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Background: Microalgae produce metabolites with notable potentialities to act as reducing and 

capping agents for the synthesis of silver nanoparticles (AgNPs) in a process widely recognized 

as an eco-friendly and cheaper alternative for the generation of nanoparticles (NPs). 

Methods: In the present work, AgNPs were synthesized using live Botryococcus braunii cultures. 

Two biosynthesis routes were explored: (1) intracellular and (2) extracellular at pH levels of 6–9 

using 1–5 mM silver nitrate concentrations. 

Results: The generation of NPs was confirmed via ultraviolet–visible spectroscopy. The morphologi-

cal characteristics were observed using scanning electron microscopy which revealed that the newly 

developed AgNPs were mostly spherical in sizes starting from 168 nm. The characteristic peaks in 

a typical Fourier transform infrared spectroscopy suggested that the exopolysaccharides were the 

possible reducing and capping agents. The antimicrobial spectrum of the newly developed AgNPs 

was tested against bacterial strains, both Gram-negative, Gram-positive, and yeast, ie, Escherichia 

coli (American Type Culture Collection [ATCC] 25922), Pseudomonas aeruginosa (ATCC 27853), 

Staphylococcus aureus (ATCC 25923), and the yeast Candida albicans (ATCC 10231), respectively. 

The antimicrobial activity tests showed a stronger inhibition against Gram-negative bacteria. Statisti-

cally, the NPs biosynthesized at pH values of 6 and 8 displayed a higher antimicrobial activity. 

Conclusion: Our findings showed that B. braunii is capable of generating AgNPs with anti-

microbial potential.

Keywords: biosynthesis, microalgae, silver nanoparticles, antimicrobial activity

Introduction
Metallic nanoparticles (NPs) are among the most widely commercialized nanomaterials 

today, with applications in industries as varied as cosmetics, food packaging, textiles, 

and so on.1–3 Based on the number of applications, there are four main types of metal-

lic NPs: iron oxide (Fe
2
O

3
), gold NPs (AuNPs), silver NPs (AgNPs), and selenium 

NPs (SeNPs). Each of them exhibit unique physicochemical, magnetic, optical, and 

biological properties that differ from those of the bulk material, such as quantum 

effects and a higher surface area, granting them increased antimicrobial and catalytic 

activity in certain cases, such as AgNPs and SeNPs.4,5

AgNPs are generally known for their antimicrobial, potential, optical properties 

and biocompatibility and have been successfully integrated to several technologies 

such as medical devices, electrodomestic devices, and paint additives.6–8 Ag is known 

to inhibit bacterial cell division and lead to cell death due to the generation of reac-

tive oxygen species, inducing high intracellular calcium levels, loss of membrane 

potential, the activation of caspase-like proteins, and DNA fragmentation.9 Products 
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with antimicrobial capacity have many advantages, includ-

ing a longer shelf life, protection against colonization of 

bacteria, and bacterial degradation.10 Nowadays, AgNPs 

are the only metallic NPs currently commercialized as gels 

and dressings for the treatment of burns and wounds due to 

their biocompatibility, inexpensiveness, and antibacterial 

activity.11 As more pathogenic strains continue to develop 

antibiotic resistance, the search for novel antimicrobial 

agents is increasing. AgNPs are considered among the most 

promising antimicrobial agents.12

The current synthesis methods for generating metallic NPs 

can be divided into two categories: 1) physical and 2) chemical. 

Physical methods, such as evaporation–condensation and 

laser ablation, consume large amounts of energy and take a 

long time for completion. Chemical methods, achieved by the 

reduction of metallic salts, require the use of chemicals such 

as sodium citrate and sodium borohydride, as well as the addi-

tion of stabilizers and capping agents; the waste generated by 

chemical reduction is also dangerous for the environment.13 

The resulting NPs may also present chemical residues on the 

surface, disabling their clinical use.14 On the pursuit of more 

sustainable and eco-friendly chemical processes, research has 

focused on developing a cheaper and nontoxic method for 

developing NPs. Biological synthesis is an environmentally 

safe process with lower costs and lower toxicity.

The reports indicate that biosynthesized NPs are more 

biocompatible and therefore more suitable for drug delivery, 

bio-imaging, and cancer treatment applications.15 Further-

more, biosynthesized NPs can be of varied morphologies and 

sizes and possess higher catalytic activity. There are many 

reports on the biosynthesis of NPs with organic extracts or 

microorganisms, including plants, fungi, yeast, virus, and 

bacteria.14 There are two methods for the biosynthesis of 

metallic NPs with a living organism: 1) the intracellular 

mode which consists of adding metallic salts to the culture 

medium for the microorganism to absorb it and reduce it; and 

2) the extracellular mode in which the reduction is carried 

out with metabolites secreted by the microorganism, or with 

derived components.16

Microalgae are photosynthetic organisms naturally capa-

ble of reducing metals due to the constant exposure to them 

in their natural environment;17 due to this characteristic, algae 

are often used for water bioremediation and sorption of toxic 

and radioactive metal ions.18 Botryococcus braunii is a green 

microalgae known for its ability to produce high amounts 

of hydrocarbons, which are similar to fossil oil;19 it forms 

colonies of individual cells joined together by an extracellular 

matrix (ECM) composed of polysaccharides, polyaldehydes, 

and liquid hydrocarbons.20 The unique composition of the 

ECM and the microalgae’s ability to accumulate metabolites 

with functional groups that are known to be able to reduce 

metallic salts indicate that this organism could prove to be a 

functional way of obtaining NPs.

Herein, an effort has been made to explore the potential 

of environmentally friendly biosynthesized AgNPs under 

different silver nitrate concentrations and pH conditions 

to control the shape and other properties of the resulting 

AgNPs under both the intracellular and the extracellular 

methods with B. braunii. The resulting NPs were fully 

characterized using imaging and instrumental techniques. 

Moreover, aiming to present the applied perspectives, the 

antimicrobial spectrum of the newly developed AgNPs 

was tested against bacterial strains, both Gram-negative 

and Gram-positive, ie, Escherichia coli (American Type 

Culture Collection [ATCC] 25922), Pseudomonas aerugi-

nosa (ATCC 27853), and Staphylococcus aureus (ATCC 

25923), and the yeast Candida albicans (ATCC 10231), 

respectively.

Materials and methods
chemical reagents
Silver nitrate, ampicillin, Luria–Bertani (LB) broth, yeast 

extract–peptone–dextrose (YPD), LB broth agar, sodium 

nitrate, calcium nitrate, magnesium sulfate heptahydrate, 

potassium sulfate, and a 20 nm AgNP solution were all 

purchased from Sigma-Aldrich (Toluca, Mexico). The patho-

genic strains of E. coli (ATCC 25922), P. aeruginosa (ATCC 

27853), S. aureus (ATCC 25923), and the yeast C. albicans 

(ATCC 10231) were all purchased from ATCC (Manassas, 

VA, USA). B. braunii (the University of Texas [UTEX] 572) 

was obtained from the culture collection at the UTEX at 

Austin, TX, USA. Sulfuric acid, barium chloride, and sodium 

chloride were purchased from CTR (Monterrey, Mexico).

algal culture and growth conditions
B. braunii was maintained under the following culture 

conditions: 25°C, a light intensity of 150 µmol/m2s with 

a 12:12-hour light/dark cycle under cool fluorescent light, 

and a constant aeration with a pump in a Bold 3N Medium: 

NaNO
3
 (8.82 mM), CaCl

2
⋅2H

2
O (0.17 mM), MgSO

4
⋅7H

2
O 

(0.3 mM), K
2
HPO

4
 (0.43 mM), KH

2
PO

4
 (1.29 mM), and NaCl 

(0.43 mM).21 Regular subculturing techniques were applied 

in order to maintain the culture in a growth phase. A separate 

B. braunii culture was established with a modified version 
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of the Bold 3N Medium lacking in NaCl and CaCl
2
⋅2H

2
O 

for the extracellular synthesis of AgNPs.

Biomass analysis
After 23 days of cultivation, the biomass was harvested for 

sugars and proteins, and Fourier transform infrared (FTIR) 

spectroscopy was used for analysis. The total carbohydrate 

content was quantified with the phenol–sulfuric method and 

the total protein content by the Lowry method.22,23 The FTIR 

spectra were obtained using a PerkinElmer Spectrum 400 

FTIR – Attenuated Total Reflectance (ATR)/near infrared 

(NIR) instrument (Shelton, CT, USA).

Biosynthesis of agNPs
The biosynthesis protocol was based on the methods previ-

ously described.24 The B. braunii culture in log phase was 

centrifuged at 846 × g for 5 minutes and washed twice with 

Milli-Q water to remove the culture medium. Afterward, ~5 g 

of wet biomass was resuspended in 100 mL of sterile water. 

Then, a sterile AgNO
3
 solution was added to reach the 

desired concentration. The reaction mixture was incubated 

for 48 hours at 20°C under constant stirring at 180 rpm and 

at a light intensity of 300 µmol/m2s. Then, a 1 mL reac-

tion solution was harvested, centrifuged at 9,402 × g for 

20 minutes (Prism C2500-R; Labnet, Edison, NJ, USA), 

resuspended in Milli-Q water (18.2 MΩ cm−1), sonicated to 

break the cells, and filtered with 0.45 and 0.22 µm pore sizes. 

An absorbance scan was taken between 200 and 800 nm 

using a spectrophotometer (Varioskan Flash; Thermo Fisher 

Scientific, Waltham, MA, USA). The rest of the solution was 

centrifuged to recover the AgNPs, freeze-dried (FreeZone 

Triad Cascade Benchtop Freeze Dryer; Labconco, Kansas 

City, MO, USA), and stored for future analysis. For the 

extracellular synthesis, 100 mL of NaCl-/CaCl
2
-free culture 

was taken, centrifuged (846 × g, 5 minutes), and filtered (pore 

size= 0.22 µm) to eliminate algal cells. Then, the same proce-

dure was followed. The following controls were established: 

biomass with sterile water, a cell-free extract with sterile 

water, and a sterile AgNO
3
 solution with water.

characterization of agNPs
scanning electron microscopy (seM) analysis
SEM analysis was carried out with a ZEISS EVO® MA 25 

(Ostalbkreis, Baden-Württemberg, Germany) using an accel-

eration voltage of 20 kV and an electron backscatter diffraction 

detector. A drop of the final AgNPs solution was added to car-

bon tape and left to dry. No coating with gold was necessary.

FTIr spectroscopy
The analysis by FTIR was performed using a PerkinElmer 

Spectrum 400 FTIR – ATR/NIR instrument. All spectra 

were obtained through a four-scan measurement from 380 

to 4,000 cm−1 with a resolution of 4 cm−1. The analysis was 

performed with the PerkinElmer spectrum software.

antimicrobial activity
The biosynthesized AgNPs were tested with three bacterial 

strains: E. coli (ATCC 25922), P. aeruginosa (ATCC 27853), 

and S. aureus (ATCC 25923), and the yeast C. albicans 

(ATCC 10231) using the agar well diffusion method.25 

Briefly, an initial culture was established in liquid LB 

medium for the bacteria and in YPD medium for the yeast 

in order to reactivate the strain. After 24 hours, the culture 

was compared with the McFarland standard, and if necessary, 

sterile water was added to dilute the culture. Then, sterile 

Petri dishes with LB agar (YPD for the yeast) were inoculated 

with the microorganisms. After 15 minutes, 6-mm-diameter 

wells were perforated in the agar, and 100 µL of each solution 

was added (samples and controls). The concentration of all 

biosynthesized AgNPs was 1 µg/mL. Three controls were 

used in this assay: a negative control (water) and two posi-

tive controls (2 µg/mL ampicillin and a commercial AgNP 

solution [20 nm particle size, 0.02 mg/mL, purchased from 

Sigma-Aldrich]). Plates were incubated for 24 hours at 37°C. 

Afterward, the inhibition halo was measured. An inhibition 

halo of ,6 mm was considered as not active against each 

test strain.

statistical analysis
All experiments were performed in triplicate. Data were 

summarized as the mean ± SD. Statistical analysis was 

performed using an analysis of variance with Bonferroni 

post hoc tests with an α=0.05 using IBM SPSS Statistics 

software for Macintosh, Version 22.0 (IBM Corp, Armonk, 

NY, USA).

Results and discussion
algal culture
Figure 1 shows the growth curve of B. braunii. Several 

studies have shown that the exponential phase of B. braunii 

cultures starts around day 3 and continues until day 22. Then, 

cell growth decreases and can remain stationary or erratic 

for the next days.26 This tendency appeared in our cultures 

as well; therefore, the biomass was harvested between days 

20 and 24 in order to use cells in an exponential phase and 
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to remain consistent with other biosynthesis experiments 

reported.4 An alternate culture was established with a modi-

fied version of the Bold 3N Medium for the extracellular 

biosynthesis experiments.

This was done in order to avoid the reaction between the 

chloride ions and the silver nitrate. This reaction could be 

interpreted as false-positive given the fact that it forms pre-

cipitates in the solution. The B. braunii culture grown in this 

modified Bold 3N Medium showed a slower growth rate, as 

has been previously reported;27 however, the culture medium 

was harvested when the culture was at the exponential phase 

to maintain consistency among the experiments.

Biomass analysis
B. braunii synthesizes a fibrillary layer made of polysaccha-

rides in the cell wall, which slowly dissolves into the culture 

medium, causing an increase in viscosity and forming the 

ECM. When nitrate is used as a nitrogen source, both cell 

growth and exopolysaccharide (EPS) production occur; a 

higher production of EPS can be observed as the growth rate 

declines, consistent with the occurrence of nitrogen limitation 

due to cell growth in the medium.28 During nitrogen starva-

tion, the photosynthetic compounds in the cell decrease, 

causing a reduction in the rate of photosynthesis. The cell 

responds by accumulating carbon-containing compounds as 

a reserve, such as polysaccharides. In the present study, the 

total amount of sugars was estimated at 310.8±10.4 mg/L, 

calculated at the end of the exponential phase. This amount 

is similar to what another study reported: After 18 days of 

cultivation under similar conditions, an amount of 282 mg/L 

of sugars was reported for the same strain of B. braunii.20 The 

total amount of protein was estimated at 347.40±0.14 mg/L. 

This is a higher amount compared with other studies in which 

the microalgae was cultivated under similar conditions: 

60 mg/L of protein in the cell-free medium, determined by the 

Bradford assay, was reported by Dayananda et al.21 However, 

higher amounts of protein for this strain of B. braunii can also 

be found in the literature: A study by Allard and Casadevall29 

determined 86% of the weight of an extracellular B. braunii 

extract with the Lowry assay.

Biosynthesis of agNPs
To the best of our knowledge, there is only one report regard-

ing the biosynthesis of AgNPs with B. braunii. In that study, 

the microalgae’s capacity for biosynthesis was evaluated 

in the presence and absence of light.17 Results indicated 

that B. braunii was capable of generating NPs only in the 

presence of light; therefore, all the experiments performed 

in this study were done in illuminated conditions; however, 

the effect of pH and silver nitrate was not explored further, 

as they carried out their experiments at a pH of 7 and with 

1 mM of silver nitrate. In the present study, the effects of 

several concentrations of silver nitrate and levels of pH on 

the shape and size of AgNPs were investigated.

Intracellular biosynthesis
The biosynthesis reaction was carried out with several con-

centrations of silver nitrate and several pH levels. Table 1 

presents the order of the experiments. After an 8-hour incu-

bation, NP formation was confirmed via ultraviolet–visible 

(UV-Vis) spectroscopy, with the characteristic peak indicat-

ing the surface plasmon resonance at 400 nm (Figure 2).31 The 

solution’s color changed from green to dark brown, indicating 

the reduction of the silver nitrate. The total incubation time 

for all the experiments was set at 48 hours.

In accordance with the literature, optical microscopy 

images indicated that the intracellular synthesis of AgNPs 

occurred in the chloroplast and in the cell wall. This can be 

explained taking into account the fact that enzymes with 

Figure 1 growth curve for Botryococcus braunii grown in the Modified Bold 3N 
Medium.

Table 1 experimental parameters utilized for the intracellular 
biosynthesis of agNPs

Run Parameters

pH AgNO3 (mM)

1 9 1
2 9 5
3 9 3
4 8 3
5 7 5
6 7 1
7 6 3

Abbreviation: agNPs, silver nanoparticles.
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redox activity are responsible for the reduction of silver 

nitrate and the consequent formation of NPs.24 The chloro-

plast contains the cellular machinery responsible for photo-

synthetic activity and therefore contains a high number of 

biomolecules with a redox activity. It has been reported that 

when subjected to stress due to the presence of heavy metals, 

the photosynthetic machinery inside the chloroplast is the 

first to respond, overexpressing proteins such as adenosine 

triphosphate synthase, RUBP carboxylase, and an oxygen-

evolving enhancer protein, leading to the synthesis of NPs.35 

It is also known that microalgae accumulate heavy metals 

in internal granules as a defense mechanism;36 however, we 

did not observe such a phenomenon in this study, probably 

because the culture was not incubated with silver nitrate for 

an extended period of time. Other studies indicate that longer 

contact times with heavy metals cause a higher biosorption 

capacity.18

We also observed that the Ag was accumulated in the 

extracellular environment around the cell colonies, meaning 

that there was an interaction between the Ag ions and the 

molecules forming the ECM. Most of the cells remained 

intact and preserved their green color after exposure to 

Ag; nonetheless, in those experiments with the highest 

concentrations of silver nitrate, some of the cells burst. 

The reason for the accumulation of nanosilver in the cell 

wall is the fact that this organelle contains biomolecules with 

redox capacity which means the cell wall is able to play a 

role in the biosynthesis of NPs. The composition of the ECM 

varies depending on the strain of B. braunii: for the specific 

case of B. braunii UTEX 572 (Race A), a carbohydrate profile 

of fucose (4 mg/L), rhamnose (3 mg/L), arabinose (10 mg/L), 

galactose (107 mg/L), and glucose (158 mg/L) has been 

reported.20 Such molecules present functional groups that 

grant a negative charge to the cell surface, such as carboxyl, 

hydroxyl, amino, and phosphate. This negative charge allows 

for a great binding ability for metal cations.37

The incubation time for all experiments was set at 

48 hours. We observed that at the lower concentrations of 

silver nitrate, the cells managed to retain their structure; how-

ever, the culture lost its characteristic green color, perhaps a 

sign of the loss of function of the photosynthetic machinery 

due to the interaction with the Ag. In the cultures subjected 

to a higher concentration of silver nitrate, the cells were not 

able to maintain their integrity and burst, releasing the cel-

lular content into the culture medium.

NPs created under basic pH levels presented a more uni-

form shape and size compared with those synthesized under 

acidic conditions. This is consistent with another report of 

biogenic synthesis, which suggested, that at a basic pH level, 

the reduction of silver nitrate is more stable.30 Likewise, 

basic pH conditions also seemed to yield a higher number of 

NPs as well as a faster reduction of the Ag.38 Regarding the 

concentration of silver nitrate, we observed that at a higher 

concentration the absorption peak measured with UV-Vis 

spectroscopy increased. This phenomenon has been previ-

ously reported.34

When the concentration of silver nitrate was increased 

from 1 to 5 mM, at a fixed pH level of 7, the shape obtained 

resembled more a cube and seemed to have a more crystal-

line structure. In comparison with the AgNPs intracellularly 
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Figure 2 UV-Vis spectra recorded after an 8-hour incubation for (A) intracellular biosynthesis and a 4-hour incubation for (B) extracellular biosynthesis.
Abbreviation: UV-Vis, ultraviolet–visible.
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synthesized, the extracellularly biosynthesized NPs were 

overall less stable, presenting agglomeration in a shorter 

period of time as well as presenting a higher size. This 

is consistent with studies carried out in the microalgae 

Scenedesmus sp.35

The generation of AgNPs was not achieved with all the 

experiments. As can be seen in Figure 3, needlelike struc-

tures were obtained at a neutral pH and with 5 mM of silver 

nitrate. While these structures cannot be considered NPs 

due to their size, they do resemble nanorods. Previously, 

silver vanadium oxide nanorods have been synthesized with 

a sonochemical method.39 Despite this result, overall, the 

intracellular synthesis yielded smaller NPs, with a predomi-

nantly spherical shape.

extracellular biosynthesis
For the extracellular synthesis of AgNPs, several combinations 

of silver nitrate and pH were analyzed (Table 2). Reactions 

were incubated for 48 hours at a constant temperature (21°C) 

and light. Extracellular biosynthesis of AgNPs was a faster pro-

cess compared with the intracellular pathway. After 4 hours, 

the characteristic peak at 300–400 nm appeared (Figure 2B) 

and became more pronounced as time progressed, indicating 

a growing number of NPs suspended in the solution. At a pH 

level of 7, when the silver nitrate was at the lowest concentra-

tion, a hexagonal or flake-like shape was obtained, very similar 

to nanosilver flakes commonly used in the optics industry 

because of their electrical conductivity (Figure 3A). Nanosil-

ver flakes are prepared by the wet chemical method, light/heat 

Figure 3 scanning electron microscopy images of intracellularly biosynthesized silver nanoparticles: (A) run 1 (ph 9, 1 mM agNO3), (B) run 3 (ph 9, 3 mM agNO3), 
(C) run 5 (ph 7, 5 mM agNO3), and (D) run 6 (ph 7, 1 mM agNO3).
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induction, and heterogeneous nucleation, all chemical reduc-

tion methods.40 As a follow-up to this investigation, it would 

be convenient to test the conductivity of the biosynthesized 

NPs in order to evaluate potential applications, both in optics 

and in tissue engineering.41 While the particles obtained in this 

study do resemble nanosilver flakes, it is necessary to carry 

out more experiments in order to determine the conditions in 

which a more uniform size and shape can be obtained.

We theorized that the molecules responsible for the extracel-

lular synthesis were the EPS produced by B. braunii as part of 

its complex ECM. There are several reports of the synthesis of 

AgNPs with EPS, most of them involving bacteria-derived EPS, 

such as Pseudomonas fluorescens, Lactobacillus rhamnosus, 

and Bacillus subtilis.42–44 There are fewer reports with microal-

gae-derived EPS; however, a study by Brayner et al reported 

the biogenic synthesis of AuNPs, AgNPs, palladium NPs, and 

platinum NPs with Anabaena, Calothrix, and Leptolyngbya 

cultures and confirmed that the particles were stabilized by the 

algal polysaccharides.45 In addition, it has been suggested that 

reducing sugars can function as electron donors in the reduc-

tion of Ag to its metallic form (Ag0); at higher pH levels, the 

monosaccharide ring (such as glucose) opens, leaving a chain 

of aldehydes. In the presence of metal ions, these aldehydes 

form carboxylic acids, causing the reduction of Ag.38

Overall, more positive results in terms of uniform size and 

shape were obtained with the intracellular synthesis route, 

possibly due to the presence of active biomolecules such as 

redox enzymes. However, carrying out extracellular synthesis 

remains a potentially beneficial alternative due to the fact that 

it allows for higher concentrations of Ag to be used, as well as 

more extreme conditions such as a higher or lower pH and tem-

perature, which could accelerate the reaction;38 therefore, more 

experiments are needed in order to optimize this process.

characterization of agNPs
seM
According to the combination of pH levels and concentration 

of silver nitrate, we obtained several types of AgNPs, in terms 

of shape and size. A uniform size distribution was not obtained 

in all the experiments. For the intracellularly synthesized 

AgNPs, the more predominant shape obtained was spheres, as 

seen in run 1 (Figure 3A) and run 3 (Figure 3B), this last one 

presenting a more uniform size distribution compared with 

the other samples. Run 5 also yielded a type of nanostructure 

very uniform in size and shape, but too big to be considered 

an NP (Figure 3C). Run 6 (Figure 3D) produced a set of 

nanostructures with various shapes, leaning toward a square 

or perhaps a cubic appearance. Table 3 presents the results in 

terms of AgNPs’ shape for both types of biosynthesis.

Regarding the extracellularly synthesized AgNPs, while 

a uniform size distribution was not obtained, more interest-

ing shapes were discovered. Run 1 (pH 7, 1 mM AgNO
3
; 

Figure 4A) yielded structures similar to nanosilver flakes 

synthesized by the chemical reduction method.40 Runs 3 

(pH 7, 5 mM AgNO
3
) and 2 (pH 9, 1 mM AgNO

3
; Figure 4B 

and C, respectively) yielded cubic structures, albeit of very 

different sizes: run 2 produced large, porous cubic-like 

nanostructures, while run 3 produced small, solid, seemingly 

cubic structures. The difference in intensity between the 

samples of these two runs indicates that those NPs obtained 

from run 3 contained more Ag compared with those from 

run 2 despite following the usual purification method.24,46 

Run 5 produced NPs with less defined shapes, but a higher 

concentration of Ag according to the intensity shown in the 

images (Figure 4D). The gray areas around the NPs indicate 

a further need for purification, although they do seem to 

contain trace amounts of Ag.

Comparing with the previously mentioned article which 

used B. braunii biomass as a substrate for the generation of 

AgNPs, the NPs obtained in the present study were notori-

ously bigger. This difference can be perhaps attributed to the 

amount of biomass used in both studies: The amount of Ag/

biomass ratio can also influence the final shape of the NPs; 

for example, in some cases, Ag may become the limiting 

reagent. Patel et al17 did not report the amount of biomass 

used for the experiments.

FTIr spectroscopy
In order to determine which molecules were responsible for 

capping and/or stabilizing the biosynthesized AgNPs, FTIR 

spectroscopy was carried out for the following selected sam-

ples: intracellular run 5 (pH 7, 5 mM) and extracellular run 1 

(pH 7, 1 mM), and the samples were then compared with the 

dry biomass from B. braunii. The AgNPs and the biomass 

FTIR spectra is shown in Figure 5. In the biomass spectra, the 

broad peak at 3223 cm−1 indicated the stretch of an OH group, 

perhaps belonging to polyphenols or polysaccharides.30,34 At 

Table 2 experimental parameters set for the extracellular 
biosynthesis of agNPs

Run Parameters

pH AgNO3 (mM)

1 7 1
2 9 1
3 7 5
4 6 3
5 8 3
6 8 5

Abbreviation: agNPs, silver nanoparticles.
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Table 3 characterization of biosynthesized agNPs in terms of appearance and approximate size

Run Intracellular Size (nm) Run Extracellular Size (nm)

Parameters Appearance Parameters Appearance

1 ph 9, 1 mM spherical 433–645 1 ph 7, 1 mM hexagonal disks 347
2 ph 9, 5 mM amorphous Na 2 ph 9, 1 mM cubes 800–1,500
3 ph 9, 3 mM spherical 644–915 3 ph 7, 5 mM cubes 300–486
4 ph 8, 3 mM spherical Na 4 ph 6, 3 mM amorphous 734
5 ph 7, 5 mM large needles Na 5 ph 8, 3 mM square 243–542
6 ph 7, 1 mM spherical 168 6 ph 8, 5 mM amorphous Na
7 ph 6, 3 mM spherical Na

Notes: The appearance of the AgNPs was described as seen during the analysis with SEM. A drop of the final AgNP solution in Milli-Q water was dropped to the pin and 
was then analyzed with seM.
Abbreviations: agNPs, silver nanoparticles; Na, not applicable; seM, scanning electron microscopy.

Figure 4 scanning electron microscopy images of extracellularly biosynthesized silver nanoparticles: (A) run 1 (ph 7, 1 mM agNO3), (B) run 3 (ph 7, 5 mM agNO3), 
(C) run 2 (ph 9, 1 mM agNO3), and (D) run 5 (ph 8, 3 mM agNO3).
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around 1,645 cm−1 a peak indicated the stretching vibration 

of the [NH]C=O group, characteristic of proteins, and NH 

stretch vibrations of amide II.45,46 The presence of carbohy-

drates was corroborated with the appearance of a small peak 

at 1,537 cm−1 (stretch of C=N and C=C in the benzene ring 

of aromatic compounds) and a peak at 1,051 cm−1 (stretching 

and bending of C-OH or C-O groups).36 The FTIR spectra 

of the extracellularly biosynthesized AgNPs differed the 

most from the biomass spectra. The peak at 830 cm−1 could 

indicate the stretching of an alkene C–H group, possibly 

belonging to the hydrocarbons B. braunii secretes into the 

culture medium. The peak at 1,051 cm−1 suffered a slight 

shift compared with the biomass spectra and could also be 

an indicator of the presence of the carbohydrates embedded 

in the ECM.20 The peak at 1,350 cm−1 became much more 

pronounced compared with the biomass spectra, while the 

Figure 5 FTIr spectrum of Botryococcus braunii biomass, extracellularly biosynthesized agNPs (run 1: ph 7, 1 mM agNO3), and intracellularly biosynthesized agNPs (run 7: ph 6,  
3 mM agNO3).
Abbreviations: agNPs, silver nanoparticles; FTIr, Fourier transform infrared.
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peak at 1,645 cm−1 remained practically identical, both indica-

tors of the role that amide linkage and carbonyl and hydroxyl 

groups played in the biosynthesis of AgNPs.

The extracellular space B. braunii creates in the culture 

medium contains large amounts of hydrocarbons and poly-

saccharides, as confirmed by the FTIR spectra. Considering 

the fact that hydrocarbons are generally stable at different pH 

levels, we believe that other components released by the ECM 

are responsible for the synthesis of extracellular AgNPs.47 

The spectra indicated the presence of amide, carbonyl, and 

hydroxyl groups in the sample, signaling polysaccharides, 

polyaldehydes, and proteins as the reducing, capping, and 

stabilizing agents. It is known that B. braunii is capable of 

producing and releasing high amounts of EPS into the cul-

ture medium as a protection and/or stress response measure. 

Studies showed that this microalga is capable of surviving 

extreme conditions, such as high temperatures, desiccation, 

and even ingestion by birds because of the EPS it releases. 

Therefore, by subjecting the algae to stress conditions, such 

as the presence of silver nitrate in the medium, the produc-

tion of EPS would be increased, and the synthesis of AgNPs 

would take place. This same scenario was carried out with 

Calothrix pulvinata to produce AuNPs.45

In the intracellularly biosynthesized AgNPs, peaks 

at ~1,035 cm−1 represented the vibrations of primary and 

secondary amines;30 the change in the peak at 1,162 cm−1 

in relation to the biomass spectra may be taken as a sign of 

depletion of the phenolic residues. The peak at 1,035 cm−1 

was also present, as was the peak at 1,645 cm−1, indicators 

of stretching vibrations of amine-related groups and C–O or 

C–OH groups, respectively. The peak at 1,537 cm−1 remained 

unchanged between the biomass spectra and the intracel-

lularly synthesized AgNPs spectra, indicating that perhaps 

the molecules responsible for the reduction and stability 

of the biosynthesized AgNPs were proteins/peptides and 

carbohydrates.32

Due to the appearance of these stretching frequencies, 

it was concluded that carbohydrates and proteins were 

responsible for the synthesis, capping, and stabilization of 

AgNPs. Other studies have identified amino acids such as 

tryptophan, phenylalanine, and tyrosine as main reductive 

agents for Ag. However, B. braunii also contains a high 

amount of polyaldehydes in the ECM: This structure is 

formed of a polysaccharide layer embedded with algaenans 

as well as a backbone of long-chain polyaldehydes.20 Given 

the fact that the first interaction between Ag and the algal cell 

occurs at the cell wall, we believe that most of the AgNPs 

are synthesized in the ECM region due to the interaction 

between the silver nitrate and the components of the ECM 

and cell wall. Afterward, some of the Ag is diffused inside 

the cell and accumulates in the chloroplast, where the rest 

of the synthesis takes place due to the photosynthetic com-

ponents of the organelle.48 A range of microalgae strains 

was reported to synthetize various NPs intracellularly or 

extracellularly,49 and our study shows that Botryococcus is 

capable of synthetizing NPs in both ways.

antimicrobial activity
Due to the fact that most of the applications of AgNPs are 

based on their antimicrobial activity, it is important to test 

this property against known and varied pathogens. In this 

study, the antimicrobial activity of the biosynthesized AgNPs 

was tested against four microorganisms: two Gram-negative 

bacteria (E. coli and P. aeruginosa), a Gram-positive bacteria 

(S. aureus), and the yeast C. albicans; in addition, a compari-

son with two controls was carried out: an ampicillin solution 

and a commercial AgNPs solution (Sigma-Aldrich) using the 

agar well diffusion method. Figure 6 shows the antimicrobial 

activity of the intracellularly synthesized AgNPs compared 

with the two controls. According to the analysis of variance, 

a significant effect of the synthesis method on the inhibition 

halo was found. All the intracellularly biosynthesized AgNPs 

displayed an antimicrobial activity against the bacteria, but 

not against the yeast, most likely due to the cell wall and the 

size of the particles. It has been stated that the smaller the NP, 

the more antimicrobial activity it has, due to the increased 

ability of the particle to cross the cellular membrane. The 

results of the antimicrobial tests support this statement, given 

that the intracellularly biosynthesized particles were smaller 

and also presented a higher antimicrobial activity compared 

with the extracellularly biosynthesized particles according 

to the statistical analysis. The spherical shape seemed to 

grant more antimicrobial activity against the pathogens, 

most likely due to the higher surface area. In our study, 

the more spherical-like particles such as the intracellular 

runs 1 (pH 9, 1 mM), 3 (pH 9, 3 mM), and 7 (pH 6, 3 mM) 

displayed a high antimicrobial effect, in accordance with 

several studies.50–52

While the size of the NP is one of the most influential 

aspects in terms of antimicrobial activity, it is not the only 

one: The amount of Ag that the NP contains can also influ-

ence the antimicrobial activity, as can the shape of the 

particle. Some studies have reported an increased antimi-

crobial activity in NPs with triangular shapes, due to the fact 

that the sharp corners of the NP can penetrate the cellular 

membrane more easily.53 This can explain why the biosyn-
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thesized NPs displayed a higher antimicrobial effect when 

compared to the 20-nm commercial AgNPs despite having a  

bigger size.

Post hoc test indicated that the highest inhibition effect 

was observed in P. aeruginosa and S. aureus. Regarding 

the effect of the different pH levels, statistically, the highest 

inhibition effect was observed at a pH of 6 and 8; the lowest 

inhibition was displayed at a pH level of 7. The highest inhibi-

tion effect was reached with a silver nitrate concentration of 

3 mM. The study previously mentioned regarding the biosyn-

thesis of AgNPs with B. braunii also tested the antimicrobial 

activity against three of the four pathogens analyzed in this 

study: E. coli, P. aeruginosa, and S. aureus.17 Even though 

there is no mention of the concentration of NPs used in their 

antimicrobial assay, it is worthy to compare the results of both 

studies: in the case of E. coli and P. aeruginosa, the values 

obtained were similar to the study at hand; however, the NPs 

obtained at pH values of 6 and 8 yielded more antimicrobial 

effect against these two pathogens. In the case of S. aureus, 

most of the intracellularly biosynthesized particles obtained 

in this study yielded more antimicrobial activity.

Figure 7 represents the antimicrobial activity of the 

extracellularly biosynthesized AgNPs. All of the samples 

presented an antimicrobial effect against E. coli, but not 

all of them were effective against the rest of the pathogens. 

This is most likely due to the size and shape of the particles: 

Smaller cube particles such as those produced by run 3 (pH 7, 

5 mM) were effective against all the pathogens, while bigger 

particles such as those from run 2 (pH 9, 1 mM) were not. 

Particles from runs 1 (pH 7, 1 mM) and 5 (pH 8, 3 mM) were 

effective against the Gram-negative bacteria, but did not 

have a significant effect against the Gram-positive bacteria 

and the yeast, most likely due to the composition of the cell 

wall of S. aureus and C. albicans. Runs 3 (pH 7, 5 mM), 4 

(pH 6, 3 mM), and 6 (pH 8, 5 mM) presented an antimicrobial 

activity against all pathogens. The antimicrobial activity of 

AgNPs has been proven to be concentration-dependent.31 

In this study, a 1 µg/mL concentration of AgNPs was used; 

our results showed that even at such a low concentration, 

the AgNPs displayed a higher antimicrobial effect than the 

controls, which were at higher concentrations (ampicillin 

was used at 2 µg/mL), and the commercial AgNPs solution 

Figure 6 antimicrobial activity and shape of the intracellularly biosynthesized agNPs against selected pathogens: (A) Escherichia coli, (B) Pseudomonas aeruginosa, 
(C) Staphylococcus aureus, and (D) Candida albicans compared with ampicillin and a commercial agNPs solution.
Abbreviation: agNPs, silver nanoparticles.
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was used at its default concentration of 0.02 mg/mL. Besides 

antimicrobial activities, AgNPs synthetized by microalgae 

were also reported to possess anticancer activity.54 Hence, it 

remains to be further explored whether our biogenic AgNPs 

possess anticancer and/or antioxidant effect.

Given the fact that overall the intracellularly synthesized 

AgNPs displayed more antimicrobial effect compared with 

the extracellularly synthesized AgNPs, it can be concluded 

that intracellular synthesis is a more effective method, per-

haps due to the number of compounds responsible for the 

synthesis, if the intention is to apply these biogenic AgNPs 

for antimicrobial purposes. There are other areas of use for 

AgNPs that might not require the smallest size possible, such 

as textile functionalization, paint additives, and orthodontic 

implants.3,55,56 It is worth mentioning that biosynthesized 

AgNPs have been used as paint additives with promising 

results;57 in addition, wound healing tests using biosynthe-

sized AgNPs have been carried out with positive results.58 

A statistical comparison between the two methods of bio-

synthesis was performed by a comparison of means. Results 

indicated that the intracellularly biosynthesized AgNPs 

yielded a significantly more inhibiting effect compared 

with the extracellularly biosynthesized AgNPs. Afterward, 

an extra comparison was made between the intracellularly 

biosynthesized AgNPs and the controls. The results showed 

that the antibiotic produced a lower inhibition compared 

with the NPs; however, there was not a significant difference 

between the inhibiting effect of the NPs compared with the 

commercial AgNP solution.

Conclusion
The shape and size of AgNPs controlled by Ag concentration 

and pH under the intracellular and extracellular biosynthesis 

by B. braunii cultures were described. The intracellularly 

biosynthesized AgNPs had a predominant spherical shape, 

while those extracellularly biosynthesized presented more 

variety. The FTIR analysis confirmed the role of the compo-

nents of the ECM in the synthesis of AgNPs. Antimicrobial 

assays revealed an activity against all pathogens tested, 

with the intracellularly biosynthesized AgNPs displaying 

an overall higher activity compared with the extracellularly 

biosynthesized AgNPs. Biosynthesis through B. braunii 

Figure 7 antimicrobial activity and shape of the extracellularly biosynthesized agNPs (A) Escherichia coli, (B) Pseudomonas aeruginosa, (C) Staphylococcus aureus, and 
(D) Candida albicans compared with an antibiotic solution and a commercial nanoparticle solution.
Abbreviation: agNPs, silver nanoparticles.
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may be a valuable, greener, and cost-effective method for 

the generation of AgNPs with antimicrobial activity.
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