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Abstract 

Background  Lactic whey, a significant agro-industrial byproduct, poses environmental risks due to its chemical com-
position. Despite various valorization efforts, effective utilization remains a challenge. This study explores the potential 
of Neochloris oleoabundans, a microalgae known for its metabolic versatility and resilience to adverse conditions, 
to produce exopolysaccharides (EPS) using lactic whey as a substrate. We compared EPS production from lactose, 
the primary sugar in whey, with whole lactic whey. Characterization of the EPS was performed using Fourier transform 
infrared spectroscopy (FT-IR) and gas chromatography–mass spectrometry (GC–MS), while morphological analysis 
was conducted via scanning electron microscopy (SEM). This research aims to assess the feasibility of converting lactic 
whey into valuable EPS, providing a sustainable approach to managing this agro-industrial waste.

Results  Lactic whey has produced the highest EPS and the FT-IR spectra revealed structural variations in the mono-
mers which compose these polymers. Galactose and glucose were shown to be the primary monomers, according 
to GC–MS EPS analysis. SEM revealed a homogenous matrix and N. oleoabundans’s bioflocculant characteristics.

Conclusions  Microalgae N. oleoabundans can produce EPS using lactic whey as feedstock and it has the potential 
to be employed as a wastewater treatment.
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Graphical Abstract

Background
Globally, cheese manufacturing produces approximately 
180-190 million tonnes of whey derived annually [1] with 
Mexico contributing around 2.4 million tonnes of lactic 
whey from dairy and artisanal cheese company each year 
[2]. This substantial volume of whey presents significant 
environmental challenges and underscores the need for 
innovative valorization strategies to manage this dairy 
industry byproduct sustainably. Presumably, only half of 
the lactic whey is likely to be reused, while the other half 
is discarded down the drain, contaminating rivers and 
soil.

Furthermore, a cheese industry that produces 40,000 L 
of unrefined lactic whey is estimated to pollute an equiv-
alent amount of a population of 1,250,000 inhabitants [3, 
4]. The discharge of lactic whey into aquatic ecosystems 
and soil matrices poses significant environmental chal-
lenges due to its high biochemical oxygen demand (BOD) 
and its chemical oxygen demand (COD) which are attrib-
uted to its substantial content of soluble solids, primarily 

lactose and proteins [5]. Lactic whey is rich in nutrients 
(mainly lactose and proteins), thus, it could be evalu-
ated through value-added product acquisition or used as 
feedstock to produce valuable products [6]. Microalgae 
have been used as a feedstock, as various residues, and 
for the manufacture of other useful products. Microal-
gae have also been utilized to create biomolecules with 
biotechnological uses and to remove dangerous elements 
(e.g., nitrogen and phosphorus) from a variety of waste-
water sources, including municipal, agro-industrial, and 
livestock waterways. [7]. There is a substantial variety of 
biomolecules derived from microalgae, such as proteins, 
pigments, lipids, and carbohydrates. Additionally, micro-
algae can secrete extracellular polymeric substances into 
their immediate environment, a complex mixture of 
high molecular weight polymers composed of polysac-
charides named exopolysaccharides (EPS) [8]. EPS can 
be released in stress conditions and have diverse func-
tions, for instance, chelation of metals, flocculation, 
transport, transformation of organic matter and cellular 
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communication, among others [9, 10]. According to their 
chemical composition and molecular weight, EPS differ 
in bioactivity, for example, the molecular weight directly 
influenced the reducing power. As the molecular weight 
decreased, the polysaccharides exhibited a stronger 
reducing power [1]. EPS could be used for emulsifying, 
as coagulants, as antioxidants, and they can possess anti-
inflammatory, antitumoral and antimicrobial properties 
which may have a wide variety of industrial applications 
[11]. Neochloris oleoabundans is a microalgae that has 
shown excellent growth flexibility and has been studied 
mainly for its ability to produce metabolites of interest 
[12]. Several studies have reported the capacity of N. ole-
oabundans to grow in adverse conditions, in addition to 
its capability of tolerating high salinity attributable to its 
marine origin and recently its capacity to withstand low 
pH [2, 13]. According to published research, N. oleoabun-
dans can grow at pH 5, however, this has a detrimental 
effect on the production of proteins and carotenoids 
[2]. Lactic whey has a pH of roughly 5, allowing us to 
investigate the possibility of employing it as a feedstock 
to produce EPS. In this study, we examined the ability 
to produce EPS from lactic whey under continuous and 
half-lightning conditions, as well as EPS characterization 
using FT-IR spectra, SEM, and gas chromatography cou-
pled with mass spectrometry (GC/MS). Furthermore, we 
studied its potential use as a bioflocculant.

Results
Lactic whey characterization
Whole lactic whey was subjected to pasteurization to 
avoid the growth of other microorganisms that can 
compete with N. oleoabundans. Pasteurization was car-
ried out at 75  °C for 15  min. After heat treatment, we 
observed an increase in components such as lactose 
(18.25%), total solids (27.52%) and in conductivity (19.42 
mS/cm) that could be associated with the protein and 
lipid degradation (Table  1). Moreover, it decreased the 
pH making the lactic whey acidic.

N. oleoabundans growth using lactic whey as a carbon 
source
In N. oleoabundans kinetics growth cultures with the 
control medium (C12), and with the medium supple-
mented with lactose (L12) as a carbon source, there is 
a long lag phase that spans from day 0 to day 5, dur-
ing which the cells adapt to the culture media used. 
Starting on day 6, the exponential phase begins in both 
media; however, for the medium supplemented with 
whey as a carbon source (W12), it was not possible to 
observe growth. On the other hand, kinetics growth 
with continuous lighting results in a shorter lag phase, 

which lasts from day 0 to day 2 for the L24 and C24 
media and until day 3 for the medium W24, suggesting 
that continuous luminosity contributes to improving 
the adaptability of the cells in the culture media used. 
The exponential phase begins on day 3 in cultures C24 
and L24 and lasts until days 6 and 7, respectively; for 
the W24 medium, the exponential phase begins on day 
4 and lasts until day 5. The L24 medium had the highest 
specific growth rate (µ) (0.52 d-1), followed by the C24 
medium (0.42 d-1), and the W24 media (0.22 d-1), as 
shown in Fig. 1b.

N. oleoabundans grew quicker than the control group 
in cultures supplemented with lactose as a carbon 
source during the 12:12 photoperiod (Fig. 1a). The lac-
tose photoperiod culture (L12) showed an increase in 
growth of around 50% when compared to the control 
photoperiod culture (C12) at the end of the experiment, 
whereas the lactose in continuous lighting culture (L24) 
showed 76% when compared to the control in continu-
ous lighting culture (C24) (Fig. 1b). Whole lactic whey 
under the photoperiod (W12) culture was unable to 
grow (Fig.  1a). While whole lactic whey in continu-
ous lighting (W24) exhibited a 55% decrease in growth 
compared to the control group (Fig. 1b).

Medium viscosity change using lactic whey as a carbon 
source
The EPS fraction denominated soluble fraction or 
polysaccharides release, increases the viscosity of the 
medium in which they are dissolved [14]. This viscos-
ity increment depends on the concentration and the 
molecular weight of the polysaccharide in the solu-
tion [15]. N. oleoabundans did not produce EPS with 
a 12:12 photoperiod under any treatment (Fig.  2a). In 
continuous lighting, the production of soluble EPS pro-
duction significantly different was detected on day 3 in 

Table 1  Properties of whey before and after treatment

The number represents mean ± SD, asterisks significant differences (ANOVA, 
P < 0.05) n = 6

* represent statistically significant differences

Property Fresh whey Treated whey

Conductivity (mS/cm) 6.67 ± 0.01 19.42 ± 0.01*

pH 6.27 ± 0.01* 5.31 ± 0.01

Lactose (%w/v) 2.83 ± 0.03 18.25 ± 1.47*

Proteins (%w/v) 0.66 ± 0.02* 0.33 ± 0.06

Lipids (%w/v) 0.64 ± 0.08* 0.24 ± 0.019

Total solids (%w/v) 6.19 ± 0.07 27.52 ± 1.15*

Ashes (%w/v) 0.52 ± 0.04 2.78 ± 0.04*
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the culture with whole lactic whey (W24) and on day 
6 in the culture with lactose (L24) (Fig. 2b). On day 3, 
the W24 culture began to have the consistency of a vis-
cous gel. For the L24 culture, the gel appearance was 
observed on day 6.

EPS production
EPS production was measured per day during 10 days 
showing an appreciable production on whey on the 
fifth day under continuous lighting (Fig.  3). Since day 
nine and ten no significant differences were found in 
EPS production in whey treatment (Fig.  3). The data 
show that N. oleoabundans is not able to produce EPS 
significantly in autotrophic mode (Fig.  3). The W24 

Fig. 1  Growth curves of N. oleoabundans cultured with two photoperiods: a 12:12 using lactose (L12), lactic whey (W12) and control (C12) and b 
continuous illumination using lactose (L24), lactic whey (W24) and control (C24) (mean ± SD) n = 6

Fig. 2  Viscosity of the medium throughout the culture of N. oleoabundans with 2 photoperiods: a 12:12 using lactose (L12), lactic whey (W12) 
and control (C12) and b continuous lighting using lactose (L24), lactic whey (W24) and control (C24) (mean ± SD) n = 6
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culture showed the highest EPS production and is also 
the condition in which there was a decrease in growth 
compared to the control (Fig. 1).

EPS characterization
Carbohydrate and protein content
Increasing illumination time had no statistically sig-
nificant influence on carbohydrate concentration in N. 
oleoabundans (Fig.  4a). Similarly, protein content was 
not statistically significant with increased illumination 
time (Fig. 4b). EPS from lactic whey and lactose as a car-
bon source presented more carbohydrate content than 
protein.

FT‑IR spectra
In order to determine the primary functional groups of 
the various EPS produced, their infrared spectra were 
obtained (Fig. 5). The band between 3500–3300 cm-1 in 
polysaccharide spectra has been assigned to the stretch-
ing vibration of the abundant OH present in these poly-
mers [16]. This band accompanied by the medium peak 
between 1650 and 1580 cm-1, present in all spectra, can 
also be assigned to stretching the N–H bond of an amine 
of protein content in the extracts [17]. The ~ 1650  cm-1 
band can also be assigned to a carboxylic acid (-COOH) 
group [18]. The 1500–1200 cm-1 region mainly includes 

vibrations of the -CH2 and C–OH groups, present in 
carbohydrates. However, this region presents bands that 
generally overlap and relating these bands to a specific 
group is currently a challenge [17]. Some EPS characteri-
zation works have related the signals of this region with 
the presence of sulfate groups; particularly ether sulfate 
(RO-SO-3) at 1315–1220  cm-1 [18] and the stretching 
of the S=O bond at 1270–1120  cm-1 [19]. In previous 
research, the presence of these groups has been related 
to the absorption of potentially toxic inorganic com-
pounds, such as metals [8, 20]; these bands are present 
in both spectra of the EPS of cultures with whey and not 
in the control cultures, which suggest the presence of 
these groups as a response to toxic whey compounds. In 
the EPS of cultures with lactose, these bands only appear 
in the culture with continuous lighting. Similar to earlier 
studies, the sulfate groups may be associated with cell 
adhesion in these conditions because of the large number 
of cells in the culture (Fig. 1) [21].

In all the spectra an intense peak between 1100 and 
1000  cm-1 can be observed, which corresponds to the 
C–O–C and C–O bonds and confirms the presence of 
carbohydrates [17]. Although it is not possible to deter-
mine the type of carbohydrate that makes up the EPS 
from FT-IR spectra, both the EPS spectra obtained from 
the L12 and C12 cultures show a peak similar in 1054 and 

Fig. 3  Kinetic of EPS production by N. oleoabundans under continuous lighting. Each bar represents mean ± SD, each letter means a significant 
difference (post hoc Tukey, P < 0.05) n = 6
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1055, respectively; this could suggest a similarity in the 
type of monosaccharides in EPS, since it was determined 
that the carbohydrate content is not significantly differ-
ent (Fig. 4). In addition, EPS production was very low in 
these conditions (Fig. 3) and culture W12 showed a dif-
ferent peak in this region. The increase in the photoper-
iod induced a differential peak of the finger-print zone in 
the EPS of all cultures (Fig. 5).

Gas chromatography with electron impact mass 
spectrometry (GC–EIMS)
Glucose (55%), levulinic acid (22%) and galactose (15%) 
were the main monomers identified in the polymer using 
lactic whey as a carbon source (Table  2). Our results 
show that N. oleoabundans maintain the EPS production 
from the fifth to the tenth day under continuous lighting 
(Fig. 3) which could be related to cellular maintenance.

EPS morphology
Figure  6 shows the surface morphology of the EPS 
obtained through scanning electron microscopy at differ-
ent magnifications. EPS present a smooth surface like a 
film, however, fibers of irregular size and shape are also 
observed (Fig. 6). On the other hand, at high magnifica-
tions 2000x, 2500 × and 5000x, a film with a rough sur-
face can be observed.

Flocculation activity
In flocculation assays, we did not observe a dosage effect 
(Fig.  7). The optimal concentration was 25  mg/L show-
ing more than 50% of bioflocculation for all the times 
tested. However, two hours resulted in a better time for 

Fig. 4  a Carbohydrate and b protein content in EPS produced by N. 
oleoabundans with 2 photoperiods: 12:12 using lactose (L12), lactic 
whey (W12) and control (C12) and continuous lighting using lactose 
(L24), lactic whey (W24) and control (C24) (mean ± SD, P < 0.05) n = 6

Fig. 5  FT-IR spectra of EPS produced by N. oleoabundans with 2 photoperiods: a 12:12 using lactose (L12), lactic whey (W12) and control (C12) and 
b continuous illumination using lactose (L24), lactic whey (W24) and control (C12)
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flocculation. EPS from N. oleoabundans is an effective 
bioflocculant agent and can be a sustainable choice for 
cell harvesting; however, additional research is needed 
into its efficacy and cost. Some of the factors that influ-
ence flocculant activity are pH, temperature and concen-
tration of the bioflocculant, with the results obtained it 
can be established that the maximum concentration that 
allows greater flocculation is 25 mg/L.

Antimicrobial activity
EPS were characterized by their antimicrobial activ-
ity against Gram-negative bacterial strains: Klebsiella 
pneumoniae ATCC 13884 and Pseudomonas aerugi-
nosa ATCC 10145. The Gram-positive bacterial strain 
Staphylococcus aureus ATCC 6538 and Nocardia bra-
siliensis ATCC 19296 were also tested. We found that 
EPS had superior antimicrobial activity outcomes with 

bacteria Gram positive, S. aureus and N. brasiliensis. 
For S. aureus, all EPS concentrations examined demon-
strated antibacterial action, with no significant differ-
ences between them (Table 3). While with N. brasiliensis, 
only 30 mg/mL and 20 mg/mL showed inhibition halo of 
0.65 cm and 0.46 cm, respectively. No inhibitory halo was 
observed for K. pneumoniae or P. aeruginosa which are 
Gram-negative bacteria, regardless of the EPS concentra-
tion that was examined (Table  3 and Fig.  8). EPS offers 
a great deal of promise for the polymer’s use in pharma-
ceuticals and cosmetics to prevent the growth of Gram-
positive bacteria.

Biomass characterization
After EPS is extracted from the supernatant, biomass 
can be utilized to extract additional valuable biomole-
cules such as proteins, lipids, polyphenols, and pigments. 
Given that N. oleoabundans naturally accumulates lipids, 
this parameter was assessed. Whey and lactose did not 
induce lipid productivity compared to the control group 
(Fig.  9a). We found no significant differences between 
cultures that used continuous lighting or 12 h of lighting, 
regardless of the carbon source (Fig. 9a).

Total polyphenol content was analyzed since these bio-
molecules have a significant rise in popularity for their 
antioxidant properties with multiple applications in the 
food, cosmetic and pharmaceutical industries. However, 

Table 2  Percentage monomer composition in EPS from N. 
oleoabundans identified by GC/MS

Compound Lactic whey (%) Lactose (%)

Laevulinic acid 22.0 ± 0.6 21.0 ± 0.7

Fructose 6.8 ± 0.2 5.9 ± 0.4

Galactose 15.0 ± 1 14.3 ± 0.4

Glucose 55.0 ± 0.9 58.8 ± 0.6

Fig. 6  SEM images corresponding to EPS from N. oleoabundans using lactic whey as a carbon source at different magnifications: a 500x, b1000x, 
c1500x, d 2000x, f 2500 and g 5000x
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whey and lactose seem to inhibit polyphenol production 
compared with the control group (12/12 photoperiod) 
(Fig.  9b). Additionally, it was observed that continuous 
lighting did not favor polyphenol production. We found 
significant differences in the control cultures under the 
photoperiod (12/12).

Discussion
The exponential growth of the dairy industry has been 
observed yearly. The global dairy market was worth 893 
billion dollars in 2022, and market analysts predict that it 
will rise at a CAGR of 5.79% between 2023 and 2028 [22]. 
The global cheese industry produced 3.5 million tonnes 
in 2021, yielding an estimated 31.5 million liters of lactic 
whey [23]. Lactic whey is a valuable residue with a high 
nutrient content, including lactose and proteins, which 
microorganisms like microalgae can exploit as sources of 
carbon and nitrogen. Microalgae have been used to treat 
sewage water and it is possible to obtain value-added 

products using the effluents as a growth medium [24]. 
Microalgae Chlorella pyrenoidosa, Anabaena ambigua 
and Scenedesmus abundans were cultivated in dairy 
wastewater in a proportion 3:1. All of the strains effec-
tively reduced BOD (biochemical oxygen demand) and 
COD (chemical oxygen demand) and enhanced lipid 
production [25]. Scenedesmus sp. was grown in wastewa-
ter from cheese processing, and a high lipid production 
and high assimilation of nitrogen and phosphorus were 
achieved [26]. However, few studies have been conducted 
using the lactic whey residue as a carbon source in micro-
algae cultivation and for EPS production. Other studies 
have reported that N. oleoabundans can grow using lac-
tose [27, 28] (the main sugar in lactic whey), however, in 
the present study, whole lactic whey was utilized instead. 
A higher biomass production of N. oleoabundans in the 
autotrophic mode was reported compared to the mixo-
trophic, using lactose and glucose as a carbon source 
supplementing the autotrophic culture with air enriched 
with 5% CO2 (v/v) [29].

Cultures on 12:12 photoperiod required longer time 
for adaptation, with a significant lag phase compared 
to the culture exposed to continuous lighting, which 
was expected given the autotrophic activity of N. oleo-
abundans. Additionally, on the eighth day, L24 and C24 
entered the stationary phase; in contrast, W24 exhibited 
lower growth. The results showed that lactose increased 
growth significantly compared with the control culture, 
and the lactic whey (Fig. 1) growth was higher with con-
tinuous light. Growth reduction in N. oleoabundans when 
utilizing lactic whey could be due to diverse factors; such 
as low pH, high salt content and turbidity in the medium; 
however, we were unable to determine which factor 
caused the decrease in growth. Garcia et al. (2000), found 
that Chlorella showed a reduction in cell numbers and 
photosynthetic efficiency when cultivated using cheese 
whey from ricotta effluent caused by high salt concentra-
tion [30]. The ability of N. oleoabundans to grow in dif-
ferent residual effluents has been reported previously in 
chicken manure [31], swine wastewater [32], and general 
municipal waste [33]. N. oleoabundans has shown supe-
rior efficacy in growing in mixotrophic and heterotrophic 

Fig. 7  Dosage effects in the percentage of flocculation assays. Each 
bar represents mean ± SD, each letter means a significant difference 
(post hoc Tukey, P < 0.05) n = 6

Table 3  Bacterial growth inhibition diameter (cm) caused by varying EPS concentrations

The number represents inhibition diameter (cm, mean ± SD), each letter represents significant differences (post hoc Tukey, P < 0.05) n = 6
a , b, c, dLetters are representing significant differences too. Only that in this case the analysis was made between all the treatments and comparing among them

EPS concentration

Strains Ampicillin 10 mg/mL 20 mg/mL 30 mg/mL

Klebsiella pneumoniae ATCC 13884 0.5 ± 0.06a 0b 0b 0b

Pseudomonas aeruginosa ATCC 10145 0.23 ± 0.06a 0b 0b 0b

Staphylococcus aureus ATCC 6538 1.53 ± 0.06a 0.47 ± 0.06b 0.31 ± 0.03b 0.37 ± 0.06b

Nocardia brasiliensis ATCC 19296 0.93 ± 0.08 a 0 d 0.46 ± 0.05c 0.65 ± 0.05d
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conditions, a characteristic that contributes notably to 
its value [12]. In the present study, we report the growth 
capacity of N. oleoabundans in lactic whey diluted 35% 
(V/V), despite the high content of organic matter and 
acidic pH (Table  1). The majority of research demon-
strated the need to dilute the lactic whey residue to be 
examined, with dilutions ranging from 1 to 20%; we 
employed a higher dilution of 35% (V/V) [34–36]. Until 
previously, only Desmodesmus sp. had been reported to 
grow in pure whey under conditions comparable to the 
residue used in the present study [37]. Although the 
growth of N. oleoabundans decreased in lactic whey, 
the EPS production increased compared to the lactose 
culture and the control under continuous light (Figs, 3 
and 4). EPS are polymers released by microorganisms to 
cope with harsh environment; such as in our study where 
lactic whey has a low pH, high conductivity due to salt 

content, and turbidity in the media, all of which function 
as stressors for the microalgae.

Previous research has demonstrated light influence and 
nutrients as the most likely factors affecting EPS produc-
tion [38]. The concentration of nutrients affects photo-
synthetic activity, which in turn affects how much EPS is 
produced by carbon fixation and utilization [39]. Glyco-
syltransferases are mainly photosynthetic enzymes that 
produce microalgal polysaccharides [11]. Thus, lighting 
is an important factor involved in EPS production. The 
lighting regime and a high salinity concentration (lactic 
whey is a significant source of salts) are two methods 
used to improve EPS synthesis [40].

Salt stress and mixotrophic culture conditions 
increased EPS production in Nostoc flagelliforme [41], 
however, EPS production is accompanied by a decrease 
in growth [42]. It is widespread knowledge that abiotic 

Fig. 8  Antimicrobial effects of EPS on bacterial strains. Bacterial strains Gram negative tested in antimicrobial assays were: a K. pneumoniae ATCC 
13884 and b Pseudomonas aeruginosa ATCC 10145. While bacterial strains Gram positive were c) S. aureus ATCC 6538 and d) N. brasiliensis ATCC 
19296. As positive control was used ampicillin, as negative control (CTRL) was used water and EPS extracted were tested at 10, 20 and 30 mg/mL
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stress has an impact on microalgae’s ability to produce 
biomass and affects cell growth [43]. We found that 
introducing lactic whey as a carbon source inhibited 
growth and may also be linked to stress caused by high 
salt concentration. EPS production was only stimulated 
under continuous light. It is important to note that the 
production of EPS in W24 was detected on the same day 
that N. oleoabundans began to grow, suggesting a role of 
EPS in the protection against possible stress factors from 
the whey, such as the high load of organic matter, the pH, 
that was slightly lower than the control and the high con-
tent of salts [44]. EPS could have diverse functions; as a 
protective barrier, absorption of organic and inorganic 
compounds, and binding enzymes [29]. The data suggest 
that N. oleoabundans W24 produces EPS in response to 
continuous lighting and higher temperatures and that 
these EPS likely decrease the toxicity of inorganic chemi-
cals in the effluent [8, 20]. EPS contain a great diversity 
of functional groups, such as sulfates, which can bind 
different exogenous organic and inorganic compounds, 
and reduce their toxicity against microalgae [8]. This 
hypothesis is better explained when comparing EPS pro-
duction with the L24 culture; although lactose promotes 
EPS production, other whey compounds further increase 
EPS production. Regarding the temperature, a higher 

temperature in W24 in comparison to W12, increased 
the photosynthetic activity [45] and the acquisition of 
nutrients [8]. This facilitates the accumulation of intracel-
lular organic carbon that is subsequently secreted as EPS.

A limited number of research have been conducted 
to investigate EPS synthesis by microalgae in residual 
wastewater. The maximum EPS production by Chlo-
rella sp. and Micractinium sp., grown in different efflu-
ents, was only 57.8 mg/L and 59 mg/L, respectively, on 
day 15 [16]. In the present study, we report almost 6 
times more production on day 10. This significant dif-
ference is most likely due to the medium used in this 
study which contains almost 100 times more organic 
carbon. Previous studies reported that increased 
organic substrate content in residual effluent increased 
EPS production [17].

The EPS production was higher than in previous stud-
ies where wastewater was used as a carbon source [18] 
and even higher than C. vulgaris and C. zofingiensis 
grown using glucose [19]. Although the EPS produc-
tion using whey was lower than that reported in previ-
ous studies where N. oleoabundans was cultivated using 
pure sugars [27, 28], utilizing a residue as a carbon source 
may reduce cultivation costs and result in the production 
of value-added metabolites (such as EPS), which would 
have a beneficial environmental impact. Studies of light-
ing effects on EPS generation have focused on produc-
tion, not composition [46]. Using the same medium, this 
microalgae has been demonstrated to create EPS (> 95% 
carbs) through autotrophic processes under lighting 
conditions five times stronger than those utilized in this 
work [31]. These reports indicate that lighting intensity 
significantly affects the EPS composition. In that aspect, 
similar results were obtained when the available organic 
substrate (lactic whey) was directed to synthesize non-
nitrogenous polysaccharides [47].

To our knowledge, this is the first study to compare 
the EPS composition of N. oleoabundans using differ-
ent carbon sources. Microalgae can modulate the EPS 
biosynthesis machinery to adapt to environmental con-
ditions and manipulate the chemical EPS composition 
according to the functions required by the organism 
[8]. Photosynthetic activity is a key factor affecting EPS 
synthesis processes [46]. The effect of the carbon source 
becomes evident in cultures with continuous lighting as 
observed in L24 and W24 which show different peaks 
in the finger-print zone. This suggests differences in the 
type of carbohydrates in EPS. The peak at 1075 cm-1 of 
the EPS obtained from W24 has been related to the pres-
ence of galactans in polysaccharides [48]. Galactose in 
EPS appears to function as a carbon source in Botryococ-
cus braunii in order to keep the organism in a stationary 
state [49]. Polymers obtained from green microalga are 

Fig. 9  Biomass characterization by N. oleoabundans with two 
photoperiods: 12:12 using lactose (L12), lactic whey (W12) 
and control (C12) and continuous lighting using lactose (L24), lactic 
whey (W24) and control (C24). a Lipid production and b polyphenol 
content. Bars represents (mean ± SD, P < 0.05) n = 6
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characterized to have galactose as the main monomers 
[9]. It is important to mention that in a previous study, 
EPS production by N. oleoabundans was not detected 
using lactose as a carbon source; however, their mixo-
trophic cultures were aerated using a 5% CO2 enriched 
stream [27].

It has been found that there is a correlation between 
nitrogen sources and their concentrations and EPS gen-
eration. In the presence of nitrogen, there is a major pho-
tosynthesis rate which generates biomass and synthesis 
of storage compounds, like lipids and decreases EPS [49].

As mentioned above, culture conditions can induce 
EPS production. Furthermore, it has been reported that 
monomer composition can change according to the 
culture conditions [50]. However, we did not find dras-
tic changes in EPS composition where lactose or lactic 
whey were used as a carbon source. The main monomers 
in EPS for both conditions were galactose, glucose and 
fructose. Levulinic acid has been found to be generated 
through the acid-catalyzed dehydration of C6-sugars 
[51]. Therefore, it is plausible that this molecule origi-
nated during extraction and purification. EPS produced 
by the red microalga Porphyridium sp. is composed 
mainly of D-xylose, D- and L-galactose and D-glucose 
[52]. While EPS from Navicula sp. presented glucose and 
galactose as main monomers [53]. As a result, glucose 
makes up a larger percentage of the EPS generated by N. 
oleoabundans in the present study [28].

SEM analysis found that EPS showed a homogenous 
matrix which is an indicator of structural integrity and is 
an important property when they are used to make films 
[54]. Microalgal EPS can be used as polymeric industrial 
material due to their advantages of being eco-friendly, 
non-toxic and biodegradable [55]. Microalgal EPS has 
an enormous potential to be used as bioflocculant due 
to its ability to create a viscous coating around cells 
[56]. Microalgal EPS derived from Chlorella sp. BWY-1, 
Haematococcus pluvialis, and Dictyosphaerium ehren-
bergianum showed high flocculation activity with 67.8, 
50.9, and 43.2%, respectively [57]. Additionally, we found 
almost 60% using 25 mg/L at 2 h. Microalgal EPS have the 
potential to be used as sustainable bioflocculants for bio-
mass separation [58]. EPS are able to establish different 
bonds, such as London dispersion forces, electrostatic 
interactions and hydrogen bonding which make them 
candidates for water treatments [59]. Environmental 
contamination is increasing in recent years due to waste-
water treatment using synthetic polymers and toxic salts 
[60]. Therefore, EPS from N. oleoabundans presents the 
potential to be studied in wastewater treatment. Several 
studies demonstrated that EPS had shown unusual anti-
microbial activities against a wide spectrum of microor-
ganisms (from viruses to bacteria) [61–64]. Functional 

groups in the EPS, such as phosphate, hydroxyl, and car-
bonyl, have been proposed to be crucial for antibacterial 
activity [65]. EPS produced by the microalga Grasiella sp. 
Showed antibacterial properties against Vibrio anguil-
larum and Listonella anguillarum [66], while EPS from 
the red microalga Porphyridium inhibited growth against 
E. coli and B. subtilis at low concentration of 0.1% w/v 
[67]. Contrary to EPS from cyanobacterium Arthrospira 
platensis and microalga Porphyridium purpureum which 
showed antiviral activity against ectromelia virus [68]. 
The microalgal extracellular polymers (EPS) used in this 
study are heteropolymers made up of various mono-
mers that are capable of generating distinct activities. S. 
aureus and N. brasiliensis, two strains of Gram-positive 
bacteria, were resistant to the antibacterial action of EPS, 
but not strains of Gram-negative bacteria. N. brasilien-
sis is a significant skin pathogen given that it can infect 
wounds, particularly in people with diabetes [69]. The 
pharmaceutical and cosmetics industries stand to benefit 
greatly from the antibacterial action of N. oleoabundans’ 
EPS. EPS from N. oleoabundans can be obtained under 
the biorefinery concept, using biomass to acquire other 
biomolecules. The biomass is separated, and the EPS 
are recovered from the supernatant. While lipids and 
polyphenols are obtained from biomass, in this way all 
waste is used. Even though the microalgae produce fewer 
lipids and polyphenols using whey as a carbon source, 
the microalgae still produce them. It will be necessary 
to characterize the lipids and polyphenols obtained to 
search for a possible application. Subsequent studies will 
focus on searching for applications for biomass to evalu-
ate biorefinery concept using lactic whey as a carbon 
source in microalgae.

Conclusion
The microalga Neochloris oleoabundans demonstrated 
the ability to produce extracellular polymeric sub-
stances (EPS) utilizing lactic whey, a significant industrial 
byproduct with potential environmental implications, 
under continuous illumination conditions. The synthe-
sized EPS exhibited notable flocculation efficacy, indi-
cating its potential application in cell harvesting and 
wastewater treatment processes. Additionally, the EPS 
displayed antimicrobial properties, suggesting possible 
utilization in cosmetic and pharmaceutical formulations. 
Further investigation into the EPS’s antioxidant capacity 
and anti-aging potential may reveal additional applica-
tions in food, cosmetic, and pharmaceutical industries. 
Concurrently, N. oleoabundans demonstrated the capa-
bility to produce lipids and polyphenols using lactic whey 
as a carbon source. To fully realize the economic viability 
of lactic whey utilization as a substrate for microalgal cul-
tivation, comprehensive biomass characterization studies 
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are warranted. Such investigations may elucidate addi-
tional valuable metabolites and optimize production con-
ditions, thereby enhancing the overall process efficiency 
and commercial feasibility.

Materials and methods
Biological material
N. oleoabundans strain (UTEX 1185) was obtained from 
the UTEX algae collection at the University of Texas in 
Austin. The strain was kept at room temperature and nat-
ural lighting in a 500 mL flask with MBB medium com-
posed of (g/L): K2HPO4 0.75; KH2PO4 1.75; NaNO3 2.5; 
NaCl 0.25; MgSO4 ·7H2O 0.75; H3BO3 0.1142; EDTA 0.5; 
KOH 0.31; MnCl2·4H2O 0.0144; NaMnO4·2H2O 0.0119; 
CoCl·6H2O 0.004; ZnSO4·7H2O 0.0882; CuSO4·5H2O 
0.0157; FeSO4·7H2O 0.0498; H2SO4 0.00183; CaCl2·2H2O 
0.25; the medium was aerated with a filtered air stream 
(0.22 µm).

Lactic whey was sourced from a local cheese manufac-
turer in San Francisco del Rincon, Guanajuato, Mexico. 
To mitigate microbial interference, the whey underwent 
pasteurization. This thermal treatment involved heat-
ing the whey to 80 °C for 15 min, followed by immediate 
refrigeration. Prior to refrigeration, the whey was allowed 
to cool in a temperature-controlled chamber for 30 min 
to facilitate temperature reduction.

Characterization of whey
The physicochemical characterization of the fresh and 
treated whey was conducted using standard analyti-
cal methods. Reducing sugars were quantified using the 
Miller method [70], while protein content was deter-
mined via the Bradford assay [71]. Total lipids were 
assessed following the Mexican norm NOM-AA-5-198O. 
Total solids and ash content were measured accord-
ing to the Mexican norm NMX-AA-034-SCFI-2015 and 
by heating samples at 550–600  °C for 2  h, respectively. 
Conductivity was measured using a HACH® Sension156 
multimeter, and pH was determined with a HANNA® HI 
2030–01 potentiometer.

Mixotrophic culture conditions
Cultures were developed in 500-mL Scotch flasks with 
adapted lids; an inlet for aeration of filtered compressed 
atmospheric air (0.22  μm) and an outlet covered with a 
filter to release pressure. As control©, cultures were put 
only with MBB medium. Lactose treatment was a culture 
supplemented with 10 g/L of lactose (L) (Meyer®). Treat-
ment with lactic whey was a culture with 35% (V/V) of 
whey (W).

Cultures were subjected to two conditions: A) con-
tinuous lighting with lactose and 28 ± 1  °C (L24), lactic 

whey (W24) and control (C24). B) photoperiod 12:12 and 
28 ± 1 °C with lactose (L12), lactic whey (WL2) and con-
trol (CL12). To simulate environmental conditions, two 
Volteck® model LED-60FX4 fluorescent lamps were used 
for illumination with a total intensity of 101.25 µmol/m2; 
the initial pH of the cultures was 6.6, except for those 
containing whey, which was 6.0. The cultures were manu-
ally shaken every day until homogeneity and were aerated 
as described in 4.1.

Culture monitoring
Cell density was quantified spectrophotometrically by 
measuring the optical density at 750 nm (OD750). A pre-
established calibration curve was used to convert OD750 
values to cell concentration. When necessary, samples 
were diluted to ensure measurements fell within the lin-
ear range of the spectrophotometer. To avoid the interfer-
ence generated by the turbidity of the culture with whey, 
the cells were counted directly in the Neubauer cham-
ber. Due to the viscosity, the sample was centrifuged at 
10,000RCF using a Hermle model Z383-K centrifuge to 
separate the biomass. The supernatant was recovered and 
its viscosity was measured using a Cannon Fenske model 
CFRC-100 viscometer. 8 mL of sample were placed and 
the viscometer was kept in a water bath at 24 °C.

Extraction and quantification of EPS
A kinetic of EPS production was conducted over a 10-day 
period. EPS was extracted daily from cultures C, W, and 
L maintained under continuous illumination until day 10 
of the experiment. We selected continuous lighting due 
to the viscosity analysis showing perceptible changes 
only on this condition. To recover the EPS the next 
methodology was followed: the medium was recovered, 
it was heated to approximately 80  °C for 20  min. After, 
the medium was centrifuged at 10,000 rpm for 30 min to 
remove algal cells. The supernatant was recovered, and 
96° ethanol was added to a final volume of 30% ethanol, 
the mixture was homogenized, kept at 4 °C for 24 h and 
centrifuged at 10,000 RCF for 15  min. The supernatant 
was retrieved in a previously cooled beaker and 2 vol-
umes of 96° ethanol were added, homogenized, and kept 
at 4 °C for 24 h and centrifuged at 10,000 rpm for 15 min. 
The supernatant was discarded, and the pellet was 
washed 2 times with 80% (v/v) ethanol. The pellet was 
resuspended in distilled water and dialyzed in deionized 
water with a membrane with a molecular weight cutoff of 
1 kDa for 6 days at 4 °C with two changes of water. For the 
quantification, a sample of the dialysate was taken, and 
the proteins were quantified by the method described in 
4.1 and the total carbohydrates by the modified Dubois 
method [72]. Subsequently, 50  μL of phenol 80% (v/v) 
and 2 mL of H2SO4 were added to 100μL of sample, after 
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10  min of incubation at room temperature conditions 
and protected from the light, absorbance at 490 nm was 
determined using UV–Vis Evolution™ 300 Spectropho-
tometer (Thermo Scientific™). The quantity of EPS pro-
duced was calculated by subtracting the amount of the 
EPS dosage of the same medium not inoculated with the 
strain. Also, a control without N. oleoabundans was car-
ried out and the medium interference was determined. 
The experiments were performed sixfold, with data 
obtained expressed as mean value ± standard deviation.

EPS characterization
Carbohydrate and protein content
Since proteins and carbohydrates are the main compo-
nent of EPS, they were used to evaluate changes in EPS, 
comparable to previous studies [73, 74].

Fourier transform infrared spectroscopy
The dialysate was lyophilized for 24  h using the 2.5-L 
FreeZone equipment at -50  °C from the LABCONCO 
brand. To increase the purity of the sample, two washes 
were made with each of the following solvents: 80% eth-
anol with 0.1% formic acid, (under these conditions the 
solubility of the contaminating proteins increases) abso-
lute ethanol, acetone and ether (1:1:1). The remaining 
solvent was evaporated and the mass obtained was ana-
lyzed using the Thermo Scientific™ Nicolet iS10 FT-IR 
Spectrometer in the region of 400 cm−1-4000 cm−1 with 
a resolution of 4 cm-1.

Gas chromatography with electron impact mass 
spectrometry (GC–EIMS)
To determine the monomeric composition of the EPS, 
10 mg were resuspended in 200 μL of 4 M HCl, the mix-
ture was incubated at 99  °C for 2  h, allowed to cool at 
room temperature and neutralized with a volume of 4 M 
NaOH, if necessary. pH was further adjusted to 7 using 
a solution of 1 M NaOH and 1 M HCl. The mixture was 
filtered (0.22  µ), frozen and lyophilized for 24  h. The 
obtained powder was stored at −40 °C until its derivati-
zation. The salts formed during the neutralization were 
removed during the derivatization [75].

For derivatization, 20  μL of pyridine and 80  μL of N, 
O-bistrifluoroacetamide (BSTFA) with 1% Trimethyl-
chlorosilane Chloride (TMCS) were added to the pow-
der. The mixture was left to react for 30  min at 80  °C 
and 101RFC. It was then allowed to cool at room tem-
perature. Subsequently, 100 μL of isooctane were added 
for a final volume of 200 μL and analyzed by GC–EIMS. 
The GC–EIMS equipment consists of a model 7890A gas 
chromatograph coupled to a model 5973 electron impact 
ionization mass detector (EIMS) (Agilent Technologies, 
Inc., USA). A model 7693A autosampler and model 7683 

autosampler (Agilent Technologies, Inc., USA) were also 
used. The sample (1μL) was injected in non-partition 
mode. The injection chamber temperature was 250  °C. 
A constant flow of helium (1 mL/min) was used as car-
rier gas. The GC oven started at 150  °C for 3 min, then 
the temperature increased at a rate of 4 °C/min to 280 °C, 
where it was maintained for 25  min. The transfer line 
to the MS had a temperature of 250  °C, the ionization 
source of 230 °C and the quadrupole of 150 °C. Measure-
ments were carried out in SCAN mode with a mass range 
of 50–550 m/z and at 2.9 scan/s. Spectra were obtained 
at 70 eV. MassHunter Workstation Software was used for 
data collection and AMDIS software for determination of 
retention time and mass spectrum.

Morphology of exopolysaccharides
Morphology analysis was carried out with a TOPCON 
SM-510 scanning electron microscope (SEM). Images 
were acquired at an accelerating voltage of 15 kV and a 
working distance of 15 mm. The samples were previously 
coated with Au–Pd. All samples were fractured at liquid 
nitrogen temperature.

Evaluation of flocculation
After 7 days of cultivation, N. oleoabundans cultures 
were harvested and centrifuged at 2800RFC for 10 min. 
Pellets were washed with distilled water, and cells were 
resuspended and measured OD750 to 0.9. To evaluate the 
flocculation efficiency, varying concentrations of EPS (10, 
25, 50, and 100 mg/mL) were evaluated, with water serv-
ing as a control. These solutions were added to cell sus-
pensions, which were then agitated. The optical density 
at 690 nm (OD690) was measured by sampling 200 μL of 
cell suspension from a depth of 4 cm below the surface 
(designated as A) immediately after mixing. Following a 
30-min settling period, another 200 μL sample was taken 
from the same depth to measure OD690 (designated as B). 
The flocculation efficiency (F) was calculated using the 
following equation:

Three biological replicas were completed twice.

Antimicrobial activity assays
To determine the antimicrobial activity of N. oleoabun-
dans exopolysaccharide, a disc antibiogram assay was 
performed for the bacterial strains Gram-negative K. 
pneumoniae ATCC 13884 and P. aeruginosa ATCC 
10145 and the bacterial strain Gram-positive S. aureus 
ATCC 6538 and N. brasiliensis ATCC 19296. All strains 
were grown until an exponential phase in liquid nutri-
ent medium based on growth curves performed for 

F =

(1− B)

A
x 100%.
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each microorganism. Petri dishes containing nutrient 
agar were inoculated with 200  μl from dilution 1:10 of 
liquid medium samples. Filter paper discs were impreg-
nated with 10  mg/mL, 20  mg/mL and 30  mg/mL con-
centrations of EPS. Following this, discs were deposited 
on the surface of the previously inoculated plates. The 
plates were incubated at 28  °C overnight and the radius 
of growth inhibition was determined. Ampicillin 10 mg/
mL was used as a positive control and sterile water was 
used as a negative control. The experiment was replicated 
three times.

Biomass characterization
The recovered biomass was analyzed for lipid and poly-
phenol content.

Lipid determination
A sample of 30  mL was centrifuged (Optima L-90  K 
ultracentrifuge: Beckman, Coulter, Fullerton, CA, USA) 
at 10,000 rpm for 15 min at 4 °C and the supernatant was 
discarded. The total lipids from the pellets were extracted 
by mixing 2 mL of chloroform, 1 mL of dichloromethane 
and 0.05% of food antioxidant butylated hydroxytoluene 
(BHT). Samples were mixed and incubated at 4  °C for 
12 h. After this time, samples were newly centrifuged at 
10,000RFC for 15  min at 4  °C and washed twice, mix-
ing 4  mL of dichloromethane–methanol (1:1 v/v). The 
supernatants were collected and processed as previously 
mentioned. In a separatory funnel, the samples were col-
located, shaken for 5 min and separated. The solvent was 
evaporated using a rotary evaporator and dry weight 
of the residue was determined. The pellet is saved and 
stored at −20 °C to perform hydrolysis for further deter-
minations. The lipid content of the sample is calculated 
as follows and reported as gr of lipids per liter of culture:

Polyphenol content
Polyphenols were extracted from 2  mL of culture. Cul-
ture samples were centrifuged (Hermle Z 383 centri-
fuge, Labortechnik, Wehingen, Germany) at 10,000 RFC 
for 15  min at 4  °C and the supernatant was discarded. 
Polyphenols were extracted with 2  mL of solvent (70% 
methanol) incubated for 12  h at room temperature in a 
rotatory shaker (250 rpm). After this time, samples were 
centrifuged at 10,000 RFC for 5  min and supernatants 
were separated in a new 1.5 mL tube and evaporated to 
dryness in a rotary vacuum evaporator (Büchi Rotavapor 
R-114 and Büchi Vacobox B-171; Flawil, Switzerland). 

Total lipid =

Weight sample vial − weight empty vial

Volume sample
.

The polyphenol quantification was performed by the 
Folin–Ciocalteu method in a microplate format [76]. 
Samples absorbance were measured at 760 nm in a spec-
trophotometer (Benchmark plus microplate reader, Bio-
rad, Hercules, CA).
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