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Abstract

Silver nanoparticles (AgNPs) are known for their outstanding antimicrobial activity.
However, most traditional methods used to synthesize silver nanoparticles require either
the use of chemical reducing agents and activators that are highly polluting or that
require investments in expensive equipment with high energy consumption. Thus,
finding green, fast, and simple alternatives to synthesize silver particles for antiseptic
purposes is important. In this study, AQNPs were synthesized in situ on a matrix of
bacterial cellulose (BC) obtained from mothers of pineapple vinegar by a photoreduction
reaction assisted by a sodium lamp that emitted yellow light (A = 589 nm). BC-AgNP
films were synthesized with AQNP concentrations of 5, 25, 50, 75, and 100 ppm, and
their antibacterial activity was evaluated; the results revealed that they inhibited the
growth of Staphylococcus aureus and Escherichia coli by up to 100% and 95.6%,

respectively.



Introduction

Throughout history, silver and silver compounds have been widely used as
antiseptics because of their extraordinary antimicrobial properties. Silver can inhibit the
growth of several varieties of bacteria [1-3], fungi [4-6], and viruses [7-9] owing to a
mechanism that deactivates the respiratory enzymes of cells [10, 11]. At present,
researchers in the biomedical and pharmaceutical fields are especially interested in the
use of silver nanoparticles (AgNPs) as alternatives to antibiotics, given that many of the
most common pathogens are becoming resistant to an increasing number of drugs [12,
13]. However, most traditional methods used to synthesize AgNPs require the use of
chemical reagents such as sodium borohydride, sodium citrate, and ethylene glycol,
which are pollutants and can be dangerous to human health [14, 15]. Alternative
methods, such as laser ablation, are expensive because of the equipment and energy
they require to operate [16]. For these reasons, finding environmentally friendly (or
“green”) synthesis alternatives for obtaining silver nanoparticles is important.

In recent years, methods for the photochemical synthesis of metal nanoparticles
have been widely studied because of their relative simplicity, versatility, and low
negative impact on the environment [17, 18]. This type of synthesis method, also known
as photoreduction, consists of reducing metal ions by irradiating them with either
ultraviolet or visible light [19], as shown in Fig, 1. This method can be performed in situ,
that is, directly on the matrix material that will be used to support the metal
nanoparticles. Silver nanoparticles can be obtained from different precursor solutions by
photoreduction reactions, and no other reducing agent is needed for the reaction to

occur [20-22], although an acidic environment is often preferred.
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Fig. 1 Silver photoreduction

AgNPs are successfully photosynthesized on liquid matrices such as extracts of
prickly pear and a mixture of lemon juice and commercial rice vinegar [23, 24], as well
as in solid cellulose matrices with the aid of a natural green tree substrate as a reducing
agent [25]. Bacterial cellulose, in particular, is a highly porous, biodegradable, and
biocompatible material that is easy to functionalize and has great mechanical strength
and low density, which makes it an ideal material for use as a support for drugs and
metal nanoparticles with healing purposes [26-28]. Silver particles that are directly
photosynthesized on a cellulose matrix are deposited onto the gel network and
chemically bonded to the surfaces of the fibers [29], and reports have demonstrated that
BC-AgNP films present outstanding antibacterial activity [29, 30]. However, there are no
reports of AgNPs being photosynthesized in situ on bacterial cellulose matrices
obtained from mothers of vinegar, even though mothers of vinegar are a source of

highly pure bacterial cellulose (BC), which has the advantage of not being mixed with



hemicellulose, pectin, and lignin, as is often the case for cellulose obtained from plants
[31].

In this study, silver nanoparticles were photosynthesized from a silver nitrate
precursor and directly deposited onto a bacterial cellulose matrix to produce
antimicrobial films with potential use as topical antiseptics. The photoreduction reaction
was carried out using a sodium lamp emitting yellow light (A = 589 nm) and was
performed in an ultrasound bath to guarantee the correct dispersion of the metal
particles in the matrix. The BC used in this research was obtained from mothers of
pineapple vinegar. The BC-AgNP films were synthesized at AQNP concentrations of 5,
25, 50, 75, and 100 ppm and characterized by optical microscopy, Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and scanning electron
microscopy (SEM). The antibacterial activity of the films was evaluated against
Staphylococcus aureus and Escherichia coli, which are the two most common sources
of bacterial infections in hospitals and health care facilities worldwide [32, 33] and have
been reported to present significant and constantly increasing antimicrobial resistance
(MRA) against multiple antibiotics, such as penicillins, cephems, fluoroquinolones, and
tetracyclines [34-36]. The results showed that the BC-AgNP films can inhibit the growth

of S. aureus and E. coli by up to 100% and 95.6%, respectively.

Materials and methods
Bacterial cellulose was obtained from mothers of vinegar, specifically pineapple
vinegar. The mothers of vinegar were subsequently washed two or three times in

isopropyl alcohol and then with distilled water until they reached a pH between 4 and 5.



All the washing was performed at room temperature under stirring. The obtained
cellulose was crushed and separated into samples of approximately five grams each.
The samples were poured into glass vials and soaked with the silver nitrate solution at
the corresponding concentrations to obtain films with 5, 25, 50, 75, or 100 ppm of silver
nanoparticles. The vials containing the samples were perfectly sealed and placed in an
ultrasonic bath under the light of a sodium lamp for 1 hr. The samples were then poured
into trays with areas of 2.5 x 2.5 cm, rinsed with distilled water to remove impurities, and
left to dry for two to three weeks until solid films were formed. Control samples of pure
BC without silver were subjected to the same procedure.

The obtained films were characterized via optical microscopy, Fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and scanning electron
microscopy (SEM). Optical micrographs were obtained by a ZEISS AX10 microscope
(Germany) and visualized with Motic Images Plus software (version 3.0). FTIR analysis
was carried out with a PerkinElmer Spectrum 100 spectrophotometer (Shelton, CT,
USA) in the range of 4000-700 cm™'. TGA was performed with a TA SDT Q600
thermogravimetric analyzer (New Castle, Delaware, USA) at temperatures between 0
and 600 °C with a heating rate of 10 °C min~" under a N2 atmosphere. Finally, SEM
micrographs were obtained with a JEOL JSM IT200 system (Zurich, Switzerland) using
a sample size of approximately 20 mm?Z.

The antibacterial activity of the films was tested against Escherichia coli ATCC-
25922 and Staphylococcus aureus ATCC-29213 using the Japan Industrial Standard
JIS Z 2801:2000 method (Japanese Standards Association 2000) with minor

modifications, as described by Morales-Cepeda et al. [37] Each bacterium was



individually grown in trypticase soy broth (TSB), and these cultures were used to
prepare suspensions in a solution of NaCl (0.85%). Inoculum concentrations were
calculated using the viable plate count method. The number of colony-forming units per
milliliter (CFU mL™") was adjusted to approximately 51,000 with trypticase soy broth
(1/500). The sample films were placed into sterile vials, inoculated with 4 mL of this
suspension, and incubated at 37 °C for 24 h in a humidified atmosphere (90%). After
incubation, the number of CFUs was calculated through plate counting on trypticase soy
agar (TSA), and the antibacterial activity (R) values were obtained using the following

equation:

control sample
R = L 24h Dl€24n (1)

controlyy, controlyy,
where control2anh and controlon are the mean numbers of colonies in the vial without
sample film at 24 h and 0 h, respectively, and sample2sn is the mean number of bacteria
in the sample film at 24 h. Finally, the growth inhibition percentage was calculated as

follows:

. CFU — CFU
Inhibition(%) = mct;‘;lcontm:“mple * 100 (2)

where CFUcontrol and CFUsample are the numbers of colonies in the vial without film and
with the film sample, respectively. All tests were conducted in triplicate, and the average

values are reported.

Results and discussion
After the mothers of vinegar were washed, bacterial cellulose was obtained in the

form of transparent, whitish wet layers. After the photoreduction reaction, the sample



color changed from white to gray, as expected according to Pal et al. [29] and A. A. H.

Abdellatif et al. [38] Dry films of BC-AgNPs and pure BC are shown in Fig. 2.

Fig. 2 BC-AgNP (left) and pure BC (right) films after drying

Characterization of the samples

Optical microscopy

Pure BC and BC-AgNP films were observed with an optical microscope at 10x
with a 75° prism opening, and polarized mode was used to detect the silver metallic
particles. The optical micrographs of pure BC and 25, 50, and 100 ppm BC-AgNP films
are shown in Fig. 3. Although the diameter of any individual nanoparticle could not be
detected or determined at 10x magnification, some clusters formed by aggregated

particles can be observed in the micrographs. The micrographs of the loaded films



indicated that the silver nanoparticles formed clusters with lengths of approximately
100-135 pm at concentrations of 25 ppm, 125-250 um at 50 ppm, and 180—-450 pm at
100 ppm. These clusters formed because of the large specific area of the silver
nanoparticles, which increases their thermodynamic attraction to each other and their

tendency to aggregate [39, 40].

«l=] y 4
Length - 1011 pm

Gl“ L]
» Length - 3000 um -)

Iy Length - 386.4 pm @

«*] |11 53
Length : 450.2 pm 3

«».f Length - 181 ym [

b df. L3
Length : 394.7 ym

Fig. 3 Optical micrographs of (a) pure BC and BC-AgNPs at AgNP concentrations of (b)

25, (c) 50, and (d) 100 ppm

Fourier transform infrared spectroscopy (FTIR)



The FTIR spectra of the pure BC and BC-AgNP films are shown in Fig. 4. The
intensity of the O—H absorption band at 3292.62 cm™ decreases slightly with increasing
silver concentration, which suggests that oxygen could have reacted with silver to form
secondary compounds, leading to a decrease in the number of O—H bonds [41, 42].
However, the peaks corresponding to C—H stretching at 2932.82 cm™ showed no
variation depending on the amount of silver present in the sample, which indicates that
the longer chains in the polymer were not affected by any chemical interaction occurring
between carbon and silver [43]. N=C stretching can be observed at 2115.11 cm™ [44].
This peak was stronger with increasing amount of silver in the sample, which indicates
that the nitrogen interacting with the carbon could be a remnant of the silver nitrate
precursor. Finally, the peaks at 1640.24 cm™ and 1104.89 cm™, corresponding to C=C
and C-O stretching vibrations, respectively, remained constant regardless of the

amount of silver in the sample [45, 46].
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Fig. 4 FTIR spectra of pure BC and BC-AgNP films

Thermogravimetric analysis (TGA)
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Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG)
curves for the pure BC and BC-AgNP films are shown in Fig. 5. All the
thermogravimetric analyses were carried out in the range of 0—600 °C. The first stage of
mass loss for both samples, corresponding to a weight loss of ~5%, occurred between
room temperature and approximately 100 °C, which can be attributed to the evaporation
of water from the films [47, 48]. Afterward, the TGA curves remained stable up to
approximately 250 °C, with a mass loss of ~2% in this region. The greatest mass loss
occurred in the region between 250 and 360 °C, with losses of ~60% and ~55% for the
pure BC sample and the BC-AgNP film, respectively. This large weight loss
corresponds to the degradation of cellulose [49-51]. The last degradation stage, from
360 to 600 °C, corresponds to the loss of carbonaceous residues [52]. The mass
remaining above 600 °C corresponds to the amount of ash in the pure BC samples and
to the added weight of the ashes and silver nanoparticles in the BC-AgNP films.
Compared with the pure cellulose samples, the films with silver retained approximately
2% more mass. The DTG curves indicated that the thermal degradation of the samples
occurred mainly in the 260-380 °C region, with the maximum decomposition rates being
at 345 and 350 °C for the pure BC and BC-AgNP films, respectively. Compared with
pure BC, the BC-AgNP films presented a slightly lower degradation rate, as silver likely

increased the thermal stability of the samples [50, 53].
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Fig. 5 Comparison of the (a) TGA and (b) DTG curves for BC and a BC-AgNP film at an

AgNP concentration of 100 ppm

Scanning electron microscopy (SEM)

SEM micrographs of a BC-AgNP film with a concentration of 100 ppm are shown
in Fig. 6. The micrographs were obtained at magnifications of 30x and 1400x (a) and at
100x and 3500x (b). The silver particles that formed in the bacterial cellulose matrix
tended to be either spherical or oval-like semispheres, and appeared to be highly
agglomerating given their rough surface. In both images, microparticles with sizes
between 10 and 20 um can be observed, as can nanoparticles with sizes between 10
and 100 nm, which are either scattered around the films or clustered on the surfaces of
the larger microparticles. Larger microparticles likely formed because the reaction was
performed in an environment with a pH between 4 and 4.5, as lower pH values favor the
formation of larger particles [54]. However, the fact that most of the particles were
spherical or semispherical indicates that the combination of yellow light and the

vibrations of the ultrasonic bath is optimal, as controlling and unifying the shape of silver
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nanoparticles can be difficult to achieve, particularly when alternative synthesis methods

are used [55].

Fig. 6 SEM micrographs of a BC-AgNP film with (a) oval and (b) spherical particles

Antibacterial activity testing

Table 1 displays the antibacterial activity (R) values and the percentages of
growth inhibition of the BC-AgNP films against E. coli and S. aureus. The pure BC films
did not present significant antimicrobial activity against either of the bacteria; therefore,

the bacterial cultures evaluated with these samples did not show any growth inhibition.
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All the samples with silver nanoparticles, on the other hand, presented antibacterial
activity with values equal to or greater than 2, which means that these materials are
effective for antimicrobial use [56], with the potential to be used as topical antiseptics for
the treatment of superficial wounds [57, 58]. However, the BC-AgNPs performed better
against S. aureus than against E. coli, reaching maximum inhibition percentages of
100% and 95.6%, respectively. In addition, when tested against S. aureus, the films
presented growth inhibition percentages above 90% at every concentration; however,
when tested against E. coli, only the BC-AgNP films with silver concentrations equal to
or greater than 50 ppm presented growth inhibition values above 90%. These findings
are in line with previous research, where it has been reported that the same
antimicrobial material can have different effects against different microorganisms [29,
59, 60]. Notably, compared with those of reported AgNPs synthesized by green
methods, the antimicrobial activity and growth inhibition of the BC-AgNP films
synthesized in this study were outstanding. Silver nanoparticles synthesized using
Brassica carinata extract as a reducing agent achieved growth inhibition percentages of
only 50% against both S. aureus and E. coli at a concentration of 125 ug/mL (125 ppm)
[61]. When synthesized using Murraya koenigii extract, the growth inhibition of S.
aureus was only 31.4%, 53.3%, and 85.6% at 8, 16, and 32 ug/ml (ppm), respectively,
although the inhibition of E. coli was greater than 81% at concentrations as low as

16 pg/ml (ppm) [62]. However, the values of growth inhibition of the AQNPs synthesized
using Hellenia speciosa as the reducing agent were similar to those reported in this
study, with 92.41% growth inhibition against S. aureus at a concentration of 25 ug/mi

(25 ppm) [63]. On the other hand, silver nanoparticles synthesized via photoreduction

14



assisted by a femtosecond laser inhibited the growth of E. coli by approximately 65% at
concentrations of 0.0081 g in 100 mL of solution (81 ppm) and 100% at concentrations
of 0.0137 g and 0.0239 g per 100 mL of water (137 and 239 ppm, respectively) [64].
Notably, BC-AgNP films synthesized via more traditional chemical methods have been
reported to inhibit the growth of both E. coli and S. aureus by up to 99 and 100% [30,
37]; however, these methods have the disadvantage of depending on polluting chemical

reagents.
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Table 1. Values of antibacterial activity (R) and growth inhibition (%) for the pure BC and BC-AgNP films against E. coli

and S. aureus

Bacteria and Silver

Total bacterial count T0?

Total bacterial count T242

Value of antibacterial Growth

concentration (ppm) (UFC/mL) (UFC/mL) activity (R) inhibition (%)
Repetitions Mean (SDb) Repetitions Mean (SDP)
Escherichia coli 5.00E + 04 5.00E + 04 (0)
ATCC-25922 5.00E £ 04
5.00E £ 04
Control N.A. 1.70E £ 07 (N.A.) N.A. N.A.
0 5.91E £ 07 5.38E £ 07 (7.57TE+06) 0.5 N.A.
4.84E + 07
5 1.35E + 04 1.13E+ 04 (2.18E £ 03) 3.17 77.2
9.15E £ 03
1.15E + 04
25 1.17E £ 04 1.30E £ 04 (3.46E £ 03) 3.1 73.8
1.05E + 04
1.70E + 04
50 4.25E + 03 4.25E + 03 (7.50E £ 02) 3.60 91.5
5.00E + 03
3.50E + 03
75 2.75E £ 03 3.45E £ 03 (1.00E £ 03) 3.69 93.1
4.60E + 03
3.00E + 03
100 2.15E £ 03 218E+03 (2.07E+02) 3.88 95.6
241E 03
2.00E + 03
Staphylococcus aureus 5.00E + 04 5.00E + 04 (0)
ATCC-29213 5.00E £ 04
5.00E £ 04
Control 9.40E £ 07 9.75E + 07 (9.90E £ 06) N.A. N.A.
1.08E + 08
0 5.40E £ 07 5.40E £ 07 (0) 0.26 0
5 3.0E £ 03 1.57E+03 (1.29E £ 03) 4.79 96.8
5.0E £ 02

1.2E+03



25 735E+£03  4.22E + 03 (3.40E £ 03)
6.00E = 02
4.7E £ 03

50 215E+02  1.88E £ 02 (7.85E £ 01)
2.50E # 02
1.00E £ 02

75 500E+02  3.33E 02 (1.53E £ 02)
3.00E + 02
2.00E £ 02

100 0 0 (0)
0
0

4.36

5.71

5.46

>5.71

91.5

99.6

99.3

100

Notes:
aT0 and T24 indicate the time (in hours) at which bacterial counting was performed.

b SD indicates the standard deviation of the group of samples.



Conclusions

In this work, silver micro- and nanoparticles were synthesized by a green
photoreduction method assisted by a sodium lamp that emitted yellow light, with no
other chemical reagents used in the reaction other than the silver nitrate precursor. The
AgNPs were synthesized in situ on a bacterial cellulose layer obtained from mothers of
pineapple vinegar, and the reaction was carried out in an ultrasound bath to improve the
dispersion of the particles in the polymeric matrix. The resulting BC-AgNP films were
characterized via optical microscopy, FTIR, TGA, and SEM, and the silver nitrate
precursor was successfully reduced into silver micro- and nanoparticles with spherical
and oval-like semispherical shapes. The antimicrobial effectiveness of the AgNP films
was evaluated against Escherichia coli and Staphylococcus aureus. The growth of E.
coli decreased by more than 90% when the concentration of silver was as low as 50
ppm, with this value reaching up to 95.6% when the concentration was 100 ppm. On the
other hand, the growth of S. aureus was inhibited by more than 90% at silver
concentrations as low as 5 ppm, reaching a total growth inhibition of 100% when the
BC-AgNP film concentration was 100 ppm. These results prove that photoreduction
synthesis assisted by a sodium lamp is a promising method for obtaining silver micro-
and nanoparticles with remarkable antibacterial properties. However, the aim of the
present study was limited to proving the feasibility of photosynthesizing AgNPs on a BC
support obtained from mothers of vinegar by using the proposed method and verifying

that the obtained films exhibit good antibacterial activity.
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