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Abstract: This study presents the synthesis of metal nanoparticles (NPs) with antimicrobial prop-
erties from cyanobacterial biomass. Silver (AgNP), copper (CuNP), and zinc (ZnNP) nanoparticles
were prepared from exopolysaccharides (EPSs) obtained from isolated cyanobacterial strains. The
antimicrobial activity of AgNPs against Escherichia coli and Staphylococcus aureus was evaluated, and
compared with CuNPs and ZnNPs, AgNPs were found to have a greater capacity to inhibit bacterial
growth. The main factors influencing antimicrobial activity are the concentration and type of metal
used. Using an optimized experimental design, specific conditions were established to maximize the
antimicrobial efficacy of the synthesized NPs. The characterization of the nanoparticles included UV-VIS,
FTIR, and EDX techniques, which confirmed the formation and purity of the AgNPs. This study
highlights the effectiveness of cyanobacterial EPS as a reducing and stabilizing agent and provides a
sustainable and efficient alternative for producing nanoparticles with biomedical applications.

Keywords: metal nanoparticles; green synthesis; cyanobacteria; antimicrobial activity; silver
nanoparticles; exopolysaccharides

1. Introduction

Nanotechnology has become a key area of science because of its ability to manipu-
late materials at the atomic and molecular levels. This has enabled the development of
nanoparticles with unique properties and applications in various disciplines, including
biomedicine, electronics, and materials engineering. Within this wide-ranging field of
research, metal nanoparticles (NPs) have attracted considerable attention because of their
exceptional physical, chemical, and biological properties, which make them suitable for
antimicrobial applications. The metals most used in the synthesis of these nanoparticles
are gold (Au), silver (Ag), copper (Cu), and zinc (Zn) [1], whose nanoparticles have shown
effective antimicrobial activity against a wide range of microorganisms, including bacteria,
viruses, and fungi.

In recent years, remarkable progress has been made in the synthesis of metal nanopar-
ticles, accompanied by a growing interest in developing more sustainable and environ-
mentally friendly methods [2]. The conventional synthesis of metal nanoparticles utilizes
chemical processes that use toxic reducing agents and operate under harsh experimental
conditions, which has led to concerns about their environmental impact and safety [3].
An alternative approach has emerged in response to these limitations: the green synthe-
sis of metal nanoparticles. This method uses biological agents, including plant extracts,
fungi, bacteria, and, more recently, cyanobacteria, to reduce metal ions to nanoparticles.
Cyanobacteria, which are unicellular photosynthetic organisms that are among the oldest
organisms on earth, have been identified as promising sources of biomass for the green
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synthesis of metal nanoparticles because of their ability to reduce metal ions and stabilize
the resulting nanoparticles [4-6].

Cyanobacteria have evolved sophisticated biochemical mechanisms over millennia to
survive in extreme environments, including the ability to process heavy metals and other
toxic compounds [7-9]. This ability is partly due to bioactive compounds such as proteins,
polysaccharides, nucleic acids, and pigments, which can act as redox and stabilizing agents to
synthesize NPs. In addition, cyanobacteria biomass can be easily cultivated under controlled
conditions, providing a sustainable and renewable source to produce metal nanoparticles [10].

Metal nanoparticles (NPs) have been shown to possess antibacterial properties, the
efficiency of which depends on factors such as metal type, size, shape, interaction with
bacteria, and their mechanism of action. Among the most studied types of NPs are silver
and copper NPs, which are known for their high antimicrobial potential. Owing to their
remarkable efficacy, silver NPs are frequently used to synthesize antibacterial agents.

Previous studies have shown that NPs synthesized from algae exhibit significant
antibacterial activity. For example, Ebrahiminezhad et al. [11] reported that silver nanopar-
ticles synthesized from the microalga Chlorella vulgaris reduced the growth of Staphylococcus
aureus and Escherichia coli by 98%. Similarly, Priyadarshini et al. [12] investigated Ag-NPs
synthesized with Scenedesmus sp. They reported effective inhibition of various bacteria
and fungi, including E. coli, Vibrio cholerae, Streptococcus pyogenes, Staphylococcus aureus,
Penicillium citrinum, Aspergillus flavus, and Candida albicans.

Similarly, Sathishkumar et al. [13] synthesized silver nanoparticles with the microalga
Trichodesmium erythraeum and demonstrated 100% inhibition with inhibition depths ranging
from 7 to 11 mm for pathogens such as V. cholerae, K. pneumoniae, S. aureus, E. coli, and
Proteus mirabilis. In a separate study, Silva Ferreira et al. [14] reported a 98% reduction in
S. aureus and K. pneumoniage growth with silver chloride nanoparticles synthesized from
Chlorella vulgaris. In contrast, silver nanoparticles synthesized with the cyanobacterium
Anabaena variabilis showed remarkable antibacterial and antifungal activity. For other
metals, Mandhata et al. [15] synthesized gold nanoparticles from Anabaena spiroides and
tested them against K. oxytoca, S. aureus, and St. pyogenes. The results revealed excellent
efficacy and confirmed the antimicrobial potential of gold.

This work investigated the synthesis of silver, copper, and zinc nanoparticles from
isolated cyanobacterial strains via biomass and exopolysaccharides. In addition, the an-
timicrobial activity of the synthesized NPs against pathogenic bacteria such as Escherichia
coli and Staphylococcus aureus was investigated. The main objective of this research is to
optimize the synthesis conditions of metal nanoparticles using cyanobacteria as biofactories
to maximize their antimicrobial activity and provide a more sustainable alternative to
combat antibiotic-resistant microorganisms.

2. Materials and Methods
2.1. Strains

Eleven cyanobacterial strains were used in this research (Table 1). The strains were
previously isolated from biofilms formed at the emergence thermal spring near the city of
Ctcuta (Colombia) and kept in solid slants of BG-11 media at the INNOValgae collection
(UFPS, Cucuta, Colombia) (https://www.innovalg.com (accessed on 24 September 2024)).
The strains were cultured in a 1 L Schott GL45 glass flask with 0.5 L of working volume of
liquid BG-11 media [16]. The strains were mixed through the constant injection of filtered
air with 1% (v/v) CO, at a flow rate of 0.3 L/min, a photoperiod of 12:12 h (light:dark) at
100 pmol/m?/s, and a temperature of 27 + 1 °C for 15 days.

Staphylococcus aureus subsp. (ATCC) 25923 and Escherichia coli ATCC 25922 were
obtained from the American Type Culture Collection and used to evaluate the antimicrobial
activity of extracts from metal nanoparticles (NPs).
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Table 1. Cyanobacterial strains present in the INNOValgae laboratory (UFPS).

Strain Code Orden Genera
UFPS001 Oscillatoriales Phormidium
UFPS002 Stigonematale Hapalosiphon
UFPS003 Potamosiphon
UFPS004 Leptolyngbya
UFPS005 Oscillatoriales Oscilatoria
UFPS006 Termoleptolyngbya
UFPS007 Leptolyngbya
UFPS008 Nostoc
UFPS009 Nostocales Nostoc
UFPS010 Oscillatoriales Potamosiphon
UFPS011 Chroococcales Chroococcus

2.2. Experimental Design for NP Synthesis and Antimicrobial Potential

The main objective was to identify the main effect of seven factors, four numerical
variables (reaction time, reaction rate, nanoparticle extract concentration, and metal salt
concentration) and three categorical variables (type of metal salt, type of biomass, and
strain). Therefore, an optimal (custom) design with five blocks was created in Design-
Expert® software (version 22.0.2; Stat-Ease Inc., Minneapolis, MN, USA) to determine
the feasibility of synthesizing metal nanoparticles from the biomass of thermotolerant
cyanobacteria (Table 2). This type of design allows the analysis of the interaction between
numerical and categorical variables without the need to perform many experiments with
several variables. This is the first time that a single experiment aims to identify the probable
interaction between several factors that has been highlighted by previous research as the
most critical for NPs synthesis.

Table 2. Experimental design for NP synthesis.

Factor Name Units Type SubType Minimum Maximum
A Mixing speed 50 250
B time days . . 1 5
C Metal Concentration mM Numeric Continuous 0.3 3
D Sample-to-metal ratio v/v 1 10
E Type of metal AgNO;3 ZnO Cu(CH3COO),-H,O
F Type of sample Categoric Nominal Spent media Biomass
G Cyanobacterial strain UFPS 1 11

Biomass from a 500 mL reactor with a working volume of 300 mL was used for each
experiment. The media was mixed by injecting air at an approximately 180 mL air/min
flow rate. At the end of the culture period, each flask was disconnected from the airflow and
allowed to acclimate for 1 h. The medium was centrifuged (3500 rpm, 20 min, 20 °C), and
the spent media or the produced biomass was used according to the experimental design.

The antimicrobial activity in each experiment was analyzed via the disc diffusion
method [17]. Briefly, sterilized paper discs were impregnated with different concentrations
of NPs and placed in Petri dishes containing Mueller Hinton Difco™ medium (pH 7.2-7.4)
previously inoculated with 100 uL of a direct suspension of colonies from either S. aureus
subsp. (ATCC) 25923 or E. coli ATCC 25922 in saline adjusted to an optical density of
0.5 according to the McFarland scale for each microorganism. The plates were incubated at
37 °C for 24 h. At the end of incubation, the zone of inhibition was measured, and the data
obtained were recorded.

After identifying those factors that significantly affect the synthesis of NPs and their
antimicrobial potential, the next step is the reduction (proper selection) of the original
design. In this case, a new design will be created using either an I-optimal, CCD, or
Box-Behnken on Design—Expert® software (version 22.0.2, Stat-Ease Inc., Minneapolis,
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MN, USA). This type of design is created with specialized statistical tools to optimize the
response (either minimize or maximize it). Figure 1 presents a flowchart of the process.
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Figure 1. Flowchart of the proposed method to identify the most important variables for NPs
synthesis using thermotolerant cyanobacteria.

2.3. Experimental Design for NP Synthesis and Antimicrobial Potential

The techniques used for this characterization included UV-VIS, FTIR, and EDX, which
are based on previous methods by Mandhata [15], Roychoudhury [18], and Vanlalveni [19].

2.3.1. UV-VIS Characterization

The initial and final UV-VIS measurements were performed via a Spectroquant Pharo
300 UV/VIS spectrophotometer (Merck KGaA, Darmstadt, Germany) in the range of
200-800 nm to analyze the maximum absorbances of the samples.

2.3.2. EDX Characterization

The chemical composition of the produced NPs was determined via energy-dispersive
X-ray spectroscopy (EDX) via a Phenom ProX electron microscope. This confirmed the
presence of silver and other elements.

2.3.3. FTIR Characterization

To identify the functional groups of the produced NPs, FTIR spectra were recorded
via a JASCO FT/IR-6800 type A spectrometer with an ATR support, covering the range of
400-4500 cm 1.

3. Results
Evaluation of Operational Factors for the Synthesis of Metallic NPs

Seven key variables were evaluated for synthesizing metal nanoparticles (Ag, Cu,
and Zn) with antimicrobial capacity: stirring speed, stirring time, metal concentration,
algae-to-metal ratio, metal type, sample type, and strain used. A D-optimal response
surface experimental design was used to identify the factors with the greatest influence on
antimicrobial activity against Staphylococcus aureus and Escherichia coli. The most critical
factors were the metal concentration and type, with silver (AgNO3) resulting in the highest
antimicrobial activity (Table 3).

For S. aureus, the statistical model was significant (F value of 11.27, p value < 0.0001),
indicating the following optimal operating conditions: agitation speed of 233 rpm, time of
4.17 days, metal concentration of 2.93 mM and algae-to-metal ratio of 4.58% v/v. The NPs
were synthesized via cell-free medium (EPS) and strain UFPS006.
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Table 3. ANOVA results and linear model for Staphylococcus aureus subsp. ATCC 25923.

Source Sum of Squares Df Mean Square F Value p Value
Block 26.72 4 6.68
Model 210.94 16 13.18 11.27 <0.0001 *
A 297 1 2.97 2.54 0.1163 ** 0.1749 **
B 0.6252 1 0.6252 0.5345 0.4675 ** 0.7796 **
C 12.54 1 12.54 10.72 0.0017 * 0.0038 *
D 0.1259 1 0.1259 0.1076 0.7440 ** 0.4631 **
E 173.70 1 173.70 148.48 <0.0001 * <0.0001 *
F 1.54 1 1.54 1.32 0.2551 ** 0.3939 **
G 17.49 10 1.75 1.50 0.1624 ** 0.0685 **
Residual 43.70 63 0.69
Lack of fit 43.66 61 0.72 6.77 0.2161 **
Pure error 0.0391 2 0.0196
Cor Total 281.37 83
Std. Dev Mean C.V% R2 R? adj R? Pred Adq Pr
1.08 1.54 70.44 0.7411 0.6753 0.5330 10.6568
* Significant, ** Not significant.

Similar results were obtained for E. coli with a significant statistical model (F value
of 13.41, p value < 0.0001). The optimal conditions for maximizing antimicrobial activity
were a mixing speed of 244 rpm, a time of 2.68 days, a metal concentration of 2.88 mM, and
an algae-to-metal ratio of 8.27% v/v, with the use of AgNO3, and Chroococcus_UFPS011
cell-free medium (Table 4).

Table 4. ANOVA results and a linear model for Escherichia coli ATCC 25922.
Source Sum of Squares Df Mean Square F Value p Value
Block 9.04 4 2.26
Model 106.41 16 6.65 13.41 <0.0001 *
A Mixing speed 0.9336 1 0.9336 1.88 0.1749 **
B time 0.0392 1 0.0392 0.0790 0.7796 **
C Metal Concentration 4.48 1 4.48 9.04 0.0038 *
D Sample-to-metal ratio 0.2702 1 0.2702 0.5449 0.4631 **
E Type of metal 92.61 1 92.61 186.78 <0.0001*
F Type of sample 0.3654 1 0.3654 0.7369 0.3939 **
G Cyanobacterial strain 9.21 10 0.9212 1.86 0.0685 **
Residual 31.24 63 0.4958
Lack of fit 30.99 61 0.5081 4.15 0.2134 **
Pure error 0.2448 2 0.1224
Cor Total 146.69 83
Std. Dev Mean C.V% R2 R? Adj R? Pred Adq Pres
0.7024 1.09 64.87 0.7731 0.7154 0.5840 12.3057

* Significant, ** Not significant.

After the most statistically significant factors that enhance the synthesis of NPs and
their antimicrobial activity on S. aureus and E. coli were identified, a new experimental
design focused on optimizing the antimicrobial activity, a central composite design, was
chosen as the most suitable option because of the reduced number of variables. In this case,
a central composite design of three factors, three blocks, and twenty runs was created on
Design—Expert® software (version 22.0.2, Stat-Ease Inc., Minneapolis, MN, USA) separately
for S. aureus and E. coli (Table 5).

Chroococcus_UFPS011 was grown in a 500 mL flask with a working volume of 300 mL
of BG-11 culture media for each experiment. The media was mixed by injecting air at
an approximately 180 mL air/min flow rate. At the end of the culture period, each flask
was disconnected from the airflow and allowed to acclimate for 1 h. The medium was
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centrifuged (3500 rpm, 20 min, 20 °C), and the spent media or the produced biomass was
used according to the experimental design.

Table 5. CCD for S. aureus and E. coli.

Microbial Sample  Factor Name Units Type - Low  Medium High +a
A Time days -1.39 1 45 8 10.39
S. aureus B Metal Concentration mM Numeric  —0.3636 1 3 5 6.36
C Sample-to-metal ratio v/v —1.39 1 4.5 8 10.39
A Time days —0.3636 1 3 5 6.36
E. coli B Metal Concentration mM Numeric  —0.3636 1 3 5 6.36
C Sample-to-metal ratio v/v —2.09 2 8 14 18.09
The results of the ANOVA of the antimicrobial capacity of the AgNO3 nanoparticles
against S. aureus are presented in Table 6. According to the results, the proposed model
is statistically significant because the F value (262.5) and p value (<0.0001) are reported.
In the case of S. aureus, the metal concentration and sample-to-metal ratio are the factors
with the greatest influence on antimicrobial ability. Notably, several interactions between
factors such as AC, BC, and AB and all squared factors (A%, B?, and C?) were significant.
This finding indicates that the model fits a quadratic system. On the other hand, the R?
squared obtained for the new model is not only statistically significant but also higher than
that of the first design (from 0.7 to 0.99), which denotes a significant improvement in the
quality of the results. Finally, the inherent noise (adequate precision) of the experimental
phase is minimal compared with that of the signal.
Table 6. ANOVA results for optimized AgNPs for Staphylococcus aureus subsp. ATCC 25923.
Source Sum of Squares Df Mean Square F Value p Value
Block 1.01 2 0.5063
Model 33.23 9 3.69 262.50 <0.0001 *
A Time 0.0637 1 0.0637 4.53 0.0659 **
B Metal Concentration 2.44 1 2.44 173.14 <0.0001 *
C Sample-to-metal ratio 0.2799 1 0.2799 19.90 0.0021 *
AB 0.1037 1 0.1037 7.37 0.0265 *
AC 0.2220 1 0.2220 15.79 0.0041 *
BC 4.14 1 4.14 294.15 <0.0001 *
A? 6.64 1 6.64 472.25 <0.0001 *
B? 14.27 1 14.27 1014.47 <0.0001 *
C? 10.03 1 10.03 713.37 <0.0001 *
Residual 0.1125 8 0.0141
Lack of Fit 0.0811 5 0.0162 1.55 0.3811 **
Pure Error 0.0314 3 0.0105
Cor Total 34.35 19
Std. Dev Mean C.V% R? R? Adj R? Pred Adq Pres
0.1186 2.07 572 0.9966 0.9928 0.9745 43.6078

* Significant, ** Not significant.

The response surface for the antimicrobial activity of the nanocomposite is shown in
Figure 2. In the figure, it is possible to appreciate the conical shape of the surface, where
it is possible to highlight a zone with a higher response (in mm of inhibition) and zones
in the corners with a lower response; this conical response allows us to correctly identify
a maximization zone in the center of the design, in which medium concentrations of the
algae—metal ratio and high concentrations of AgNOj3 present the best results.
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Figure 2. Surface response of S. aureus to the antimicrobial activity of AgNPs. (a) Interaction

between the metal concentration and time; (b) interaction between the sample-to-metal ratio and time;
(c) interaction between the sample-to-metal ratio and the metal concentration.

The results of the ANOVA of the antimicrobial ability of the AgNPs against E. coli are
presented in Table 7. According to the results, the proposed model is statistically significant
because of the F value (213.26) and p value (<0.0001). The most influential factors were
time, metal concentration, and algae-metal concentration. Notably, several interactions
between factors such as BC and all squared factors (Az, B2, and CZ) were significant. This
finding indicates that the model fits a quadratic system. On the other hand, the R? squared
obtained for the new model is not only statistically significant but also higher than that of
the first design (from 0.7 to 0.99), which denotes a significant improvement in the quality of
the results. Finally, the inherent noise (adequate precision) of the experimental phase is
minimal compared with that of the signal.

The response surface for the antimicrobial activity of the nanocomposite is shown in
Figure 3. In the figure, it is possible to appreciate the conical shape of the surface, where it
is possible to highlight an elevated area (red color), where the expected response is higher
in comparison with the lower parts of the surface (green color); this form enables us to
accurately locate a maximizing zone in the middle of the design, where the greatest out-
comes are produced by medium quantities of the algae-metal ratio and high concentrations
of AgNQO;3.

Considering these findings, the best operating conditions for maximizing the antimi-
crobial capacity of the AgNPs for both S. aureus and E. coli were obtained (Table 8).
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Table 7. ANOVA results for optimized AgNPs from Escherichia coli ATCC 25922.

Source Sum of Squares Df Mean Square F Value p Value
Block 0.6761 2 0.3381
Model 36.70 9 4.08 213.26 <0.0001 *
A Time 0.4791 1 0.4791 25.06 0.0010 *
B Metal Concentration 2.70 1 2.70 140.96 <0.0001 *
C Sample-to-metal ratio 1.27 1 1.27 66.16 <0.0001 *
AB 0.0328 1 0.0328 1.71 0.2269 **
AC 0.0046 1 0.0046 0.2410 0.6367 **
BC 0.7021 1 0.7021 36.72 0.0003 *
A? 9.54 1 9.54 499.09 <0.0001 *
B2 12.95 1 12.95 677.41 <0.0001 *
C? 15.22 1 15.22 795.81 <0.0001 *
Residual 0.1530 8 0.0191
Lack of Fit 0.1119 5 0.0224 1.64 0.3638 **
Pure Error 0.0411 3 0.0137
Cor Total 37.53 19
Std. Dev Mean C.V% R2 R? Adj R? Pred Adq Pres
0.1383 1.86 7.43 0.9958 0.9912 0.9773 36.7342

* Significant, ** Not significant.

SN
RN
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o
<

SR

E. coli (mm)
E. coli (mm)

A: Time (days) A: Time (days)

E. coli (mm)

Figure 3. Surface response of the antimicrobial activity of AgNPs toward E. coli. (a) Interaction
between the metal concentration and time; (b) sample-to-metal ratio and time; (c) sample-to-metal
ratio and metal concentration.
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Table 8. Optimized conditions for AgNP synthesis.
Microbial Sample Factor Name Units Value
A Time days 4.5
S B Metal Concentration mM 3
- aureus C Sample-to-metal ratio v/v 4.5
Zq Inhibition halo (expected) mm 3.48
A Time days 3
E coli B Metal Concentration mM 3
- cott C Sample-to-metal ratio v/v 8
Zs Inhibition halo (expected) mm 3.64

The new AgNPs were synthesized according to previously obtained conditions (Table 8)
and were used to determine their antimicrobial capacity against S. aureus and E. coli. The
expected inhibition value was analyzed against the experimentally observed value for
each nanocomposite (in triplicate) to achieve the above. The data were analyzed via a
one-sample t test in GraphPad Prism version 10.3.1 for Mac (GraphPad Software, Boston,
MA, USA; www.graphpad.com, accessed on 18 November 2024).

According to the t test results for the observed data (Figure 4), the obtained nanocom-
posites present a statistically greater value than that expected by the CCD model. This
shows good replicability of the experimental conditions obtained, so it is possible to obtain
nanocomposites using the postculture medium of thermotolerant cyanobacteria as a matrix.

S.aureus E.coli
0.0012 0.0022
51 5
E 44 T 44
gl g’
o o
s 3 T 37
= -
c c
2 2+ 2 2+
8 2
£ £
0- 0-
Expected Observed Expected Observed
(d) (e)

Figure 4. Confirmation of the antimicrobial activity of synthesized AgNPs. (a) Synthesized AgNPs;
(b) inhibition halo for S. aureus; (c) inhibition halo for E. coli; (d) expected vs. observed analysis of the
inhibition halo for S. aureus; (e) expected vs. observed analysis of the inhibition halo for E. coli.

Since the cell-free consumed culture medium showed a better capacity for the synthesis
of NPs than the biomass produced, it was necessary to determine the composition of the
possible extracellular metabolites, since cyanobacteria are recognized as producers of
exopolymeric material (EPS) in the culture medium; therefore, the medium was used to
determine the content of total carbohydrates [20], total proteins [21], and total lipids [22].
The results of their characterization are presented in Figure 5. According to the data, the
concentrations of carbohydrates, proteins, and total lipids between the two strains analyzed
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were significantly different; however, the most significant differences were found in the
concentrations of total proteins and total lipids.

400- 400 <0.0001 0.04- <0.0001
300 300 ’ 0.03
o <0.0001
D 200 — 200 0.02-
100 100 0.01-
0- 0 0.00-
UFPS_006 UFPS 011 (g) UFPS_006UFPS 011 (b) UFPS_006 UFPS_011 ()

Figure 5. Macromolecules in the spent culture media of strains UFPS006 and UFPS011. (a) Total
carbohydrates; (b) total proteins; (c) total lipids.

The UV-VIS spectra of the AgNP extracts were recorded with a Spectroquant Pharo
300 UV /VIS spectrophotometer (Figure 6) in the wavelength range from 200 to 800 nm.
Initially, the formation of AgNPs could be detected with the naked eye by changing color
from translucent to dark pink. The highest absorbance was obtained at a wavelength of
427 nm for AgNP006 and 438 nm for AgNPO011 (Figure 6), indicating the formation of
AgNPs. The wavelengths between 400 and 450 nm are the typical range of maximum
wavelengths for AgNPs and can be attributed to spherical NPs [23].

0.15+
—e— Cell_free

—= AgNPs_006

2

0.00-
300 350 400 450 500 550 600 650 700 750 800

A

0.10-

Absorbance

Wavelength (nm)

0.15+
—— Cell_free

—= AgNPs_011

k4
-
L
!
™

0.10-1

Absorbance

300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)
B.

Figure 6. UV-VIS characterization of (A) AgNP006 and (B) AgNPO011.

EDX analysis confirmed the presence of silver and other elements in the synthesized
NPs with purities higher than 74%. The chemical composition was consistent with the
literature and included carbon, oxygen, aluminum, and potassium in the AgNPs (Figure 7).

Figure 8 shows the FTIR spectra of the two synthesized nanoparticles (NPs), with ob-
served peaks around 3500, 2900, 2200, 1600, 1200, 1000, 900, 800, and 460 cm~ L. Peaks in the
3200-3600 cm ™! range are attributed to O-H and N-H stretching vibrations from polysaccha-
rides and proteins involved in AgNP synthesis [24,25]. The peak between 2800 and 3000 cm
corresponds to C-H stretching in alkane groups, while the range of 2100-2300 cm ! is assigned
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to C=C stretching vibrations of alkynes. Peaks at 1400-1600 cm ™! reflect C=C group stretching
vibrations and N-H bending from protein amines [26]. Vibrations in the 800~1300 cm ! range
are linked to C-O or C-N bond stretching in ethers and amines, while those between 400 and
800 cm ! correspond to the interaction of silver nanoparticles with hydroxyl groups [27].

(b)

3 13 14 15 16 17 18 19

[ 1 2
121,498 counts in 60 seconds

3 4 H 6 7 B 9 10 11 12 13 14 15 16 17 18 19

()

Figure 7. SEM and EDX characterization of AgNP006; and AgNP011. (a) Macroscopic image,
(b) SEM, and (c) EDX analysis of AgNP006, (d) Macroscopic image, (e), SEM, and (f) EDX analysis
of AgNPO11.

[ 1 2
278,599 counts in 60 seconds



Sci 2024, 6, 83

12 of 18

% Transmitance

100

20

80

70

60

50

40

30

20

B Agne_oo6

B aone o1

4400

3900

3400 2900 2400 1900 1400 900 400
Wavenumber (cm™)

Figure 8. FIT-IR characterization of AgNP006 and AgNP011.

The FTIR data indicate the presence of amide and hydroxyl functional groups in
proteins and polysaccharides, which could act as reducing agents for silver ions to AgNPs.
These results align with findings from recent studies suggesting that biomolecules in
exopolysaccharides facilitate silver ion reduction, possibly via enzymatic catalysis by
nitrate reductase [24,28,29].

4. Discussion

In the context of nanoparticle synthesis, ANOVA revealed that the concentration and
type of metal were the most influential factors in obtaining nanoparticles with antimicrobial
activity. Silver nanoparticles (AgNPs) demonstrated average inhibition zones of 4 mm,
significantly larger than those of copper (CuNPs) and zinc nanoparticles (ZnNPs), which
exhibited minimal or no activity. These findings align with previous studies highlighting
silver’s superior antimicrobial properties due to its ability to denature proteins and induce
cellular dysfunction in bacteria [30]. For instance, Kohsari et al. [31] showed that AgNPs
synthesized via biological methods have a heightened antimicrobial impact, particularly
against S. aureus and E. coli, by disrupting bacterial cell membranes, confirming the superi-
ority of silver over other metals. Similarly, Huq [32] noted that silver nanoparticles offer
greater stability and antimicrobial efficacy than zinc oxide nanoparticles, primarily due to
AgNPs’ ability to generate reactive oxygen species (ROS).

The antimicrobial efficacy of AgNPs was greater against Gram-positive bacteria than
Gram-negative bacteria, owing to structural differences in bacterial membranes. Gram-
positive bacteria have a single cell membrane surrounded by a thick peptidoglycan layer,
which allows nanoparticle penetration and antimicrobial effects. In contrast, Gram-negative
bacteria possess an outer membrane rich in lipopolysaccharides, acting as a barrier that
restricts the penetration of larger particles such as AgNPs [33]. This trend was also high-
lighted by Manosalva [34] who observed that bacterial membrane structures directly
influence nanoparticle effectiveness. Complementary findings by Vidovic et al. [35] indi-
cated that zinc nanoparticles exhibit greater metabolic effects due to the vulnerability of
Gram-negative transmembrane proteins to zinc.

Cyanobacterial biomass and their exopolysaccharides (EPS) have proven highly effective
for the synthesis and stabilization of silver nanoparticles (AgNPs). Due to their inherent nature
and functionality, these biopolymers act as reducing and stabilizing agents, facilitating the
formation of stable nanoparticles with enhanced antimicrobial properties [36]. For example,
Shaaban et al. [37] demonstrated that using Streptomyces strains improves the synthesis of
zinc oxide and silver nanoparticles, highlighting that EPS reduces variability in nanoparticle
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size and shape, thereby enhancing antimicrobial activity. Furthermore, Gao et al. [38] reported
that combining silver nanoparticles with antimicrobial peptides not only enhances their
antimicrobial efficacy but also prolongs their stability in complex biological environments. In
the medical context, recent studies have revealed that EPS-based nanoparticles also exhibit
antitumor, antiviral, and antioxidant properties, as observed in Chlorella vulgaris, broadening
their therapeutic applications [39].

The statistical analysis of ANOVA values provides critical insights into the reliability
of the model. An adjusted R? of 0.6753 for S. aureus and 0.7154 for E. coli indicates that
the model explains a moderate proportion of the observed variability. Comparatively,
Singh [40] suggested that an R? above 80% is necessary for highly predictive models in
nanoparticle synthesis. However, Tufail et al. [41] emphasized that an R? in the range
of 70-75% can be acceptable for complex systems where inherent variability is difficult
to control.

The non-significant lack of fit (p > 0.05) in both models indicates that the model
adequately captures experimental variability while minimizing systematic errors. This
aligns with the findings of wypij [42], who stressed the importance of low lack-of-fit values
for validating models in antimicrobial nanoparticle synthesis. Conversely, Rai et al. [43]
noted that including nonlinear interactions could improve the precision of models where
size variability affects antimicrobial activity. The significant F value (F = 11.27, p < 0.0001)
confirms that the proposed model explains the data better than residual error. Studies
by Niranjan [44] similarly observed that high F values are associated with the strong
influence of parameters such as metal concentration and reaction time on antimicrobial
activity. Additionally, Medina Cruz et al. [45] found that models with high F values directly
correlate with smaller nanoparticle sizes and enhanced biological stability, which supports
their antimicrobial effectiveness. AgNPs (silver nanoparticles) are emerging as promising
tools against bacterial infections, supported by their efficacy against Gram-positive bacteria
and their applications in biomedicine, including antitumor therapies [46,47].

The central composite design (CCD) played a pivotal role in this study by optimizing the
experimental conditions to maximize the antimicrobial activity of silver nanoparticles (AgNPs).
This statistical approach enabled precise modeling and analysis of interactions between critical
variables such as silver nitrate concentration (AgNOs), reaction time, and the algae-to-metal
ratio. The results, depicted in the response surface plots (Figures 1 and 2), indicated that optimal
conditions included moderate AgNO; concentrations (approximately 2.9 mM) and specific
algae-to-metal ratios (4.58% v/v for S. aureus and 8.27% v/v for E. coli). These combinations
maximized bacterial inhibition zones, as detailed in Table 3 and Figure 4d,e, validating the
model'’s efficacy.

The CCD demonstrated its utility not only in identifying optimal individual parameters
but also in elucidating complex interactions that directly impact antimicrobial performance.
For instance, Figures 2a—c and 3a—c illustrate that the interaction between reaction time and
the algae-to-metal ratio plays a crucial role in the morphology and stability of synthesized
nanoparticles. This behavior aligns with recent studies, such as Nikaeen et al. [48], which
showed that CCD effectively optimizes AgNP biosynthesis through precise adjustments in
reactant proportions and reaction conditions. In this study, optimization not only enhanced
antimicrobial activity but also ensured greater nanoparticle stability, both of which are critical
factors for industrial applications.

Furthermore, the F and p values reported in Table 3 reinforce the statistical significance
of interactions among the variables. The model demonstrated a strong predictive ability
for expected antimicrobial responses, with a significant correlation between predicted and
observed values. Similar studies, such as Elshafel et al. [49], have emphasized the utility
of CCD in optimizing biological processes, noting that this statistical approach minimizes
experimental variability and maximizes reproducibility. This is particularly relevant in
nanoparticle synthesis, where minor variations in reaction conditions can significantly
impact the final product’s properties.
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A detailed analysis of the response surfaces also revealed how algae-to-metal ratios
influence nanoparticle antimicrobial activity. For example, Figure 3a,b show that subopti-
mal ratios significantly reduce bactericidal efficacy, underscoring the importance of precise
balance among components. These findings are consistent with Padilla-Cruz et al. [50]
who observed that proper reactant ratios and reaction conditions are critical for producing
homogeneous nanoparticles with high antimicrobial activity.

The use of biological media, such as exopolysaccharides (EPS), further adds a sus-
tainable dimension to the synthesis process. As referenced in other studies [36,39], these
biopolymers contain functional groups that facilitate the reduction in metal ions and sta-
bilize nanoparticles by preventing aggregation. This green approach not only minimizes
environmental impact but also enhances the quality and uniformity of the final product. In
an industrial context, combining CCD with biological methods offers a powerful tool for im-
plementing sustainable and reproducible nanomaterial synthesis processes. By identifying
and optimizing key parameters through CCD, the process ensures not only antimicrobial ef-
ficacy but also economic feasibility and scalability. Recent studies, such as Adibah et al. [51],
have highlighted that advanced statistical methods like CCD are essential for designing
nanoparticles with specific properties tailored for medical and technological applications.

The UV-VIS spectra recorded for silver nanoparticle (AgNP) extracts corresponding
to the UFPS006 and UFPS011 strains showed characteristic absorption peaks at 427 nm
and 438 nm, respectively, as illustrated in Figure 6. These values confirm the formation of
spherical silver nanoparticles, as these wavelengths fall within the typical range for surface
plasmon resonance (400450 nm) associated with spherical metallic nanoparticles [18,19,23].
The differences in absorption peaks between strains likely reflect variations in the size and
morphology of the synthesized nanoparticles, which may be attributed to biochemical
differences in the exopolysaccharides (EPS) secreted by each strain. These biomolecules,
containing functional groups such as hydroxyl, amine, and carboxyl groups, interact with
silver ions during synthesis, modulating both nanoparticle growth and stability.

In this context, the observed color change in the solutions, from transparent to dark
pink, served as an initial visual indicator of nanoparticle formation. This phenomenon,
which reflects the intensity of surface plasmon resonance, is also related to particle con-
centration, size, and distribution. Recent studies, such as that by Aletayeb et al. [52], have
noted that EPS not only reduce and stabilize nanoparticles but also influence their optical
and structural properties. For instance, nanoparticles synthesized with EPS-rich extracts
exhibited smaller sizes and greater uniformity, enhancing their antimicrobial functionality.
Moreover, the differences observed between the 427 nm and 438 nm peaks for the UFPS006
and UFPS011 strains could be linked to the biochemical factors influencing nanoparticle
nucleation and growth. In this regard, Ispirli et al. [53] demonstrated that EPS extracted
from different bacterial strains not only stabilize nanoparticles but also affect their size
and antimicrobial capacity due to specific interactions between the functional groups of
EPS and metal ions. Additionally, Nilavukkarasi et al. [54] emphasized that modulating
parameters such as the initial silver nitrate concentration and pH can fine-tune nanoparticle
properties, maximizing their efficiency in antimicrobial applications. UV-VIS analysis not
only validates nanoparticle formation but also provides critical insights for optimizing
synthesis conditions. Studies such as that by Hamouda et al. [55] have highlighted that
the optical properties obtained from UV-VIS spectra are key indicators of nanoparticle
quality. For example, nanoparticles synthesized with chemically modified EPS showed
more defined absorption peaks and greater colloidal stability, underscoring the importance
of this analysis for process control in nanoparticle synthesis.

The EDX analysis of silver nanoparticles (AgNPs) synthesized using UFPS006 and
UFPS011 strains revealed a purity exceeding 74%, with prominent silver peaks and traces
of other elements such as carbon, oxygen, aluminum, and potassium (Figure 7). These
results reflect the efficacy of cyanobacteria-based synthesis, positioning this method as
a viable alternative to traditional approaches. Compared to previous studies reporting
purities between 24% and 49%, the higher levels observed here emphasize the potential of
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thermotolerant cyanobacteria to produce nanoparticles with superior chemical quality [56].
The presence of oxygen, attributed to residual organic compounds from the culture medium
or oxidation processes, highlights the role of exopolysaccharides (EPS) in nanoparticle
stabilization. This finding aligns with Hanna et al. [56], who reported that EPS not only
facilitate metal ion reduction but also influence the chemical composition of nanoparticles,
enhancing their stability.

The elemental composition underscores the active interaction between EPS secreted
by cyanobacteria and silver ions. Acting as reducing and stabilizing agents, EPS prevent
nanoparticle aggregation and promote uniformity and functionality. This aligns with
Karageorgou et al. [57], who demonstrated that cyanobacterial EPS yield smaller nanopar-
ticles with enhanced antimicrobial activity—critical features for biomedical applications.
Additionally, the ability of EPS to modulate nanoparticle properties contributes to the
sustainability of the synthesis process by minimizing chemical waste. Trace elements such
as aluminum and potassium may originate from the culture medium or specific synthesis
conditions. Though present in small amounts, these elements can influence nanoparticle
colloidal stability. Sahoo et al. [58] reported that incorporating trace elements into biologi-
cally synthesized nanoparticles enhanced their ability to interact with bacterial membranes,
thereby increasing antimicrobial activity. This underscores the importance of stringent
control over culture parameters to ensure a homogeneous and functional final product.

The high purity of these nanoparticles not only enhances their antimicrobial activity but also
makes them suitable for biomedical applications. For instance, Guna Swetha et al. [59] indicated
that high-purity nanoparticles pose lower cytotoxicity risks, making them ideal candidates for
medical devices and antimicrobial coatings. Furthermore, their chemical stability positions them
as an effective solution against multidrug-resistant bacteria. Younis et al. [60] reported that
biologically synthesized nanoparticles exhibit high efficacy against multidrug-resistant strains.
Finally, the use of sustainable methods, such as reusing post-culture media, offers significant
environmental benefits. This approach not only reduces production costs but also minimizes
reliance on toxic chemical reagents, contributing to a circular economy.

The results of this research highlight the effectiveness of metal nanoparticles (NPs),
mainly silver nanoparticles (AgNPs) synthesized from cyanobacterial biomass, as an-
timicrobial agents. The ability of these nanoparticles to inhibit the bacterial growth of
Staphylococcus aureus and Escherichia coli reflects their potential application in biomedical
and pharmacological fields. Finally, the present research lays a solid foundation for the
future development of metal nanoparticles via biological methods, highlighting the value
of EPSs as synthesis and stabilization agents and paving the way for practical applications
in medicine, biotechnology, and pharmacology.

5. Conclusions

In the synthesis of metallic NPs, the exopolysaccharides secreted by cyanobacteria
in the logarithmic growth phase are more efficient in the biosynthesis of Nps and have
greater bacterial growth inhibition than those produced with the biomass extract. The most
important operational factors in the synthesis of NPs are the reaction time and the algae-
to-metal ratio, which vary depending on the bacteria to be inhibited; for Gram-negative
bacteria such as E. coli, less time (almost 3 days) and a ratio of 8% EPS/AgNOj; solution
at the time of synthesis of the NPs are needed. In comparison, Gram-positive bacteria
(S. aureus) require more time (4.5 days) and a lower ratio of EPS/AgNOj solution (4.5%),
with an approximate concentration of 3 mM AgNOj3 and a speed of approximately 240 rpm
in both cases.

Characterization of the AgNPs by UV-VIS revealed that the wavelength for maximum
absorption was 427 nm for AgNP006 and 438 nm for AgNP011, which is in the wavelength
range of AgNP formation. The EDX spectrum confirmed the presence of silver metal, with
the highest peak at 3 keV and silver emission peaks of more than 74% present in both AgNP
samples, indicating high purity and intensity at the time of synthesis.
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