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Abstract
Microalgae are potential plant biostimulants and biocontrol agents. A major hurdle towards their commercialization is the 
production of large volumes of biomass at the correct time of year. Secondary metabolites are unstable and the “shelf-life” 
of bioactive microalgal biomass needs to be investigated. The aim of the study was to investigate the effects of storage condi-
tions on freeze-dried microalgae to determine how long the biomass retained its growth promoting and bioactive properties 
under various temperature and light conditions. Chlorella vulgaris biomass was stored in the dark at − 70 °C, 10 °C, and 
25 °C and in the light at 25 °C. Samples were tested every 3–4 months for 15 months. Storage time significantly influenced 
the rate of change in the bioactivity in the C. vulgaris biomass with storage temperature also having some effect. Rooting 
activity decreased in the mungbean rooting assay over time up to 12 months and then increased slightly. Antimicrobial activity 
increased against Staphylococcus aureus and Escherichia coli for up to 12 months and then declined. Antioxidant activity 
measured in the DPPH assay remained relatively stable for up to 12 months and then significantly decreased with longer 
storage. The change in bioactivity over time was attributed to the gradual breakdown of the rigid cell wall of C. vulgaris, 
thereby improving extraction efficiency but exposing the secondary metabolites to oxygen, thus quickening their degrada-
tion. Biomass produced for commercial purposes requires preliminary validation as the results of the present study showed 
that bioactive compounds are susceptible to degradation over time.
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Introduction

Current agricultural research is focused on ways to achieve 
sustainable food security amidst an ever-increasing global 
population and negative impacts of climate change, pollu-
tion, and deteriorating soil due to overuse of agrochemi-
cals. New agricultural technologies need to combine ways 
of increasing agricultural productivity with reduced envi-
ronmental impacts and promoting environmental regen-
eration (Garcia-Gonzalez and Sommerfeld 2016; Alvarez 
et al. 2021). Natural, renewable plant biostimulants such as 
microalgae meet these criteria and are a promising avenue of 
research. Microalgal biomass has useful agricultural proper-
ties such as improving soil fertility, promoting plant growth, 
and providing protection against pests and pathogens. This 
is due to traits such as microalgae containing plant-growth-
promoting compounds (e.g., phytohormones, polysac-
charides, amino acids, polyamines, and fatty acids), syn-
thesizing secondary metabolites with bioactive properties 
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(e.g., antimicrobial, antiviral, and antioxidant compounds), 
producing stress tolerance metabolites, and the production 
of exopolysaccharides which improve soil aggregation and 
stability (reviewed in Renuka et al. 2018 and in Alvarez et al. 
2021).

Microalgal-derived biostimulants elicit many beneficial 
effects on growth, metabolite content, and yield in a diverse 
range of cereal and vegetable crops (Renuka et al. 2018; 
Alvarez et al. 2021). Modes of application include cell sus-
pension or extracts (lysates) of dried microalgal biomass or 
living cultures applied as soil inoculum or in hydroponic 
systems. Growth experiments have mainly been conducted 
in pot trials in greenhouses with fewer field trials. Plants 
responded to the biostimulants in a dose-dependent man-
ner with optimum dosage rates varying between crops and 
mode and time of application. For example, in greenhouse 
trials, freeze-dried Chlorella sorokiniana improved wheat 
germination and seedling growth when applied at 2 g  L−1 
DW (Kholssi et al. 2019); hydrolysates made from 100 g  L−1 
DW Arthrospira platensis and 10 g  L−1 DW Scenedesmus 
almeriensis applied 5 × after transplanting increased plant 
growth of Petunia x hybrida (Plaza et al. 2018); when hydro-
lysate of Acutodesmus dimorphus extracted using 150 g  L−1 
DW was applied as a foliar spray to tomato seedlings, 50% 
(3.75 g  mL−1) or higher concentrations elicited beneficial 
effects (Garcia-Gonzalez and Sommerfeld 2016). In a field 
trial, a single foliar application of freeze-dried Nostoc piscinale 
suspension (1 g  L−1 DW) applied at 400 L  ha−1 to maize (Zea 
mays) elicited faster growth and a higher grain yield (Ördög 
et al. 2021), meaning that 400 g DW microalgal biomass was 
required per ha. Similarly, an increase in yield parameters of 
winter wheat was achieved with foliar application of freeze-
dried N. piscinale suspension. Two concentrations (0.3 g  L−1 
DW and 1.0 g  L−1 DW) were applied at 400 L  ha−1 once (at 
tillering) or twice (at tillering and ear emergence). The most 
effective treatment was 0.3 g  L−1 suspension applied twice so 
that 120 g DW  ha−1 was required for each application (Takács 
et al. 2019).

The time of application to the crop is also critical, and appli-
cation at the wrong phenological phase may reduce the effec-
tiveness of the biostimulants or have negative effects on plant 
growth. For example, 50 g and 100 g DW of A. dimorphus 
applied as a biofertilizer to the soil around tomato seedlings 
were significantly more effective when applied 22 days prior 
to transplanting compared to being applied at the time of trans-
planting (Garcia-Gonzalez and Sommerfeld 2016). Thus, there 
is a specific and limited timeframe within the crop’s life-cycle 
when the microalgal fertilizer and biostimulant can be effec-
tively applied.

Phytopathogenic bacteria can cause severe economic 
loses in crop production, reducing yields and quality. With 
current legislation restricting the use of agrochemicals and 
antibiotics, good agricultural practices are encouraging the 

use of alternative, natural ways to manage bacterial diseases 
(Ambrico et al. 2020). Many microalgae and cyanobacteria 
synthesize compounds which exhibit antimicrobial activity 
against Gram-positive and Gram-negative phytopathogenic 
bacteria, making them potential biocontrol agents for crop 
protection (Ördög et al. 2004; Costa et al. 2019).

A major hurdle towards the commercialization of micro-
algal biostimulants is the production of large volumes of 
suitable microalgal biomass at the correct time of year. 
Biomass would need to be generated throughout the year 
and stored until the appropriate season for application to 
the crop. Secondary metabolites are unstable and their deg-
radation can be triggered by light, high temperature, and the 
presence of oxygen (Gouveia and Empis 2003). The “shelf-
life” of microalgal biomass needs to be investigated as physi-
cal conditions during storage and transportation of the bio-
mass may impact on its effectiveness as a plant biostimulant 
and biocontrol agent (Alvarez et al. 2021). The aim of the 
present study was to investigate the effects of storage condi-
tions on freeze-dried microalgal biomass to determine how 
long the biomass retains its growth promoting and bioac-
tive properties (antimicrobial and antioxidant activity) under 
various temperature and light conditions.

Materials and methods

Biomass generation

An axenic agar culture of Chlorella vulgaris MACC-1 was 
inoculated into 2 flasks containing 250 mL Zehnder-8 nutri-
ent medium (Staub 1961). These were grown at 25 ± 2 °C in 
a 12:12 h light:dark photoperiod and illuminated from below 
with 130 μmol photons  m−2  s−1 light intensity. Cultures were 
aerated with 20 L  h−1 sterile air enriched with 1.5%  CO2 
for 10 h during the light period. After 7 days, these cultures 
were used as inoculum to generate the biomass under the 
same growth conditions at the Széchenyi István University, 
Hungary. The suspension cultures were used to inoculate 48 
flasks each containing 250 mL Zehnder-8 medium, giving a 
total cultivation volume of 12 L. The starting biomass was 
10 mg  L−1 DW and the cultivation time was 8 days. The cul-
ture suspensions of 16 flasks were combined to give 3 sam-
ples at harvest. These were centrifuged (2 150 × g for 15 min 
at room temperature; SIGMS 6K15) and the supernatant 
free biomass freeze-dried (Christ Gamma 1–20, Germany). 
The dried biomass was stored at − 70 °C. This process was 
repeated eight times over 8 weeks (October–November 
2019) in order to generate sufficient biomass for the experi-
ment (Online resource 1).

The microalgal biomass was combined to give a total of 
151.78 g DW. This was couriered (9 December 2019) in an 
airtight container to the Research Centre for Plant Growth 
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and Development, South Africa, taking 6 days in transit. 
On arrival, the biomass was immediately placed at − 70 °C 
in the dark until the experiment commenced 8 weeks later.

Storage conditions

At the start of the experiment, the biomass was divided into 
2 samples and each sample was further divided into 4 por-
tions. These were placed in (i) − 70 °C in the dark; (ii) 10 °C 
in the dark; (iii) 25 °C in the dark; and (iv) 25 °C in continu-
ous light (130 µmol photons  m−2  s−1) provided by fluores-
cent and incandescent lights. A portion of the biomass was 
immediately analyzed (time 0; T0), and thereafter biomass 
from each of the two replicate samples stored in the various 
conditions was sampled after 4, 6, 9, 12, and 15 months (T4, 
T6, T9, T12, and T15) for analysis. The T3 sampling was 
delayed by 1 month due to COVID-19 restrictions.

Mungbean rooting bioassay

The mungbean rooting assay (Crouch and van Staden 1991) 
was used to measure the plant biostimulating activity of the 
microalgal biomass. Briefly, mungbeans (Vigna radiata) 
were germinated in vermiculite at 26 ± 1  °C in 16:8  h 
light:dark photoperiod and 120 µmol photons  m−2  s−1 light 
intensity. On day 9, 420 mg DW microalgal biomass from 
each replicate sample was suspended in 42 mL distilled 
water (10 mg  mL−1), shaken at 80 rpm for 3 h at 25 °C, 
and then left overnight at 25 °C. The following day, the 
extracts were diluted to 1, 2, 3, and 4 mg  mL−1 with dis-
tilled water. Uniform 10-day-old mungbean cuttings (12-cm 
stem length) with two leaves were placed in the prepared 
microalgal solutions for 6 h, then rinsed and transferred to 
clean vials containing water. There were five cuttings per 
vial and two vials per sample solution at each concentra-
tion (10 cuttings in total per extract concentration and two 
replicate samples = 20 cuttings per concentration). Distilled 
water and indole-3-butyric acid (IBA) at  10−8–10−3 M were 
included for comparative purposes. The cuttings were placed 
in the growth conditions described above and the number of 
roots recorded 10 days after the pulse treatment.

Antimicrobial activity

Microalgae biomass (500 mg DW) in 25 mL methanol 
(MeOH) was sonicated in an ice-bath for 20 min, shaken 
at 80 rpm for 2 h, left overnight at 25 °C, and then shaken 
for a further 30 min. The extracts were double filtered using 
Whatman No. 1 filter paper and dried in a flow of air. The 
resulting residue was weighed and resuspended in 50% 
MeOH at 50 mg  mL−1. Antimicrobial activity was evalu-
ated using a Gram-positive (Staphylococcus aureus ATCC 
12600) and a Gram-negative (Escherichia coli ATCC 11775) 

bacteria using a microdilution assay as previously described 
(Aremu et al. 2010) from which the minimum inhibitory 
concentration (MIC) was determined. There were 3–6 tech-
nical replicates per sample. Neomycin (100 µg  mL−1) was 
included as a positive control.

Antioxidant activity

Dichloromethane extracts were prepared from the biomass 
(450 mg DW extracted in 25 mL dichloromethane) using the 
same protocol as for the antimicrobial extracts. The resulting 
dried residue was weighed to determine the yield (w/w) and 
then suspended at 10 mg  mL−1 MeOH. Antioxidant activ-
ity was quantified using the diphenylpicrylhydrazyl (DPPH) 
free radical scavenging assay as previously described (Moyo 
et al. 2010). Ascorbic acid (AA) and butylated hydroxytolu-
ene (BHT) were used as positive controls. The extracts were 
tested in a range of concentrations (final concentration from 
0.2 to 0.5 mg  mL−1). The % free radical scavenging activity 
(% RSA) was determined by the decolouration of the DPPH 
solution over 30 min in the dark and used to calculate the 
 IC50 using linear regression analysis.

Pigment extraction

Two technical replicates (5–8 mg DW) per sample were 
extracted in acetone using a bead mill and absorbance meas-
ured at 470, 645, and 662 nm as previously described (Stirk 
et al. 2019). Chlorophyll a (chl a), chl b, and total carot-
enoids were calculated based on equations of Lichtenhaler 
(1987).

Statistical analysis

Mean and standard error (SE) or range were calculated for 
each parameter. A general analysis of variance was per-
formed to determine the effects of storage time and condi-
tions (temperature and light) and their interactions on each 
measured parameter. Results were considered significantly 
different at p < 0.05. Duncan’s multiple range test was also 
used to evaluate differences between storage times and stor-
age conditions. Statistical analysis was carried out using 
GenStat (18th edition).

Results

Mungbean rooting bioassay

There was a dose-dependent rooting response in the mung-
bean cuttings with increasing concentrations of C. vulgaris 
suspension used as a pulse treatment increasing the number 
of roots initiated. The best rooting responses were obtained 
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with 3–4 mg  mL−1 DW suspensions (Fig. 1a–d). A dose-
dependent response was also elicited with the IBA standard 
(Fig. 1e).

Using data from the 4 mg  L−1 DW suspension, stor-
age time had a significant effect on the rooting response 
elicited by the C. vulgaris biomass (Table 1). There was 
an initial increase in the rooting response obtained with 
biomass stored in all conditions (from T0 to T4). This 
was followed by a gradual decrease in the root stimulat-
ing ability of the microalgal suspension with the lowest 
or no rooting activity recorded in the mungbean cuttings 
treated with T9 biomass from all the storage treatments. 
Thereafter, there was an increase in the rooting activity 
of the microalgal suspension (T12–T15; similar to that 
obtained with 0.5–2 mg  L−1 IBA) although this was lower 
than the T4 rooting activity (similar to 2–20 mg  L−1 IBA; 
Fig. 1). Storage conditions (temperature and light) did not 
have a significant effect on the rooting activity of the bio-
mass (Table 1) although by T15, biomass stored at 25 °C 

in continuous light elicited the lowest rooting response 
(Fig. 1).

Antimicrobial activity

Methanol extracts obtained from C. vulgaris were more 
active against the Gram-positive S. aureus compared to the 
Gram-negative E. coli. Antimicrobial activity was moderate 
against S. aureus with MIC values less than 4.7 mg  mL−1 
and low against E. coli with MIC values of 12.5 mg  mL−1 or 
higher (Table 2). Storage time had a significant effect on the 
antimicrobial activity (Table 1). Low antimicrobial activity 
was measured in the T0 sample against S. aureus. Activ-
ity of the microalgal biomass steadily increased with length 
of storage time with the most significantly active extracts 
against S. aureus obtained from the T12 samples. Antimi-
crobial activity significantly decreased with longer storage 
(T15). Storage temperature also had a significant effect on 
the antimicrobial activity against S. aureus (Table 1) with the 
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Fig. 1  Root promoting activity measured in the mungbean assay 
of water suspensions made from C. vulgaris biomass stored for up 
to 15  months under four temperature and light regimes. Results are 

shown as mean ± SE where 20 cuttings (10 cuttings per replicate sam-
ple, n = 2) were treated at each concentration
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Table 1  General analysis of 
variance of main factor effects 
and their interactions in C. 
vulgaris biomass stored in 
different temperature and light 
conditions over 15 months. X, 
interaction

Values in bold are significantly different (p value < 0.05)

Response Statistics Time (t) Temperature (T) Light (L) t X T t X L t X T X L

Rooting Variance 45.75 1.70 0.65 1.80 2.44 2.02
Degree of freedom 5 2 1 10 5 15
p value  < 0.001 0.204 0.429 0.115 0.063 0.061

S. aureus Variance 157.16 4.06 2.53 1.47 0.66 1.20
Degree of freedom 5 2 1 10 5 15
p value  < 0.001  < 0.030 0.125 0.212 0.659 0.337

E. coli Variance 116.21 1.89 2.68 1.83 1.88 1.85
Degree of freedom 5 2 1 10 5 15
p value  < 0.001 0.172 0.115 0.109 0.135 0.087

Yield Variance 15.35 0.55 1.88 0.90 1.20 1.00
Degree of freedom 5 2 1 10 5 15
p value  < 0.001 0.587 0.183 0.552 0.339 0.488

DPPH Variance 57.62 13.60 5.55 5.45 7.81 6.24
Degree of freedom 5 2 1 10 5 15
p value  < 0.001  < 0.001  < 0.027  < 0.001  < 0.001  < 0.001

Chlorophyll a Variance 22.01 46.81 4.40 3.41 3.82 3.54
Degree of freedom 5 2 1 10 5 15
p value  < 0.001  < 0.001  < 0.047  < 0.007  < 0.011  < 0.003

Chlorophyll b Variance 1.50 5.05 0.40 1.05 0.19 0.77
Degree of freedom 5 2 1 10 5 15
p value 0.227  < 0.015 0.532 0.423 0.963 0.699

Carotenoid Variance 92.33 247.75 1.42 11.40 1.59 8.13
Degree of freedom 5 2 1 10 5 15
p value  < 0.001  < 0.001 0.245  < 0.001 0.202  < 0.001

Table 2  Antimicrobial activity of methanol extracts of C. vulgaris 
stored under four temperature and light regimes for up to 15 months. 
MIC values (n = 3–6) are shown for both samples. Different letters 

indicate significant differences between storage time (capital letters, 
rows) and storage conditions (lowercase letters, columns)

n.m, not measured due to COVID-19 lockdown regulations limiting laboratory access times

Treatment Storage time

T0 T4 T6 T9 T12 T15

MIC (mg/mL)

Staphylococcus aureus ATCC12600
 − 70 °C/dark 4.7; 4.7 B n.m 3.15; 3.15 C a 3.15; 3.15 C a 0.78; 0.78 D a 12.5; 12.5 A a
 10 °C/dark AB n.m 3.15; 3.15 B a 0.78; 0.78 B b 0.20; 0.20 B c 12.5; 6.25 A a
 25 °C/dark B n.m 1.56; 3.9 B a 0.78; 1.56 BC b 0.39; 0.39 D b 12.5; 12.5 A a
 25 °C/light B n.m 3.9; 3.9 B a 3.15; 3.15 C a 0.78; 0.78 D a 12.5; > 12.5 A a
 Neomycin 0.39 µg/mL

Escherichia coli ATCC11775
 − 70 °C/dark  > 12.5; > 12.5 A n.m 12.5; 12.5 A a  > 12.5; > 12.5 A a 12.5; 12.5 A a  > 12.5; > 12.5 A a
 10 °C/dark A n.m 12.5; 12.5 A a 12.5; 12.5 A a 6.25; 12.5 A a  > 12.5; > 12.5 A a
 25 °C/dark A n.m 12.5; > 12.5 A a  > 12.5; > 12.5 A a 12.5; 6.25 A a  > 12.5; > 12.5 A a
 25 °C/light A n.m 12.5; 12.5 A a 12.5; 12.5 A a 6.25; 3.15 B a  > 12.5; > 12.5 A a
 Neomycin 1.56 µg/mL
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significantly higher activity measured in the biomass stored 
in the dark at 10 °C and 25 °C at T9 and T12 compared to 
those stored at − 70 °C and in the light (Table 2). There was 
no significant change in activity against E. coli apart for the 
T12 sample stored at 25 °C in the light (Table 2).

Yield of dichloromethane extracts

Compound yield (w/w) from the C. vulgaris biomass 
extracted with dichloromethane and subjected to 20 min-
sonication followed by gentle shaking ranged from 1.1 to 
3.3% (Table 3). Yields increased significantly over time 
(Table 1) with the highest yields generally obtained from 
T9–T15 samples. Storage conditions had no significant 
effect on yield (Table 3).

Antioxidant activity

Storage time and storage conditions (temperature and 
light) had a significant effect on the antioxidant activity 
measured in the DPPH assay with all interactions being 
significant (Table  1). Between 90 and 97% antioxidant 
activity was recorded for the AA and BHT controls tested 
at 0.2–0.5 mg   mL−1. Antioxidant activity in the dichlo-
romethane extracts made from the T0 samples had an  IC50 
of 0.198 mg  mL−1.  IC50 values remained relatively constant 
in the T4 and T6 biomass. There was a gradual decrease in 
antioxidant activity with longer storage up to T12 (Fig. 2) 
with a sharp decrease in activity in the T15 extracts. The 
biomass stored at − 70 °C retained the most antioxidant 
activity with  IC50 values only doubling after 15 months with 
larger losses in antioxidant activity when the biomass was 
stored at higher temperatures. The largest loss of antioxidant 
activity occurred in the biomass stored at 25 °C in the light 
where  IC50 values had quadrupled by T15 (Fig. 2).

Pigment content

Storage time and conditions (temperature and light) had 
a significant effect on the pigment content (Chl a and 

carotenoids) in the C. vulgaris biomass (Table 1). Longer 
storage, higher temperatures, and light caused a significant 
decrease in the Chl a content with all factors and interac-
tions being significant (Fig. 3a). The Chl b content was only 
significantly affected by increasing temperature (Fig. 3b). 
The carotenoid content significantly decreased with storage 
time and higher temperatures causing significant changes 
(Fig. 3c).

Discussion

The growth-promoting effects of microalgal biomass are, in 
part, attributed to secondary metabolites such as plant hor-
mones and polyamines that are synthesized by microalgae 
(Renuka et al. 2018; Alvarez et al. 2021). The mungbean 
rooting assay was selected for the present study to monitor 
the growth-promoting activity of the C. vulgaris suspensions 
over time. This assay has previously been used to measure 
the activity of microalgal suspensions, including Chlorella 

Table 3  Dichloromethane extract yield (%) obtained from dried C. 
vulgaris biomass stored under four temperature and light regimes for 
up to 15 months. The yields for both replicate samples are presented 

(n = 2). Different letters indicate significant differences between stor-
age time (capital letters, rows) and storage conditions (lowercase let-
ters, columns)

Treatment Storage time

T0 T4 T6 T9 T12 T15

Yield (%)
 − 70 °C/dark 1.3; 1.2 B 1.6; 1.4 B a 1.8; 1.5 B a 2.6; 2.1 A a 2.5; 2.0 A a 2.6; 2.5 A a
 10 °C/dark - B 1.2; 1.3 B a 1.4; 0.8 BC a 2.4; 1.9 AB a 1.9; 2.0 B a 4.0; 2.5 A a
 25 °C/dark - B 1.3; 1.3 B a 1.2; 1.3 B a 2.7; 2.7 A a 2.1; 1.6 AB a 3.8; 2.2 A a
 25 °C/light - AB 1.1; 1.9 AB a 1.1; 1.0 BC a 3.1; 1.9 A a 1.9; 1.6 AB a 2.3; 1.3 AB a
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Fig. 2  Antioxidant activity as measured in the DPPH assay of dichlo-
romethane extracts of C. vulgaris biomass stored for up to 15 months 
under four temperature and light regimes.  IC50 values are presented as 
mean and range (n = 2)
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strains (Stirk et al. 2020) as well as activity of other natural 
plant biostimulants such as seaweed-derived extracts (Stirk 
and van Staden 1997), eckol (a phlorotannin) in the seaweed 
Ecklonia maxima (Rengasamy et al. 2015), and karrikinolide 
— a smoke-derived butenolide (Jain et al. 2008). In the pre-
sent study, the initial rooting activity (T0 and T4) achieved 
with the microalgal suspension prepared by gentle shaking 
can be attributed to the release of low molecular weight 
and water soluble compounds through the cell membranes 

that were damaged by freeze-drying. Previous experiments 
with two Chlorella and a Scenedesmus strain showed that 
freeze-drying did not disrupt the cell walls but damaged 
the cell membranes, increasing the membrane permeability 
compared to living cells (Stirk et al. 2020). Rooting activity 
of the C. vulgaris biomass significantly declined over time 
with storage up to T9 (Fig. 1), suggesting degradation of the 
active metabolites. Highest rooting was previously achieved 
in the mungbean bioassay using freeze-dried Chlorella bio-
mass compared to sonicated or ball milled biomass which 
caused more extensive disruption to the cell walls (Stirk et al. 
2020). This was attributed to faster oxidation and degradation 
of the active compounds in the more extensively damaged 
cells (Stirk et al. 2020).

Biomass stored for longer periods (T12–T15) had 
increased rooting activity in the mungbean assay although 
not as high as T0–T4 biomass (Fig. 1). This can be attrib-
uted to the slow breakdown of the C. vulgaris cell walls 
over an extended time, enabling more intracellular-bound 
compounds to be released into the water suspension. This 
is corroborated by the significant increase in % yield over 
time with the highest yields obtained for the dichlorometh-
ane extracts following 20-min sonication at T15 (Table 3). 
One important selection criterion for mass culture is that the 
microalgae species has a robust cell wall in order to with-
stand the sheer stresses due to mixing. However, a thick cell 
wall impedes extraction of intracellular compounds (Kim 
et al. 2016) and extraction of compounds is improved if cells 
are disrupted (Lee et al. 2012). Chlorella species have a 
highly resistant, rigid cell wall composed mainly of cellulose 
(Alhattab et al. 2019). The long storage time in the present 
experiment may have caused a slow degradation of the cell 
wall, so that more active components were released from 
the T12–T15 samples into the water suspension, leading to 
higher rooting activity in the mungbean bioassay. Storage 
conditions (temperature and light) had no effect on the root-
ing activity of the C. vulgaris biomass (Table 1). Additional 
experiments are required to assess the effects of storage on 
biological activity of (partially) intact cells (freeze-dried 
cells) compared to cells where the cell wall has been more 
extensively disrupted prior to storage.

Microalgae synthesize many bioactive metabolites with 
diverse chemical structures. The polarity of the extraction 
solvent has a large influence on the suite of compounds 
extracted from the biomass (Goiris et al. 2012; Iglesias et al. 
2019). A previous bioactivity study of three Chlorella strains 
showed that dichloromethane extracts had higher antioxi-
dant activity in both the DPPH and β-carotene-linoleic acid 
assays compared to methanol extracts while methanol 
extracts had higher antimicrobial activity against two Gram-
positive and three Gram-negative bacterial strains (Aremu 
et al. 2016). Based on these results, antimicrobial activity 
was measured in methanol extracts using S. aureus and E. 
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Fig. 3  (a) Chlorophyll a, (b) chlorophyll b, and (c) carotenoid content 
of C. vulgaris biomass stored for up to 15  months under four tem-
perature and light regimes. Results are presented as mean and range 
(n = 2 with 2 technical replicates)
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coli and antioxidant activity of dichloromethane extracts of 
C. vulgaris biomass was monitored using the DPPH assay 
in the present study.

Apart from being plant biostimulants, microalgae are 
also potential biocontrol agents able to provide protection to 
crops (Ördög et al. 2004; Costa et al. 2019). Thus, the effect 
of storage time and conditions on the antimicrobial activity 
of the C. vulgaris biomass were monitored in the present 
study. Gram-positive bacteria are generally more susceptible 
than Gram-negative bacteria to inhibitory activity of extracts 
due to the structure of their cell walls as was the case in the 
present study where C. vulgaris extracts were more effec-
tive at inhibiting S. aureus than E. coli (Table 2). Similar 
moderate-to-low/no antimicrobial activity occurs in other 
microalgae species (Ambrico et al. 2020). Secondary metab-
olites synthesized by microalgae with antibacterial activity 
include lipids, long chain polyunsaturated fatty acids, phe-
nolic compounds, polyphenols, tocopherols, carbohydrates, 
and peptides (Costa et al. 2019; Iglesias et al. 2019).

Antimicrobial activity of the C. vulgaris biomass signifi-
cantly increased against S. aureus with storage time up to 
T12 and decreased thereafter (Table 2). Storage tempera-
ture also had a significant effect on the antimicrobial activ-
ity against S. aureus (Table 1) with the highest activity in 
the biomass stored at 10 °C and 25 °C in the dark at T12 
(Table 2). The biomass was extracted by 20-min sonication 
in methanol. Prolonged storage may have contributed to the 
slow degradation of the cell wall, thus allowing more effi-
cient extraction of the antimicrobial compounds by sonica-
tion even after only 6 months storage. These results suggest 
that any detrimental effects to the active antimicrobial com-
pounds caused by prolonged storage were offset by improved 
extraction efficiency due to weakened cell walls up to T12. 
Active antimicrobial compounds were degraded with longer 
storage times (T15).

Antioxidant activity in microalgae is related to second-
ary metabolites such as carotenoids (e.g., lutein, β-carotene, 
zeaxanthin, and astaxanthin), phenolic compounds as well 
as polyunsaturated fatty acids, polysaccharides, amino acids, 
and peptides (Goiris et al. 2012; Choochote et al. 2014; 
Jerez-Martel et al. 2017). In the present study, antioxidant 
activity measured in the DPPH assay was relatively constant 
up to T6, decreased slowly with longer storage up till T12, 
and then decreased more sharply by T15. The antioxidant 
activity also significantly decreased with higher storage 
temperatures and light (Fig. 2 and Table 1). This may be 
related to the pigment content which was similarly affected 
by temperature (Chl a, Chl b, and carotenoids) and light (Chl 
a; Table 1 and Fig. 3). Antioxidant compounds act as radi-
cal scavengers and prevent lipid oxidation. Natural antioxi-
dant compounds have preservation properties which, when 
incorporated into food products, can enhance their shelf-life 
(Goiris et al. 2012; Ortiz et al. 2014). They may have played 

a similar preservation role in the C. vulgaris biomass in the 
present study with a link between a sharp decreased antioxi-
dant activity and antimicrobial activity at T15 (Fig. 2 and 
Table 2). When liquid extracts made from three seaweeds 
(Durvillaea antarctica, Ulva lactuca, and Pyropia columbina) 
were used as a preservative, they delayed the deterioration 
of canned salmon by reducing lipid peroxidation. This was 
attributed to the antioxidant properties of the seaweed extracts 
(Ortiz et al. 2014).

While the effects of storage time and conditions have been 
reported for macromolecules in microalgal biomass, this is 
the first report on the effects of storage on the stability and 
bioactivity of secondary metabolites. Storage conditions influ-
enced the rate of change in the bioactivity in the C. vulgaris 
biomass with time, followed by temperature having the largest 
effects. The changes (both increases and decreases) in bioac-
tivity over time can be explained by the gradual breakdown of 
the rigid cell wall of C. vulgaris, thereby improving extraction 
efficiency but exposing the secondary metabolites to oxygen, 
thus quickening their degradation. This is a similar trend to 
that found in other microalgae with regard to the effect of 
storage on the macromolecule content. For example, when 
Isochrysis galbana, Nannochloropsis gaditana, and Scened-
esmus almeriensis were stored at three temperatures in the 
dark (− 20 °C; 6 °C; 25 °C) and at 25 °C in the light, there 
was no change in the lipid and fatty acid content with storage 
up to 15 months. There was a gradual (but not significant) 
decrease in protein content over time with a slightly faster 
decline in protein content at 25 °C dark and light storage 
conditions. The carotenoid content was stable for 6 months 
storage and then significantly decreased with longer storage 
with the largest decrease measured at 25 °C in both dark 
and light conditions. The stability of the biomass was attrib-
uted to the high antioxidant content preventing biomolecule 
degradation. The faster degradation of protein was due to 
natural antioxidant compounds being themselves degraded 
faster at the higher temperature and by light (Camacho-
Rodríguez et  al. 2018). When I. galbana biomass was 
freeze-dried or frozen and stored at − 76 °C, protein content 
was unchanged after 7 days but decreased after 3 months 
in both the freeze-dried and frozen biomass. There was no 
loss in the carbohydrate content in the frozen biomass but 
carbohydrates decreased after 7 days and 3 months in the 
freeze-dried biomass. The lipid content was unchanged in 
all the biomass. The different freezing methods cause dif-
ferent amounts of cell damage due to the rate of ice crystal 
formation inside and around the cells as a function of the 
rate of cooling. The extent of the damage caused to the cells 
affected the long-term storage (Babarro et al. 2001). Freeze-
dried and frozen (− 20 °C) Acutodesmus obliquus biomass 
had a higher methane yield compared to cooled (4 °C) bio-
mass due to the damaged caused to the cell walls during 
freezing. However, longer storage times (4 months) led to a 
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loss in available organic matter, resulting in lower methane 
levels (Gruber-Brunhumer et al. 2015). Similarly, storage 
conditions had no effect on the protein, lipid, carbohydrate, 
and ash content of freeze-dried and frozen Chlorella sp. 
and Scenedesmus sp. biomass. However, there was a higher 
hydrolysis constant and methane yield in the freeze-dried 
and frozen biomass compared to fresh biomass. Methane 
yield increased after 10 days storage at 4 °C, suggesting 
damage to the cells increased with storage time at 4 °C, 
improving the extraction efficiency (Barreiro-Vescovo et al. 
2018). The present results suggest that the bioactive second-
ary metabolites are more susceptible to degradation com-
pared to primary macromolecules but this requires more 
extensive investigation.

Owing to the costs of producing large volumes of micro-
algal biomass, multiple uses for the biomass need to be com-
bined to make the process more economically feasible. Algal 
residue remaining after extraction of primary metabolites 
(lipids, proteins, and carbohydrates) still contains bioactive 
compounds, including macro- and micro-elements, so that 
the microalgal residue would be an inexpensive source of 
agricultural biofertilizer (Renuka et al. 2018). However, 
the present study has shown that bioactive compounds are 
prone to degradation. The rate of degradation would most 
likely increase if these compounds were exposed to air as 
would occur in biomass with cell wall disruption required 
for efficient macromolecule extraction. For example, there 
was a gradual decrease in the carotenoid content in Chlorella 
vulgaris and Haematococcus pluvialis dried biomass and 
acetone extracts when stored for up to 18 months in differ-
ent temperature and light conditions, under vacuum or in 
a nitrogen-rich atmosphere. The carotenoid content of the 
dried biomass only began to decline after 1 month storage 
and was most affected by light and oxygen with temperature 
having the least influence. When stored under vacuum in the 
dark, there was only 6% loss after 18 months storage. The 
carotenoid content in the stored acetone extracts was much 
less stable with 50% loss after 1 month. The carotenoid con-
tent in H. pluvialis was more stable than in C. vulgaris due 
to the thicker cell wall of H. pluvialis (Gouveia and Empis 
2003).

In conclusion, this is the first report on the effects of 
long-term storage conditions on the shelf-life of microal-
gal biomass with regard to secondary metabolites and their 
bioactivities. The time of storage and, in some instances, 
temperature followed by light had a significant effect on 
root stimulating, antimicrobial and antioxidant activity of 
the C. vulgaris biomass. Initially, degradation of the bioac-
tive metabolites was probably offset by the more efficient 
extraction due to the gradual breakdown of the rigid cell 
wall (T0-T12). There was a loss in antimicrobial and anti-
oxidant activity after the 12 months period. Use of residual 
microalgal feedstock following macromolecule extraction 

could potentially provide an inexpensive source of agri-
cultural fertilizer with biostimulant properties. However, 
valorisation of such biomass requires further investigation 
as the results from the current experiment show that bioac-
tive compounds are susceptible to degradation with storage. 
These detrimental effects could be reduced if the microalgal 
biomass preserves its antioxidant activity and this should be 
a selection criterion when screening for suitable microalgae 
strains for a multiple use scenario.
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