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Abstract
The biosynthesis of metallic nanoparticles (NPs) has been previously reported using a variety of organic molecules produced by
microalgae. However, the results obtained could vary due to themetabolic responses thatmicroalgae have to different culture conditions
which could affect the characteristics of the produced nanoparticles. In the present report, copper nanoparticle formation was evaluated
by themicroalgaeChlorella kessleri,Dunaliella tertiolecta, andTetraselmis suecica, developed under combined conditions of low (L−)
and high (L+) illumination, with low (S−) and high salinity (S+). The illumination was 12 h:12 h light/dark. NP formation was
evaluated 72 h after exposure to copper salt. Cupric oxide (CuO) NPs were detected spectrophotometrically in both the culture media
(extracellular NPs) and cells (intracellular NPs) of Ch. kessleri with absorbance in the range of 200 to 235 nm. Metallic copper NPs
(Cun) were detected with an absorbance between 540 and 560 nm in treatments with cells of C. kessleri andD. tertiolectawhich were
grown in L+S−, while T. suecica cells showed Cun NPs formations in L−S−, L−S+, and L+S−. The size difference of the NPs was
measured by scanning electronmicroscopy (SEM), in treatments with cells ofC. kessleri, ranging in size from 15 to 25 nm (L−S−) and
55 to 65 nm (L+S−). In treatments with culture media, sizes from 35 to 45 nm (L−S−) of NPs were obtained. Differences in the
biosynthesis of Cu-based NPs are possible, depending on the culture conditions and the strain of microalgae to be utilized.
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Introduction

The production of inorganic NPs through biosynthesis by mi-
croorganisms such as bacteria, fungi, and microalgae has been
explored by several authors for the development of low-cost

and eco-friendly technologies (Li et al. 2011). Microalgae
have been highlighted as a potential source of diverse biomol-
ecules such as proteins, pigments, carbohydrates, alkaloids,
terpenes, peptides, and some aromatic compounds, which
may be involved in the reduction of metal ions for the forma-
tion and stabilization of metal NPs, without producing toxic
by-products (Siddiqi and Husen 2016). Copper-based NPs
are of great industrial interest since they have similar prop-
erties to other NPs which are based on less abundant metals
(Shobha et al. 2014). These NPs’ properties allow their ap-
plication in several processes, such as in catalysis (Gawande
et al. 2016), gas sensors, solar energy transformation, and
semiconductors (Singh et al. 2016). In agriculture, copper
NPs have been used to control several pathogens such as
fungi and some bacteria (Singh Sekhon 2014), as well as
being used as a crop production enhancer (Hafeez et al.
2015). However, Shobha et al. (2014) report that only 5%
of the research papers in the area of nanoparticle biosynthe-
sis correspond to copper-oxide (CuO) NPs, with the major
focus being on the production of silver NPs, accounting for
59% of the publications.
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The biosynthesis of compounds at the nanometer scale
could be by way of either biochemical or biological processes
(Morales-Díaz et al. 2016). Biochemical processes take ad-
vantage of biomolecules derived from algae extracts
(Abboud et al. 2013) or by metabolites secreted to the culture
media (Patel et al. 2015), while biological processes take ad-
vantage of live cells for intracellular biosynthesis (Jena et al.
2014), or are related to metabolic process such as the electron
transport chain (Shabnam and Pardha-Saradhi 2013).

The capacity of microalgae to produce metallic NPs
has been related with detoxification processes, due to
the presence of heavy metals in the environment where
cell development occurs (Mohseniazar et al. 2011). In
this mechanism, microalgal cells respond by increasing
the protein content, as well as catalase activity, super-
oxide dismutase and the content of reduced glutathione
(Sabatini et al. 2009), and phytochelatin production
(Miazek et al. 2015). Also, evidence has been found
on the oxide-reductive protein relationship involved in
the synthesis and transport of adenosine triphosphate
(Barwal et al. 2011). Those compounds, as well as
non-enzymatic antioxidant molecules, such as pigments,
polysaccharides, and polyphenols, are related to oxida-
tive stress which could be a result of the negative en-
vironmental conditions and the presence of adverse
metals or chemical substances (Cirulis et al. 2013).
Among the environmental conditions that may produce
an increase in oxidative stress in microalgae and pro-
mote the production of antioxidant compounds are sa-
linity and lighting. As a response to salinity stress,
microalgae vary their secretion of biopolymers
(exopolysaccharides) and phyto-hormones (abscisic acid
and indoleacetic acid) to the media (Liu et al. 2016).
Secreted polysaccharides could be sulfated and are
conformed mainly for glucose, xylose, and galactose
with different proportions (Raposo et al. 2013). On the
other hand, light stress induces acclimation by optimiz-
ing the cell photosynthetic apparatus and increasing the
antioxidant defense mechanisms (Simionato et al. 2011).
Microalgal metabolite production strongly depends on
the culture conditions, such as temperature, pH, incuba-
tion time, culture media composition, and light intensity
(Sudha et al. 2013). These factors could be manipulated
to influence the size and morphology of the microalgae
synthesized NPs (Li et al. 2011; Dahoumane et al.
2017). Considering the scarcity of information on the
biosynthesis of Cu-NPs by microalgae and the possible
effects that the culture conditions could have on their
production, the objective of this study was to evaluate
the culture condition effect on the obtaining of Cu-NPs,
and its influence on size through biosynthesis with
microalgae under different conditions of illumination
and salinity.

Materials and methods

Microalgae strains and experimental conditions

Microalgae strains of Dunaliella tertiolecta and Tetraselmis
suecica were provided by the company Biorganix Mexicana
from their private collection. A strain of Chlorella kessleri
(CDBB-A-12) was acquired at BColección nacional de cepas
microbianas y cultivos celulares^ from the BCentro de
Investigaciones y de Estudios Avanzados del Instituto
Politécnico Nacional.^ Strains were cultivated in f/2 medium
for salt water strains (Guillard and Ryther 1962) and Bold
medium (Jena et al. 2014) for C. kessleri. All material was
sterilized in an autoclave before use. All culture inoculations
were done in a laminar flux chamber under aseptic conditions.
An Erlenmeyer flask of 250 mLwith 150 mL of culture media
was inoculated with 3 × 105 cells mL−1. All experimental units
were kept with constant aeration, illuminated at the base of the
flasks with a 17-W white fluorescent lamp (Phillips ALTO II
T8) and incubated at 23 °C. A transparent polycarbonate sheet
was used as a base for the experimental units. The lighting
period was 12 h alternating with 12 h of dark. The process was
monitored for 18 days after inoculation (0, 3, 5, 7, 9, 1, 13, 15,
and 18 days), and 1 mL of sample was taken from each ex-
perimental unit and analyzed immediately. Photosynthetically
active radiation (PAR) was measured with a quantum sensor
(LightScout 3681) over the polycarbonate sheet. The mea-
sured PAR radiation reported corresponds to that received at
the flask base. For the treatments, PAR factors of low radiation
(−) (50 μmol photons m−2 s−1) and high radiation (+)
(230 μmol photons m−2 s−1) were combined with low and
high salinity conditions as shown in Table 1. For the experi-
ments, four treatments per strain were obtained with three
replicates for each one.

Analytical methods

For each sample taken from the experimental unit at the
days established, cell counting, pH (Horiba, Laqua twin
S010), and electrical conductivity (Horiba Laqua twin
S070) were monitored. Cell counting was done with a
Neubauer chamber three times per experimental unit at
the days evaluated. The growth rate (GR) was calculated
with Eq. (1):

GR ¼ lnx2−lnx1ð Þ= t2−t1ð Þ ð1Þ
where x1 and x2 represent the cell concentration at the
time on days t1 and t2 (García et al. 2007), respectively.

To quantify the cell volume, the general method for calcu-
lating the cell biovolume based on geometric assignation was
used. ForC. kessleri, the sphere formula was employed, while
for D. tertiolecta and T. suecica, this was calculated with the
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prolate spheroid formula (Sun and Liu 2003). With pictures
taken by optic microscope using the program Axion Vision
4.8, 30 cells were measured for each treatment, and the equa-
torial diameter of each cell was taken. In the cases of
D. tertiolecta and T. suecica in addition to the diameter, length
measurements were taken. The average volume of the cells in
each treatment and the population density was used to calcu-
late the biovolume of culture per milliliter.

For the photosynthetic pigment quantification, 2 mL of
the culture medium was taken as mentioned above.
Samples were centrifuged at 8000 rpm for 15 min, and
precipitates were recovered. The pellet was then mixed
with 1 mL of ethanol and sonicated (Bransonic 1510R-
DTH) for 15 min. After 24 h in refrigeration, absorbances
were measured at 470, 653, and 666 nm (Lichtenthaler
and Wellburn 1983; Henriques et al. 2007).

Biosynthesis and evaluation of copper nanoparticles

After 18 days of culturing, the populations were counted to
calculate the copper sulfate (CuSO4·5H2O reactive grade,
Fermont) doses for each treatment. The maximum population
of each strain was taken as a basis with a concentration of
0.5 mM of CuSO4. Copper sulfate concentration was adjusted
proportionally to each treatment according to its cell popula-
tion, to assure the same concentration of copper sulfate per
cell. Subsequent to the 72 h of copper sulfate application
(21 days after inoculation), each experimental unit was divid-
ed into four flasks with 20 mL of sample for each one. Two
flasks were kept as the original experimental unit (cells in their
culture medium), and the other two flasks were cell-free, con-
taining only the culture medium. The cell-free media flasks

were obtained by centrifugation (Hermle Z 206 A) at
6000 rpm for 15 min and by separating the supernatant.

After 72 h of copper exposure, UV-vis spectroscopy evalu-
ations were used (Thermo Scientific, Genesys 10S) to detect
Cu-NP formation. The scanned region from 200 to 700 nm
showed the characteristic absorbance peaks for Cu-NP identifi-
cation. The surface plasmon resonance of the surfaces of Cu-
NPswith spherical forms is localized in the visible regionwith a
maximum absorbance between 520 and 580 nm (Pestryakov
et al. 2004; Gawande et al. 2016), while the detection of differ-
ent types of CuO-NPs (Table 2) was in the UV region of the
spectrum (Pestryakov et al. 2004; Rahman et al. 2009; Bouazizi
et al. 2015; Valli and Suganya 2015). Samples were kept in
ultra-freezing conditions (− 80 °C) for later analysis by SEM
(Hitachi SU8010) at a 3.0 kVaccelerating voltage.

Statistical analysis

All experiments were set up with a randomized complete
blocks design. Statistical analysis was done with the BR^ pro-
gram (Team 2016) utilizing the Duncan test (α ≤ 0.05) for mean
comparison with the package Bagricolae^ (Mendiburu 2016).
The effects of illumination and salinity over the final population
and biovolume were analyzed by a two-way ANOVA factorial
analysis (2 × 2). When the data to be analyzed did not meet the
assumption of normality, these were transformed with the Bcar^
package for R (Fox and Weisberg 2011).

Results

The strain with the best growth rate was C. kessleri (Table 3),
with the highest values in the period from 0 to 9 days, showing
a slight deceleration in the period from 9 to 18 days. The
condition in which the growth rate was most affected for this
strain was L−S+. Both irradiance and salinity showed a

Table 1 Experimental matrix with combinations of illumination and
salinity that conform to the treatments for each strain. PAR
photosynthetically active radiation, EC electrical conductivity

Strain PAR
(μmol photons m−2 s−1)

Salinity
NaCl (M)

EC
(mS cm−1)

pH

Ch. kessleri 50 0.00043 0.82 7.1

50 0.10000 9.87 6.8

230 0.00043 0.85 7.1

230 0.10000 10.00 6.8

D. tertiolecta 50 0.46 55.3 7.7

50 1.50 135.0 7.4

230 0.46 55.0 7.7

230 1.50 136.0 7.4

T. suecica 50 0.46 60.7 7.7

50 1.00 105.0 7.5

230 0.46 63.3 7.7

230 1.00 105.0 7.5

Table 2 UV-vis spectrum regions where copper and copper oxide
nanoparticles were reported

Nanoparticle type UV-vis regions Reference

Cu+ 250 nm (Pestryakov et al. 2004)

CuO
CuO crystals

310 nm
650 nm
205–221 nm

(Rahman et al. 2009)
(Abboud et al. 2013)
(Bouazizi et al. 2015)

O-Cu-O (CuO2) 320–370 nm (Pestryakov et al. 2004)

Cu-O-Cu (Cu2O) 260 nm
400–440 nm
542 nm

(Abboud et al. 2013)
(Pestryakov et al. 2004)
(Rahman et al. 2009)

Cun 520–580 nm
552–561 nm
558 nm

(Pestryakov et al. 2004)
(Dang et al. 2011)
(Suresh et al. 2016)

d-d transitions 620–850 nm (Pestryakov et al. 2004)
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significant effect on the final population of this strain without
interaction between factors (Fig. 1; Table 4). Lower popula-
tions and bigger cells of C. kessleri can be obtained with high
salinity conditions. In the case of D. tertiolecta, the highest
growth rate was found in the period of 0 to 9 days; however, a
growth deceleration was present in the period of 9 to 18 days,
reaching the stationary phase in all treatments (Fig. 2). The
illumination effects were not significant for both the final pop-
ulation and cellular volume of D. tertiolecta; nevertheless,

these factors interact with the salinity and have significant
effects on the population and cellular volume (Fig. 1). The
photosynthetic pigment content showed variations between
treatments (Fig. 3), with the highest values in chlorophyll a
L−S+ treatments, which could be related to adjustments in the
photosynthetic apparatus to low illumination and salinity
stress, reflected in the variations of carotenoids. On the other
hand, T. suecica did not present significant effects or interac-
tions due to illumination and salinity factors on the final

Table 3 Microalgae growth rate
(day−1) means (± SD) obtained in
each treatment (n = 3) at different
time intervals. Means followed by
the same letter are not
significantly different at the 5%
confidence level according to the
Duncan multiple comparison test.
Data were transformed with the
Bcar^ program for BR^ to meet the
assumption of normality

Growth rate (day−1)

Strain Treatment 0 to 9 days 9 to 18 days 0 to 18 days

C. kessleri L−S− 0.48 (0.027) ab 0.21 (0.017) a 0.70 (0.018) a

L−S+ 0.39 (0.027) cd 0.18 (0.033) ab 0.57 (0.043) bc

L+S− 0.59 (0.047) ab 0.25 (0.011) a 0.75 (0.056) a

L+S+ 0.51 (0.062) ab 0.19 (0.041) ab 0.70 (0.040) a

D. tertiolecta L−S− 0.51 (0.014) ab 0.06 (0.028) bc 0.58 (0.015) b

L−S+ 0.43 (0.024) bc 0.06 (0.031) bc 0.50 (0.028) efg

L+S− 0.52 (0.001) a 0.02 (0.014) c 0.54 (0.013) bcd

L+S+ 0.49 (0.012) ab 0.03 (0.017) c 0.53 (0.005) cde

T. suecica L−S− 0.28 (0.146) de 0.20 (0.18) ab 0.49 (0.033) g

L−S+ 0.21 (0.143) e 0.31 (0.15) a 0.52 (0.016) ef

L+S− 0.26 (0.087) e 0.23 (0.082) a 0.50 (0.004) efg

L+S+ 0.31 (0.058) de 0.17 (0.059) ab 0.49 (0.023) fg

Fig. 1 Graphs of the illumination and salinity interaction on (a) the final population and (b) the cell volume at 18 days of culturing. Low salinity is
represented by dotted lines and high salinity by hyphens. High or low illumination is indicated below the set of graphs
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population. The significant effects of those factors were only
observed in the cell volume of this strain (Fig. 1), with the
biggest cells in the treatments with low salinity. Tetraselmis
suecica cultures in L+S− and L−S− treatments reached a sta-
tionary growth phase around 15 days of culturing (Fig. 2),
while in L−S+ and L+S+ conditions, the population growth
was observed until 18 days.

Comparing the maximum population (Fig. 4) and cellular
volume evaluated for the three strains,C. kessleriwas found to
have the smallest cells (45 to 65 μm3) and the highest

populations, followed by D. tertiolecta with bigger cells
(110 to 170 μm3). The lowest populations were obtained with
T. suecica, showing the biggest cells (270 to 470 μm3). With
the cell size data, the biovolume was obtained in each treat-
ment, as well as the CuSO4 concentration per cubic millimeter

Table 4 Significance levels (P values) obtained from two-wayANOVA analyses for the effects of light and salinity and their interaction on (a) the final
population (n = 3) and (b) cell volume (n = 30)

(a) Final population (b) Cell volume

C. kessleri D. tertiolecta T. suecica C. kessleri D. tertiolecta T. suecica

Illumination 0.026 0.116 0.305 Illumination 0.004 0.421 0.070

Salinity 0.034 0.001 0.287 Salinity 0.144 < 0.001 < 0.001

Interaction 0.827 0.0073 0.125 Interaction 0.277 < 0.001 < 0.001

Fig. 2 Population growth curves. Dotted lines: low illumination,
continuous line: high illumination, empty triangles: low illumination,
solid triangles: high salinity. Data represents the average (n = 3), and
standard error bars are shown

Fig. 3 Photosynthetic pigments and chlorophyll a/b ratio, with the y scale
to the right of each graph. Means (n = 3) with different letters represent
significant differences at the 5% confidence level (Duncan multiple com-
parison test). Standard error bars are shown. L light, S salinity, (−) low, (+)
high
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of biovolume (Fig. 4b, c). This represents the relation obtained
between the copper salt and the possible biological agents
(biochemical or metabolic) involved in the NP biosynthesis.

Five of the 12 treatments with cells showed absorbance by
UV-vis spectroscopy in the visible region, corresponding to
Cun NPs. The culture condition which favored the formation
of Cun NPs in the three strains was L+S−, in addition for
T. suecica cells in the treatments L−S− and L−S+ (Fig. 5).
High illumination has an important effect in copper ion reduc-
tion, mainly forC. kessleri andD. tertiolecta. The signs of Cun
NP formation were found only in cell treatments and not with
the culture media, if cellular metabolites were involved in their
formation, not those secreted to the culture media. The copper
concentration caused toxicity for D. tertiolecta and T. suecica
in the treatments where Cun NP formation was detected and
reflected in the culture bleaching; because of this, it is not clear
if the copper ion reduction was by an intracellular mechanism
linked to a metabolic process or by some reducing agent,
which could be cellular biomolecules. On the other hand,

C. kessleri showed higher tolerance to the copper concentra-
tion used; despite this, Cun formation was detected only under
high illumination and low salinity.

The absorbances detected by UV-vis spectrometry in the
UV region (Fig. 6) present a maximal wavelength of 200 to
280 nm, varying in intensity and amplitude. The formation of
CuO NPs was detected with C. kessleri in treatments with
cells in L−S− and L−S+ conditions and so the illumination
played a more important role than salinity for the biosynthesis
of CuO NPs with this strain. In contrast, with D. tertiolecta
cells, CuO NPs were detected in both L−S− and L+S− condi-
tions and so the high salinity could be a negative factor for the
NP biosynthesis with this strain. In the treatment L+S− with
cells of C. kessleri, NPs of between 55 and 65 nm were ob-
tained (Fig. 7), which was the only treatment with this strain
which registered absorbances of Cun (λ 550 nm) as well as
CuO (λ 200 and 215 nm) nanoparticles. On the other hand, in
the treatment L−S−, cells ofC. kessleriNPs of between 15 and
25 nm were found with absorbances corresponding to CuO
(205 nm). With the media in the treatment L−S− where C.
kessleri was cultured, the nanoparticles found ranged from

Fig. 4 Comparison between the distinct treatments and the three strains
on a) final population, b) final biovolume, and c) mM CuSO4 mm−3

biovolume mL−1. White bars: C. kessleri, gray: D. tertiolecta, black:
T. suecica. L light, S salinity, (−) low, (+) high. Data represents the
average (n = 3), and standard error bars are shown

Fig. 5 Absorbances detected between 350 and 700 nm in treatments with
cells 72 h after exposure to copper sulfate
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35 to 45 nm with a maximum absorbance of 225 nm, while
with the media in L+S−, the peak of absorbance was detected
at 215 nm with a bump between 235 and 255 nm, showing
aggregates with variable morphology in the SEM images.

Discussion

Copper concentration in relation to the reducing and stabiliz-
ing agents affects the NP formation (Dang et al. 2011); also,
the sensitivity of microalgae to copper sulfate is highly varied
among different strains (Levy et al. 2008; Sabatini et al. 2009).
The copper ion availability per cell depends on the population
of each treatment at the exposure time. This could significant-
ly affect the copper toxicity if lower cell populations are ex-
posed to the same copper concentration (Debelius et al. 2009;
Salas-Herrera et al. 2015; Wan et al. 2018). Thus, the copper
concentration in each treatment needed to be adjusted based
on the strain’s initial population, considering 0.5 mM of
CuSO4 for the highest populations. However, based on the
biovolume (Fig. 4c), the highest copper concentration was in
treatments with T. suecica, resulting in the culture bleaching in
all treatments after 96 h of exposure. With D. tertiolecta, the
bleaching was detected only in the low-salinity treatments,

and C. kessleri had the lowest copper concentration, without
an apparent mortality being detected.

The survival detected for D. tertiolecta in treatments of
high salinity (1.5 M NaCl) is interesting because, despite be-
ing under osmotic stress in combination with both illumina-
tions (high and low), the toxic load of copper in the culture
media weathered better in comparison with the low-salinity
treatments (0.46 M). The salt stress induces Dunaliella salina
to the secretion of polymeric substances (Liu et al. 2016),
which could reduce the copper availability in the culture me-
dia. Also, it has been reported that high copper concentrations
modify the metabolism of D. tertiolecta, releasing phenolic
compounds to the media (López et al. 2015). Copper internal-
ization by three strains, including D. tertiolecta and
Tetraselmis sp., was evaluated by Levy et al. (2008); they
found that D. tertiolecta is more efficient to the exclusion of
copper, lowering the internalization rate and keeping the in-
tracellular concentration three times lower than Tetraselmis
sp., and concluded that copper detoxification mechanisms
are intracellular in Tetraselmis sp. and extracellular in
D. tertiolecta. In the case shown in this study, it could be that
some biomolecules secreted to the culture media by
D. tertiolecta avoided the copper toxicity under high-salinity
conditions. The low growth of C. kessleri andD. tertiolecta in

Fig. 6 Absorbances detected from 190 to 350 nm for the detection of
copper nanoparticles. Dotted lines: low illumination, continuous lines:
high illumination, lines without figures: low salinity, lines with
triangles: high salinity. Data obtained 72 h after copper sulfate exposure

in cells (left graphs) and culture media (right graphs). At the bottom-
center, the absorbance from the different culture media with 0.5 mM of
CuSO4 as a reference is shown
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the treatment of L−S+ could be related to the low PAR irradi-
ation, generating a deviation in the energy produced by pho-
tosynthesis to deal with the salt stress. The secretion of Na+ in
halotolerant algae such as D. salina is done through Na+/H+

antiporter pumps and at the expense of energy through a Na+-
ATPase pump (Gimmler 2000), by which salt stress represents
a metabolic extra load for the energy produced by
photosynthesis.

The exposure to copper sulfate was done at 18 days of
culturing. At this time, D. tertiolecta (all treatments) and
T. suecica (L−S− and L+S−) reached the maximum popula-
tion and were in the stationary growth phase (Fig. 2). At this
growth phase, there might be changes in the physiological
state of these microalgae, such as a decrease in the protein
content (Barbarino and Lourenço 2005) and an increase of
triacylglycerides or starch as a store of energy (Davidi et al.
2012). Thus, the results obtained for these treatments may
vary considerably if the biosynthesis will be held in the
growth phase. This has been proven with Escherichia coli
by Li et al. (2011) who found that, at the stationary phase of
growth, the formation of CdS nanocrystals increased 20 times;
at this same stage, extracellular gold nanoparticles were
formed by Trichothecium sp., but with constant shaking, the
biosynthesis tendency was intracellular (Shah et al. 2015).

The culture conditions were selected to cause stress by
salinity and illumination for the evaluated strains and thus
determine if the stress at which microalgae are exposed pro-
motes the biosynthesis of NPs. In the present study, Cun NP
formation was detected in the L+S− treatments with cells of
the three strains evaluated. Light effects on the biosynthesis of
NPs have been reported by several authors; with diatoms, the
intervention of photosynthetic pigments as a reducing agent in
the formation of silver NPs has been reported (Jena et al.
2015) and the electron transport system in the chloroplasts
of plants has been related to gold NP formation (Shabnam
and Pardha-Saradhi 2013). However, culture conditions in
which Cun NPs was observed had an equal or lower photo-
synthetic pigment content in comparison with the other treat-
ments where the biosynthesis was not detected (Fig. 3). On the
other hand, Patel et al. (2015) reported the biosynthesis of
silver NPs under light conditions, with microalgae cells as
well as with the culture media in which they grow, without
detecting the formation when the reaction was done in the
dark. Brahmachari et al. (2014) reported silver NP biosynthe-
sis with leaf extracts from Ocimun sanctum, where the bio-
molecules which participated in the reduction of the metallic
ions required the activation of sunlight, assuming a mecha-
nism where the phenolic bond O–H undergoes homolytic

Fig. 7 Scanning electron microscopy (SEM) images of the synthetized nanoparticles in C. kessleri treatments
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cleavage under sunlight radiation to form hydrogen radicals,
which reduces the silver ions to form Ag NPs.

Microalgae are a source of a variety of compounds which
could participate in metallic ion reduction (Siddiqi and Husen
2016). However, the only strain which showed Cun NP forma-
tion with cells in treatments apart from L+S− was T. suecica.
With this strain, Cun NP formation was also detected in treat-
ments with cells in L−S− and L−S+ conditions. Some
microalgae have the capacity to internalize copper, such as for
both T. suecica and D. tertiolecta, increasing the number and
size of their vacuoles (Levy et al. 2008). The intracellular de-
toxification mechanisms could support the hypothesis that bio-
synthesis with this strain is done by an intracellular mechanism.
In the case of D. tertiolecta, some biomolecules secreted to the
media under salt stress could have prevented the toxicity of
copper to the cells. If so, that biomolecule did not favor the
formation of Cun or CuO nanoparticles which were detectable
by UV-vis compared with the low-salinity treatments.

Copper oxide nanoparticles are thermodynamically more
stable than pure copper NPs under ambient atmospheric pres-
sure and temperature without proper protection during their
biosynthesis (Dang et al. 2011). Oxygen when combined with
copper forms cuprous oxide (Cu2O), cupric oxide (CuO), and
copper dioxide (CuO2), which could form hexagonal patterns,
alternating copper with the oxygen atoms (Subramanian et al.
2015). The media, in which the treatments were realized with
photosynthetic organisms exposed to CuSO4 under light con-
ditions, supposes a high oxygen environment at the reaction
time. Moheimani (2013) reports values from 1 to 16 mg L−1

of O2 from early in the morning to 5 h later in photobioreactors
with D. tertiolecta and Chlorella sp. and daily pH fluctuations
from 6.5 to 9.8. These conditions could produce the oxidation
of the formed copper nanoparticles. Rahman et al. (2009) mon-
itored the oxidation of Cu2O NPs biosynthesized with the bio-
mass of a cyanobacterium of the genus Phormidium with con-
stant agitation under aerobic conditions, finding that, after 36 h
of reaction time, a considerable amount of Cu2O had oxidized
to CuO, disappearing the signals of Cu2O after 48 h and in-
creasing the intensity of absorbance of CuO. The absorbance
curves in the present report were taken 72 h after the reaction
started, and so the presence of Cu2O NPs prior to the formation
of CuO NPs cannot be ruled out.

The shift in the wavelengths of maximal absorption in the
treatments were CuO NPs was found to be possibly related to
the different sizes found (Bouazizi et al. 2015). Dang et al.
(2011) comment that the increase in the bandwidth of the
resonance with the decreasing size of the NPs is due to the
increased dispersion of electrons on their surface, which could
be a tool to the monitoring of NP formation. The biosynthesis
of NPs with the media in whichmicroalgae were cultured may
have different biomolecules involved in reducing and stabiliz-
ing the metal ions than those involved in the presence of cells,
and so there may be variations in the maximum absorbance

apart from those caused by the size of the NPs formed
(Shantkriti and Rani 2014). Illumination in combination with
the salinity of the culture media affects microalgae, and this
affects the biosynthesis of NPs not only in terms of their size
and conformation but in the possibility of obtaining them.

Conclusions

Copper nanoparticle biosynthesis with microalgae has the po-
tential to be controlled based on the strain and the manipula-
tion of illumination and salinity through culturing. Optimizing
the culture conditions to produce biomass is not necessarily
the best condition for the biosynthesis of copper nanoparticles.
Chlorella kessleri under autotrophic conditions could be a
good option for the biosynthesis of copper oxide nanoparticles
by both cells and the culture media in which they were cul-
tured. Copper nanoparticle biosynthesis is most probable with
cells cultured at a low salinity (0.43 mM NaCl for C. kessleri
and 0.46 M NaCl for both D. tertiolecta and T. suecica) and
high illumination (230 μmol photons m−2 s−1), while
T. suecica offers the best chance of success under different
culture conditions, except for the case of high salinity (1 M
NaCl) and high illumination (230 μmol photons m−2 s−1).

Acknowledgments The authors want to thank Biorganix Mexicana who
kindly provided the strainsDunaliella tertiolecta and Tetraselmis suecica.

Funding information Gerardo Salas-Herrera was supported by BConsejo
Nacional de Ciencia y Tecnología^México for the scholarship granted to
his doctoral studies.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Abboud Y, Saffaj T, Chagraoui A, El Bouari A, Brouzi K, Tanane O,
Ihssane B (2013) Biosynthesis, characterization and antimicrobial
activity of copper oxide nanoparticles (CONPs) produced using
brown alga extract (Bifurcaria bifurcata). Appl Nanosci 4:571–576

Barbarino E, Lourenço SO (2005) An evaluation of methods for extrac-
tion and quantification of protein from marine macro- and
microalgae. J Appl Phycol 17:447–460

Barwal I, Ranjan P, Kateriya S, Yadav S (2011) Cellular oxido-reductive
proteins of Chlamydomonas reinhardtii control the biosynthesis of
silver nanoparticles. J Nanobiotechnol 9:56

Bouazizi N, Bargougui R, Oueslati A, Benslama R (2015) Effect of syn-
thesis time on structural, optical and electrical properties of CuO
nanoparticles synthesized by reflux condensation method. Adv
Mater Lett 6:158–164

J Appl Phycol



Brahmachari G, Sarkar S, Ghosh R, Barman S, Mandal NC, Jash SK,
Banerjee B, Roy R (2014) Sunlight-induced rapid and efficient bio-
genic synthesis of silver nanoparticles using aqueous leaf extract of
Ocimum sanctum Linn. with enhanced antibacterial activity. Org
Med Chem Lett 4:18. https://doi.org/10.1186/s13588-014-0018-6

Cirulis JT, Scott JA, Ross GM (2013) Management of oxidative stress by
microalgae. Can J Physiol Pharmacol 91:15–21

Dahoumane S, Jeffryes C, Mechouet M, Agathos S (2017) Biosynthesis
of inorganic nanoparticles: a fresh look at the control of shape, size
and composition. Bioengineering 4:4010014

Dang TMD, Le TTT, Fribourg-Blanc E, Dang MC (2011) Synthesis and
optical properties of copper nanoparticles prepared by a chemical
reduction method. Adv Nat Sci Nanosci Nanotechnol 2:015009

Davidi L, Katz A, Pick U (2012) Characterization of major lipid droplet
proteins from Dunaliella. Planta 236:19–33

Debelius B, Forja JM, DelValls A, Lubián LM (2009) Toxicity and bio-
accumulation of copper and lead in five marine microalgae.
Ecotoxicol Environ Saf 72:1503–1513

Fox J, Weisberg S (2011) An R companion to applied regression. second
edition. Sage, Thousand Oaks

García F, Freile-Pelegrín Y, Robledo D (2007) Physiological characteri-
zation of Dunaliella sp. (Chlorophyta, Volvocales) from Yucatan,
Mexico. Bioresour Technol 98:1359–1365

Gawande MB, Goswami A, Felpin FX, Asefa T, Huang X, Silva R, Zou
X, Zboril R, Varma RS (2016) Cu and Cu-based nanoparticles:
synthesis and applications in catalysis. Chem Rev 116:3722–3811

Gimmler H (2000) Primary sodium plasma membrane ATPases in
salttolerant algae: facts and fictions. J Exp Bot 51:1171–1178

Guillard RRL, Ryther JH (1962) Studies of marine planktonic diatoms: I
Cyclotella nana Hustedt, and Detonula confervacea (Cleve) Gran.
Can J Microbiol 8:229–239

Hafeez A, Razzaq A, Mahmood T, Jhanzab HM (2015) Potential of
copper nanoparticles to increase growth and yield of wheat. J
Nanosci Adv Tech 1:6–11

Henriques M, Silva A, Rocha J (2007) Extraction and quantification of
pigments from a marine microalga: a simple and reproducible meth-
od. In: Méndez-Vilas (ed) Communicating Current Research and
Educational Topics and Trends in Applied Microbiology.
Formatex, Badajoz, pp 586–593

Jena J, Pradhan N, Nayak RR, Dash BP, Sukla LB, Panda PK,Mishra BK
(2014) Microalga Scenedesmus sp.: a potential low-cost green ma-
chine for silver nanoparticle synthesis. J Microbiol Biotechnol 24:
522–533

Jena J, Pradhan N, Dash BP, Panda PK, Mishra BK (2015) Pigment
mediated biogenic synthesis of silver nanoparticles using diatom
Amphora sp. and its antimicrobial activity. J Saudi Chem Soc 19:
661–666

Levy JL, Angel BM, Stauber JL, Poon WL, Simpson SL, Cheng SH,
Jolley DF (2008) Uptake and internalisation of copper by three
marine microalgae: comparison of copper-sensitive and copper-
tolerant species. Aquat Toxicol 89:82–93

Li X, Xu H, Chen ZS, Chen G (2011) Biosynthesis of nanoparticles by
microorganisms and their applications. J Nanomater 270974:1–16

Lichtenthaler HK, Wellburn AR (1983) Determinations of total caroten-
oids and chlorophylls a and b of leaf extracts in different solvents.
Biochem Soc Trans 11:591–592

Liu L, Pohnert G, Wei D (2016) Extracellular metabolites from industrial
microalgae and their biotechnological potential. Mar Drugs 14:191

López A, Rico M, Santana-Casiano JM, González AG, González-
Dávila M (2015) Phenolic profile of Dunaliella tertiolecta
growing under high levels of copper and iron. Environ Sci
Pollut Res 22:14820–14828

Mendiburu F (2016) agricolae: Statistical Procedures for Agricultural
Research. R package version 1.2–0. http://CRAN.R-project.org/
package=agricolae; searched on 25 September 2017

Miazek K, Iwanek W, Remacle C, Richel A, Goffin D (2015) Effect of
metals, metalloids and metallic nanoparticles on microalgae growth
and industrial product biosynthesis: a review. Int J Mol Sci 16:
23929–23969

Moheimani NR (2013) Long-term outdoor growth and lipid productivity
of Tetraselmis suecica, Dunaliella tertiolecta and Chlorella sp
(Chlorophyta) in bag photobioreactors. J Appl Phycol 25:167–176

Mohseniazar M, BarinM, Zarredar H, Alizadeh S, Shanehbandi D (2011)
Potential of microalgae and lactobacilli in biosynthesis of silver
nanoparticles. BioImpacts 1:149–152

Morales-Díaz AB, Juárez-Maldonado A, Morelos-Moreno Á, González-
Morales S, Benavides-Mendoza A (2016) Biofabricación de
nanopartículas de metales usando células vegetales o extractos de
plantas. Rev Mex Cienc Agríc 7:1211–1224

Patel V, Berthold D, Puranik P, Gantar M (2015) Screening of
cyanobacteria and microalgae for their ability to synthesize silver
nanoparticles with antibacterial activity. Biotechnol Rep 5:112–119

Pestryakov AN, Petranovskii VP, Kryazhov A, Ozhereliev O, Pfander N,
Knop-Gericke A (2004) Study of copper nanoparticles formation on
supports of different nature by UV-visible diffuse reflectance spec-
troscopy. Chem Phys Lett 385:173–176

Rahman A, Ismail A, Jumbianti D, Magdalena S, Sudrajat H (2009)
Synthesis of copper oxide nano particles by using Phormidium cy-
anobacterium. Indo J Chem 9:355–360

Raposo MFJ, De Morais RMSC, De Morais AMMB (2013) Bioactivity
and applications of sulphated polysaccharides from marine
microalgae. Mar Drugs 11:233–252

Sabatini SE, Juárez AB, Eppis MR, Bianchi L, Luquet CM, Ríos de
Molina MDC (2009) Oxidative stress and antioxidant defenses in
two green microalgae exposed to copper. Ecotoxicol Environ Saf
72:1200–1206

Salas-Herrera G, Benavides-Mendoza A, Zermeño-González A, Orta-
Dávila A, Sánchez-Pérez FJ (2015) Evaluación de microalgas para
la producción de biomasa económicamente útil usando aguas
producidas. Rev Mex Cienc Agríc 12:2423–2435

Shabnam N, Pardha-Saradhi P (2013) Photosynthetic electron transport
system promotes synthesis of Au-nanoparticles. PLoS One 8:
e71123

Shah M, Fawcett D, Sharma S, Tripathy SK, Poinern GEJ (2015) Green
synthesis of metallic nanoparticles via biological entities. Materials
8:7278–7308

Shantkriti S, Rani P (2014) Biological synthesis of copper nanoparticles
using Pseudomonas fluorescens. Int J Curr Microbiol App Sci 3:
374–383

Shobha G, Moses V, Ananda S (2014) Biological synthesis of copper
nanoparticles and its impact—a review. Int J Pharm Sci Invent 3:
28–38

Siddiqi KS, Husen A (2016) Fabrication of metal and metal oxide nano-
particles by algae and their toxic effects. Nanoscale Res Lett 11:
363–363

Simionato D, Sforza E, Corteggiani Carpinelli E, Bertucco A, Giacometti
GM, Morosinotto T (2011) Acclimation of Nannochloropsis
gaditana to different illumination regimes: effects on lipids accumu-
lation. Bioresour Technol 102:6026–6032

Singh Sekhon B (2014) Nanotechnology in agri-food production: an
overview. Nanotechnol Sci Appl 7:31–53

Singh J, Kaur G, Rawat M (2016) A brief review on synthesis and char-
acterization of copper oxide nanoparticles and its applications.
Nanotechnol Sci Appl 1:1–9

Subramanian S, Valantina R, Ramanathan C (2015) Structural and elec-
tronic properties of electrodeposited heterojunction of CuO, CuO2

and Cu2O nanoclusters a DFT approach. Mater Sci 21:173–178
Sudha SS, Rajamanickam K, Rengaramanujam J (2013) Microalgae me-

diated synthesis of silver nanoparticles and their antibacterial activ-
ity against pathogenic bacteria. Indian J Exp Biol 52:393–399

J Appl Phycol

https://doi.org/10.1186/s13588-014-0018-6
http://cran.r-project.org/package=agricolae
http://cran.r-project.org/package=agricolae


Sun J, Liu D (2003) Geometric models for calculating cell biovolume and
surface area for phytoplankton. J Plankton Res 25:1331–1346

Suresh Y, Annapurna S, Bhikshamaiah G, Singh AK (2016) Green lumi-
nescent copper nanoparticles. J Bioelectron Nanotechnol 149:
012187

Team RS (2016) RStudio: Integrated Development for R. RStudio, Inc,
Boston, MA. http://www.rstudio.com; searched on September 2017

Valli G, SuganyaM (2015) Green synthesis of copper nanoparticles using
Cassia fistula flower extract. J Bio Innov 4:162–170

Wan J-K, ChuW-L, KokY-Y, Cheong K-W (2018)Assessing the toxicity
of copper oxide nanoparticles and copper sulfate in a tropical
Chlorella. J Appl Phycol 30:3153–3165

J Appl Phycol

http://www.rstudio.com

	Impact of microalgae culture conditions over the capacity of copper nanoparticle biosynthesis
	Abstract
	Introduction
	Materials and methods
	Microalgae strains and experimental conditions
	Analytical methods
	Biosynthesis and evaluation of copper nanoparticles
	Statistical analysis

	Results
	Discussion
	Conclusions
	References


