPs, it was revived, and this combination with GIC formed novel nanobiomaterials.
The GIC groups containing AgNPs exhibited somewhat increased antibacterial activity
when compared with the GIC groups containing TVE-CuNPs. So, this material has superior
antimicrobial activity against the resistant tested strains. Finally, this novel bio-material has
potential to increase antimicrobial efficacy against the resistant tested strains and will result
in the development of cost-effective dental materials for controlling bacterial infections and
dental caries in the future.
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