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Abstract: The phytosynthesis of metallic nanoparticles represents an exciting new area of research,
with promising perspectives, gaining in the last decades an increasing importance. Nanotechnology
represents an important tool and an efficient option for obtaining particles with controlled morphology
and shapes, phytosynthesized nanoparticles (NPs) being a good alternative to remove hazardous
reagents. Due to the practical applications of the phytosynthesized nanoparticles, which are mainly
associated with their antimicrobial potential, the abundance of scientific literature in this domain is
given by researches in the phytosynthesis of metallic nanoparticles (3654 articles) and the evaluation
of their antimicrobial properties (2338 papers). The application of phytosynthesized nanoparticles as
antimicrobial coatings represented the subject of only 446 works, which lead us to the subject of this
review paper. Application of antimicrobial coatings containing phytosynthesized nanoparticles for
the development of antimicrobial textiles, other biomedical applications, protection of food (including
fruits and vegetables), as well as for other types of applications based on their antimicrobial potential
are covered by the present review.

Keywords: antimicrobial coatings; phytosynthesized metal nanoparticles; antimicrobial textiles;
biomedical applications; food preservation

1. Introduction

The phytosynthesis of metallic nanoparticles can be defined, in its largest sense, as the application
of natural extracts for obtaining metal or metal oxides” nanoparticles. The phytoconstituents of the
extracts act both as reducing and capping agent [1-3]. Several review papers describe the mechanisms
and synthesis and potential application of such nanoparticles, most authors assigning the main
role in the phytosynthesis to phenolic compounds, flavonoids, terpenoids, or other biomolecules
present in the extract [4-6]. The practical applications of the phytosynthesized nanoparticles (NPs)
are mainly associated with their antimicrobial potential [1-4,6]; the NPs can also find application on
other areas (such as catalysis [7] or pest control [8]). The area of nanomaterials’ phytosynthesis have
gained in the last decades an increasing importance (as proved by the scientific studies published
on this area—Figure 1A, source—Scopus database). The search was performed using the keywords
“nanoparticles extract” and “nanoparticles phytosynthesis” (9888 results). The use of multiple keywords
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was necessary as the term “phytosynthesis” is not adopted by all the authors, many using a description
such as “synthesis of nanoparticles using (plant name) extract ... ”. Out of these published articles, 3654
presented the phytosynthesis of metallic nanoparticles (Figure 1B). The selection was performed by
using the option “search within the results” using “metal” as supplementary keywords. The evaluation
of their antimicrobial properties was the subject of 2338 papers (Figure 1C) (selected using the
supplementary keyword “antimicrobial”). Finally, the selection of the articles on the topic of the present
research was performed by using the supplementary keyword “coating” and the validation of the
results through manual inspection (reading the entire article, in order to remove possible false-positive
returns). After validation and removing the review papers, a number of 446 works were selected for
inclusion in the present review (Figure 1D). Finally, in the review paper only articles presenting the
development of antimicrobial coatings were inserted (not studies only proposing the potential use of
NPs). Scopus database was selected as a more exhaustive database (compared with other databases
from the main flux of scientific research, such as ScienceDirect, SpringerLink, or PubMed).
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Figure 1. Published scientific papers on the phytosynthesis of nanoparticles (A), phytosynthesis
of metal nanoparticles (B), antimicrobial applications of phytosynthesized nanoparticles (C) and
phytosynthesized metal nanoparticles for antimicrobial coatings (D), with particular applications (D-1).
Source—Scopus database, results based on data accessed on 13 August 2019.

When discussing the application of phytosynthesized nanoparticles as antimicrobial coatings,
three main categories can be distinguished: application for food conservation and related industries;
application for development of antimicrobial textile; biomedical applications (Figure 2).
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Figure 2. Application of phytosynthesized nanoparticles in various areas, as will be detailed in the
present review.

The literature provides several review papers dealing with more general aspects concerning
those applications: Long et al. [9] exhaustively described the applications of active packaging to
control fungal spoilage, including the application of metallic nanoparticles (such as silver, copper, gold,
platinum, TiO,, ZnO, MgO); Zambrano-Zaragoza et al. [10] reviewed the general topic of nanosystems
in edible coatings (with a focus on the strategies involving organic matrixes); Xing et al. [11] reviewed
the recent advances in the application of nanoparticles for the conservation of fruits and vegetables,
without discriminating on the synthesis methods applied for obtaining the NPs; silver nanoparticles
(AgNPs) were reviewed for the role in the prevention of prosthetic joint infection [12], application in
dentistry [13], and other biomedical applications [14,15], the authors incorporating in their reviews
mostly classical methods for AgNPs synthesis; transition metal and metal oxides nanoparticles were
also reviewed by Bottagisio et al. [16] for their applications in the prevention of orthopedic infections,
drawing attention to the lack of relevant studies and clinical trials regarding the potential toxic effects
of the NPs coatings; Selvaraj and Rajendran [17] and Joshi and Roy [18] reviewed the application of
NPs for antimicrobial textiles; the mechanisms of microbial toxicity of nanoparticles was presented by
Eduok and Coulon [19], while the potential risks associated with the application of AgNPs for the
ecosystems were detailed by Colman et al [20].

All the above-mentioned reviews present important data and can constitute an important starting
point for researchers working in the area of nanotechnology. However, a review regarding the
application of phytosynthesized nanoparticles for the development of antimicrobial coatings was
not published to this date, up to our knowledge. The current review article tries to fill this void,
covering the research in this area published starting with 2009 (Figure 1D). Scientific literature data
were selected considering only original research papers, and the potential application, as described by
the authors. As our aim was to present the best routes for incorporating phytosynthesized NPs in
antimicrobial coatings, articles dealing only with the simple estimation of the antimicrobial potential
of metal nanoparticles, those describing the obtaining of nanoparticles by synthetic chemicals (such as
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commercial available fatty acids or phenolic compounds similar to the natural phytoconstituents) or
research regarding the synthesis using microorganisms (such as yeasts or bacteria, for example), were
not included in the present review. Application of antimicrobial coatings containing phytosynthesized
nanoparticles for the development of antimicrobial textiles, other biomedical applications, protection
of food (including fruits and vegetables), as well as for other types of applications based on their
antimicrobial potential are covered by the present review. In addition, four tables containing the
main data regarding the antimicrobial coatings (including details on the phytosynthesis process) are
provided, for quick reference. The review is concluded with a chapter containing the main conclusions
of the literature study and the future perspectives, as they emerge from the present work.

2. General Considerations Regarding Nanoparticle Phytosynthesis

Metal nanoparticles, obtained either by destructive or constructive methods, are known to
have different properties, the bulk properties of the particles being substituted by that of “quantum
dots” [21]. In order to achieve the nanoparticle form, two approaches are presented in the literature: the
top-down approach (including several destructive methods, as mechanical milling, nanolithography,
laser ablation, sputtering or thermal decomposition) and a bottom-up approach (including methods
such as sol-gel method, spinning, chemical vapor deposition, pyrolysis, ionizing radiation assisted
synthesis, and biosynthesis) [22]. Biosynthesis, a green and environmentally friendly approach [23],
covers the use of bacteria, fungi or plant extracts, along with the precursors, for bioreduction and
capping purposes. The biosynthesized nanoparticles possess unique and enhanced properties that
make them useful in biomedical applications [22].

Of particular interest to the current review, phytosynthesis can be defined as the use of plant extracts
for the synthesis of the metallic/metal oxide nanoparticles [1-3,24]. The general procedure for the
phytosynthesis of metallic nanoparticles involves the obtaining of the natural extracts (using different
classical or advanced extraction techniques, such as classical temperature extraction, Soxhlet extraction,
microwave-assisted extraction, ultrasounds-assisted extraction, accelerated solvent extraction, etc.)
followed by their mixing with metallic salt solutions, under various conditions. As it was shown in
the literature, [1-3,24], the extracts’ phytoconstituents (phenolic compounds, flavonoids, etc.) act as
both reducing and capping agents, leading to the obtaining of nanoparticles with enhanced properties
(compared with other “green” methods) [3]. The process was presented by our group in several
published papers [1-3], being schematically presented in Figure 3.
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Figure 3. General procedure of the phytosynthesis process: in the mixing stage (extract + metal salt
solution), the phytoconstituents of the extract as both as reducing and capping agents.
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The final products of the phytosynthesis process depend on several factors that can be divided into
two categories [23] that can influence the size and morphology of the phytosynthesized nanoparticles,
hence their potential application:

e related to the extract: the extraction procedure, the solvent used for the extraction, the part of the
plant used, the pH of the solution, etc.

] related to the process: temperature, metal salt concentration, extract concentration, reaction time,
presence of light radiation, synthesis time, etc.

The separation of the nanoparticles from the solution can be achieved by several methods, the most
encountered methods being (ultra)centrifugation and dialysis [25]. Confirmation of the phytosynthesis
process can be monitored by UV-Vis spectrometry, as most metallic nanoparticles present specific
absorbance peaks in the UV or visible region, their optical properties being dependent on the size,
shape, and distribution [1,2]. The advantage of using this technique is that most nanoparticles present
specific adsorption bands (for example silver—370~450 nm, gold—500~600 nm, copper—550~650 nm,
zinc—370~450 nm, lead—300~400 nm, etc.) and the analysis can be usually performed on the
extract/nanoparticle mixture, offering at the same time information regarding the size of the obtained
nanoparticles [1]. The main disadvantage of the technique is that the results can be strongly influenced
by the extract matrix, leading to erroneous results [3].

According to the literature studies, as well as the authors’ opinion, whenever possible, the NPs’
phytosynthesis should be confirmed by other techniques, especially using methods that would provide
information related to the size, morphology and structure of the obtained particles (such as, for example,
X-ray diffraction, X-Ray photoelectron spectroscopy, electron microscopy—scanning SEM/transmission
TEM, preferably with the EDX accessory, zeta potential, etc.). The precise determination of NP sizes
and morphologies should represent an important chapter in any study regarding the (phyto)synthesis
of metallic nanoparticles, as those characteristics greatly influence the potential applications (as will be
presented in the following chapters).

3. Antimicrobial Textiles

Textile materials (especially those based on natural fibers, either vegetal or protein) find application
in a wide variety of industries, such as automotive, constructions, sport textile and shoe lining, hygiene
and health products, or non-implantable medical products [26,27]. In all these applications, the fibers
are exposed to pathogenic microorganisms. Due to their structural characteristics (such as porous
structure, moisture retaining capability or the presence of nutrients), the fibers in general, and natural
fibers in particular, are considered a very good medium for proliferation of the microorganisms, causing,
among other things, bad odors, allergies, infections, or even the degradation of the fiber itself [26,27].
For combating these possible problems, several strategies were applied for the development of
antimicrobial textiles, including the use of nitro compounds, metal complexes, or quaternary ammonium
salts [27-29]. Considering the antimicrobial potential of the phytosynthesized NPs, it is only logical
that these materials could be applied as coatings for the development of antimicrobial textiles (Table 1).

Tripathi et al. [30] phytosynthesized silver nanoparticles (AgNPs) using aqueous neem
(Azadirachta indica A. Juss., 1830) extract, obtaining nanoparticles with a mostly spherical morphology
and dimensions between 50 and 100 nm. The coating of cotton was achieved using three methods
(namely centrifuging the cotton disks with the solution containing nanoparticles, in situ coating
process simultaneous with the phytosynthesis, and injection with a solution containing purified NPs,
respectively). The authors obtained inhibition zones between 7.5 and 9 mm against Escherichia coli,
compared with the positive control (penicillin, 8 mm). The authors also studied the retention of the NPs
on the cotton disks, by repeatedly washing the disks with distilled water. The reduction in inhibition
zone after the third wash (from 8.5 mm after first and second wash to 8 mm) was assigned by the
authors to the washing of active neem principles, not of the AgNPs, as no UV-Vis peaks specific to the
AgNPs were observed in the washings.
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Ravindra et al. [31] used neelagiri (Eucalyptus citriodora Hook.) and marri (Ficus benghalensis L. 1753)
extracts to obtain AgNPs with an in situ approach, the phytosynthesis reaction being performed directly
on the cotton fibers. The variation of the NPs size was achieved by using different concentration
extracts (2%, 4%, and 6%, respectively), the smallest dimensions being recorded for 2% extracts.
The antimicrobial potential was tested against E. coli, the results demonstrating superior properties
for the materials containing smaller dimensions NPs. The authors categorized the materials as “good
antibacterial products”, in reference to the standards in force.

Yang and Li [32] obtained AgNPs using aqueous mango (Mangifera indica Linn) peel extract
and studied the effect of extract concentration, silver salt concentration, incubation temperature, and
reaction time on the sizes of the obtained NPs. The authors coated non-woven fabrics by an ex
situ approach (dipping in the optimized NP solution) and evaluated the antimicrobial potential of
the coated materials against Escherichia coli, Staphylococcus aureus, and Bacillus subtilis. The coated
material exhibited inhibition zones of 13 mm, 14.5 mm, and 11 mm, respectively, in a modified disk
diffusion assay.

Prathna et al. [33] used two different extracts (neem-Azadirachta indica A. Juss., 1830 and
lemon—Citrus lemon (L.) Burm.f.) for the phytosynthesis of AgNPs. The coating of cotton was
achieved using two methods (in situ, by immersing the cotton sample in the phytosynthesis medium,
followed by drying the textile, and, ex situ, by immersion of the cotton in the solution containing
phytosynthesized NPs. The authors also studied the influence of a natural binder on the properties of
the coated cotton (0.25% starch) and the retention of the NPs, by evaluating the coated cotton after a
ten-washing cycle. The results of the cited study revealed a contribution of the binder to the material’s
stability (increasing the coating efficiency up to 80%), as well as the superior properties of the cotton
phytosynthesized NPs coated, compared with the ones obtained by a chemical reduction method
(in terms of mechanical properties and laundering durability), accompanied by an up to 99% microbial
reduction (tested against Escherichia coli and Staphylococcus aureus), calculated using an uncoated textile
as reference.

Velmurugan et al. [34] phytosynthesized AgNPs using an aqueous annual fleabane (Erigeron annuus
(L.) Pers.) flowers extract. The authors compared the antimicrobial properties of cotton and
tanned leather samples coated with phytosynthesized AgNPs, commercial AgNPs, silver ions, and
AgNPs/extract against the odor causing bacteria Brevibacterium linens and Staphylococcus epidermidis.
The best results in inhibition zones and minimum bactericidal concentrations (calculated according to
“AATCC 100-Antimicrobial Fabric Test”) were obtained for AgNPs coated cotton (2 mm/63.63%) and
AgNPs/extract coated leather (5 mm/30.27%) against B. linens, respectively, for AgNPs/extract coated
cotton (1.2 mm/45.45%) and AgNPs/extract coated leather (1 mm/46.63%) against S. epidermidis.

Gowri et al. [35] phytosynthesized TiO,NPs using an aqueous extract of True Aloe (Aloe vera (L.)
Burm.f.) gel used for coating of cotton fabric by a direct application system. The coated fabrics were
evaluated in terms of antimicrobial properties by the agar diffusion method, against Gram-positive,
Gram-negative bacteria, and fungal strains. The results obtained demonstrated significant antibacterial
effect against S. aureus (superior to the effect on the Gram-negative E. coli—45 mm inhibition zone,
compared with 36 mm) and antifungal effect (inhibition zones of 20 mm against C. albicans, respectively,
and 15 mm against A. niger).

Kashid et al. [36] obtained AgNPs using a Chinese chaste tree (Vitex negundo Linn) aqueous extract.
The NPs were coated following an in situ procedure over cotton fibers. The antimicrobial potential of
the coated fibers was evaluated against Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, and
Candida albicans, exhibiting superior results, compared with silver nitrate impregnated cotton in a disk
diffusion assay (mm inhibition zones—7.72/3.7/4.47/8.37, respectively 6.71/2.52/2.12/2.11) demonstrating
that the antimicrobial effect can be attributed to the silver in nanoparticle state. The biocompatibility
tests (performed over mouse normal fibroblast cell lines) revealed the fact that the AgNPs-coated
cotton is safe and biocompatible (over 80% viability, very close to the untreated cells).
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Das and Rebecca [37] applied the phytosynthesis procedure (using a balloon plant leaves extract)
for obtaining spherical and rod-shaped zinc oxide nanoparticles (ZnONPs) with dimensions under
80nm and applied them for the ex situ coating of cotton cloth. The obtained results showed antimicrobial
activity only against Gram-negative bacteria (E. coli) (inhibition zone diameter 13-15 mm), finding
a direct correlation between the cotton-ZnONPs contact time and the antimicrobial effect. In the
live/dead bacterial fluorescence viability assay, the authors observed a nearly equal proportion of live
and dead cells after 15 min of E. coli incubation with 50 pg/mL ZnONPs.

Following the same “green” principles, Saha et al. [38] phytosynthesized ZnONPs using guava
(Psidium guajava L.) extract and three methods for the NPs formation: sonication, wet-chemical, and
hydrothermal. The antimicrobial properties of the coated material (cotton) were tested by an agar
well diffusion method, agar disk diffusion method, and percentage reduction test (AATCC 100),
against E. coli and S. aureus. As the results on in vitro experiments carried out on ZnONPs showed
clearly superior antimicrobial results for the nanoparticles obtained using the hydrothermal method
(assigned by the authors to their regular spherical morphology and lower dimensions), those NPs were
incorporated in a ZnONPs/chitosan coating applied to cotton fabric. The coating showed superior
antimicrobial results to uncoated, respectively chitosan-coated cotton (28.6 mm against E. coli and
30.3 mm against S. aureus, 96%, respectively 99% bacterial reduction percentage). In our opinion,
the difference between the two cited studies regarding the antimicrobial potential of ZnONPs (especially
against S. aureus) is mainly due to the differences in terms of particle dimensions, that allows the
penetration of the thick peptidoglycan layer of the Gram-positive bacteria.

Rajaboopathi and Thambidurai [39] obtained AgNPs using as reducing and capping agent
extract of brown seaweed (Padina gymnospora (Kiitzing) Sonder) obtained by a multi-step procedure.
The nanoparticles were coated on cotton by a pad-dry-cure method, using citric acid as crosslinking
agent. The material showed inhibition zone diameter superior to the positive control used (amikacin)
for both Gram-positive and Gram-negative bacteria (S. aureus, respectively E. coli)—21 and 19 mm,
compared with 17 mm for the positive control. The antimicrobial effect was only slightly affected by
the repeated washing of the fabric (15.4 mm, respectively 14.2 mm after 10 washing cycles), suggesting
the strong fixation of the AgNPs to the fibers.

Sharma et al. [40] optimized the AgNPs phytosynthesis process using onion (Allium cepa L.)
aqueous extract (considering the volume of extract and reaction temperature), obtaining nanoparticles
with dimensions as low as 36 nm. The obtained NPs were coated on mercerized cotton and the
antimicrobial properties of the materials were studied against Gram-positive and Gram-negative
bacteria, using ampicillin as positive control. The inhibition zones and % efficacy of the tested materials
were up to 19.23 mm and 99.27% against Gram-negative bacteria, respectively 19.96 mm and 102.88%
against Gram-positive bacteria, superior to the positive control. The accelerated laundering test
(50 cycles) suggested that AgNPs coated cotton fabric still possessed more than 90% efficiency against
tested microorganism.

Copper nanoparticles (CuONPs) were phytosynthesized by Sathiyavimal et al. [41] using
an aqueous common wireweed (Sida acuta Burm.f.) extract. The nanoparticles (rod-shaped,
with dimensions around 50 nm) were coated over cotton fabrics by the dipping technique.
The bactericidal efficacy tests showed clear inhibition zones around coated cotton fabrics for all
pathogens tested (Escherichia coli, Proteus vulgaris, and Staphylococcus aureus).

Hiremath et al. [42] used phytosynthesized Fe3Oy (obtained using lemongrass—Cymbopogon
schoenanthus (L.) Spreng. extract) for coating over cotton roll, gauze roll and cotton cloth, using
the dipping and ultrasonication method. Selected materials (coated cotton cloth) were tested for
antimicrobial properties against E. coli using the agar well and disk diffusion methods, showing a
significant inhibition of growth (similar to the positive control, ampicillin).

Khatami et al. [43] obtained silver nanoparticles using Prosopis fracta ] FMacbr. seeds extract
and zinc oxide nanoparticles using coffee grounds aqueous extract. The individual nanoparticles
and a mixture of them were coated on cotton bandages by soaking the fabrics in the solutions
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containing the NPs. The evaluation of the antimicrobial properties of the bandages was made against
Acinetobacter baumannii and Pseudomonas aeruginosa, at concentrations of 1.56 mg/L for AgNPs, 12.5 mg/L
for ZnONPs and 3.12 mg/L for AgNPs + ZnONPs against A. baumannii, respectively 3.12 mg/L for
AgNPs, 12.5 for ZnONPs and 3.12 for AgNPs + ZnONPs against P. aeruginosa (minimum inhibitory
concentrations determined by macro dilution method). The antimicrobial bandages exhibited clear
inhibition zones, with the best results obtained for AgNPs bandages.

Sivaranjana et al. [44] applied the in situ approach to obtain AgNPs coated cotton fabrics using
candle bush (Cassia alata L.) leaves extract. The procedure involved the diffusion of the extract into the
fabric, followed by that immersed in different concentrations silver nitrate solutions. The first indicator
of the NPs formation was given by the change of color of the fabric (to black). The best antibacterial
effect against E. coli was recorded for a 5 mM concentration of AgNPs (15.81 mm). The antibacterial
activity recorded a slight decrease after 15 washings (to 12.9 mm). For the tests regarding the bacterial
inhibition in water, the authors performed the diffusion assay under stable sewage water conditions,
obtaining an inhibition zone of 38 cm for the fabric coated with AgNPs at a 5 mM concentration.

Phytosynthesis of copper nanoparticles (CuNPs) by heart-leaved moonseed (Tinospora cordifolia
Thunb.) Miers) extract was achieved by Sharma et al. [45], and the selected NPs were used for the
coating of mercerized cotton fabrics by dipping. The antimicrobial assays were carried out using both
Gram-positive and Gram-negative bacteria (S. aureus and E. coli). The coated materials demonstrated a
superior effect on the Gram-positive bacteria (21.99 mm and 101% efficacy for 175 mg/L. CuNP content,
superior to the positive control ampicillin), compared with the Gram-negative bacteria (11 mm and
74% efficacy at 300 mg/L concentration). After 50 laundry rounds, a decrement of the entrapment of
NPs was observed (37.7 mg/L for Gram-positive bacteria and 29 mg/L for Gram-negative bacteria).

Turakhia et al. [46] used ginger (Zingiber officinale Roscoe) root extract to phytosynthesize iron
nanoparticles (FeNP). The NPs were coated over surgical cotton by dip coating, and the final coated
material was tested in terms of antimicrobial activity against Bacillus subtilis, Staphylococcus aureus,
and Escherichia coli in an agar well diffusion assay. The assays showed inhibition zones of 9, 12, and
14 mm, respectively, 24 h after coating. The estimation of the antimicrobial potential after 30 days
revealed a decrease of the inhibition zones (5, 11, and 6 mm, respectively), which the authors assign to
the development of resistance in the microbial cultures studied.

The use of phytosynthesized gold nanoparticles (AuNPs) for the development of antimicrobial
textiles was presented by Ganesan and Prabu [47]. The authors obtained the nanoparticles by the use
of calamus (Acorus calamus L., 1753) rhizomes aqueous extracts, varying the extraction temperature and
the metallic salt concentration, spherical nanoparticles with dimensions under 100 nm being observed
for the application of lower metallic source concentration (0.001 M). The coated fabric presented
superior antibacterial activity against S. aureus and E. coli, compared with the neat extract coated
cotton and uncoated cotton, significantly increased after 48 hours, compared to 24 h (63.9/50.5% against
S. aureus, respectively 80.3/58% against E. coli).

As emerging from the literature study, the field of antimicrobial textiles incorporating
phytosynthesized nanoparticles represents an area of interest, with great potential for future
development. However, several drawbacks in the current approach must be highlighted: first
of all, in order to be successfully used in daily applications, the textiles need to satisfy several
requirements (besides their antimicrobial properties), such as durability to laundering, dry cleaning,
and pressing. More than that, the support fibers should not be affected (in terms of quality and
appearance) by the coating. The reviewed studies do not present such a complete approach; thus,
the results can only be classified as laboratory research, not as ready for industrial implementation.
For proposing the use of this solution at industrial scale, further research is also necessary in terms of
coating procedures (as most literature data present the coating by a dipping technique, a method that
does not ensure a good stability of the nanoparticles on the support fibers). Secondly, the potential
of phytosynthesized nanoparticles for the development of antimicrobial textiles should be studied
considering other natural (protein) and synthetic fibers. For the synthetic fibers, the incorporation can
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be achieved in the polymer melt or in the polymer solution before spinning, a solution that can not
be achieved for natural fibers, offering a superior stability. For the natural fibers, the stability can be
increased either by chemical bonding the nanoparticles on the surface of the fiber or by their treatment
with functionalized coatings [48].

The existence of dedicated standards for the evaluation of the antimicrobial properties of the
textiles (AATCC 100 Antimicrobial Test Method for Textile/Fabrics) should represent an advantage
for the authors working in this area. The use of a single standard method would allow a better
comparison of the obtained results with available literature data. Finally, the optimization of the
nanoparticle phytosynthesis (considering at least the parameters presented in chapter 2) should be
performed. As presented in Table 1, E. coli represents a widely used strain in the antimicrobial assays;
however, due to the multiple variables of the studies (size/morphology of the nanoparticles, different
phytoconstituents present in extracts), a comparison of the results is very hard to be performed. A good
example is represented by the papers of Das [37] and Saha [38]. Although at first sight these papers
could be compared (having the same target strains and the same type of nanoparticles), the authors
obtained very different morphologies for the phytosynthesized ZnO nanoparticles and, consequently,
different antimicrobial results. The same discussion can be made for the AgNPs. Slight modifications
of the phytosynthesis protocols can lead to different types of nanoparticles (in terms of morphology
and sizes), thus influencing the antimicrobial potential.
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Table 1. Examples of antimicrobial coatings based on phytosynthesized nanoparticles—textile coatings.

Application Support Material Antimicrobial Assay Strains NPs Plant Extract Used NP Characteristics Ref.
Text'lle Cotton Disk diffusion method Escherichia coli AgNPs Aqueous extract of Azadirachta indica A. Spherical, 50-100 nm [30]
coating Juss., 1830 leaves

Disk diffusion method; Textile
Textile Fabrics—Determination of the Antibacterial L Eucalyptus citriodora Hook. and Ficus Spherical, average
coating Cotton Activity—Agar Diffusion Plate Test standard SNV Escherichia coli AgNPs benghalensis L. 1753 leaves aqueous extracts diameters~21 nm (1
195920-1992
Text'lle Non-woven fabric Disk diffusion method Escherichia COI!’. Staphy ]O.C,O cous auretts, AgNPs Aqueous Mangifera indica Linn peel extract Quasrspherlcal', 7-37nm [32]
coating Bacillus subtilis average sizes
Textile Immersion of coated textile in microbial . e Aqueous extracts of Azadirachta indica A.
coating Cotton culture solutions Escherichia coli, Staphylococcus aureus AgNPs Juss., 1830 and Citrus lenon (L.) Burm.f. Under 50 nm [33]
Textile Cotton, tanned Disk d1ffusmp m?thod, B.“‘?“ Heart Infu§1f)n broth; Brevibacterium linens, Aqueous Erigeron annuus (L.) Pers. flowers Spherical, hexagonal, )
coatin; leather Determination of minimum bactericidal Staphylococcus epidermidis AgNPs extract. 10-20 nm (341
g concentrations, standard AATCC 100 Py P :

TEXt.ﬂe Cotton Disk diffusion method Eschcrthm co?z, Staphy locu‘ccus aurens, TiO,NPs Aloe vera (L.) Burm.f. extract Spherical, 40 nm [35]
coating Candida albicans, Aspergillus niger
Textrlle Cotton Disk diffusion method; Escherichia coli, Klebsiella prewmoniac, AgNPs Aqueous extract of Vitex negundo Linn Spherical, 50 nm [36]
coating Staphylococcus aureus, Candida albicans
Textile Disk dlffus“?n IAn,EthOd’ live/s deéd pact?rla} o Cardiospermum halicacabum L. leaves Spherical, rod shaped,

. Cotton fluorescence viability assay (propidium iodide Escherichia coli, Staphylococcus aureus ZnONPs [37]
coating - aqueous extract 30-80 nm

and fluorescein diacetate dyes)
Textil Agar well diffusion method, disk diffusion I L herical
extine Cotton method, determination of minimum bactericidal  Escherichia coli, Staphylococcus aureus ZnONPs Psidium guajava L. extract rreg;l;ZSs zr:rlca ! [38]

coating concentrations, standard AATCC 100
Tex'flle Cotton Agar well diffusion method Escherichia coli, Staphylococcus aureus AgNPs Extract of Padina gymnospora (Kitzing) Spherical, 2-20 nm [39]
coating Sonder powder
Text'lle Cotton Disk diffusion metho d, det.er'mmatlon of ICso, Escherichia coli, Staphylococcus aureus AgNPs Allium cepa L., 1753 aqueous extract Spherical, 36-98 nm [40]
coating bactericidal efficiency
Textile L aee Escherichia coli, Proteus vulgaris, . ,

. Cotton Disk diffusion method CuONPs Aqueous Sida acuta Burm.f.extract Nanorods, 50 nm [41]
coating Staphylococcus aureus
Text:lle Cotton Agar well diffusion method, disk diffusion method Escherichia coli Fe3O4NPs Aqueous Cynbopogon schoenanthus (L. Irregular, under 100 nm [42]
coating Spreng. leaves extract
Textile L A Acinetobacter baumannii, AgNPs ZnONPs Aqueous Prosopis farcta ] EMacbr. seed Spherical, 5-35 nm (AgNPs),
coating Cotton Disk diffusion method Pseudomonas aeruginosa AgNPs + ZnONPs (AgNPs) and coffee extract (ZnONPs) 5-40 nm (ZnONPs) [43]
Text}le Cotton Disk diffusion method, disk dlfquI(m .method Escherichia coli AgNPs Cassia alata L. leaves extract Spherical, 20-119 nm [44]
coating under stable sewage water conditions
Textile . e - - S Aqueous extract of Tinospora cordifolia .

. Cotton Disk diffusion method, bactericidal efficiency Escherichia coli, Staphylococcus aureus CuNPs . Spherical, 63.3 nm [45]
coating (Thunb.) Miers leaves
Text'lle Cotton Agar well diffusion method Bacillus subtilis, St,ﬂp l41y ZOC(.)CCMS aureus, FeNPs Zingiber officinale Roscoe root extract 56.2 nm [46]
coating Escherichia coli
Textile Determination of minimum bactericidal g . Acorus calamus L., 1753 rhizomes aqueous Spherical, from under y
coating Cotton concentrations, standard AATCC 100 Escherichia coli, Staphylococcus aureus AuNPs extracts obtained at different temperatures 100 nm up to 500 nm (471

Where: AgNPs—silver nanoparticles, AuNPs—gold nanoparticles; CuNPs—copper nanoparticles, CuUONPs—CuONPs: FeNPs—iron nanoparticles, Fe;O4NPs—Fe3O,4 nanoparticles,
IC50—the minimum concentration that produced 50% inhibition of bacterial growth; TiO,NPs—TiO, nanoparticles, ZnONPs—ZnO nanoparticles.
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4. Biomedical Applications of Antimicrobial Coatings Based on Phytosynthesized NPs

Besides the antimicrobial textile, presented in the previous chapter, the antimicrobial coatings find
applications in a wide variety of implantable devices intended for medical uses (Table 2). Either used in
dentistry [49], for orthopedic implants [50,51] or for other medical devices [52], antimicrobial coatings
based on metallic nanoparticles plays an important role in medicine, constituting at the same time an
important research area. As the field of antimicrobial textiles used for wound dressing was already
presented in Section 3, the presented chapter will focus on the use of phytosynthesized nanoparticles
in other biomedical applications.

Carboxymethyl chitosan (CMC) represents a natural polymer derivative that finds application
in several biomedical fields (such as tissue engineering, bioimaging, drug or enzyme delivery or
cosmetics, against skin aging) [53]. The coating of CMC with phytosynthesized Fe;O, nanoparticles
was achieved by Narendhar et al. [54] using an ex situ approach. The materials were evaluated for
their antimicrobial properties against a series of pathogens (by monitoring the optical density of the
bacterial cultures), the best results being obtained against Pseudomonas aeruginosa. Sripriya et al. [55]
used poly(allylamine hydrochloride) and dextran sulfate to develop a polyelectrolyte multilayer (PEM)
thin film using a layer-by-layer assembly method, over which they coated AgNPs phytosynthesized
using an aqueous Spade Flower (Hybanthus enneaspermus (L.) EMuell.) extract. The NPs showed
excellent antimicrobial activity against the tested lines (Escherichia coli, Proteus vulgaris, Bacillus cereus,
Staphylococcus aureus—7/6/5.5/6.5 mm inhibition zones), and the toxicity increased between 41% and
76.47%, when the NPs were used combined with amoxiclav. More than that, the AgNPs coated PEM
films favored drug loading, presenting rupture when irradiated with laser light, allowing the authors
to propose the coated films for the remote activated drug delivery.

Anghel et al. [56] phytosynthesized Fe3O4 nanoparticles using an aqueous extract of true cinnamon
tree (Cinnamomum verum J.Presl) and used the obtained NPs for the coating of gastrostomy tubes,
by the matrix assisted pulsed laser evaporation technique. The authors evaluated the interaction of the
coated materials with the eukaryotic cells (Human endothelial cells) and prokaryotic cells (S. aureus
and E. coli). Their results suggested good biocompatibility of the obtained coatings, as well as very
good antibiofilm inhibition properties (2-fold to 4-fold inhibition of the biofilm formation, compared to
the control un-coated gastronomy tubes).

Jyoti and Singh [57] developed an antimicrobial coating based on phytosynthesized AgNPs
obtained using aqueous extract of chutro (Berberis asiatica DC.) leaves. The coating was
deposited on glass surfaces and the bactericidal effect of the coated material was studied against
Staphylococcus epidermidis and Staphylococcus aureus antibiotic resistant strains. The coated glass
exhibited a bactericidal effect (calculated as the difference between the logarithm of the number of
colony forming units developed on the un-coated class and the logarithm of the number of colony
forming units developed on the coated class, divided by the logarithm of the CFU for the uncoated
sample) of 3.15-3.36 (6 to 18 h contact time) against S. epidermidis, respectively 3.20-3.60 against S. aureus.

Lozoya-Rodriguez et al. [58] developed an antimicrobial coating comprised of AgNP and
hydroxyapatite deposited on a TigAl;V alloy substrate (217.33 um coating) for hip applications.
The AgNPs were phytosynthesized using prickly pear cactus (Opuntia ficus-indica) extract and the
antimicrobial coating was applied on the metallic alloy by plasma spray coating. The coating
was evaluated in terms of biocompatibility (by single-cell gel electrophoresis assay and Tali image
cytometry) and antimicrobial potential (against E. coli, S. aureus, and P. aeruginosa), showing no DNA
damage, respectively an antibacterial efficiency of 99.99% (evaluated according the JIS Z 2801:2000
standard—Antimicrobial products—Test for antimicrobial activity and efficacy).

Srivastava et al. [59] coated tasar nanofibrous mats with in situ generated AgNPs using an aqueous
dandelion extract. As the intended use of the developed material i's for skin tissue engineering,
the authors evaluated its physical, mechanical, antimicrobial, and biological properties. The coated
materials exhibited good mechanical strength, 70% water uptake capability and 2300 g/m?/day water
vapor permeability. The material also presented very good biocompatibility and inhibition areas
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between 8 and 14 mm against the studied lines—E. coli, S. aureus, P. aeruginosa and S. epidermidis (the
best results being obtained against E. coli) in the antimicrobial assay performed according to a standard
method (AATCC 30 Antifungal Assessment and Mildew Resistance Test).

A particularly interesting case is represented by the gold nanoparticles. Although AuNPs have
multiple biomedical applications (including in photodynamic therapy, photothermal therapy, X-ray
imaging, drug delivery, or sensing) [60], their use in antimicrobial applications is limited by their weak
influence on the bacterial growth [61].

Phytosynthesized AuNPs were used by Emmanuel et al. [61] blended with azithromycin and
clarithromycin against a series of oral pathogens (Micrococcus luteus, Bacillus subtilis, Staphylococcus
aureus, Streptococcus mutans, Lactobacillus acidophilus, Escherichia coli, Pseudomonas aeruginosa,
Saccharomyces cerevisiae and Candida albicans). After establishing the minimal inhibitory concentration,
the authors evaluated their synergistic antimicrobial activity with azithromycin and clarithromycin
at a 1:1 ratio (final concentration 100 pug/mL), obtaining larger inhibition zones, compared with pure
antibiotics. The authors assign the increase in antimicrobial effect to AuNPs drug carrier potential.

The biomedical applications presented in the current chapter suggest several opportunities for
future research areas: for example, the incorporation of NPs in chitosan (presented in Table 2 for
magnetite nanoparticles) can be extended to a wide variety of antimicrobial nanoparticles, as can also
be the use for different nanoparticles for antimicrobial films designed for medical devices. In addition,
development of hydroxyapatite/NPs composites (as presented in Table 2—[58] and by our group [62])
could lead to the development of “green” coatings for implantable devices. Another surprising
aspect emerging from Table 2 is represented by the relatively large dimensions of the nanoparticles
presented by the authors for biomedical applications (compared to the ones used for the development of
antimicrobial textiles). This, in turn, could represent an opportunity for the synthesis and optimization
of smaller dimensions nanoparticles. Related to the nanoparticles characteristics, a lack of reliable
analytical results in the cited articles can also be noticed. Few authors present the clear determination
of size and morphology of NPs, a significant drawback when trying to compare different studies.



13 of 25

Coatings 2019, 9, 787
Table 2. Examples of biomedical applications of antimicrobial coatings based on phytosynthesized nanoparticles.
Application Support Material Antimicrobial Assay Strains NPs Plant Extract Used NP Characteristics Ref.
. . Evaluation of the optical . . .
Blomed'lcal Carbo.xymethyl density of bacterial cultures after Pseudomonas aeruginosa, E. coli, En'terobucter, Fe;O;NPs Aqueous extract of Cuminum Under 10 nm [54]
applications chitosan o Staphylococcus aureus, Klebsiella cyminum L.
addition of NPs
Antimicrobial L . . Aqueous Hybanthus
coating and Polye'lec’frolyte Disk diffusion method Escherlchm coli, Proteus vulgaris, AgNPs enneaspermus (L.) EMuell. Spherical, 80 nm [55]
. thin film Bacillu cereus, Staphylococcus aureus
drug delivery leaves extract
Evaluation of adherence and
Antlmlc'roblal Gastronomy tubes biofilm formation using a §tat1c Escherichia coli, Staphylococcus aureus Fe304NPs Cinnamontum verurm J.Pres] 9.4 nm [56]
coating model for monospecific biofilms on aqueous extract
coated glass slides
- . Evaluation of bactericidal effect of . o
Anhmlc-roblal Glass coated glass slides in contact with Staphylococcus epidermidis and AgNPs Aqueog s extract of Spherical, 15-35nm  [57]
coating liquid fi L . Staphylococcus aureus Berberis asiatica DC. leaves
iquid films containing bacteria
Antimicrobial JIS 2 2801:2000 standard Escherichia coli, Staphylococcus aureus,
. TigAl4V alloy (Antimicrobial products—Test for  Stapityloco ! AgNPs/hydroxyapatite ~ Opuntia ficus-indica extract Not determined [58]
coating A . ) Pseudomonas aeruginosa
antimicrobial activity and efficacy)
- . o Disk diffusion method, standard Staphylococcus aureus, . .
Annrmc'roblal Tast'zr fibroin AATCC 30 (Antifungal Assessment Pseudomonas aeruginosa, Escherichia coli, AgNPs Aqueous Tridax procumbens L. Nearly spherical, [59]
coating nanofibrous mats . : . s leaves extract 20-50 nm
and Mildew Resistance Test) Staphylococcus epidermidis
Dru Micrococcus luteus, Bacillus subtilis,
Antimicrobial (azithrom %:in and Staphylococcus aureus, Streptococcus mutans, Aqueous Justicia glatca Heyne Hexagonal, spherical,
agents (drug oMY ¢ Well diffusion method Lactobacillus acidophilus, Escherichia coli, AuNPs q 8 y nanoprism shaped, [61]
. clarithromycin) . ex Wall. leaves extract .
delivery) . Pseudomonas aeruginosa, Saccharomyces average size 32.5 nm
conjugated AuNPs . ‘ . .
cerevisiae and Candida albicans

Where: AgNPs—silver nanoparticles, AuNPs—gold nanoparticles; Fe3O,NPs—Fe304 nanoparticles.
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5. Antimicrobial Coatings for Increasing the Quality of Food

With the increase of human population, the reduction of food wastes is considered a viable
alternative strategy for a sustainable development [63]. At the European Union level, it was estimated
(2018), that, for the entire food chain, up to 290 kg of food per person per year are wasted [63]. Similar
values (over 300 kg per person per year) were estimated for the United States [64]. One major contributor
to these losses is represented by the food spoilage, induced by a wide range of microorganisms [65].
As all over the world there is an increase interest in combating the food spoilage, several groups studied
the application of the nanoparticles” antimicrobial potential for the preservation of fruits, vegetables,
and other foods. The literature data are mainly focused on the incorporation of phytosynthesized silver
nanoparticles in antimicrobial coatings. Some examples of antimicrobial coatings used for increasing
the quality of food are presented in Table 3.

Gudadhe et al. [66] developed incorporated phytosynthesized silver nanoparticles (AgNPs) in
agar, obtaining a film with application in increasing the shelf-life of fruits. The film was obtained by
mixing the NPs with agar powder and glycerol, and the coating was performed by dipping the fruits
(apple and lime) in the solution for 10 seconds. The film was proven efficient in terms of antimicrobial
effect against the studied lines (E. coli and S. aureus), with maximum zone of inhibition of 15 nm and
14 nm, respectively, superior to gentamycin and ampicillin (used as positive controls). The film also
had a positive effect in terms of weight loss and (minimum weight loss, compared with uncoated fruits
or fruits coated with agar film) and soluble protein content. A very important aspect highlighted by
the authors was that the low silver content of the film (nanograms) made the coating safe in terms of
cytotoxic and genotoxic effect in humans.

Muthulakshmi et al. [67] phytosynthesized copper nanoparticles (CuNPs) using the aqueous
extract of country almond (Terminalia catappa L.). The nanoparticles were generated in the cellulose
matrix in a two-step procedure: first, the extract was diffused in the cellulose, followed by the in situ
phytosynthesis of CuNPs from the copper salt solution. The antimicrobial properties of the coating
were studied against E. coli, and the results showed a direct correlation between the inhibition zone
diameter and the concentration of copper sulfate precursor (from 2 mm for the 5 mM concentration
to 12 mm for the 250 mM concentration). Considering the superior tensile strength of the composite,
compared with conventional packaging polymers, the authors suggested the potential use of the
developed material for antimicrobial packaging.

Basumatary et al. [68] developed the agar/AgNPs films with antimicrobial properties (estimated
by the agar diffusion technique against Aeromonas hydrophilla). Not only did the developed coating
exhibit antimicrobial properties against the studied line (increasing with the concentration of AgNPs,
quantitative determination not provided by the authors), but the authors stated that the reddish-brown
color could also prevent UV penetration of the packaging, leading to the retention of color, flavor, and
nutritional value of the packaged materials.

The coatings designed for food packaging by Vishnuvarthanan and Rajeswari [69], composed
of pectin-laponite-phytosynthesized AgNPs coated on polypropylene (by meter bar technique),
were tested in terms of O, transmission and antimicrobial activity, against Escherichia coli and
Staphylococcus aureus. The authors observed the reduction of oxygen transmission rate (from
1853.32 cc/m? day atm. for the uncoated film, to 1509.71 cc/m? day atm.) and of the water
vapor transmission rate (from 9.62 to 7.79 g/m?/day), while testing of the coated film antimicrobial
properties revealed an inhibition diameter of 21 mm against E. coli, respectively 15 mm, against
S. aureus. The same group of authors [70] incorporated the AgNPs obtained by the same method in
a carrageenan/AgNP/laponite nanocomposite coated over polypropylene, observing a reduction of
the oxygen transmission rate to 735.35 cc/m? day atm and of the water vapor transmission rate to
2.02 g/m?/day. The authors also report a strong antimicrobial activity against E. coli and S. aureus of
the obtained coating (no measurement of the inhibition zone provided by the authors), compared
with the neat carrageenan polypropylene film and Laponite/carrageenan films that presented no zone
of inhibition.
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Kowsalya et al. [71] obtained coatings comprised of phytosynthesized AgNPs and poly(vinyl
alcohol) for increasing the shelf life of fruits (lemon and strawberries). The incorporation of
AgNPs in the polymer matrix was performed by electrospinning, while the coating material was
tested against Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa.
The coatings led to inhibition zones very close to those observed for the positive control gentamycin
(17.3/21.47/17.33/15.20 mm, respectively 18.23/23.60/18.07/16.53 mm for the positive control), while
also extending the shelf life of treated fruits (the coated fruits being acceptable in terms of color,
appearance, texture and weight) up to ten days, compared to the uncoated fruits (that were qualified
as unacceptable after the third storage day).

Mathew et al. [72] developed a biodegradable antimicrobial coating for increasing the
shelf life of chicken meat products, by incorporating phytosynthesized AgNPs in poly(vinyl
alcohol)/montmorillonite composites. The material exhibited antimicrobial potential against
Salmonella typhimurium and Staphylococcus aureus (complete inhibition, respectively log(CFU/mL)
= 3.6, compared with the values obtained for the films without nanoparticles—log(CFU/mL) = 9.3,
respectively 10), while pouches fabricated from the proposed nanocomposite inhibited the bacterial
growth on chicken sausage samples (as proved by the superior bacterial growth observed by the
authors in the plate count assay for normal polyethylene pouches compared with the pouches made of
the proposed film).

Kadam et al. [73] also developed an antimicrobial coating based on phytosynthesized
AgNPs and chitosan and tested it in terms of antimicrobial potential, film thickness, moisture
content, water vapor permeability, tensile strength, extensibility, color, and opacity, all important
parameters for packaging and coating food or other associated products. The antimicrobial coating
exhibited bactericidal effect against Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis, and
Staphylococcus aureus (inhibition zones—approx. 18.5/16.8/15.4/13 mm, compared with the undefined
positive control—21/21/21.5/23.4 mm; growth inhibition-approx. 52.5/54.5/61.5/56.8%, compared with
the undefined positive control—90/92/91/92%). The difference in terms of inhibition zones (superior
in the case of Gram-negative bacteria) was assigned by the authors to the structural and chemical
composition differences between the bacterial cell membranes.

As presented in Table 3, literature data are scarce in the field of phytosynthesized metallic
nanoparticles application for increasing the quality of food (such as, for example, increasing the
shelf-life of products). This can be explained, on one hand, by the difficulties in achieving the coatings
with the required general properties (in terms of color, transparency/opacity, thickness, water vapor
permeability, solubility, mechanical properties, etc.) when using phytosynthesized nanoparticles.
On the other hand, a mandatory condition for food additives is to be recognized as safe to use (for
example, at the level of the European Union by inclusion in the flavorings list, or by the inclusion
in the Generally Recognized as Safe US list) [74]. This is also a concern for the development of
antimicrobial polymeric/NPs packaging systems (as the migration of the nanoparticles to the packed
products represents a possibility that must be considered (and should be evaluated even in the case of
published studies). As the field of nanoparticles’ toxicity represents a very complex and debated area
of research (the nanoparticles toxicity depending on a series of factors, such as the dose and exposure
time, aggregation and concentration, particle nature, size, shape, crystal structure, functionalization.
and surface area, etc.) [75,76], the application of phytosynthesized nanoparticles for antimicrobial food
coatings and packaging can be considered in its pioneering years.
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Table 3. Examples of antimicrobial coatings based on phytosynthesized nanoparticles used for increasing the quality of food.
Application Support Material Antimicrobial Assay Strains NPs Plant Extract Used NP Characteristics Ref.
Spherical and
Increasing . e Escherichia coli, Ocimum sanctum L. leaves quasi-spherical,
shelf-life of fruits Agar Disk diffusion method Staphylococcus aureus AgNPs aqueous extract 50-200 nm, average [66]
size 95 nm
Antmucr.ob1aI Cellulose Well diffusion method Escherichia coli CuNPs Terminalia catappa L. leaves Spherical, 10-60 nm [67]
packaging aqueous extract
. . o . Aqueous fruit extract of
Food packaging Agar Disk diffusion method Aeromonas hydrophilla AgNPs Lagerstroemia speciose (L.) Pers. Hexagonal, 32-62 nm [68]
o . AgNPs (in N
Food packaging Polypropylene Disk diffusion method Escherichia coli, pectin-laponite Aqueous Digitalis purpurea L. Spherical, 25 nm [69]
Staphylococcus aureus . extract
nanocomposite)
o . AgNPs (in C
Food packaging Polypropylene Disk diffusion method Escherichia col:, carrageenan-laponite Aqueous Digitalis purpurea L. Spherical, 25 nm [70]
Staphylococcus aureus . extract
nanocomposite)
Bacillus cereus, Spherical,
Increasing s dep Staphylococcus aureus, Vitis vinifera L. fruits peels quasi-spherical,
shelf-life of fruits PVA Disk diffusion method Escherichia coli, AgNPs extract 10-50 nm, average size (71]
Pseudomonas aeruginosa. 30 nm
Microdilution method, according CLSI
Extending the guidelines M26-A (Methods for Lo A .
shelf life of chicken PVA determining bactericidal activity of Salmonella typhimurium, AgNPs Zing l.b er officinale Rosc. Not determined [72]
. . S Staphylococcus aureus rhizomes extract
meat products antimicrobial agents. Approved guideline);
Standard aerobic plate count assay
Escherichia coli, Predominant spherical,
Active packaging Chitosan Disk diffusion method; Pseudomonas aeruginosa, AeNPs Aqueous Nigela sativa L. triangular, pentagonal, (73]
and coating growth inhibition assay Bacillus subtilis, & seedcake extract and hexagonal observed, :

Staphylococcus aureus

2-15nm

Where: AgNPs—silver nanoparticles; CLSI—Clinical and Laboratory Standards Institute; CuNPs—copper nanoparticles; PVA—Poly(vinyl alcohol)
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6. Other Applications of NPs-Based Antimicrobial Coatings

Besides the previously presented aspects, the phytosynthesized nanoparticles can be used for
several other applications, from environmental applications to the development of antimicrobial paints
(Table 4). Those miscellaneous applications will be briefly presented in the following paragraphs.

Manjumeena et al. [77] developed an anticorrosive and antimicrobial coating by using
phytosynthesized AgNPs as additive of an epoxy resin (diglycidyl ether of bisphenol-A). The NPs
were obtained using extracts of cannonball tree (Couroupita guianensis Aubl.) leaves and were amine
functionalized through reaction with 3-aminopropyltriethoxysilane in o-xylene. The NPs were mixed
into the epoxy resin and the resulting coating was applied on mild steel specimens using bar coater
(resulting in a 100 um coating). Very interestingly, the epoxy containing 1% functionalized AgNPs
showed enhanced corrosion properties (determined by potentiodynamic polarization measurements,
electrochemical impedance spectroscopic studies and cross scratch testing), compared with the neat
epoxy and the resin containing 3% and 5% functionalized AgNPs. The same system (epoxy resin
containing 1% functionalized AgNPs coated over mild steel) was evaluated in terms of antimicrobial
potential against several pathogens (Pseudomonas aeruginosa, Bacillus subtilis, Escherichia coli, and
Candida albicans) in a diffusion assay. The materials showed clear inhibition halos, compared with
the mild steel sample coated with neat epoxy resin alone (further details not provided by the
authors). The authors propose the application of the developed epoxy coatings for corrosion and
fouling protection.

Saravanan et al. [78] used methanolic extract (Soxhlet extraction) of Madras pea pumpkin
(Mukia maderasapatna (L.) M. Roem.) leaves to phytosynthesize several types of metallic nanoparticles
(AgNPs, CuNPs and PbNPs). The obtained NPs were obtained following an in situ approach on
activated carbon (obtained from agricultural biomass). The nanocomposites (nanoparticle coated
activated carbon) were tested against four bacterial strains (Staphylococcus aureus, Pseudomonas aeruginosa,
Staphylococcus epidermidis, Escherichia coli) and one fungal strain (Candida albicans). The best results
were obtained for AgNPs/activated carbon (12/14.1/10.2/8/11.1 mm inhibition zones), superior to the
inhibition zones obtained for the standards used—ampicillin (6/5/4/7/4.1 mm) and chloramphenicol
(7/6/7.1/6.2/5.2 mm), but promising results were also obtained for the PbNPs/activated carbon composite
(8/6.1/3.2/13.3/9.1 mm).

Lateef et al. [79] incorporated phytosynthesized AgNPs (obtained using aqueous extract of kola
nut—Cola nitida Schott & Endl. pods) in commercially available emulsion paint. The protective
attributes of the nanoparticles were evaluated by inoculation of the control paint and the NPs/paint (at a
final concentration of 5 mg/L of silver) with bacteria and fungi isolated from soil (E. coli, P. aeruginosa.
A, flavus, A, fumigatus and A, niger) followed by the bacterial/fungal growth evaluation using the
pour plate method. The authors observed total obliteration of all tested lines for the AgNPs paints,
compared with the abundant growth observed for the control paint (without biocide).

Deya and Bellotti [80] evaluated the potential of several extracts (cedrén—Aloysia triphylla (L'Hér.)
Britton, laurel—Laurelia sempervirens (Ruiz & Pav.)Tul., and ruda—Ruta chalepensis L.) to phytosynthesize
silver nanoparticles, which, in turn, would be useful as additives in water-based coatings for indoor use.
The authors studied the potential of the extracts to synthesize AgNPs at two different temperatures
(60 and 26 °C). After the study, the authors selected the laurel-mediated NPs at 60 °C, due to superior
stability and lower dimensions (around 9.8 nm). The formulation of the acrylic water-based paint was
obtained by incorporating two different concentration of AgNPs (3.6 and 5.4 mg/100 g of paint) with a
high-speed disperser. The best antifungal results (inhibition zone 6 mm, determined using the agar
diffusion method, with cylinders samples disposed on plates with rose bengal-based culture medium)
were obtained using the paint with a higher concentration of AgNPs, against both fungal lines used
(Chaetomium globosum, Alternaria alternate). The hypothesis of the authors was further confirmed by
performing a bio-resistance test: for this purpose, the NPs containing paints were applied on glasses
immersed in minimum mineral medium, inoculated with spore suspension and incubated for one
month. The fungal growth was evaluated at the end of the test according a standard procedure [81].
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The results obtained (quantified according the standard specification) were superior (traces of growth
for Chaetomium globosum, respectively light growth for Alternaria alternate), compared with the control
paint (heavy growth for both species).

Barberia-Roque et al. [82] used three Argentinian native plants (Peruvian pepper—Schinus molle L.,
southern giant horsetail—Equisetum giganteum L., and yerba mate—Ilex paraguariensis A.St.-Hil.) to
phytosynthesize silver nanoparticles. Differences were observed both in terms of morphology and
particle dimensions (Table 4), which, in turn, led to major differences in terms of antimicrobial potential.
For this reason, the authors selected the AgNPs phytosynthesized using E. giganteum to obtain an
antimicrobial coating by incorporating the NPs solution in waterborne paint, at different concentrations
(5.8, 10 and 15 mg of silver/100 g of paint). The fungal resistance tests, performed according the
standard ASTM D5590, revealed that the paint containing the highest concentration of silver presented
the best results (against C. globosum—no growth and A. alternate—light growth, compared with the
control paint, without biocides, showed moderate growth with sporulation, respectively heavy growth),
while the antibiofilm formation assay performed for the paint sample containing 15 mg of silver/100 g
of paint (evaluated against S. aureus and E. coli, pure cultures in the liquid nutrient culture medium)
revealed no bacterial growth.

Unlike the previously presented ones, the miscellaneous applications in the present chapter
(detailed in Table 4) have a very serious growth potential. Either in epoxy resins or in paints,
several drawbacks of other uses can be avoided. Thus, those applications are not required further
supplementary research in terms of toxicity (especially due to the low levels of nanomaterials in the
final products), several commercial products being already available on the market, incorporating
mainly silver, either in its ionic or nanoparticle form (such as those produced by SilverArmor®,
BioCote®, SonoTek®, Clariant®, Microban®, Thomson Research Associates Inc.®, Policolor®, and
many others). The producers are required, however, to fulfill a series of particular regulations (such as
registration and approval by the U.S. Environmental Protection Agency or conforming to the European
Biocidal Product Directive) [83].

The phytosynthesized nanoparticles can be easily incorporated in paint/epoxy matrix and do not
influence the mechanical and aesthetic properties of the final products. The focus towards different
types of nanomaterials, as well as the tuning of the phytosynthesis process towards lower dimensions
and more size-controlled particles would also enhance the antimicrobial properties, together with a
decrease of the level of metallic nanoparticles in the products.

Application of nanoparticles in other areas, such as water disinfection, would require an increase
level of precaution, as any applications in which the nanoparticles could finally end up affecting the
human health.
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Table 4. The use of antimicrobial coatings based on phytosynthesized nanoparticles for other applications.
Application Support Material Antimicrobial Assay Strains NPs Plant Extract Used NP Characteristics Ref.
L. . . . " . Pseudomonas aeruginosa, Aqueous
Antlmlcrol?lal 'Epoxy Diffusion method (r.nodlﬁed resim Bacillus subtilis, Escherichia coli, AgNPs Couroupita guianensis Aubl. Spherical, 5-15 nm [77]
epoxy resin resin-DGEBA coated over mild steel) . ;
Candida albicans leaves extract
Staphylococcus aureus,
Staphylococcus epidermidis, AgNPs Methanolic extract of
Water disinfection  Activated carbon Well diffusion method Pseudomonas aeruginosa, CuNPs Mukia maderasapatna (L.) Not determined [78]
Escherichia coli, PbNPs M.Roem. leaves
Candida albicans
Escherichia coli,
. . . . . Pseudomonas aeruginosa. e
Antlml.crobml Emulsion paint Bacterial/fungal growth evaluation using Aspergillus flavus, AgNPs Aqueous extract of Cola nitida Spherical, 12-80 nm [79]
paint the pour plate method . . Schott & Endl. pods
Aspergillus fumigatus and
Aspergillus niger
Agar diffusion method (cylindric samples);
bio-resistance test, according ASTM D 5590 Aloysia triphylla (L'Hér.)
Antimicrobial Acrylic (Standard Test Method for Determining the Chaetomium globosum, AeNPs Britton, Laurelia sempervirens Quasi-spherical, average [80]
paint water-based paint Resistance of Paint Films and Related Alternaria alternate & (Ruiz & Pav.)Tul., and size 9.8 nm (laurel)
Coatings to Fungal Defacement by Ruta chalepensis L. extracts
Accelerated Four-Week Agar Plate Assay
Aqueous extracts of Quasi-spherical,
Antimicrobial Disk diffusion method; Fungal resistance  Escherichia coli, Staphylococcus Schinus molle L. and 20.0 + 1.0 nm (E. giganteum),
paint Waterborne paint test (ASTM D 5590); antibacterial aureus, Alternaria alternate, AgNPs Equisetum giganteum L. leaves, 12.0 + 0.6 nm (S. molle), [82]
41.0 +2.0nm

biofilm tests

Chaetomium globosum

aqueous extract of
llex paraguariensis A.St.-Hil.

(I. paraguariensis)

Where: AgNPs—silver nanoparticles; CuNPs—copper nanoparticles, DGEBA—diglycidyl ethers of bisphenol-A; PbNPs—lead nanoparticles.
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7. Conclusions and Future Perspectives

The phytosynthesis of metallic nanoparticles represents an exciting new area of research, with
promising perspectives. However, when dealing with these types of nanoparticles, it should be
remembered that the final application of the NPs (in our case the antimicrobial potential) is strongly
related to the size and shape of the NPs. Several authors [84,85] described the dependence of the
antimicrobial potential of silver nanoparticles, for example, on their morphology. Morones et al. [84]
showed that, in the 1-100 nm range, the best antimicrobial properties are obtained for NPs with
dimensions under 10 nm, while Pal et al. [85] categorized the antimicrobial silver nanoparticles
considering their shape, finding that, at the same size, the most active AgNPs are those triangular,
followed by the spherical and, respectively, rod-shaped NPs. Considering those aspects, future works
should also cover a complete characterization of the obtained NPs, in terms of size and shape, whenever
possible using multiple complementary techniques.

For phytosynthesized nanoparticles, the size and shapes are strongly related to several parameters:
characteristics of the extract used (such as extraction procedure [1] or solvent used for extraction [2]),
the pH of the solution [86], the temperature at which the phytosynthesis process is carried out [87],
concentration of the metallic salt, extract concentration, or reaction time [32,88]. Varying those
parameters, the morphology of the NPs can be tuned for the desired application. Regarding the used
natural extracts, future works should try to elucidate as much as possible, their composition. Knowing
the extract composition would allow the purification of the extracts, that, in turn, could lead to another
tool for tuning the properties of the nanoparticles.

Regarding the use of phytosynthesized nanoparticles in reviewed applications, a surprisingly lack
of interest in this type of NPs can be noticed. Thus, although the application of nanoparticles is well
established in areas such as textile coatings [18,89], food industry [90], or other biomedical [91] and
industrial applications [92], representing at the same time a continuously growing market [93], the use
of phytosynthesized nanoparticles seems under-explored. Even for the examples presented, the works
are focused mainly on silver nanoparticles, which are widely known for their antimicrobial potential. In
this respect, there is a tremendous potential for the application of other phytosynthesized nanoparticles
in active antimicrobial coatings, in all the presented applications (such as AuNPs). However, future
works should always take into consideration the potential toxic effect of the NPs and appropriate
assays should be performed.

Finally, it can be noticed that the heterogeneity in using and describing the antimicrobial assays
applied; this represents a major drawback when trying to compare the efficiency of different antimicrobial
coatings. Standard procedures should be carried out (as several dedicated standards are available),
and their presentation should be as detailed as possible, to allow the valid antimicrobial comparisons.
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