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Abstract

Microalgae contribute not only to the environment through
biodiesel production and water purification system but also to
economy and society. Various strategies have been used to improve
microalgal growth and among them the use of nanometals to facilitate
microalgae culture and derive valuable products. Nanotechnology
poses substantial impacts on living organisms and toxicity of metal
nanoparticles on microalgae is widely reported. This study involved a
positive approach to use metal nanoparticles to induce metal resistance
in Chlorella vulgaris thereby increasing the high value products from
microalgae. Four metals namely copper, magnesium, lead and zinc
were used to synthesize metal nanoparticles. In the first phase,
microalgae were cultivated in the presence of varying concentrations
of metal nanoparticles to induce resistance against metals. In the
second phase, microalgae grown under metal nanoparticles that have
recorded significantincrease in growth rate and biomass were selected
for further cultivation in the presence of metal salts. Comparative
experiments showed that metal nanoparticle exposed strain (MNPS)
from nano metal containing media has exhibited more growth rate,
biomass, cellular pigments and lipid production than non exposed
microalgae thus indicating the positive effect of metal nanoparticles
on microalgal growth.

Keywords: Chlorella; metal nanoparticles; microalgae; lipid;
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Introduction

Microalgal biomass is used as feedstock over fossil fuels
by capturing CO, while converting it into reduced carbon
sources [1, 2]. Cellular pigments produced by microalgae find
application as medical antioxidants, anti-inflammatory agents
and cosmetic agents [3, 4]. Metal and metal oxide nanoparticles
are more favourable source than the native state to improve the
biological functions of various organisms [5, 6]. The toxicity of
nanoparticles to microalgae is known to be related to reactive
oxygen species (ROS) generation inducing oxidative stress [7, 8],
shading effect [9] and agglomeration [10]. Nanoparticles which
induce oxidative stress could be a candidate to promote algal
growth and secondary metabolites accumulation [11]. Inhibitory
effects of metals were reported towards numerous fresh water
and marine algae. However, the application of nanomaterials to
facilitate algal cultures is still in its nascent phase.

The presence of metallic nanomaterials can alter the
inhibitory effect of metals on microalgae. This work had a positive
approach of using metal nanoparticles to improve the microalgal
growth under two phases. In the first phase, microalgae were
cultivated in the presence of varying concentrations of metal
nanoparticles to induce resistance against metals. The effect of
metal nanoparticles and its effect in terms of specific growth rate
and biomass concentration were determined. In the second phase,
microalgae that has recorded significant increase in growth rate
and biomass grown under metal nanoparticles was selected for
further cultivation in the presence of metal salts. Both the metal
nanoparticle exposed strain (MNPS) and wild strain (WS) were
cultivated separately in metal salts containing medium. Growth
rate, biomass concentration, pigment concentration, contents of
protein, carbohydrate and lipid of two groups (MNPS and WS)
were compared to determine the role of metal nanoparticles in
deriving high value products from microalgae.

Material and Methods
Microalgae

Chlorella sp isolated from effluents of metal processing
units was used in this study. Standard protocols as described by
Anderson [12], Stanier et al,, [13] and the database http://web.
biosci.utexas.edu/utex/default were used for identification of the
algal isolates. Initial study involved the cultivation of microalgae
in the presence of varying concentrations of metal nanoparticles
(copper, lead, magnesium and zinc). The temperature of the
cultivation room was kept at 20 +1°C using an air conditioner. The
relative humidity was kept at 31 + 1%, the flasks were shaken by
hand and randomly placed in a growth cabinet (27 + 1°C, 12:12 h
light/dark cycle, Philips TL 40W cool white fluorescent lighting,
140 pumol photons/m2/s) for 15-20 days. Aeration was done
for 8 hours daily using aquarium motor. This is followed by the
selection of microalgae that has recorded significant increase in
growth rate and biomass for further cultivation in the presence of
metal salts. Both the metal nanoparticle exposed strain (MNPS)
and wild strain (WS) were grown in the medium containing metal
salts to determine the effect of metal nanoparticles on microalgae.
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Metal Nanoparticle Synthesis
Copper Nanoparticle Synthesis

Copper nanoparticles (CuNP) were synthesized by addition
of 0.1 M copper (II) sulfate pentahydrate solution into 120 ml of
starch (1.2 %) solution with vigorous stirring for 30 min. This is
followed by addition of 50 ml of ascorbic acid solution (0.2 M)
under continuous rapid stirring. Subsequently, 30 ml of sodium
hydroxide solution (1 M) was slowly added to the prepared
solution with constant stirring and heating at 80°C for 2 h. The
color of the solution turned yellow to ocher. After the completion
of reaction, the solution was taken from the heat and allowed to
settle overnight and the precipitates were separated from the
solution by filtration. The precipitate was washed with deionized
water and ethanol for three times and dried at room temperature
[14].

Lead Nanoparticle Synthesis

Lead oxide nanoparticles (PbNP) were prepared by heating
60 ml of lead (II) acetate solution (1 M) up to 90°C. This solution
was added to an aqueous solution of 50 ml of 19 M NaOH and
stirred vigorously. Upon adding the lead (II) acetate, the solution
initially became cloudy, and then turned a peach colour, and
finally a deep orange red. At this position, stirring was stopped,
and the precipitate was allowed to settle and dried for overnight
at 90°C [15].

Magnesium Nanoparticle Synthesis

Magnesium oxide nano particles (MgNP) were prepared
by addition of 100 g of MgCl, (500 ml) with 1 N NaOH (50 ml)
and stirring for 4 hours to generate the magnesium hydroxide
precipitates. The suspension was centrifuged at 3,000 rpm for
5 min to obtain the Mg(OH), gel, washed several times with
distilled water and dried at 60°C for 24 h. The dried powder was
finally calcinated in air under 450°C for 2 h [16].

Zinc Nanoparticle Synthesis

Zinc oxide nanoparticles (ZnNP) were prepared by adding
zinc acetate dihydrate (1.65 g) to 84 ml of methanol under
magnetic stirring and maintaining this solution 20 min under
reflux. To this solution, KOH (0.983 g) solution in methanol (46
ml) was rapidly added. The zinc acetate solution in presence
of KOH was refluxed again for 2 h under magnetic stirring. The
solution was centrifuged at 4,000 rpm for 10 mins and the gel
was recovered from the supernatant and further washed with
ethanol before use [17].

Characterization of Metal Nano Particles

Scanning electron microscopy (SEM) analysis was done using
Hitachi s-4500 SEM machine. Thin films of the metal nanoparticles
were prepared on a carbon coated grid by just dropping a small
amount of the sample on the grid and then the film SEM grid was
allowed to dry by putting it under a mercury lamp for 5 min.
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Specific Growth Rate

Specific growth rate () of the microalgae was calculated
according to the following formula.

_In(N,/N,)
Tl - TO

Where, N, and NO are the dry cell weight concentration (g L™)
at the end (T ) and start (T,) of log phase respectively.

Biomass Concentration

Biomass (g L) of microalgae grown in the presence of metal
nanoparticles was determined by measuring the optical density
of samples at 600 nm (0D, ) using UV-Vis spectrophotometer.
Biomass concentration was then calculated by multiplying OD,
values with 0.6, a predetermined conversion factor obtained by
plotting 0D, versus dry cell weight (DCW). DCW was determined
gravimetrically by centrifuging the algal cells (3000xg, 10 min)
and drying.

Biomass concentration = 0D, x 0.6.............. Eq. (1)
Chlorophyll Estimation

Chlorophyll contents of the microalga were estimated
according to Becker [18]. Algal cells were centrifuged and
extracted with acetone overnight. The extract was centrifuged at
3000 x g for 5 mins and the chlorophyll content in the supernatant
were determined by measuring the optical densities at 645 and
663 nm in a spectrophotometer and then calculated using the
following equation.

Chl (mg/L) =8.02 X OD,, + 20.21 X OD, _ <cceces0rs Eq. (2)
Carotenoids Estimation

Carotenoids were determined by following the procedure of
Whyte [19]. Algal cells were centrifuged and treated with KOH
(60% w/w). The mixture was homogenized and warmed to
40°C for 40 mins and extracted using ethyl ether. The solvent
was evaporated followed by resuspending in acetone and the
optical density was measured at 444 nm. Total carotenoids were
calculated using the below equation.

Ct (mg/L) = 4.32 x OD,,, - 0.0439.............. Eq. (3)
Protein Assay

The extraction of proteins from microalgae was performed
using alkali method. Aliquots of algal sample were centrifuged
and 0.5 N NaOH was added to the pellet followed by extraction
at 80°C for 10 mins. The mixture was centrifuged and protein
content of the supernatant was estimated using Bovine Serum
Albumin (BSA) as standard by Lowry et al., method [20].

Carbohydrate Assay

Cellular carbohydrates were estimated using the anthrone
method described by Gerhardt et al, [21] after hot alkaline
extraction [22]. Briefly, microalgal pellets were resuspended in
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distilled water and then heated in 40% (w/v) KOH at 90°C for
1 h. After cooling down, ice cold ethanol was added and stored
at -20°C overnight followed by centrifugation. The pellet was
resuspended in distilled water and then reacted with anthrone
reagent. D-glucose was used as standard and the colour
development was read at 578 nm in a spectrophotometer.

Determination of Total Lipids

Algae cells were harvested through centrifugation and then
dried for the analysis of lipid content. The lipids were extracted
using a one step extraction method [23]. Dried algal cells
added with distilled water were ultrasonicated and mixed with
chloroform: methanol (2:1). The mixture was left for 30 mins in
a water bath (30°C) and filtered through a Whatman No.1 filter
paper. The filtrate was transferred to another screw cap tube
containing NaCl solution (0.9%) and the purified chloroform
layer was evaporated to a constant weight in a fuming hood
under vacuum at 60°C. The total lipid content of dry weight was
calculated using the following Equation (4).

Lipid content (%) = (m,-m )/m, x 100............. Eq. (4)

where m, is the weight of the dried algal cells, m is the weight
of the empty new screw cap tube and m, is the weight of the new
screw cap tube with the dried lipids. Lipid productivity (g L-*d™?)
was determined using the following Equation (5).

Lipid productivity = Biomass

content.............. Eq. (5)

productivity x Lipid

Statistical Analysis

The mean and standard deviation values for experiments
performed in triplicates were calculated using SPSS statistics
21 software. Data from three replicates (n = 3) were analyzed
using one-way ANOVA, and p < 0.05 was considered statistically
significant.

Results and Discussion

Microalgal samples collected from heavy metal processing
industrial effluents were identified and found that Chlorella
vulgaris as the predominant species. To investigate the behaviour
of nanoparticles on microalgal growth and metal adsorption,
microalgae were initially exposed to metal nanoparticles. Four
metals namely copper, magnesium, lead and zinc were used
to synthesize nanoparticles. SEM analysis of the metal nano
solutions confirmed the nano sized metal particles from copper
(89 nm), magnesium (82 nm), lead (76 nm) and zinc (92 nm).
The metal nanoparticles of varying concentrations were used
at initial screening to determine heavy metal tolerance and the
concentrations which had not caused any adverse effects on the
microalgal growth were selected to induce metal resistance.
Accordingly, copper nanoparticles (10, 20, 30, 40 and 50 mg L),
magnesium nanoparticles (50, 100, 150 and 200 mg L), lead
nanoparticles (50,100,150 and 200 mg L'*) and zinc nanoparticles
(50,100, 150 and 200 mg L'*) were used in the study.
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Varying concentrations of metal nanoparticles were added
into Bristol medium and initial growth in the presence of metal
nanoparticles was varying with different days of cultivation. The
growth rate was increasing in the beginning followed by decline
phaseinmostcases. Thevisible growth of microalgae was observed
after 8 days in the presence of copper nanoparticles (CuNP), 13
days of cultivation period in the medium containing magnesium
nanoparticles (MgNP), 7 days in lead nanoparticles (PbNP) and
11 days in zinc nanoparticles (ZnNP). Total cultivation period of 8
days from the initial growth day was considered for all the metal
nanoparticles tested. Highest specific growth rate and biomass
were observed in 20 mg L, 100 mg L%, 50 mg L*and 50 mg L*!
concentrations for CuNP, PbNP, MgNP and ZnNP respectively
during the cultivation period (Figure la-4b). Both the specific
growth rate and biomass concentration were decreased with
increasing days of cultivation in media containing CuNP, PbNP and
MgNP whereas increasing trend was observed in the presence of
ZnNP with longer cultivation period. Control experiments were
carried out using Bristol medium without metal nanoparticles
under the same cultivation conditions. In general, higher
concentrations of metal nanoparticles induced growth inhibition
of microalgae under the experimental conditions. In the case of
zinc nanoparticles containing media, metal concentrations above
100 mg L* has inhibited the growth of microalgae up to 17 days
of cultivation period. The difference in the growth of microalgae
in the presence of various metal nanoparticles is due to type of
metals used (Cu, Mg, Pb, Zn) and size of the nanoparticles (76
nm - 92 nm). A number of environmental factors are known to
influence nanoparticle behaviour including pH, ionic strength
and particle concentration [24-26].

In the second phase of the experiment, microalgae
which exhibited maximum specific growth rate and biomass
concentration was selected and used for further cultivation. This
is based on the fact that the presence of metal nanoparticles had
induced metal resistance in microalgae which in turn was able to
survive and produce highest specific growth rate and biomass. The
second phase involved the comparison of biochemical attributes
of metal nanoparticle induced metal resistance microalgae with
non-metal nanoparticle exposed microalgae. For this study, both
the strains were cultivated for a period of 8 days in the presence
of metal salts and the concentration is similar to that of metal
nanoparticles.

Growth rate, biomass and biochemical attributes of tested
microalgae groups grown in the presence of metal salts were
evaluated (Table 1-4). In most cases, inhibitory effects of metal
nanoparticles on microalgae were reported. Toxicity of silver
nanoparticles and nickel oxide nanoparticles on microalgae were
reported earlier [27, 28]. The effect of zinc nanoparticles on
Chlorella sp was studied by [29] (Chen et al,, 2012). The presence
of metal nanoparticles has affected the photosynthetic pigments
of Chlorella vulgaris [30]. Higher concentrations of Manganese
oxide nanoparticles had inhibitory effect on Chlorella pyrenoidosa
[31]. Toxicity of Zinc oxide nanoparticles on microalgae was
studied by Pendashte et al.,, [32] and found that Chlorella species
was more sensitive than Scenedesmus.
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Table 1: Growth rate, biomass and biochemical attributes of metal nanoparticle exposed strain (MNPS) and wild strain (WS) in the presence of copper salt

ws MNPS
Cu NP
Control 10 mg 20 mg 30 mg 40 mg 50 mg 10 mg 20 mg 30 mg 40 mg 50 mg
SGR (pd?Y) 1.25+0.06 | 0.86+0.11 | 0.97 +0.10 | 0.91 +0.04 | 0.82 +0.11 | 0.80 +0.21 | 0.91 +0.04 | 0.99 +0.17 | 1.01 +0.21 | 0.90 +0.31 0.87 £0.41
Biomass (g L) 1.37+0.20 | 0.94+0.12 | 1.02+0.71 | 1.09+0.31 | 0.91+0.07 | 0.86+0.04 | 1.00+0.51 | 1.11+0.06 | 0.99+0.35 | 0.92+0.30 | 0.89 +0.09

Chlorophyll (mgL*) | 2.83+0.01 | 0.72+0.63 | 0.52+0.21 | 0.36+0.12 | 0.29+0.00 | 0.36+0.05 | 1.36 +0.11 | 1.14+0.21 | 0.96 £ 0.05 | 0.87 £ 0.02 | 0.78 £ 0.07

Carotenoid (mg L?) 1.79+0.16 | 0.47+0.06 | 0.36+0.03 | 0.25+0.11 | 0.24+0.21 | 0.20 £0.02 | 0.38+0.16 | 0.39+0.08 | 0.43 £0.10 | 0.51+0.23 | 0.43+0.19

Protein (mg L) 50+0.17 23£0.30 20£0.35 11£0.22 10 £0.14 9+£0.03 20£0.29 22+0.74 20£0.79 25+0.35 25+0.15

Carbohydrate (mgL?') | 16+0.74 10 £0.09 14+ 0.38 21+0.61 18+ 0.70 7£0.34 30 +0.68 26041 20 +0.05 14 £0.36 10+ 0.71

Lipid (mg L*d™) 0.15+£0.10 | 0.13+£0.09 | 0.19£0.10 | 0.18+0.01 | 0.11£0.13 | 0.11£0.92 | 0.19+0.01 | 0.28 +0.01 | 0.20+0.33 | 0.13 £ 0.87 | 0.12 £ 0.00

Table 2: Growth rate, biomass and biochemical attributes of metal nanoparticle exposed strain (MNPS) and wild strain (WS) in the presence of
magnesium salt

ws MNPS
Mg NP
Control 50 mg 100 mg 150 mg 200 mg 50 mg 100 mg 150 mg 200 mg
SGR (nd?) 1.25+0.06 | 0.98+0.14 | 0.81+0.25 | 1.14+0.21 | 1.02+0.10 | 0.94+0.08 | 0.97 £0.04 | 1.04+0.15  0.85+0.20
Biomass (g L) 1.37+0.20 | 0.82+0.01 | 0.86+0.44 | 1.01+0.06 @ 1.21+0.15 | 0.89+0.11 | 0.98+0.34 | 1.25+0.31 A 1.03+0.15

Chlorophyll (mg L) 2.83+0.01 | 1.81+£0.25  1.45%0.36 | 0.76 +0.44 | 0.88+0.75 | 1.77+£0.06 | 1.81+0.09 | 1.97 £0.10 | 1.93 £0.06

Carotenoid (mg L?) 1.79£0.16 | 0.51£0.27 | 0.69+0.19 | 0.51+£0.09 | 0.64+0.52 | 047+0.11 | 0.51+0.20 | 0.60+0.31 | 0.69 £0.29

Protein (mg L) 50 +0.17 50 + 0.64 35+0.71 20+0.58 10 £ 0.09 35+0.29 32£0.47 29+0.53 32+0.68

Carbohydrate (mg L) 16 £ 0.74 14 + 0.54 18 +£0.39 28 +0.66 12 +0.29 18 £ 0.05 15+0.36 16 + 0.64 25+0.51

Lipid (mg L'* d*) 0.15+0.10 | 0.21+0.01 = 0.22+0.41 | 0.43+0.06 0.28+0.15 | 0.22+0.13 | 0.23+0.10  0.46+0.16 | 0.31+0.07

Table 3: Growth rate, biomass and biochemical attributes of metal nanoparticle exposed strain (MNPS) and wild strain (WS) in the presence of
lead salt

A MNPS
Lead NP
Control 25 mg 50 mg 75 mg 100 mg 25 mg 50 mg 75 mg 100 mg
SGR (nd?) 1.25+0.06 | 0.85+0.11 | 0.89 +0.04 | 0.92+0.14 | 1.04£0.07 | 0.97+0.02 | 1.04+0.12 | 1.21+0.07  1.31+0.10
Biomass (g L) 1.37+£0.20 | 092+0.13 | 0.97£0.20 | 1.04+0.12 | 1.16 £0.04 A 099+0.17  1.02+0.07  1.27+0.10 | 1.41+0.11

Chlorophyll (mgL*) | 2.83+0.01 | 1.28+0.16 | 1.49+0.71 | 1.65+0.20 | 1.81+0.36 | 1.39+0.04 | 1.51+0.26 1.59+0.17 | 1.72 £ 0.41

Carotenoid (mg L) 1.79£0.16 | 0.30+£0.22 | 0.30£0.72  0.38+0.68 | 0.69£0.14 | 0.34+0.19 | 0.35+0.24 | 0.38+0.51 | 0.39+0.35

Protein (mg L) 50+0.17 | 48.8+0.24 | 485+0.54 | 61.7 +0.42 | 87.5+0.63 | 45.5+0.49  49.6+0.64 | 58.5+0.74  65.3+0.23

Carbohydrate (mgL?*) | 16+0.74 | 23.7+0.10 | 129+ 0.23 | 26.4+0.04 | 34.3+0.51 | 19.8+0.08 | 21.9+0.41 | 20.4+0.48  19.7 + 0.64

Lipid (mg L'* d*) 0.15+0.10 | 0.26 £0.08 | 0.56 £0.70 | 0.65*0.58 | 0.76 £0.62 | 0.30£0.11 | 0.49+0.27 | 0.55£0.20 | 0.65 + 0.04
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Table 4: Growth rate, biomass and biochemical attributes of metal nanoparticle exposed strain (MNPS) and wild strain (WS) in the presence of
zinc salt
'S MNPS
Zinc NP
Control 50 mg 100 mg 150 mg 200 mg 50 mg 100 mg 150 mg 200 mg
SGR (nd?) 1.25+0.06 | 1.04+0.10 | 1.01+0.24 | 1.21+0.03 & 1.06+0.21 | 0.94+0.05 | 0.96+0.11 | 0.89+0.20  0.81+0.06
Biomass (g L) 1.37+0.20 | 1.20+0.10 & 1.17+0.07 | 1.41+031 | 1.11+0.24 1.44+0.10 1.40+0.20 | 1.35+0.20 | 1.27 £ 0.20
Chlorophyll (mg L) 2.83+0.01 | 1.73+0.11 197 +0.03 | 1.60+0.21  136%0.66 1.04+0.20 1.97+0.09 | 1.59+0.16  1.43+0.57
Carotenoid (mg L) 1.79+0.16 | 080 +0.14 0.50+0.07 | 0.84+0.11 | 0.11+£0.01 | 0.22+0.05 | 0.34+0.10 | 0.67 +0.07 | 0.55+0.04
Protein (mg L) 50+0.17 65 + 0.09 72 +£0.10 54 +0.61 41+0.24 62 +0.81 42 +0.06 32 +0.47 60+ 0.31
Carbohydrate (mg L) 16 +0.74 14 + 0.55 12+0.26 9+0.09 8+0.13 20+ 041 45 +0.38 46 +0.28 29 +0.21
Lipid (mg L*d?) 0.15+0.10 | 0.51+0.77 | 0.58+0.72 | 0.54+0.50  0.37+0.42 0.68+0.22 0.57+0.49 | 0.74+0.17 | 0.53+0.17

Copper oxide nanoparticles (CuO) have been shown to induce
growth inhibition in green alga Chlamydomonas reinhardtii
at concentrations higher than 100 mg L' [33]. In this study,
CuNP at a concentration of 40 mg L' and above reduced the
growth of Chlorella vulgaris. Further experiments with effect of
nanometal induced metal resistance on microalgae revealed that
biochemical attributes of microalgae were increased at 20 mg L!
concentration. Chlorophyll content of metal nanoparticle exposed
microalgae was higher (1.14 mg L) than wild strain (0.52 mg
L") revealing 54% increase in metal resistant strain (MNPS),
however, the content of carotenoid was higher in wild strain.
Similarly, there was a 46% increase in carbohydrate content of
metal nanoparticle induced resistant microalgae. Total lipid was
increased up to 32% in MNPS when compared to wild strain and
46.4% increase than control indicating the positive effect of metal
nanoparticle induced resistance in C. vulgaris.

Magnesium at a concentration of 150 mg L has produced
highestbiomass and chlorophyll content butis lesser than control.
Magnesium is one of the key elements required for chlorophyll
synthesis [34] and higher magnesium concentration and MgSO,
nanoparticles were found to enhance the lipid accumulation in
Chlorella vulgaris [35]. This is in accordance with the present
study where lipid content was significantly increased in both the
groups (0.46 and 0.43 mg L-1) than control.

Higher concentrations of zinc metal had influenced the
growth rate and biomass concentration of C. vulgaris in the study,
There were variations in cellular pigments and protein contents
in which WS recorded of higher content than MNPS. Increase in
soluble protein content is considered as an evidence of active
defense mechanism to prevent algae cells from damaging by
abiotic stress [36] and increase in total protein content of the
cells exposed to metal salts was observed in this study. The
carbohydrate content was greatly influenced in MNPS and
recorded 46 mg L™ which is 80% and 65% higher than WS and
control. Soluble sugars are effective candidates for capturing
reactive oxygen species (ROS) and scavenging the free radicals
in microalgal cells exposed to environmental stresses [37]. It
was noteworthy to observe that the total lipid content was 0.74
mg L-1 in MNPS whereas it was 0.54 and 0.15 mg L™ in WS and
control respectively.

The study revealed that nanometal induced resistant strain
has produced higher growth rate, biomass, cellular pigment,
protein, carbohydrate and lipid content than non metal exposed
strain when grown in the presence of metal salts. The data
obtained were similar in most of the nanometals tested but the
results were different for lead nanoparticles. In other words,
growth rate and biochemical attributes were higher in WS than
MNPS. Protein content of 87.5 mg L'? was observed in WS grown
in lead containing medium which is highest than other metal
salts and control. Another significant observation is the increase
in lipid content of microalgae as 0.76 mg L which is also higher
than any other metal salts studied. It was also noted that the
lead metal in the form of lead acetate salt had positive effect on
biomass and lipid content of C. vulgaris. The feasibility of mass
culture of microalgae for biodiesel production greatly depends on
high biomass productivity and lipid yield [38].

The inhibitory effects of nanoparticles on microalgae were
reported widely and reports which revealed the positive effect of
nanoparticles on various microalgae are also available. Increase
in microalgal pigments were observed when the microalgae were
cultivated in the presence of metal nanoparticle solutions [39].
The addition of lower concentrations of copper nanocarboxylates
(20 to 40 mg L) and selenium nanocarboxylates (0.07 to 0.2
mg L) had stimulated the growth of Chlorella and increase
in biomass along with chlorophyll content of the microalgae
[40]. Both neutral and total lipid contents were increased in
Scenedesmus obliquus in the presence of carbon nanotubes, Fe,0,
nanoparticles and MgO nanoparticles [41]. Zero-valent iron
nanoparticles were found to boost the growth of several green
algae [42].

In conclusion, this study evaluated the use of metal
nanoparticles to induce metal resistance in C. vulgaris thereby
increasing the high value products such as biomass, cellular
pigments and lipid from microalgae. Initial experiments
demonstrated the metal resistance development through metal
nanoparticles and further experiments confirmed the positive
influence of metal nanoparticles to improve microalgal growth,
biomass and lipid production when grown in the presence of
metal salts.
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