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Abstract: Modification of paint with nanoparticles (NPs) provides self-cleaning, water/dirt-repellent,
and other properties. Therefore, the aim of the present study was to biosynthesize silver (Ag) and
copper oxide (CuO) NPs and to prepare NP-modified paint. To this end, AgNPs and CuONPs
were biosynthesized using Bacillus atrophaeus spores and commercial and crude dipicolinic acid
(DPA) extracted from the spore of this bacterium. The synthesized NPs were characterized using
electron microscopy, Fourier-transform infrared (FTIR), X-ray diffraction analysis (XRD), and energy-
dispersive X-ray spectroscopy (EDS) methods. A minimum inhibitory concentration (MIC) assay
of NPs against Escherichia coli ATCC8739 and Staphylococcus aureus ATCC6538 was carried out. The
antibacterial effects of prepared NP—paint complexes were assessed using an optical density (OD)
comparison before and after adding metal sheets coated with NP-paint complexes into the nutrient
broth medium. Four different types of NPs were synthesized in this research: AgNPs synthesized by
spore (A), AgNPs synthesized by commercial DPA (B), AgNPs synthesized by crude DPA (C), and
CuONPs synthesized by spore (D). SEM analysis confirmed the spherical shape of NPs. According
to the results, NPs A, B, and D showed higher antibacterial activity against S. aureus compared to
E. coli. Furthermore, the analysis of the antibacterial effects of NP—paint complexes suggested that
paint-NPs A, B, and C displayed higher activity on E. coli compared to S. aureus. Moreover, the
antibacterial effect of paint-NP D was significantly lower than other NPs. According to this robust
antibacterial effect on pathogenic bacteria, it seems that these NP-paint complexes could be useful in
public places such as hospitals, airports, dormitories, schools, and office buildings, where the rate of
transmission of infection is high.

Keywords: silver nanoparticles; copper oxide (CuO) nanoparticles; biosynthesis; NP-modified paints

1. Introduction

Currently, nanoparticles (NPs) play a critical role in different aspects of human life,
such as medicine, agriculture, food, and various other industries. The quality of nanoparti-
cles is highly affected by their synthesis method. Several methods have been introduced to
improve the properties of NPs, which can be categorized into three main classes: chemical,
physical, and biological methods [1]. A major concern in the chemical/physical synthesis
of NPs is the use of chemical additives and compounds, including but not limited to agents
such as 2-mercaptoethanol, 1-thioglycerol, thioglycolic acid (TGA), and thiolactic acid.
Most of these compounds are toxic to the environment and humans. In addition to the
harmful impacts on the environment, high energy consumption, low productivity, and
larger particles are other downsides of physicochemical synthesis methods [2]. For these

Materials 2023, 16, 4670. https:/ /doi.org/10.3390/mal6134670

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma16134670
https://doi.org/10.3390/ma16134670
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://doi.org/10.3390/ma16134670
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16134670?type=check_update&version=1

Materials 2023, 16, 4670

20f13

reasons, green synthesis of NPs has emerged as a new alternative approach in this partic-
ular area. Various types of biological materials including plant extracts [3], agricultural
wastes [4], fungi, bacteria, and algae have been used successfully to synthesize different
NPs [5]. In most biological methods, bacterial cells play a central role in the green synthesis
of NPs due to their diversity and their ability to adapt themselves to harsh environmen-
tal conditions [6]. More importantly, individual bacteria are capable of converting toxic
metal ions into nontoxic components, using reductase enzymes and reducing equivalents
such as NADH and NADPH [7]. The biosynthesis of NPs by bacteria takes place via two
different pathways: intercellular and extracellular. Extracellular synthesis of NPs is more
controlled by culture conditions such as temperature, shaking rate, pH, and substrate com-
position/concentration. In addition, the extracellular biosynthesis of NPs is more favorable
because the extraction of NPs is easier in this condition; more importantly, synthesized NPs
are more resistant to oxidation [8]. Lactobacillus plantarum [9], Aeromonas hydrophila [10],
Bacillus subtillis [11], Bacillus endophyticus [12], and Deinococcus radiodurans [13] are examples
of bacterial species that have been successfully used for the synthesis of various types of
NPs such as ZnO, iron oxide, and silver. Silver (Ag) nanoparticles (AgNPs) are among the
best-known metallic NPs, when it comes to antibacterial applications. The synthesis of
AgNPs using physical and chemical methods has been evaluated in many studies. Further-
more, there have been some reports on the green synthesis of AgNPs, using various plants
and different bacterial, fungal, and algal species [9-14]. Antibacterial, antifungal, antiviral,
anticancer, and antioxidant activities of AgNPs have been reported in several studies [15].
Due to these biological activities and their unique optical, electrical, and thermal proper-
ties, AgNPs are applied in various fields such as human healthcare, cosmetics, imaging,
biosensing, textiles, water treatment, and medicine [15]. Similar biological activities and
applications have been suggested for copper oxide nanoparticles (CuONPs) [16].

The preparation of paints with nanoparticle additives is a newly emerging application
of nanoparticles in the building industry. It is postulated that the presence of nanoparticles
in paints can potentially improve the water/dirt-repellent, anti-graffiti, bactericidal, easy-to-
clean, fire-retardant, self-cleaning, scratch-resistant, UV-protective, and thermal insulation
properties of paints [17]. Moreover, the idea of antibacterial paints with self-protecting
capabilities with potential applications in hospitals, schools, and public areas has attracted
substantial attention. The main aim of the current study was the synthesis of a modified an-
tibacterial paint, containing green AgNPs and CuONPs. The synthesis pathway, properties
of NPs, and antibacterial properties of the paint are comprehensively discussed.

2. Materials and Methods
2.1. Biosynthesis of AgNPs and CuONPs Using Bacillus atrophaeus Spores

Firstly, Bacillus atrophaeus (B. atrophaeus) was cultivated in an MSR medium, containing
2.5% yeast extract, 1.5% Bacto tryptone, 1% glucose, and 0.3% KoHPO4 and incubated at
37 °C at 200 rpm for 24 h. Then, this preculture was used to inoculate DSM medium contain-
ing 0.8% nutrient broth, 0.01 mM MgCl,, 0.1% KCl, 0.01 mM FeSOy, 1 mM Ca(NO3),, and
0.025% MgSO4-7H,0 in 100 mL of distilled water to prepare bacterial spores. Incubation
was performed at 37 °C at 200 rpm for 48 h. Finally, the culture broth was centrifuged at
13,000 rpm for 10 min. For the synthesis of AgNDPs, the pellet was added into a 250 mL
Erlenmeyer flask with 100 mL of distilled water and 0.0017 g of AgNOj3. The flask was
incubated at room temperature for 48 h [18]. The biosynthesis of CuONPs was carried out
using CuSOy salt and a similar protocol. The formation of NPs was discerned through a
change in the color of the prepared solution. At the end, samples were washed away with
acetone to remove biological residues from synthesized powders.

2.2. Biosynthesis of AgNPs Using Commercial and Crude Dipicolinic Acid (DPA)

The prepared bacterial spore pellet was added to 1 mL of distilled water and heated
using a water bath for 30 min. Then, the solution was centrifuged at 13,000 rpm for 2 min,
and the supernatant was used as crude DPA. For the synthesis of silver NPs, 1 mL of crude
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DPA was added into a 250 mL Erlenmeyer flask containing 100 mL of distilled water and
0.0017 g of AgNO;. The flask was incubated at room temperature for 1 h. Biosynthesis of
AgNPs using commercial DPA (2,6-pyridinedicarboxylic acid, P63808 Sigma, Hamburg,
Germany) was conducted using the same method. Briefly, 0.017 g of standard DPA was
added to 100 mL of distilled water containing 0.0017 g of AgNOs3 and incubated [18]. At
the end, samples were washed away with acetone to remove biological residues from
synthesized powders.

2.3. Characterization of Synthesized NPs

UV /Vis spectroscopy in the range of 200-600 nm was used to confirm the formation
of NPs. The size and morphology of synthesized NPs were evaluated using a scanning
electron microscope (SEM) (XI30 Philips, Eindhoven, The Netherlands). For this aim, the
AgNPs were centrifuged at 10,000 rpm for 30 min, and the sediment was dissolved in
ethanol and washed with distilled water to obtain the pellet. Finally, the pellet was dried,
and thin films of it were prepared on carbon-coated copper grids [19]. The grid was used
to fix particles on a substrate.

Functional groups present in AgNPs were analyzed using Fourier-transform infrared
(FTIR) method. A thin film of as-synthesized AgNPs was prepared by mixing NPs with KBr
powder (1:4) and analyzed using an FTI-IR spectrophotometer (8400 S, Shimadzu, Kyoto,
Japan) at 400-4000 cm~!. The crystallographic structure of NPs was determined using XRD
analysis (Philips X-Pert Pro diffractometer, Philips, Eindhoven, The Netherlands). To this
end, nanoparticles were centrifuged at 10,000 rpm for 15 min, and the pellet was washed
using distilled water. Then, the pellet was dried, and XRD analysis was conducted using
CuKo radiation in a scan range of 10 < 20 < 80. The elemental constituents of the AgNPs
were examined using energy-dispersive X-ray (EDS) analysis. To this aim, nanoparticles
were centrifuged at 10,000 rpm for 15 min, and the pellet was washed using distilled water
and analyzed using SEM (XL 30; Philips, Eindhoven, The Netherlands). SEM imaging
(Philips, Eindhoven, The Netherlands) was carried out within the voltage range of 10 to
25 kV with working distance around 10 mm. Particles were also characterized using a
transmission electron microscope (TEM, JEOL JSM-6710F, Tokyo, Japan).

2.4. Determination of Minimum Inhibitory Concentration (MIC) of NPs

The serial dilution method using 96-well plates was employed to determine the
minimum inhibitory concentrations (MICs) of biosynthesized NPs against Staphylococcus
aureus (S. aureus) ATCC 6538 and Escherichia coli (E. coli) ATCC 8739. Serial twofold dilutions
of NPs in concentrations ranging from 1000 ug to 31.25 ug were used to determine MIC.
Firstly, 100 pL of nutrient broth medium was added into wells. Then, 100 uL of NPs
at a concentration of 1000 pg/mL was added into the first well, and serial dilution was
performed. Finally, 100 uL of bacterial suspension (0.5 McFarland) was added into the
wells. The microplates were incubated at 37 °C for 24 h, and the change in resazurin
color from blue to pink was used as a growth detector. The lowest concentration without
visible growth was defined as the MIC. To prepare the resazurin solution, 0.002 g of this
compound was added to 10 mL of distilled water and then sterilized using a 0.22 um
membrane filter [20].

2.5. Preparation of Paint—-NP Complexes

Initially, the NPs were added to 100 pL of distilled water and sonicated using an
ultrasonic bath for 5 min to disperse NPs. Then, 0.5 mL of commercial paint was blended
with NP solution, and the obtained complexes were brushed onto the sterilized metal sheets.
Steel sheets (2 cm x 2 cm) were used for this aim. The prepared complexes were sterilized
under UV light for 30 min and transformed into nutrient broth medium for antibacterial
analysis (Figure 1).
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Figure 1. Preparation of metal sheets coated with paint-NP complexes for the antibacterial test.

2.6. Examination of Antibacterial Effects of Prepared Paint—NP Complexes

For this aim, metal sheets coated with NP-containing paints were added into 100 mL
Erlenmeyer flasks containing 20 mL of nutrient broth medium. Flasks were incubated at
37 °C for 8 h, and the optical density (at 600 nm) of their content was recorded every 2 h.
Then, 100 pL of culture broth was transferred onto the nutrient agar plates; after incubation
at 37 °C for 24 h, the number of colonies was determined.

3. Results and Discussion
3.1. Biosynthesis and Characterization of AQNPs and CuONPs

In this research, four different types of NPs were synthesized: AgNPs synthesized by
spore (A), AgNPs synthesized by commercial DPA (B), AgNPs synthesized by crude DPA
(C), and CuONPs synthesized by spore (D). Table 1 summarizes the sample information.

Table 1. Sample codes and details.

Sample Code Explanation
A AgNPs synthesized by spore
B AgNPs synthesized by commercial DPA
C AgNPs synthesized by crude DPA
D CuONPs synthesized by spore

Firstly, the formation of NPs was confirmed using the UV /Vis technique. Metal NPs
have their characteristic surface plasmon resonance (SPR) peaks. For example, the SPR
peak of silver NPs appears between 400 and 450 nm. This value for CuONPs is 250-350 nm.
As shown in Figure 2, the SPR peaks of AgNPs A, B, and C appeared at 422, 424, and
436 nm, respectively. This variation in peak position is related to the size and shape of NPs.
Furthermore, a peak at 339 nm was observed in the UV /Vis spectrum of CuONPs, which
confirmed the presence of CuONPs [21,22].

Characterization of these NPs using SEM analysis confirmed a rather spherical mor-
phology for NPs. Moreover, the size range of nanoparticles A, B, C, and D was 15-36,
29-61, 20-38, and 4-28 nm, respectively (Figure 3). A comparison of the size range of
synthesized AgNPs using DPA showed that nanoparticles synthesized using crude DPA
(B) were smaller than nanoparticles synthesized by commercial DPA (C). The size range of
synthesized NPs using bacterial spore and its derivatives (in current study) was similar
to that of NPs synthesized using other biological methods. For instance, the size range
of AgNPs synthesized by Carica papaya peel extract, Aspergillus terreus, and Azotobacter
vinelandii was reported to be 28, 1-20, and 20-70 nm, respectively [23-25]. In addition, TEM
analysis showed that synthesized NPs mainly were of spherical shape and aggregated.
AgNPs B were more dispersed (Figure 4). Further analysis of the synthesized NPs was
performed using EDS. According to the results, strong signal peaks were observed near
3 keV (Figure 5A-C) which proved the presence of AgNPs [26]. Furthermore, the strong
peaks near 1 and 8 keV confirmed the formation of CuONPs.
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Figure 2. UV/Vis spectra of AgNPs A (A), B (B), and C (C), and CuONPs (D).

Figure 3. Scanning electron microscopy graphs of silver NPs A (A), B (B), and C (C), and copper
oxide NPs (D).
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Figure 4. Transmission electron microscopy images of silver NPs A (A), B (B), and C (C), and copper
oxide NPs (D).

Figure 5. EDS spectra of synthesized silver NPs A (A), B (B), and C (C), and copper oxide NPs (D).

Analysis of functional groups of synthesized NPs was performed using FTIR. FTIR
spectrum of AgNPs A showed several peaks at positions 3400, 2930, 1653, 1377, 1247, 826,
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and 650 cm ! that were attributed to O-H, C-H, O=C=0, N-H, C-H, C-O, C=CH,, and
~CH=CH groups, respectively. Furthermore, the band at 1532 cm~! was assigned to a
combination of N-H deformation and C-N stretching vibrations. The peaks at 584 and
521 cm~! were assigned to AgO (Figure 6A). The FTIR spectrum of AgNPs B showed
peaks at 2921 cm~1,1732 em™1, and 1375 cm 1, which confirmed the formation of AgNPs
(Figure 6B). The FTIR spectrum of AgNPs C showed peaks at 2934 cm~!, 1656 cm ™!,
1381 cm~!, and 1121 ecm~!, which were attributed to C-H stretching, C=0 group, C—C (or
C-N) stretching, and O-H stretching, respectively. These bonds confirmed the presence of
AgNPs (Figure 6C). The FTIR spectrum of CuONPs (Figure 6D) showed several peaks at
1656 cm~!, 1384 cm ™1, 1113 em ™1, 765 cm~?, and 618 cm ™!, which were assigned to O-H
bending, C-O asymmetric in the structure of CuONPs, C-O symmetric in the structure of
CuONPs, and Cu-O stretching vibration, respectively [27,28].
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Figure 6. FTIR spectra of synthesized silver NPs A (A), B (B), and C (C), and copper oxide NPs (D).

The XRD pattern of AgNPs A, B, and C and CuONPs is shown in Figure 7. For AgNPs,
several Bragg reflection peaks were observed at 26 values of 28°, 32°, 38.12°, 46°, 54°, 57°,
64°, and 77° which were indexed to (210), (122), (111), (200), (142), (241), (220), and (311)
planes of pure silver based on a face-centered cubic structure [29]. The XRD results clearly
show that the AgNPs were successfully synthesized and had a crystalline structure. In
addition to AgNP peaks, some other peaks could be ascribed to Ag,0O. It is important
to mention that there was hardly any indication of the Ag nitrate phase (at least not in
the detection limit of XRD, which is roughly 5 wt.%), inferring that the synthesis was
successfully carried out. In addition, the XRD pattern of CuONPs was observed to be at



Materials 2023, 16, 4670

90f13

20 =31.8°,46°,57°, 66°, and 75°. These narrow peaks confirmed the crystalline structure
of synthesized CuONPs [30].

Figure 7. XRD pattern of synthesized silver NPs A (A), B (B), and C (C), and copper oxide NPs (D).

3.2. MIC Determination of NPs

To determine the MIC of as-synthesized NPs against E. coli and S. aureus, the microdi-
lution method was performed. MIC values are shown in Table 2. On the basis of these
results, NPs A, B, and D were more active against S. aureus compared to E. coli, while the
antibacterial effect of NPs C on both was equal. These results are in agreement with previ-
ous studies. For example, Erjaee et al. (2017) showed that green-synthesized AgNPs using
Chamaemelum nobile extract inhibited the growth of pathogenic bacteria, and its MIC against
E. coli and S. aureus was 7.8 ug/mL and 31.2 ug/mL, respectively [31]. In another study, it
was shown that AgNPs synthesized using a chemical approach had no antibacterial effects
on S. aureus, whereas they were highly active against E. coli with an MIC of 128 umol /L [32].
Furthermore, an analysis of the antibacterial activity of CuONPs synthesized using bacterial
stains by John et al. showed that these NPs were strongly active against E. coli and S. aureus
with MIC values equal to 25 &+ 0.4 and 25 £ 0.2 pg/mlL, respectively [33]. The efficacy of
the antibacterial activity of AgNPs is due not only to their nanoscale size but also to their
large ratio of surface area to volume. They exhibit antibacterial effects through different
processes including the production of reactive oxygen species (ROS), cell-wall penetration,
and inhibition of DNA replication [34]. The antibacterial activity of CuONPs is related
to their capability to produce ROS and to form a complex with peptides inside the target
bacteria. The oxidation state plays a key role in this process [35].

Table 2. MIC values of NPs and commercial paint used in the present study.

NPs MIC (ug/mL)
E. coli S. aureus
A 125 62.5
B 125 31.2
C 62.5 62.5
D 200 180

Paint 100 mg/mL 100 mg/mL
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3.3. Evaluation of Antibacterial Effects of Prepared Paint—-NP Complexes

The antibacterial activity of NP-paint complexes against pathogenic bacterial strains
suggested that metal sheets coated with these complexes strongly inhibited the growth
of E. coli and S. aureus. According to Figure 8 and Table 3, both of them were inhibited
by paint samples modified with NPs A, B, and C. In addition, the antibacterial activity
of these complexes against E. coli was higher than S. aureus. No growth was observed
after treatment of E. coli paint-NPs C. In other words, the viability of E. coli after treatment
with complexes A, B, C, and D was decreased to 1.9%, 1.76%, 0%, and 4.81% compared to
the untreated control. Furthermore, complexes A, B, C, and D decreased the viability of
S. aureus to 8.44%, 5.6%, 3.4%, and 18.5% compared to the control.

Figure 8. Antibacterial effects of NP—paint complexes on E. coli (A) and S. aureus (B).

Table 3. Antibacterial activity of NP-paint complexes (after 12 h incubation).

NP-Paint Complexes Number of Colonies/mL
S. aureus E. coli
Control 3.73 x 10° 3.11 x 10°
Control + paint 2.7 x 10° 2.13 x 10°
A + paint 31.5 x 103 6 x 103
B + paint 21 x 10° 5.5 x 10°
C + paint 13 x 10° No growth
D + paint 69 x 10 15 x 10°

Modification of paints with NPs may enhance their physicochemical properties
and provides antimicrobial activity, making them applicable in places such as hospi-
tal walls (as the source of nosocomial infections), schools, restaurants, office buildings,
and laboratories [36]. Hence, this topic has attracted researchers” attention, and a lim-
ited number of studies have been reported in this area in recent years. For instance,
Solano et al. (2020) prepared nano-filled paint with titanium oxide (TiO;) and zinc oxide
(ZnO) NPs and analyzed their physicochemical characteristics and antibacterial activity.
They suggested that the modification of paint with TiO; and ZnONPs improved its self-
cleaning property of it. In addition, antibacterial analysis against E. coli using the disc
diffusion method showed that, in the presence of ZnONPs, nano-filled paint presented
inhibitory activity, but no antibacterial activity was observed in the presence of TiO,NPs.
This lower antibacterial activity was attributed to the low capability of NPs to release from
paint [37]. This confirmed that the disc diffusion method is not suitable for evaluating the
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real antibacterial potential of NP—paint complexes. For this reason, here, we used aqueous
medium. The antibacterial properties of the synthesized paint were related to Ag/Cu
release at the interface. When Ag/Cu ions are released, they can adhere to the negatively
charged bacterial cell wall and cause the rupture of the cell structure; this can result in
protein denaturation and lead to the demise of the bacteria [38]. Within the bacteria, ions
can also bind to DNA structures and influence crosslinking within and between nucleic
acid strands, resulting in disruption of the helical structure of the DNA. Furthermore, an-
tibacterial ions are believed to have some negative implications for the critical biochemical
processes [39—-41] needed for the livability of the bacteria [42,43].

4. Conclusions

The production of surfaces with antibacterial properties is a research area that has
attracted much attention in recent decades. Nanoparticles play a key role in this field.
Therefore, we synthesized AgNPs and CuONPs using biological methods to generate
paint-NP complexes. Antibacterial analysis using the MIC and colony count methods
revealed that these complexes are strongly active against pathogenic bacteria. These results
suggest that they could be useful for application in hospitals, hotels, restaurants, and other
public places.
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