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Abstract: Algae are employed commonly in cosmetics, food and pharmaceuticals, as well as in feed
production and biorefinery processes. In this study, post-fermentation leachate from a biogas plant
which exploits stillage and maize silage was utilized as a culture medium for Chlorella vulgaris. The content
of polyphenols in hydrophilic extracts of the Chlorella vulgaris biomass was determined, and the extracts
were evaluated for their antioxidant activity (DPPH assay), antibacterial activity (against Escherichia coli,
Lactobacillus plantarum, Staphylococcus aureus, Staphylococcus epidermidis) and antifungal activity (against
Aspergillus niger, Candida albicans, Saccharomyces cerevisiae). The use of the post-fermentation leachate was
not found to affect the biological activity of the microalgae. The aqueous extract of Chlorella vulgaris
biomass was also observed to exhibit activity against nematodes. The results of this study suggest that
Chlorella vulgaris biomass cultured on post-fermentation leachate from a biogas plant can be successfully
employed as a source of natural antioxidants, food supplements, feed, natural antibacterial and antifungal
compounds, as well as in natural methods of plant protection.

Keywords: microalgae; post-fermentation leachate; water extract; protein fraction; antioxidant
activity; antibacterial and antifungal activity; nematicidal activity

1. Introduction

Marine organisms, including algae, are no less diverse than land vegetation. There are more than
30,000 different species of algae [1]. One of their unique features is the ability to live in almost any
aquatic environment, including sweet, salty, saline, standing or flowing water. Microalgae compose
a significant portion of algae species. About 9000 species of macroalgae have been identified in oceans
around the world [2], although this is thought to be only a small fraction of the total number. Algae are
divided into three main groups [3]: green algae (Chlorophyta); red algae (Rhodophyta) and brown
algae (Phaeophyta) [4]. Algae have a wide range of applications and huge potential for many other
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uses, including in medicine [5–7] and as a heavy metal bioindicator for testing ecosystem pollution.
Research conducted around the world indicates that algae, including macroalgae, are characterized by
high antibacterial [8–12], antifungal [13] and/or anticancer activities [14–17]. Their varied biological
activity is due to the presence of an arsenal of bioactive primary and secondary metabolites, such as
polyphenols, carotenoids, saponins, flavonoids, tannins and cardiac glycosides [18].

Chlorella is a green algae that lives in both salt and fresh water. Around 2000 tons are produced in 70
countries across the world [19]. It is estimated that 60% of the Chlorella organism comprises of proteins.
Other constituents include fats, fibers, carbohydrates, and a full range of vitamins and minerals,
thanks to which supplements based on Chlorella sp. can be helpful in the treatment of many serious
diseases. The main minerals and vitamins found in Chlorella sp. include iron, calcium, potassium, zinc,
manganese, selenium, magnesium, folic acid lutein, group B vitamins, group E vitamins and beta
carotene, which have a beneficial effect on the skin and eyesight [20–23]. Many different compositions
containing Chlorella sp. are employed in the treatment of various ailments and diseases, and to detoxify
the body by removing heavy metals. Chlorella vulgaris can be used as a food supplement and/or
additive [24–26], a colorant (after carotenogenesis) and a food emulsifier [27]. Despite its diverse
biological activity and health benefits, Chlorella vulgaris is classed as a nutraceutical, due to the lack of
official legislation regarding the quality and requirements for microalgae [28–30].

Waste biomass of microalgae after the extraction of valuable chemical compounds can also be
utilized for the production of biofuels. Depending on the composition of the biomass, it can be used for
the production of liquid biofuels (bioethanol, biobutanol, biodiesel and biooil) [31,32] or gas biofuels
(biomethane, biohydrogen, synthesis gas, etc.) [33–35]. However, an efficient technology for producing
biofuels from waste algae biomass has not yet been fully developed, and it is therefore necessary
to combine various biological and thermochemical processes in order to obtain the highest possible
efficiency [36–41]. Chlorella vulgaris has often been used in biorefining processes [42–47]. In classic
biorefinery processes, after the isolation of valuable chemical compounds, algae biomass residues may
be used to produce biofuels and energy.

In this study, we investigated the possibility of cultivating Chlorella vulgaris microalgae using
a culture medium based on digestate effluent. The effluent was sourced from a biogas plant operated
on the technical scale, fed with distillery and maize silage. We also tested the effects of the culture
medium on the antioxidant and antimicrobial activities of the algae. The biological activity of the algae
was assessed in terms of its suitability for use in feed and as a natural antifungal, antibacterial
and nematicidal agent against Steinernema feltiae in natural plant protection products.

2. Results and Discussion

The studies began with quantitative determination of the polyphenols (which are secondary
metabolites found in algae) in the hydrophilic fraction of the algae Chlorella vulgaris, based on
a method using Folin–Ciocalteu reagent. So far, two biosynthesis mechanisms have been identified,
known as the shikimic and acetate-malonic acid pathways [48]. Polyphenols are antioxidants,
which together with ascorbic acid, carotenoids and tocopherols protect the human body against
oxidative stress. In the aqueous extract of algae biomass (the hydrophilic fraction), the content of
polyphenols expressed as pyrogallol was found in reasonable amounts i.e., 0.77 mM (the average of
three replicates) (Table 1). The polyphenols were also found in the protein fraction obtained after
protein precipitation by trichloroacetic acid (TCA) in significant amount i.e., 0.33 mM. However, in
the combined protein pellets obtained after another five centrifugations of the initial supernatant (after
the first centrifugation of the protein fraction), the content of polyphenols calculated as pyrogallol
was reduced to 0.16 mM. The positive result for polyphenols in the protein fraction may be due to
the presence of tyrosine in proteins, which gives a positive test for polyphenols [49], or the occurrence
of protein–polyphenol complexes.
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Table 1. Summary of Lowry test results and total polyphenol contents.

Sample Concentration of Tested
Samples [mg/mL H2O]

Polyphenol Content
(Folin–Ciocalteu Test) [mM] *

S1—water extraction, first repetition 27.0 0.77
S2—water extraction, second repetition 21.5 0.84
S3—water extraction, third repetition 20.6 0.71

S4—protein fraction obtained from S3 treated with TCA and then
centrifuged once 18.8 0.33

S5—protein fraction obtained from S3 treated with TCA and then after
isolation of S4. The supernatant was subjected to five centrifugations 19.6 0.16

* – match the pyrogaroll concentration

The content of polyphenols indicates that the hydrophilic fraction of Chlorella vulgaris algae is
characterized by satisfactory antioxidant activity. This means that even when leachate from biorefinery
processes is exploited as a medium, the obtained algae show high potential as raw materials for
utilization in the pharmaceutical industry, cosmetics or food supplements.

The protein content of the aqueous extracts was determined according to the Barbino and Laurenco
procedure [50]. In the water fractions extracted from the algae biomass, the protein content ranged from
10%–14%; the average quantity of five Chlorella vulgaris breeding batches accounted 12.8%. According
to the literature, the total protein content in algae can reach 20%–45% [51,52] and varies according to
growth conditions. In microorganisms, proteins play multiple roles. Approximately 20% of the total
proteins are bound to the cell wall, more than 50% constitute internal proteins and 30% migrate
in and out of the cell [53]. Thus, the protein content determined in Chlorella vulgaris did not differ
substantially from the typical content found in this type of organism, despite the fact that the algae
were grown with leachate from biorefinery processes.

In order to assess the antioxidant properties of the hydrophilic fractions obtained from biomass
of Chlorella vulgaris, the DPPH assay was performed employing ascorbic acid as a positive control
(Figure 1).

The algae biomass water extract at a concentration of 0.5 mg/mL exhibited an antioxidant activity
of 7% (Figure 1), which is five times lower than that of the ascorbic acid which was employed as
a positive control. Reducing the concentration of the aqueous extract to 0.2 mg/mL further lowered
the antioxidant activity to 2%–3%. A decreased antioxidant activity to about 3% was observed for
proteins obtained as a result of single centrifugation of the TCA-treated solution (concentration of
protein components = 0.5 mg/mL), while the sample with a concentration of 0.2 mg/mL exhibited 1.5% of
the radical scavenging activity. After first precipitation, the supernatant was centrifuged four more times
to release additional amount of the protein fractions. The combined protein fractions (after subsequent
centrifugations) demonstrated an antioxidant activity 6% of ascorbic acid standard at a sample
concentration of 0.2 mg/mL (Figure 1; bar 7). It appears that this was caused by the precipitation of
protein-polyphenol complexes during subsequent centrifugation, since the protein fractions provided
a positive result for the Folin–Ciocalteu test (Table 1).

The water extract from the Chlorella vulgaris algae was subjected to a separation test, exploiting
an ultrafiltration technique utilizing filters of 50,000, 10,000 and 5000 Da and for each separation fresh
extract was used. The supernatants (filtrates) obtained as a result of filtration, as well as the residue
deposited on the filter, were assessed in terms of their antioxidant activity (Figure 2).

The residues isolated by filtration were found to have significantly higher radical scavenging
activity (i.e., two to three fold) compared to the initial aqueous extract (Figure 2; compare bars 3,4,5 vs.
bar 2). The increase in activity was 2–3 times higher. The influence of the filter pore size on the cut-off

level was also surprising. The residues on the 50 kDa and 5 kDa filters were more active than those on
the 10 kDa filter. In all cases, antioxidant activity was evaluated employing the same concentrations, so
the observed variation in activity is not the result of different concentrations. Compounds isolated from
the 50 kDa filter (c = 0.5 mg/mL) demonstrated high antioxidant activity, at almost 20%, which is 58.5%
of the value observed for ascorbic acid. On the other hand, the compounds deposited on the 5 kDa



Molecules 2020, 25, 1790 4 of 18

filter (c = 0.5 mg/mL) had an activity of 16.6%, which is 49.5% of the activity of the ascorbic acid.
The compounds deposited on 10 kDa filter presented the lowest activity of 13% (corresponding to 38.8%
of the ascorbic acid activity). The result obtained can suggest the presence in residues isolated on 50 kDa
and 5 kDa filters of at least to different components active as antioxidants with strongly diversified
molecular size. Significantly lower antioxidant activity was found for filtrates after separation on
all filters used. The values for antioxidant activity ranged from 2.3%–5.6% (compared to 33.5% for
ascorbic acid) (Figure 2; bars 6, 7, 8). In all cases, a concentration of 0.5 mg/mL was used for both
the compounds embedded in the filters and those which had passed through the filters. In the case
of the filtrates, the highest antioxidant activity (5.6%) was observed for the solution of compounds
which had passed through the 10 kDa filter. It is worth noting that the compounds deposited on this
filter also showed the lowest antioxidant activity.
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Figure 1. Antioxidant activity of hydrophilic (water and protein) fractions obtained from algae biomass:
(1) ascorbic acid 1 nM (0.17 mg/mL); (2) water extract first repetition, c = 0.5 mg/mL; (3) water extract,
second repetition, c = 0.2 mg/mL; (4) water extract, third repetition, c = 0.2 mg/mL; (5) protein fraction
obtained from sample 2 treated with TCA and then centrifuged once, c = 0.5 mg/mL; (6) protein fraction
obtained from sample 4 treated with TCA and then centrifuged once, c = 0.2 mg/mL; (7) combined protein
fraction after another four centrifugations of the supernatant obtained from sample 6, c = 0.2 mg/mL.

It was found that the protein filtrate ultrafiltered on a 50 kDa filter at a concentration of 2 mg/mL
exhibited slightly higher activity than the inseparable protein fraction at the same concentration
(Figure 3; bars 2 and 3). An antioxidant activity of 4.7% was observed for the protein filtrate. Filtration
with a 10 kDa filter allowed a protein fraction to be obtained with identical antioxidant activity as that
of the unseparated protein fraction (Figure 3; bars 2 and 4). The highest antioxidant activity (11.1%)
was observed for the protein/peptide fraction after filtration using the 5 kDa filter at a concentration
of 1 mg/mL. In this case, a four-fold increase in antioxidant activity was observed compared to
the protein fraction before separation (Figure 3; bars 2 and 5). These results indicate that low molecular
weight protein/polypeptide compounds are associated with antioxidant activity.
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Figure 2. Total antioxidant activity of hydrophilic fractions from algae biomass separated by
ultrafiltration: (1) ascorbic acid 1 nM (0.17 mg/mL); (2) water extract (before separation) c = 0.5 mg/mL;
(3) residue on the 50 kDa filter, c = 0.5 mg/mL; (4) residue on the 10 kDa filter, c = 0.5 mg/mL; (5) residue
on the 5 kDa filter, c = 0.5 mg/mL; (6) filtrate after separation on the 50 kDa filter, c = 0.5 mg/mL;
(7) filtrate after separation on the 10 kDa filter, c = 0.5 mg/mL; (8) filtrate after separation on the 5 kDa
filter, c = 0.5 mg/mL.

The protein fraction precipitated from the aqueous fraction using TCA was also ultrafiltrated,
leading to protein/peptide solutions with different molar weights (Figure 3). The same range of filters
was used.
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after ultrafiltration on a 10 kDa filter, c = 2 mg/mL; (5) protein filtrate after ultrafiltration on a 5 kDa
filter, c = 1 mg/mL.
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In the next stage of the research, we investigated the antimicrobial properties of aqueous extract
from Chlorella vulgaris biomass. A 150 mg/mL solution was used. Antimicrobial activity was tested
against A. niger, C. albicans, E. coli and S. aureus (Figure 4).Molecules 2020, 25, x 6 of 18 
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Figure 4. Antimicrobial activity of aqueous extract of Chlorella vulagris: (A) Aspergillus niger,
(B) Candida albicans, (C) Escherichia coli, (D) Staphylococcus aureus.

It was found that an aqueous extract with a concentration of 150 mg/mL exhibited antimicrobial
activity against all tested organisms. The diameters of the inhibition zones were as follows:
A. niger—51 mm; C. albicans—47 mm; E. coli—24 mm; S. aureus—25 mm. Therefore, the aqueous biomass
extract of Chlorella vulgaris demonstrated higher antifungal activity in comparison to antibacterial
action. It was documented in the literature that cell extracts of various algae, namely Ulva sp.
and Chlorella sp. exhibit antifungal activity in vitro [54]. In our study, the aqueous extract of C. vulgaris
also showed antibacterial activity against both Gram-negative (E. coli) and Gram-positive (S. aureus)
bacteria. In other research, extracts of green unicellular algae showed the pronounced antagonistic
activity against numerous opportunistic and pathogenic bacteria [55,56]. In this connection, our results
confirm and reveal the potential of C. vulgaris extracts for the production of natural fungicides
and bactericides. In addition, the zones of inhibition found under the treatment with aqueous extracts
of Chlorella vulgaris indicate their high antibacterial activity. Literature data show [57,58] that the use of
organic solvents (methanol, acetone, ethanol and chloroform) to extract biologically active compounds
from microalgae grown in media useful in biorefinery processes leads to much smaller inhibition zones.

The encouraging results for antimicrobial activity prompted us to investigate the minimum
inhibitory concentration (MIC) of both the aqueous extract of Chlorella sp. biomass and of the protein
fraction obtained as a result of protein precipitation by TCA of the hydrophilic fraction (Table 2).
The microorganisms used were L. plantarum, S. epidermidis, E. coli, C. albicans and S. cerevisiae.
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Table 2. Minimal inhibitory concentration (MIC) of the aqueous extract of Chlorella sp. biomass
and the protein fraction against various microorganisms.

MIC [mg/mL] L. plantarum S. epidermidis E. coli C. albicans S. cerevisiae

water extract 37.5–75 150 150 37.5–75 lack of activity
protein fraction precipitated

by TCA, pellet obtained
by a single centrifugation

16.25 16.25 32.5–65 32.5 32.50

The Chlorella vulgaris biomass water extract demonstrated no activity against S. cerevisiae,
but significant activity was observed against C. albicans with an MIC in the range of 37.5–75 mg/mL.
The components of the aqueous extract presented relatively low activity against E. coli and S. epidermidis
with the MIC value of 150 mg/mL. Significantly higher antimicrobial activity was observed against
L. plantarum with an MIC in the range of 37.5–75 mg/mL. The highest antimicrobial activity was
observed for the protein fraction obtained by TCA from the aqueous extract with an MIC value of
32.5–65 mg/mL against E. coli and 32.5 mg/mL against the fungi, C. albicans and S. cerevisiae, respectively.
This indicates that protein/polypeptide compounds were responsible for the antifungal activity, because
the full aqueous extract demonstrated lower or no antifungal activity. The protein fraction isolated from
the C. vulgaris biomass exhibited excellent antimicrobial activity against L. plantarum and S. epidermidis
with the MIC values of 16.25 mg/mL.

Attempts were also made to assess the activity of the aqueous extract of C. vulgaris biomass against
Steinernema feltiae belonging to the family of Entomopathogenic nematodes (EPN). EPN live in an infected
host and are therefore referred to as parasitic. Moreover, EPN are active on many different types of
soil insects, such as moth larvae, butterflies, flies, beetles, grasshoppers and crickets, and can directly
threaten higher organisms. On the other hand, EPN can also be employed for the biological control
of harmful insects [59]. Preliminary results in the literature indicate that C. vulgaris is active against
the nematode Meloidogyne arenaria and some ectoparasites [60]. C. vulgaris activity against root parasites
could therefore be used in ecological methods of plant protection. The aqueous extract of Chlorella sp.
biomass was evaluated for nematicidal activity against Steinernema feltiae with concentrations ranging
from 18.25–150 mg/mL (Figure 5).

Figure 5. Cont.
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Figure 5. Influence of hydrophilic components (water extract) of C. vulgaris biomass on S. feltiae
viability: (a) time 0; (b) after 24 h of incubation.

The viability of Steinernema feltiae was assessed after 24 h of incubation. At concentrations of
37.5, 75 and 150 mg/mL, the aqueous extract of C. vulgaris biomass caused complete mortality of
the nematode Steinernema feltiae. At a concentration of 18.25 mg/mL, no effect on nematode survival
was observed, which was close to the control value.

3. Materials and Methods

The species of C. vulgaris (UTEX 2714) used in the study was obtained from the UTEX algae
culture collection at the University of Texas in Austin (USA). An initial concentration of 32.5 mg/mL
of microalgae biomass was obtained in the photobioreactor. The culture medium was obtained on
the basis of post-fermentation leachate from a biogas plant operated on a technical scale, fed with stillage
and maize silage. The technological parameters of the biogas plant were as follows: concentration of
anaerobic sludge in the digesters—5.0 g/L; operation at 40 ◦C; load of organic compounds—2.4 g/L,
hydraulic stop time—40 days.

The post-fermentation effluents were subjected to processing prior to their introduction into
the photobioreactors, then distilled at 100 ◦C using distillation flasks with an active volume of 200 mL.
The distillation flasks were connected to a spiral cooler, where the digestate effluent vapors were
condensed. The cooling medium was cold tap water. The resulting distillate was collected and stored
in a 200 mL flask. The aim was to remove solid suspensions and color, obtaining the component
of the culture medium that contained nutrients in the dissolved phase, as well as hygienization of
the tested post-fermentation leachate. Basic parameters characterizing the post-fermentation leachate
are presented in Table 3.

Due to the high concentration of organic compounds and the color of the digestate, the volume
introduced into the culture medium was 50% of the total active volume of the photobioreactors.
The remainder was supplemented with deionized water.

Preliminary results indicate that Chlorella biomass grown using synthetic media such as B−11 did
not differ significantly in biomass growth rate or photosynthetic activity from biomass grown on properly
prepared effluent from a biogas plant. During Chlorella vulgaris cultivation using post-fermentation
leachate obtained average 2400 ± 120 mg/L dry organic mass. When typical medium B−11 was used dry
organic mass obtained 2450 ± 140 mg/L dry organic mass. There were not statistical differences between
cultures cultivated on B−11 medium and post-fermentation leachate. The effluent was obtained from
stabilized post-fermentation sludge. Minerals such as nitrogen were key to growing algae. Sludge with
an organic fraction below 60% is considered to be biologically stable.
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It has also been found that biomass can even grow better, and the culture is more homogeneous
because other algae species do not tolerate leachate as well [61–63].

Table 3. Characteristics of the post-fermentation leachate.

Parameters Unit
Effluent

Crude After Distillation

Dry Mass (DM) mg/L 12740 ± 260 21 ± 4
Chemical Oxygen Demand mg O2/L 8190 ± 170 1370 ± 20

Biochemical Oxygen Demand mg O2/L 3960 ± 90 460 ± 30
Ntotal mg N/L 3710 ± 100 2150 ± 110

N-NH4 mg N-NH4/L 2540 ± 70 1450 ± 40
Ptotal mg P/L 350 ± 20 6.0 ± 2.0

P-PO4 mg P-PO4/L 240 ± 10 4.0 ± 1.0
pH - 6.9 ± 0.4 7.1 ± 0.1

3.1. Research Stand

Vertical tubular reactors with an active volume of 2.5 L were used to culture the microalgae biomass
(Figure 6). The culture was grown under continuous lighting (fluorescent lamp, colored temperature
9000 K), light intensity 12,000 lx, culture temperature 23 ◦C ± 0.5 ◦C. The contents of the columns were
constantly aerated by compressed air supplied from below the reactors using Mistral 200 peristaltic
pumps (Whale Tankers, Ravenshaw, United Kingdom) with a capacity of 200 dm3/h. This ensured
the introduction into the system of carbon dioxide and effective mixing of the algae culture.

Technical parameters of a single test set:
Overall height Htotal = 72 cm
Active height Hactive = 66 cm
Inner diameter Dinner = 7 cm
Active chamber volume Vo = 2.5 L

3.2. Analytical Methods for Assessing the Microalgae Culture

The cultivation time was 14 days, after which we determined the concentration of microalgae
biomass and the concentration of monitored pollution indicators in the culture medium. The samples
were centrifuged for 10 min using a laboratory centrifuge (MPW−251, Donserv, Warsaw, Poland)
with a rotational speed of 15,000× g. The retentate content was then determined by the dry mass
method. The supernatant concentration of N-NH4 was measured by Hach–Lange cuvette tests
(Duesseldorf, Germany) using a DR 5000 spectrophotometer (Hach–Lange) with a HT 200 s mineralizer
(Hach–Lange). At the start and end of the experiment, both the leachate and the culture medium were
tested for biochemical oxygen demand using the Oxi-top control system (WTW, Weilheim, Germany)
and chemical oxygen demand P-PO4, Ptotal, Ntotal using a DR 5000 spectrophotometer (Hach–Lange)
with an HT 200s mineralizer (Hach-Lange). The pH was determined using a VWR 1000 L pH meter
(Gdansk, Poland). The intensity of light supplied to the operated PBRs was measured with a Lux-meter
NL−100 (Hanna, Sonopan, Bialystok, Poland). Qualitative phytoplankton analysis was performed by
microscopic analysis at a magnification of 1.25 × 10 × 40 or 1.25 × 10 × 100, as well as using an algae
biomass BB Moldanke analyzer (Schwentinental, Germany).
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3.3. Disintegration of Cell Walls

A suspension of Chlorella vulgaris in water was frozen in liquid nitrogen then dehydrated by
freeze-drying (FreeZone 1 Labconco Freeze Dryers) (A.G.A. Analytica, Warsaw, Poland). The lyophilizate
was stored at a temperature of −20 ◦C. In each disintegration cycle, 1.5 g of dry lyophilizate from
the algae biomass was used. The dry mass was suspended in 20 mL distilled water. The suspension
was then sonicated (100 amplitude, pulse, time 5 min) using a homogenizer. After homogenization,
the samples were again freeze-dried. The lyophilizate was stored at a temperature of −20 ◦C.

3.4. Isolation of the Hydrophilic Fraction

Homogenized lyophilizate from algae biomass (1 g) was suspended in 30 mL of distilled water.
The suspension was stirred for 24 h in a water-ice bath (temp. 0–5 ◦C). The suspension was then
centrifuged (Universal 3200R Hettrich Zentrifugen, 15,000× g, 40 min, 4 ◦C) (Labo Baza, Jelonek, Poland).
The pellet was suspended in 4 mL of 1 mM NaOH solution, shaken for 30 min and centrifuged again
(15,000× g, 40 min, 4 ◦C). The aqueous fractions were combined and lyophilized. Both the lyophilizate
and insoluble algae biomass residues were stored at −20 ◦C. The experiment was repeated at least
three times.

3.5. Isolation of Protein/Polypeptide Fraction

We used a modified version of the method described by Barbino and Laurenco [50]. The lyophilizate
of the hydrophilic fraction (0.5 g) was suspended in distilled water (10 mL). Then, 25 mL of a 25%
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aqueous trichloroacetic acid (TCA) solution was added to the solution. The solution was shaken
vigorously for 5 min. The mixture was then incubated for 1.5 h at 0–5 ◦C. After incubation, the mixture
was centrifuged (15,000× g, 40 min, 4 ◦C). The precipitate was dissolved in 10 mL of 0.1 mM NaOH
aqueous solution and lyophilized. The supernatant was centrifuged a further four times under
the same conditions. The resulting precipitates were combined and dissolved in 10 mL of 0.1 mM
NaOH aqueous solution and lyophilized. The supernatant residue was discarded. The lyophilizate
was stored at −20 ◦C. The experiment was repeated at least three times.

3.6. Ultrafiltration

The protein pellet and hydrophilic fraction were separated using the ultrafiltration method.
For each experiment, a fresh sample was suspended in distilled water and centrifuged (15,000× g, 8 h,
4◦ C) using an ultrafiltration tube (Vivaspin 50,000, 10,000, 5000 MWCO) (Merck KGaA, Darmstadt,
Germany). The residue on the filter and the filtrate were collected, deep frozen in liquid nitrogen
then lyophilized. The dried samples were stored at −20 ◦C. The experiment was repeated at least
three times.

3.7. Determination of Protein Content by Lowry’s Method

The total protein content was determined using the standard Lowry′s procedure [64]. Preparation
of analytical reagents: (A solution) 50 mL of 2% sodium carbonate was mixed with 50 mL of 0.1 mM
NaOH solution; (B solution) 10 mL of 1.56% copper sulphate solution was mixed with 10 mL of 2.37%
sodium potassium tartrate solution; (C solution) 2 mL of B solution was mixed with 100 mL A solution.
Preparation of Lowry′s assay: 0.2 mL of a sample dissolved in water was mixed with 2 mL C solution.
The solution was incubated at room temperature for 10 min. Then, 0.2 mL of 1 M Folin–Ciocalteau
solution was added and the sample was incubated at room temperature for an additional 30 min.
After incubation, absorbance was measured at a wavelength of 660 nm (Orion AquaMate 8000 UV-VIS
Spectrophotometer, Thermo Scientific, Anchem, Warsaw, Poland). Distilled water was used as a control.
The calibration curve was determined using Bovine Serum Albumin (BSA) in a concentration range
from 0.05 to 1 mg/mL (Figure 7). The experiment was repeated at least three times.
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3.8. Determination of Polyphenol Content

Total polyphenol content was determined using Folin–Ciocalteu reagent [65]. To prepare
the samples for the polyphenols assay, 40 µL of the tested sample was dissolved in water, then 800 µL of
Folin–Ciocalteau solution was added and mixed carefully. The obtained solution was incubated at room
temperature for 5 min. Then, 800 µL of 7% w/v sodium carbonate aqueous solution and 360 µL water
were added and the mixture was vortexed. The solution was incubated at room temperature for 2 h.
After incubation, absorbance was measured at a wavelength of 760 nm (Orion AquaMate 8000 UV-VIS
Spectrophotometer, Thermo Scientific). Distilled water was used as a control. The calibration curve was
determined using pyrogallol at a concentration in the range of 0.5–8 mM (Figure 8). The experiment
was repeated at least three times.
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3.9. Antioxidant Activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay was used to determine the antioxidant activity
of the samples [66], with a 0.5 mM solution of DPPH in ethanol. To 20 µL of a sample dissolved in
water was added 1500 µL of DPPH solution. The sample was incubated at room temperature for
30 min. After incubation, absorbance was measured at a wavelength of 517 nm. As an antioxidant
standard, 1 nM solution of ascorbic acid was used.

Total antioxidant capacity was calculated using the formula:

I =

[
A0− (At−As)

A0

]
× 100%

where:

A0–absorbance of DPPH solution
At–absorbance of the tested sample after 30 min incubation with DPPH solution
As–absorbance of the tested sample without DPPH solution.
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3.10. Microbiological Tests

3.10.1. Inhibition Zone Plate Assay

The inhibition zone plate assay was performed on Petri dishes with agar media, appropriate
for selected microorganisms: MEA (Sigma-Merck Merck KGaA, Darmstadt, Germany) for fungi,
and TSA (Sigma-Merck) for bacteria. The following microorganisms were tested: Aspergillus niger
LOCK0440, Candida albicans ATCC10231, Staphylococcus aureus ATCC6538 and Escherichia coli ATCC8739.
The microorganisms were subcultured previously on agar media. One or two isolated colonies
of the tested microorganisms were touched using a sterile cotton swab, suspended in 5 mL of
sterile saline medium and vortexed well until a uniform suspension was obtained. The turbidity
of the suspension was measured using a DEN−1 densitometer (Merck, Darmstadt, Germany).
The turbidity of the suspension was adjusted to a 0.5 McFarland standard by adding more microorganism
if the suspension was too light or diluting with sterile saline if the suspension was too heavy.
The suspension was prepared before inoculating the microorganisms on the agar plate. To inoculate
the agar plates, a sterile cotton swab was dipped into the suspension and streaked over the surface of
the agar plates. This procedure was repeated three times; each time, the plate was rotated approximately
60 ◦C to ensure even distribution of the inoculum. The plates were then allowed to dry at room
temperature for 5 min before cutting wells. Each well was 14 mm in diameter, and the cut-out of
the agar was removed using a sterile needle. After this, each well was filled with 400 µL algae biomass
extract at a concentration of 150 mg/mL. The antimicrobial activity of algae extract was visible as
forming a zone of growth inhibition after incubation at temp. 37 ◦C (48 h for bacteria, 5 days for fungi)
with tested microbial strains. The experiments were repeated at least three times.

3.10.2. Minimum Inhibitory Concentration Assay

The following microorganisms were used: Lactobacillus (MRS), Staphylococcus epidermidis
(Luria Broth), Escherichia coli (Luria Broth), Candida albicans (Sabouraud Dextrose Broth), Saccharomyces
cerevisiae (YPD Broth). Micro-organisms previously amplified with the appropriate media were
transferred by a loop into a flacon containing 10 mL of 0.9% NaCl solution, obtaining a solution with
absorbance in the range of 0.8–1 (solution D) (measurement at 600 nm). Then, 0.15 mL of solution D was
added to 14.85 mL of the appropriate medium. The resulting solution was mixed well and transferred
to a 96 well plate, 75 mL per well. The wells were completed with 75 µL of test solutions in a dilution
series (aqueous extracts of algae biomass: 300; 150; 75.5; 37.5; 18.75; 9.38; 4.69; 2.35 mg/mL; the protein
fraction after TCA precipitation and the first centrifugation: 130; 65; 32.5; 16.25; 8.13; 4.07; 2.04;
1.02 mg/mL). The media for each microorganism were used as controls. After 24 h of the incubation
at 37 ◦C and 5% CO2 (incubation chamber: Thermo Scietific, Model 310), the wells were inspected for
the propagation of microorganisms.

The following bacteria and yeast used in the experiments were sourced from Leibniz Institute
DSMZ German Collection of Microorganisms and Cell Cultures GmbH and stored at −80 ◦C (Institute
of Bioorganic Chemistry, University of Saarland, Saarbruecken, Germany): Lactobacillus, Staphylococcus
epidermidis, Escherichia coli, Candida albicans. The experiments were repeated at least three times.

3.11. Nematode Activity Assay

The model of the nematode Steinernema feltiae was purchased in the form of powder from
Sautter und Stepper GmbH (Ammerbuch, Germany) and stored in the dark at 4 ◦C. A homogeneous
mixture was prepared by dissolving 200 mg of nematode powder in 50 mL of phosphate buffered
saline (PBS pH 7.4). The solution was shaken and incubated for 30 min at room temperature
under visible light. The viability of Steinernema feltiae was observed under a microscope (TR 200,
VWR International Belgium). Above 80% viability of nematodes in the sample was considered as
a prerequisite for each experiment.
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To each of the 96 wells, 80 µL of PBS pH 7.4 was added, followed by 10 µL of nematode suspension
and 10 µL of the samples. The samples of water extract algae biomass were used at concentrations
of 150, 75, 37.5 and 18.37 mg/mL. PBS and ethanol were used as negative and positive controls.
Living and dead nematodes were counted under a microscope prior to treatment. The 96-well plate
with samples was incubated for 24 h at room temperature in the dark. After this time, 50 µL of
lukewarm water (50 ◦C) was added to each well, to stimulate the nematodes prior to counting. Viability
was calculated using the formula:

V = (Vl/VN) × 100%

V–viability [%]
Vl–number of living nematodes
Vn–number of all nematodes

The experiments were repeated at least three times.

3.12. Statistical Methods

Each variant of the experiments was carried out in triplicate. Statistical analysis of the results
was based on STATISTICA 10.0 PL (StatSoft Polska, Cracow, Poland). Our hypothesis regarding
the distribution of each of the studied variables was confirmed based on the Shapiro–Wilko test.
One-way analysis of variance (ANOVA) was performed to determine the significance of differences
between the variables. The homogeneity of variance in the groups was assessed using the Levene
test. The Tukey RIR test was used to determine the significance of differences between the analyzed
variables. The level of significance assumed in the tests was p = 0.05.

4. Conclusions

In this study, we investigated the use of post-fermentation leachate from a biogas plant that
uses stillage and maize silage, as a culture medium for Chlorella vulgaris. It was found that the use
of the leachate does not affect the biological activity of the microalgae. Based on the DPPH assay,
the antioxidant activity of hydrophilic extracts from Chlorella sp. biomass were in the range of 2%–7%,
which corresponds to 6%–21% of the activity of ascorbic acid. A significant increase in antioxidant
activity was observed after ultrafiltration on filters with a cutoff of 50, 10 and 5 kDa. Antioxidant
activity rose to up to about 20%, a level corresponding to 61% of the ascorbic acid activity. A similar
relationship was observed for the protein fraction obtained as a result of precipitation with TCA
followed by ultrafiltration. In this case, the highest antioxidant activity was about 10%, which was 30%
of the ascorbic acid activity. Antioxidant activity may be associated with the presence of polyphenols
in aqueous extracts of Chlorella vulgaris biomass. Based on a test using Folin–Ciocalteu reagent, it was
found that the average polyphenol content, calculated as a pyrogallol, was 0.77 mM.

Both the hydrophilic extract from Chlorella vulgaris biomass and the protein component of
the hydrophilic fraction were characterized by satisfactory antimicrobial activity. The inhibition
zone assay showed that the aqueous extract of Chlorella vulgaris biomass is significantly more active
against fungi (diameters of the inhibition zones was about 50 mm) compared to bacteria (diameters of
the inhibition zones was about 25 mm). Based on an MIC test it has been found that the protein fraction
has higher antimicrobial activity compared to a full aqueous extract, which may contain chemically
diverse groups of hydrophilic compounds. The MICs were as follows: 16.25 mg/mL for L. plantarum
and S. epidermidis, 32.5 mg/mL for C. albicans and S. cerevisiae. The lowest activity was observed for
E. coli, with MICs in the range of 32.5–65 mg/mL. The aqueous extract of Chlorella vulgaris biomass was
also found to have activity against parasitic nematodes. At concentrations of 37.5, 75 and 150 mg/mL,
the aqueous extract of Chlorella vulgaris biomass caused complete mortality of the nematode Steinernema
feltiae.

The biological activity of the hydrophilic and protein fractions of Chlorella vulgaris biomass
indicates that this microalgae could be successfully used as a source of natural antioxidant, antibacterial
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and antifungal compounds in food supplements and feed, as well as in natural methods for plant
protection. Further research is underway on the isolation and characterization of the individual
compounds responsible for this biological activity from the hydrophilic extract.
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