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Abstract: The increasing interest in developing silver nanoparticles as antibiotic raw materials has attracted
much attention, as the most common reduction and electrolysis techniques produce the toxic gas byproduct
nitrogen dioxide. This paper reports a successful effort to develop a modified toxic-free electrolysis technique
to produce electrolytic silver nanoparticles (ESN). A comparison of the physical and biological properties of
ESN and reductive silver nanoparticles (RSN) was made. The presence of silver atoms in the solution was
determined using a UV visible spectrometer and absorption peaks were found at 425 nm (ESN) and 437 nm
(RSN). The particle size in solution was determined using dynamic light scattering and the diameter was found
to be approximately 40 nm (for ESN) and 70 nm (for RSN). Antibacterial efficacy and power to prevent the
development of bacterial resistance against Propionibacterium acnes (P. acnes) were assessed using the Kirby-
Bauer method. Statistical analysis of clear zone diameter data showed that unlike RSN, the efficacy of ESN
increased with higher concentrations. The efficacy of ESN and RSN is relatively lower than Chloramphenicol
5% because it is measured in different concentration units (ESN and RSN in ppm and Chloramphenicol in %).
By using a calibration curve, the efficacy of 5% Chloramphenicol can be equated to 0.005% ESN. In addition, P.
acnes developed strong resistance to Chloramphenicol, weak resistance to RSN and showed no resistance to
ESN. These findings underscore the extraordinary potential of ESN as a raw material for future antibiotics.

Keywords: reduction; toxic free electrolysis; antibiotics; bacterial resistance; Kirby-Bauer method

1. Introduction

Most bacteria develop drug resistance due to drug abuse, drug overuse, and long-term exposure
to the same drug[1,2] . Using the wrong type of antibiotic will not cure the disease. It can even cause
resistance to antibiotics. Overuse of drugs can kill some bacteria, but can develop resistance.
Prolonged use of drugs may cause bacteria to develop resistance [3]. The development of bacterial
resistance to many antibacterial agents is rapid [4,5]. Meanwhile, the discovery of new and more
effective drugs is very slow [6].

Propionibacterium acnes (P. acnes) is a Gram-positive bacterium commonly found in the skin, oral
cavity, and gastrointestinal tract [7]. This bacterium is aerobic, aerotolerant, commensal, and under
certain condition it turns to become pathogenic [8]. P. acnes and Staphylococcus aureus are the major
cause of pathogenic in acne. P. acnes was chosen for this research due to its susceptibility to many
antibiotics, such as beta-lactams, quinolones, and rifampin and its continuing resistance development
to new antibiotics [8]. These bacteria are known to develop biofilm [9] as part of their survival
mechanisms [9,10].

Research in the development of antibiotic raw materials has been ongoing for decades.
Medicinal plant-based raw materials have attracted much attention [11,12]. However, much research
has been done to develop metal nanoparticles over the past 2-3 decades [13,14]. Plant-based
antibiotics are relatively easy to prepare but take a long time to reproduce and it is difficult to
maintain the sustainability of the raw materials. On the other hand, metal nanoparticles are relatively
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difficult to prepare, easy to reproduce, and the raw materials are abundant. The most widely studied
metal nanoparticles as antibacterial agents today are silver nanoparticles for two reasons, namely
relatively low cost, high efficacy [15].

The relatively high efficacy of silver nanoparticles is most likely due to their bactericidal
properties. Silver nanoparticles not only inhibit bacterial growth but also kill them. Although the
exact mechanism is still unknown, there are eight mechanisms proposed for silver nanoparticles to
inhibit and kill bacteria as depicted in Figure 1. Figure 1 shows that there are two types of silver
nanoparticle soldiers involved in fighting against bacteria namely “regular soldier” (a) silver
nanoparticle and “special force” (b) silver ions. They combat bacteria in eight different ways
simultaneously. (1) The accumulation of silver nanoparticles on the bacterial membrane causes
cytoplasmic membrane denaturation causes organelles rupture and leads to the cell lysis [16]. (2) The
very small size of silver nanoparticles allows them to penetrate the cell wall and change the
membrane structure thereby inhibiting bacterial growth [17]. (3) Silver nanoparticles inhibit P. acnes
biofilm production[18,19]. This may be due to the thermally conductive nature of the metal
nanoparticles, which absorb heat and leave liquid biofilm dried. (4) Silver nanoparticles release silver
ions and these ions bind to sulfur in bacterial cell wall proteins [18,20]. The adhesion of silver ions to
the cell wall causes increased permeability and disrupts electrolyte flow, leading to membrane
rupture and bacterial death [9]. (5) Silver ions interfere with the production of adenosine
triphosphate, which results in a low energy source for bacteria [21]. This inhibits bacterial growth
and can lead to bacterial death. (6) Silver ions cause denaturation of ribosomes in the cytoplasm,
which disrupts protein synthesis and inhibits bacterial growth. (7) Silver ions in bacterial cells can
inactivate respiratory enzymes, causing bacteria to suffocate and eventually die [22]. (8) Silver ions
penetrate to bacterial cells and create reactive oxygen [23]. Reactive oxygen species induction causes
modifications to DNA, disrupts DNA replication, and inhibits bacterial growth [24].

(a): silver nanoparticles P &
(b): silver ions @

Figure 1. Possible mechanism of silver nanoparticles in killing and inhibiting bacteria.

There are two main techniques for producing silver nanoparticles, namely reduction and
electrolysis techniques [25,26]. The reduction technique is carried out by mixing silver nitrate solution
and trisodium citrate solution. Both solutions are mixed and heated in water using a magnetic stirrer.
The reduction technique can produce reductive silver nanoparticles (RSN) quickly [27]. However,
there are two problems that most people are not aware of. First, it produces citric acid and sodium
hydroxide byproducts [28]. Citric acid contains three carboxyl functional groups per molecule known
as a red-shifted auxochrome. This auxochrome absorbs some of the translational energy so that the
peak absorption wavelength shifts to the red, to a lower energy. Second, it produces toxic byproduct
[29,30]. Nitrogen dioxide (NO2) hazardous gas produced from the decomposition of HNO3 when
silver nitrate was used as precursor. On the other hand, the electrolysis technique using silver nitrate
as the electrolyte produces a silver solution that is free from contaminants (such as citric acid), but
still produces the same toxic gas, NO2. This inspired us to create a modified electrolysis technique to produce
silver nanoparticles that are free from contaminants and toxic gases and observe their antibacterial properties.
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The formation of silver nanoparticles in electrolytic and reductive techniques is highly
dependent on the aggregation of silver atoms in solution [31]. The higher the concentration of silver
atoms, the larger the size of silver nanoparticles. It is estimated that each silver nanoparticle contains
20 to 15000 silver atoms [32]. The short-range van der Waals attraction is the most likely cause of
aggregation when atoms collide with each other due to Brownian motion [33]. Therefore, we believe
that the physical characteristics of electrolytic silver nanoparticles (ESN) and RSN should be the same
unless the environment around the silver nanoparticles changes them.

For now, we are more interested in exploring the biological characteristics of ESN and RSN
especially on their antibiotic properties. Therefore, the observation of the antibacterial activity of ESN
and RSN was carried out and compared with Chloramphenicol as a positive control. The focus of the
observation was on the efficacy (as indicated by the diameter of the clear zone) of ESN compared to
RSN against P acnes [34,35]. However, its power to prevent the development of bacterial resistance to
ESN and RSN was also observed [36].

The presence of silver atoms in the solution was observed using UV-Visible spectroscopy [37].
The size of silver atoms was determined using dynamic light scattering [38]. Efficacy and power to
prevent the development of resistance were carried out using the Kirby-Bauer method [39]. The
efficacy of ESN and RSN at 10 ppm and 30 ppm was compared, t-test analysis was performed and
the results are discussed thoroughly in this paper. Both results were also compared with 5%
Chloramphenicol [40].

2. Results

2.1. Comparison of Solution Colours

Figure 2(a) shows a photograph of four samples ESN (10 ppm and 30 ppm) and RSN (10 ppm
and 30 ppm) for color comparison. Figure 2 (b) shows the increase of ESN concentration (ppm) with
time (min). The difference in color is discussed later.

(a) [l“l)

Figure 2. (a) ESN and RSN Color and (b) ESN concentration over time.

2.2. Silver Content in Solution

Figure 3 depicts the results of UV visible spectrometer measurements on the absorption peak
wavelengths of ESN and RSN at 10 ppm (A) and 30 ppm (B). The possible cause of different peaks
will be discussed.

Absorption peak 10 ppm RSN and 10 ppm ESN Absorption peak of 30 ppm RSN and 30 ppm ESN
1000 158

(A) : (B)

Figure 3. Absorption peaks: (A) 10ppm and (B) 30 ppm of ESN and RSN.
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2.3. Particle Size Comparison

Table 2 shows data on average particle sizes of ESN and RSN and polydispersity index (PDI) of
ESN and RSN solutions. Figure 2 (b) shows the increase of ESN concentration with time during
electrolysis process.

Table 1. Diameter of ESN and RSN.

Concentration (ppm) ESN RSN
Diameter (nm) PDI Diameter (nm) PDI
10 40.3 0.0533 74 0.2848
30 39.9 0.0642 74.6 0.2948

2.4. Efficacy and Power to Prevent Resistance

Figure 4 (a) shows the results of clear zone diameter measurements of ESN (10 ppm), RSN (10
ppm), and Chloramphenicol (5%). Figure 4 (b) shows the results of clear zone diameter measurements
of ESN (30 ppm), RSN (30 ppm), and Chloramphenicol (5%). Table 2 shows P two-tailed values of
statistical analysis.

Stationary stage data on 10 ppm ESN, Clear zone diameter ESN 30 ppm,

10 pm RSN and Chloramphenicol 5% RSN 30 ppm and Chloramphenicol 5%
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Figure 4. Clear zone diameter of (a) 10ppm and (b) 30 ppm of all antibiotics.

Table 2. P two-tail values of comparison Chloramphenicol and both types of SN.

1 Chloramphenicol (%) ESN (ppm) RSN (ppm) P two-tail value
2 5 10 - 4.81x1018
3 5 30 - 3.91x108
4 5 - 10 2.4 x10°
5 5 - 30 4.61x10°16
6 - 10 10 2.26x1013
7 - 30 30 7.91x102°
8 - 30:10 - 3.22x1014
9 - - 30:10 0.254671

3. Discussions

3.2. Comparison of Solution Colours

Figure 2 (a) show the difference in color of ESN and ESN solutions. The far-left sample is 10 ppm
ESN and the one next to it is RSN 10 ppm. It can be seen clearly that 10ppm ESN is much clear than
10 ppm RSN. The RSN (10 ppm) is slightly yellowish. The same color difference also occurs between
30 ppm ESN and 30 ppm RSN (far right). Here 30 ppm RSN is much yellow reddish compared to all
other samples. This most likely caused by the presence of NO:2 gas which is yellowish brown and
sparingly dissolves in water (see Equation 3) [41]. As for ESN the color of solution relatively remains
unchanged, since there is no byproduct left nor NO: in the solution.
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3.2. Silver Content in Solution

UV-Visible spectrophotometer showed that the peak absorption wavelengths of 10 ppm ESN
and RSN were 425 nm and 437 nm, respectively, as shown in Figure 3(A). The same peaks were
shown for 30 ppm ESN and RSN in Figure 3(B). The peak wavelengths between 400-450 nm indicated
the presence of silver [42]. Each graph showed only one peak which means that only silver atoms
contributed to the light absorption in ESN and RSN solutions.

The data in Figure 3 show three interesting phenomena to discuss. First, both ESN
concentrations show the same peak at 425 nm [43], whereas both RSN concentrations show the same
peak at 437 nm [44]. This means that the dilution process does not change the content of ESN and
RSN.

Second, there is a difference in the peak wavelength of absorption between ESN and RSN. This
means that the peak wavelength of RSN is shifted to the right (red shift 12 nm). This is most likely
related to the presence of bathochromic carboxyl in RSN solution [45], because there are three
carboxyl functional groups and one hydroxyl functional group in each molecule of citric acid by-
product, where carboxyl and hydroxyl are known as bathochromic auxochrome which shifts the peak
to the red, to a larger wavelength. Finally, the absorbance of RSN is lower than ESN for both
concentrations. This low absorbance is due to the hypochromic effect of hydroxyl functional group
[46]. Some chromophores such as hydroxyl cause hypochromic effects by absorbing more light
intensity. The absorption of light intensity by hydroxyl causes the absorbance to decrease. In addition,
low pH is also known to cause a hypochromic effect by reducing the absorbance. RSN solution
contains citric acid so that its pH is lower than ESN. Kiani et al showed the hypochromic effect of pH
up to 34%[47]

3.3. Particle Size Comparison

The data presented in Table 1 show that the diameters of both types of silver nanoparticles
remain relatively stable across different concentrations, indicating that adding a small amount of
water to dilute the silver nanoparticles solution does not change the particle size. Table 1 also shows
that RSN diameter is significantly larger than that of ESN. This may be due to the presence of
reductants in the solution which helps accelerate the aggregation of silver nanoparticles. The small
size of ESN can be attributed to the slow electrolysis process to form silver atoms and thus form the
aggregation of ESN. As the electrolysis progresses, the formation of bubbles on the cathode increases
and the cathode appears darker. The bubbles and dark layers on the cathode surface inhibit the
formation of silver [48]. Figure 2 (b) shows that 22 ppm of ESN was produced during the first 40 min,
but only 9 ppm was produced during the last 80 min. Meanwhile, the simultaneous redox reaction
between AgNO3 and Na3C6H507 resulted in the rapid production and aggregation of RSN.
Therefore, the size of RSN (10 ppm and 30 ppm) was significantly larger than that of ESN (10 ppm
and 30 ppm).

The PDI of RSN (0.2848 and 0.2948) was also larger than that of ESN (0.0533 and 0.0642). This
indicates that the size distribution of RSN is more heterogeneous than that of ESN [49]. It is
understandable that ESN is highly homogeneous because unlike RSN, no byproducts are left in the
ESN solution. The average particle size and PDI data are submitted as supplementary material Data
S1.

3.4. Efficacy and Power to Prevent Resistance

To explain the data analysis of antibacterial activity, we introduce three stages of antibacterial
action to combat bacteria growing on a nutrient agar (NA) rich dish. The first stage is the "initial
stage" [50]. This stage is relative short, begins with the placement of impregnated disks, ends with
the start of stationary stage. The initial stage typically lasts only a few hours. The second stage is the
"stationary stage". In this stage, the death bacteria number is approximately equals to the created
bacteria number. The clear zone diameter is relatively stable and this clear zone diameter represents
the efficacy of antibacterial agent. If the bacteria develop resistance to antibacterial agent, this stage
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will be relatively short, and the antibacterial agent will be rendered ineffective. Therefore, the
duration time of the stationary stage represents the strength of antibacterial agent to fight against
antibacterial resistance [51]. For an antibacterial agent to be considered powerful against resistance,
the stationary stage should last longer, delaying the final stage. The final stage begins when the clear
zone diameter consistently decreases due to resistance development which relates to stronger
bacterial growth [52] until the clear zone disappears completely. By understanding these three stages,
it is reasonable to compare the efficacy of different antibacterial agents during this stationary stage.

Figure 4 (a) shows the stationary stage for 10 ppm concentration of RSN, ESN, and 5%
Chloramphenicol. Both RSN and ESN demonstrated antibacterial activity, as indicated by their clear
zone diameters. However, ESN exhibited stronger efficacy than RSN, as evidenced by its consistently
larger diameter and longer duration in preventing the spread of P. acnes. The statistical analysis
shows that 10 ppm ESN produced significantly larger clear zone diameter than 10 ppm RSN as shown
by P two-tail value=2.26 x 103 (see Table 2, row 6 column 5) which is smaller than 0.05 so that the
null hypothesis (Ho) is rejected. The superiority of 10 ppm ESN than 10 pm RSN is probably due to
its smaller size which allows it to be easier to penetrate the P. acnes cell wall, causing membrane
leakage, destruction of internal components, and the death of the bacteria [53]. Conversely, larger
sizes of RSN making it more difficult to penetrate the cell wall. Additionally, the higher purity of
ESN means it comprises nearly 100% active "troops" to combat the bacteria. Whereas, the RSN
solution contains citric acid and sodium hydroxide byproduct meaning it has less than 100% active
components. Figure 4 (a) also shows that Chloramphenicol exhibits better efficacy than 10 ppm ESN
and 10 ppm RSN, as indicated by its larger clear zone diameter. P values of the two comparisons
between Chloramphenicol and 10 ppm ESN (4.81 x 10-%), and between Chloramphenicol and 10 ppm
RSN (2.4 x 10?) are smaller than 0.05 so that Ho is rejected meaning Chloramphenicol produces
significantly larger efficacy than 10ppm ESN and 10 ppm RSN (see row 2 column 5 and row 4 column
5 of Table 2). Statistical analysis is provided in supplementary material Data S2.

However, Chloramphenicol's effectiveness lasts only 39 hours, whereas ESN and RSN remain
effective for 72 hours and 66 hours, respectively. These results indicate that P. acnes exhibits strong
resistance to Chloramphenicol, rendering this antibacterial agent is ineffective against P. acnes after
39 hours [54]. In contrast, P. acnes shows slower resistance to RSN beginning at 66 hours, and does
not show resistance to ESN till the end of observation at 72 hours. This suggests that while
Chloramphenicol initially has a higher efficacy, its effectiveness diminishes more rapidly due to
antibacterial resistance [55]. It is well known that P. acnes shows resistance to many antibiotics
[8,56,57]. ESN not only maintains its antibacterial activity for a longer time but also shows the power
to prevent resistance development of P. acnes. This finding highlights the potential advantages of
ESN over Chloramphenicol and RSN.

Figure 4 (b) shows the stationary stage of clear zone diameters for 30 ppm ESN, RSN, and 5%
Chloramphenicol. All three antibacterial agents exhibited antibacterial activity, with
Chloramphenicol being the strongest and RSN the weakest. This indicates that both ESN and RSN
have potential as antibacterial agents, as their clear zone diameters were only slightly smaller than
that of Chloramphenicol. A t-Test analysis shows that P values of the comparisons of
Chloramphenicol 5% and 30 ppm ESN and 30 ppm RSN are 3.91 x 10# and 4.61x 10-1, respectively
(see Table 2, Row 3, Column 5 and Row 5, Column 5). Both P values are smaller than 0.05 so that Ho
is rejected meaning that Chloramphenicol 5% produced significantly higher efficacy than 30 ppm
ESN and RSN. When comparing 30 ppm ESN and RSN, the P two-tail value of the comparison is 7.91
x 1020 which is lower than 0.05 meaning that 30 ppm ESN produced significantly higher efficacy than
30 ppm RSN.

Figure 4 (b) also shows that the stationary stage of Chloramphenicol ceased at 36 h, RSN stopped
at 66 h, and ESN ceased at 72 h (the last observation). These facts show that 5% Chloramphenicol is
the weakest in preventing P. acnes resistance development, ESN is the strongest (having twice power
than Chloramphenicol), and RSN is weaker than ESN. The ability of ESN to maintain its efficacy
without inducing antibacterial resistance highlights its potential superiority over RSN and
Chloramphenicol.
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P values of statistical analysis of the comparison between 30 ppm and 10 ppm RSN is 0.254671
(Table 2, row 9 column 5) which is higher than 0.05. Therefore, Ho is accepted meaning that 30 ppm
RSN does not produce significantly larger efficacy than 10 ppm RSN. On the contrary, 30 ppm ESN
produced significantly higher efficacy than 10 ppm ESN as indicated by P value of 3.22x10-" which
is less than 0.05 (see Table 2, Row 8, Column 5). This means that higher ESN concentration produces
higher efficacy. This trend can be used to estimate the efficacy of ESN at higher concentration.
However, our data are limited to 10 ppm and 30 ppm ESN, so that they are not sufficient to draw a
reliable calibration curve. Assuming two data points are sufficient to draw a calibration curve, this
results in a linier regression equation of Y=0.0314X + 7.4936. By using this equation ESN of 54.34 ppm
would results in a clear zone diameter equivalent to that of 5% Chloramphenicol which is 9.2 mm. It
should be noted that this ESN concentration is very low, since 54.34 ppm approximately equals to
0.005% which is much lower than that of 5% Chloramphenicol. The superiority of ESN over
Chloramphenicol is probably due to bactericidal property of ESN compared to bacteriostatic of
Chloramphenicol. ESN kills and inhibits bacteria in many different mechanisms as depicted in Figure
7. These findings show convincingly the superiority of ESN as antibacterial agent over
Chloramphenicol which underscores compelling potential as raw material for future antibacterial
agent.

4. Material and Method

4.1. RSN Production

The precursor 100 ml of 10 mM silver nitrate (AgNO3) was prepared by dispersing 170 mg of
AgNOs powder with water to a total volume of 100 ml. The mixture was homogenized by stirring on
magnetic stirrer at 50 rpm 250C for 5 minutes. The 100 ml of 10 mM stabilizer was prepared by mixing
258mg NasCsHsO7 with water up to 100 ml. No specific reducing agent was introduced, since
trisodium citrate is also reducing agent [58]. The balance reaction is given by

12AgN0O; + 4NasCeHs0, + 6H,0 < 12Ag + 12NaNO; + 4C4Hg 0, + 30,. 1)

Based on Equation (2) in a single reaction, this technique produces 12 silver atoms, 12 NaNOs, 4
CeHsOy7, and 3 oxygen gas. All of them remains in the solution except oxygen gas. Citric acid with
chemical formula HOC(CO2H)(CH2CO2H)2 contains three carboxyl (CO2H) and hydroxyl (OH)
functional groups [59]. Citric acid is soluble in water and considered to be contaminant in RSN
solution since there no easy method to separate citric acid from water as solvent of the RSN solution.

Another major by product NaNO3 is soluble in water and it dissociate in water to form Na* and
NO3-. This NO3- in water react quickly with H* ion to form HNOs which then decomposes to form
NOz, H20, and Oz. Here is the complete reaction:

4NaNO;3; & 4Na* + 4NO3
4H,0 < 4H" + 40H™
4Na* + 40H™ < 4NaOH
4H* + 4NO3 < 4HNO;
4HNO; & 4NO, + 2H,0 + 0,
4NaNO; + 2H,0 & 4NO, + 4NaOH + 0,. @)

NO: by product on the right-hand side of Equation 3 is yellowish brown toxic gas which is
sparingly dissolved in water to give yellowish colour of the RSN solution. Another byproduct of this
reduction technique is NaOH as shown on the right had side of Equation 3. Therefore, there are two
contaminants present in RSN solution which are CsHsO7 and NaOH. The process of RSN formation
is depicted in Figure 5 (a) mixing and heating precursor and reductor, (b) silver atoms production,
and (c) silver nanoparticle aggregation and toxic gas byproduct.
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Figure 5. Reductive silver nanoparticles formation.

The stock sample was prepared by adding 2 ml of 10mM precursor and 2 ml of 10mM stabilizer
to a conical flask containing 36 ml of water. The concentration of silver was diluted by a factor of
1/20to become 1079 ppm/20, which equals 54 ppm. This 54-ppm RSN is marked as stock solution.
The 30 ppm and 10 ppm RSN concentrations were diluted from this stock solution.

4.2. ESN Production

An electrolysis unit consisting of a 500 ml capacity of brown bottle, two identical silver plates
electrodes, black rubber bottle lid, 24-volt DC power supply, 400 ml of distilled water, and two pieces
of electrical cable was used to produce ESN solution. The dimension of each silver plate is 16 cm in
length, 4 cm in width, and 0.2 cm in thickness. The DC power supply is set at 24 V and 5 A.

Modifications were made to two parts of the electrolysis system. First, replacing silver nitrate as
the electrolyte with water. This was done because the source of the toxic gas NO2 was silver nitrate.
However, by replacing silver nitrate as the electrolyte at the same time, the source of silver atoms was
also lost. This led to the second modification, which was replacing the electrodes (which are usually
a silver rod and a carbon rod) with two identical silver plates. Since two identical silver plates are
used as electrodes, the electrical wiring connections can be made with any choice. The anode and
cathode are interchangeable. Plates were chosen instead of rods to increase the surface area of the
electrodes facing each other to increase the production of silver atoms. The replacement of silver
nitrate solution as electrolyte with water was taken after careful consideration that the replacement
of silver nitrate with silver chloride, silver bromide, or silver iodide also produces chlorine gas (CL),
bromine gas (Br2) or iodine gas (I2) and all of them are toxic.

Ag+ ions released from the anode go to the cathode, some of which capture electrons in the
solution to form silver atoms that remain in the solution to form ESN [13] and some of which are
neutralized by electrons on the cathode to coat the cathode surface. The equilibrium reaction of the
production of ESN is given by

24g*(aq) + 2H,0 & 2Ag (aq) + H,(g) + 2H™ + 0,(9). 3)

The products on the right-hand side of Equation 3 are all gases except the silver atoms. H2 and
O2 are friendly gases and return to nature. 2H+ turns into H2 gas as soon as it encounters electrons
to form a covalent bond between the two H atoms. There is no contaminant, nor toxic gases produced
in this modified electrolysis. Figure 6 depicts ESN formation involving (1) oxidation producing silver
ions in anode, (2) reduction in solution and in cathode resulting in silver atoms, (3) silver atoms
aggregation, and (4) ESN formation.
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node, (2) reduction in solution, (3) aggregation,
oparticle formation, (5) reduction on cathode

Figure 6. Electrolytic silver nanoparticles formation.

A stock of 400 ml of 31 ppm is produced within 2 h as shown in Figure 2 (b). This stock sample
was diluted to 30 ppm and 10 ppm using this simple equation €;V; = C,;V, where C: is 31 ppm
stock solution, V1 is the calculated stock volume in ml, C: is target concentration (30 ppm or 10 ppm),
and V2 is 100 ml target volume. The volume Vi=(V2Cz)/Ci= (100 ml x 30 ppm)/31 ppm = 96.77 ml.
Therefore, 100 ml volume of 30 ppm sample of ESN was made by adding 96.77 ml stock with 3.23 ml
water. A 100 ml of 10 ppm ESN was prepared in the same way.

4.3. Observation of Solution Colour

Observation of solution colors was done by taking photograph of 10 ppm and 30 ppm ESN and
10 ppm and 30 ppm RSN. All of them were taken in a single frame. Photograph was taken using a
tablet Samsung S6 and converted into .jpg and finally its resolution (dpi) was increased to 600 dpi.

4.4. Detection of Silver in Solution

The presence of silver atoms in the solution was detected using UV visible spectrophotometer.
The solution was scanned from 200nm to 800 nm to find the absorption peak wavelength. The
measurement is presented in form of a graph of absorbance as a function of wavelength of light. The
presence of silver atoms or any other atoms will be identified by its peak wavelength. If 3 different
types of atoms presence in the same solution the graph will show 3 absorption peaks.

4.5. Particle Size Determination

The determination of particle size was conducted using the Laser Amplified Detection (LAD)
method, a cutting-edge advancement of the Dynamic Light scattering (DLS) technique [38]. Unlike
UV visible spectrophotometer and other traditional light scattering system requiring 4 ml of sample,
LAD requires only 5 microliter volume of sample. Since the sample is very small, a precise sample
preparation is needed. The presence of contaminant and aggregate in such a small size of sample
would destroy the measurement. In case this happens, the measurement must be repeated using a
new sample taken from the same stock. The result of the measurement is presented in form of size
distribution graph (gaussian like graph) with one peak and the value of polydispersity index. The
polydispersity index shows the homogeneity of the solution and the peak of Gaussian graph shows
the mean diameter of particles dispersed in the solution.

4.6. Antibacterial Activity Observation

Preparation of nutrient broth and nutrient agar was done in the same way as previous
publication [11]. Bacteria used in this research was Propionibacterium acnes ATCC 6919 strain NCTC
737 (VPI 0389). The antibacterial activity of ESN (10 ppm and 30) ppm), ESN (10 ppm and 30 ppm),
and Chloramphenicol 5% (positive control) was assessed in a petri dish containing NA and P. acnes.
Clear zone diameter was measured once in 3 hours at 3 different positions (horizontal, vertical, and
diagonal) for a period of 72 h.
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5. Conclusion

In summary, physical characteristics of ESN is better than RSN. ESN colour is clear like water
whereas RSN is yellowish due to dissolves yellowish toxic gas NOz. Unlike RSN, there is no NO:z in
ESN solution. ESN absorption peak wavelength is lower meaning there is no bathochromic
auxochrome in the ESN solution. ESN size is much smaller meaning that it is easier to penetrate
bacteria cell wall. ESN PDI is also much lower showing that ESN is much more homogeneous than
RSN.

As for antibacterial efficacy ESN shows higher efficacy than RSN. Unlike RSN, efficacy of ESN
increases with the increase of concentration. Based on this trend, a calibration curve maybe drawn
with linier regression equation which can be used to predict efficacy of higher ESN concentration.
Based on the linier regression equation, it was found that 9.2 nm clear zone diameter produced by
5% Chloramphenicol can be produced by 54.34 ppm ESN which is approximately equal to 0.005%.
This ESN concentration is still much lower than 5% Chloramphenicol. This means that the efficacy of
ESN is not only superior compared to RSN but also to Chloramphenicol. This finding underscores
the potential of ESN as raw material for future antibiotics.

Although Chloramphenicol initially exhibits the highest efficacy, its effectiveness is short-lived
(after 36 h) due to rapid development of P. acnes resistance. Despite showing strong resistance to 5%
Chloramphenicol, P. acnes also shows weak resistance to RSN. In contrast, P. acnes does not show any
resistance development to ESN up to the last measurement at 72 h. The prolonged efficacy and the
strength to prevent bacterial resistance development make ESN a promising alternative for future
antibiotics raw material, potentially offering more durable and effective solutions for combating
microbial infections.

Supplementary Material: The following supporting information can be downloaded at the website
of this paper posted on Preprints.org.
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