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a b s t r a c t
Our present study evaluated the potential of algae-mediated antibiotic treatment drove by three 
nutritional patterns. The relevant lowest removal efficiency of the antibiotic cefradine occurred 
under the heterotrophic pattern (75.95%–82.35%) and more excellent performance occurred when 
droved by the mixotrophic pattern (close to 100%). Our results showed out that a process-dependent 
removal capacity in three steps and the highest removal efficiency was obtained in the second 
period (24–48 h). Additionally, the effect of N and P was NaAc-dependent. The relatively higher 
removal rate was obtained when a low concentration of N and P was involved, while a higher con-
centration of N and P drove higher removal efficiency when NaAc was involved. Additionally, algal 
photosynthetic pigments and activity of four kinds of enzymes have also been considered. Our result 
indicated that the enhanced algal photosynthesis drove the removal efficiency up. Finally, PO4–P was 
mainly consumed completely during the treatment, regardless of the concentration of P. However, 
the consumption level of NO3–N and NaAc were relatively lower than that of P. Our study indicated 
that the removal efficiency of the algal treatment could be exploited enough which drove by the 
mixotrophic pattern.

Keywords:  Antibiotic; Algae-mediated removal; Nutritional pattern-driven; Period-specific respond; 
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1. Introduction

Due to the considerable eco-toxic impact and associated 
health issues, emerging contaminant has become an emerg-
ing environmental concern. These synthetic chemicals can 
be transported through the atmosphere and water and, in 
many cases, find their way into sediment and soil, and can 
also accumulate in different trophic level organisms includ-
ing human beings through biomagnification in food chains. 
Antibiotics, as a widely consumed emerging contaminant, 
have been used for the treatment and prevention of bacterial 

infection. However, significant fractions of each human and 
livestock dose (up to 80%–90%) remain unmetabolized and 
are released through the excreta [1]. Conventional activat-
ed-sludge processes in current wastewater treatment plants 
(WWTPs) are not designed for the efficient removal of anti-
biotics. The presence of antibiotics in WWTP effluents is 
alarming as a selective pressure and is known to stimulate 
antibiotic resistance in microbial organisms [2].

Although several chemical and physical technolo-
gies are used for wastewater treatment in many countries, 
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while, large energy and carbon footprint are leading many 
to explore more sustainable alternatives [3,4]. Microalgae’s 
basic cultivation requirements are light, carbon source, mac-
ronutrients such as N and P. N is involved in amino acids, 
proteins, and chlorophyll production, while P is used for 
energy transfer, photosynthesis, and nucleic acids formation 
[5]. Wastewater usually contains organic carbon, nitrogen, 
phosphorus, and other compounds, making it suitable for 
the cultivation of algae. Thus, the algae-mediated removal 
process may be promising in developing advanced and 
practical technologies for wastewater treatment shortly [6]. 
Especially, unlike bacteria, eukaryotes are not the target of 
antibiotics. microalgae-mediated antibiotics treatment has 
been of growing scientific interest. Previous research has 
indicated that algae still showed satisfactory growth ability 
even exposed to the high concentration of antibiotic waste-
water [7]. Compared to other antibiotic treatment materi-
als, algae have abundant biomass [8] and the capability to 
remove contaminants, such as nutrient, organic contami-
nant, heavy metal, and pathogen from domestic wastewater 
[9]. Furthermore, the used microalgae can be furnished as a 
raw material for the production of high-value biofuels and 
biochemical products, which avoid secondary pollution at 
the same time [10]. Based on these advantages, algae could, 
therefore, be considered as an excellent treatment material to 
remove antibiotics.

The capability of bacteria and fungi cannot overcome 
some of the major limitations that require carbon and other 
nutrients in stoichiometric balance for growth and degrada-
tion of contaminants. Thus, the traditional biological treat-
ment system has a high capacity for contamination load, 
while it is less able to adapt to the varied wastewater quality. 
Microalgae is mainly through the photosynthesis process 
which uses solar energy to fix atmospheric CO2. It could 
also use organic molecules as primary energy and carbon 
source through heterotrophic nutritional mode. Therefore, 
microalgae can switch their metabolism between autotro-
phic and heterotrophic depending on the availability of car-
bon sources and nutrients, and perform great flexibility and 
adaptation to survive and thrive in wastewater with varying 
nutritional conditions. A current review article has summa-
rized the capacity of different microalgae species to remove 
and uptake of antibiotics [11]. The contribution in the previ-
ous study indicated that algae played a dominant role in the 
removal of the target antibiotics, which compared with the 
photodegradation and hydrolysis of the antibiotic. The living 
algae had a better removal capacity, which is about double of 
that of the dead alga, which indicated that the factors, which 
are relevant to the algal growth and physiology, could also 
influence the algal removal performance. Although some 
studies showed that biochemical factors of considerable rel-
evance to the growth of algae, like light, organic carbon, and 
inorganic nutrients (e.g., N and P) [12,13], however, the algae 
in most previous studies, were usually in a given and spe-
cific nutritional condition. Whether and how the microalgae 
tolerate and adapt different nutritional conditions have been 
still unclear. Due to the impact of antibiotics, the removal 
efficiency of biological treatment, especially the activated 
sludge process, is still unsatisfactory. Usually, it is an effi-
cient path to enhance removal efficiency by adjusting nutri-
tive proportion for the antibiotic wastewater. Thus, when 
the algae-mediated treatment is viewed as an alternative 

technology, the removal efficiency of the treatment system 
under different nutritional patterns could be considered.

Therefore, the present study aimed to evaluate the 
potential of an algae-mediated antibiotic removal process 
as a cleaner treatment under three nutritional patterns. 
Chlorella pyrenoidosa, a green algae species, was employed. 
We selected cefradine as the target antibiotic. The com-
pound belongs to the class of β-lactam antibiotics, account 
for 50%–70% of total antibiotics consumption in the world 
[14], and, as a widely used cephalosporin, the production 
output of cefradine increases yearly because of the expand-
ing market demand [15]. The removal rate of the target 
antibiotic, the algal growth rate, photosynthetic pigments, 
four kinds key enzymes of carbon metabolism and the con-
sumption of N, P, and NaAc have been considered to test 
the following hypothesis: (1) the removal efficiency could 
be exploited enough by an optimum nutritional pattern, (2) 
the response in algal growth rate, photosynthetic pigments, 
and activity of four kinds enzymes was period-specific 
under the nutritional pattern-driving force, and (3) syner-
gic removal of C, N, and P accompanied with the antibiotic 
removal process.

2. Material and methods

2.1. Chemical and analytical method

The antibiotic cefradine (>98% purity) used in the pres-
ent study was purchased from Yabang Investment Holding 
Group Co. Ltd., Changzhou, China. The concentration of 
antibiotics was determined by high-performance liquid chro-
matography (HPLC) equipped with an Inertsil ODS column 
Agilent Technologies Co. Ltd., China, (4.6 mm × 150 mm, 
5 μm), and the working curve was y = 0.0000957x–0.230 
(0.24–60.6 mg/L, R2 = 0.9997). The mobile phase was a mix-
ture of water, acetonitrile, 3.86% sodium acetate and 4% 
glacial acetic acid (1,364:600:30:6). The injection volume of 
the samples was 10 μL. The flow rate was 1 mL/min and all 
detections were performed by a UV detector at the wave-
length of 254 nm under 25°C ± 1°C. At the same time, the 
HPLC method was also developed for the determination of 
NaAc using water (pH 2.15)-methanol (95:5) as the mobile 
phase with 0.5 mL/min of flow rate at 30°C ± 1°C, and the 
detection was implemented at the wavelength of 210 nm 
[16]. In addition, sodium acetate and cefradine reference 
substances were precisely weighed and dissolved in the 
mobile phase to prepare a reference substance solution, 
which was determined by the same method. Quantifi cation 
was performed by external standards, which based on peak 
areas. As a pre-treatment, samples were extracted with 
disposable filters (NAVIGATOR, MCE, 0.22 μm).

The UV spectrophotometry for determination of nitrate 
and phosphate content. Nitrate was measured at 220 nm 
and took reading at a wavelength of 275 nm to remove 
the influence of dissolved organic matter. The phospho-
rus concentration in samples after the cells had previously 
been separated by centrifugation was determined with 
ascorbic [17].

2.2. Experimental design

C. pyrenoidosa, freshwater alga species which was pur-
chased from the Institute of Hydrobiology of the Chinese 
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Academy of Sciences. All algae were cultured at intelligence 
incubator on the photoperiod 12:12 (L:D) under 4,000 lux illu-
mination at 25°C ± 1°C. The experiment was performed in 
two parts. The green algae C. pyrenoidosa in the logarithmic 
growth phase were centrifuged and resuspended with the 
target antibiotic. The initial algal density and the concentra-
tion of the target antibiotic were set at 10 × 106 cells/mL and 
50 mg/L, respectively. The target antibiotic, cefradine was 
treated by the green algae under three different nutritional 
patterns (represented autotrophic, heterotrophic and mixo-
trophic pattern, respectively, shown in Table 1). The concen-
tration of residual antibiotics was determined using HPLC 
during the treatment process (0, 1, 3, 6, 12, 24, 48, and 72 h, 
respectively). The part is to evaluate the algal removal effi-
ciency under the three nutritional patterns. Additionally, we 
also considered assessing the specific response of the green 
algae which was driven by these nutritional patterns. Algal 
growth capacity and the concentrations of the target antibi-
otic were determined at 0, 1, 3, 6, 12, 24, 48, and 72 h, respec-
tively. Meanwhile, the samples were withdrawn at 0, 24, 48 
and 72 h to evaluate the consumption of NaAc, NO3–N, and 
PO4–P during the removal process.

Suspension samples of the algae were centrifuged at 
4,000 rpm for 10 min, discarded the supernatant. The algal 
cells in static state were extracted by 95% methanol sur-
rounded by a 60°C water bath for 5 min. The absorbance 
of extracted supernatant was measured at 470, 645 and 
665 nm using a UV/vis spectrophotometer, and the contents 
of chlorophyll-a, chlorophyll-b and carotenoid in the algal 
cell were calculated. The activity of these key enzymes was 
measured by assay kit including ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO), Carbonic anhydrase 
(CA), pyruvate kinase (PK) and hexokinase kinase (HK).

2.3. Statistical analyses

All the data analysis was carried out with Statistic 
Package for Social Science (SPSS) 19.0. The results were exam-
ined by analysis of variance (ANOVA) to identify significant 
differences (p < 0.05). Figures analysis was produced using 
Originlab 8.5.

3. Results and discussion

3.1. Removal rate of cefradine under three nutritional patterns

C. pyrenoidosa, green algae used in this study, is widely 
used as nutritional feed additives for humans and animals 
[18]. A previous study indicated that there was no tox-
icity on the test organism, which introduced by the anti-
biotic cefradine itself or the reaction products after the 
algal treatment [19]. Our previous results indicated that 
the green alga, C. pyrenoidosa, performed high tolerance to 
the impact of antibiotic cefradine and the algae had a sat-
isfactory growth capacity even if the concentration was at 
50 mg/L [20]. Thus, the aim of this part is to evaluate the 
removal efficiency of the target antibiotic cefradine by the 
green algae which were driven by three kinds of nutritional 
patterns (autotrophic, heterotrophic and mixotrophic pat-
tern, respectively). The residual rate of cefradine by the 
green algae under these nutritional patterns was presented 
in Fig. 1. In general, relevant lowest removal efficiency 
occurred when the algae were under the heterotrophic pat-
tern (Group A-1). 75.95% and 82.35% cefradine was resi-
due in Group H-4 and H-2, respectively. However, under 
the autotrophic pattern (Group A-1), only 10.39% antibiotic 
remained after a 72 h treatment, and cefradine was non-de-
tected after 72 h treatment when the algae were under these 
mixotrophic patterns (Group M-1 to M-4). It suggests that 
the microalgae could be tolerant against the low N and P 
level and also provide removal capacity of the antibiotic, 
while more excellent performance occurred when the algae 
were under the mixotrophic pattern. To exhibit the anti-
biotic degradation characteristics, linear equations were 
used to fit the degradation kinetics of the antibiotic by the 
green algae under these nutritional patterns (in Table 2). 
Our results showed that strong linear correlations were 
obtained, regardless of patterns (R2 > 0.94). In our study, 
the slope would reveal the removal rate of cefradine in a 
given period (h). The slope under the heterotrophic pattern 
was always lower than that under the autotrophic pattern, 
and more excellent performance occurred when the algae 
were under the mixotrophic pattern. This result provided 
our first hypothesis.

Table 1
Three nutritional patterns drove the algal removal process

Group Nutritional patterns

NaAc (mg/L) NaNO3 (mg/L) K2HPO4 (mg/L) Light Trophic pattern

H-1 – – – – Heterotrophic
H-2 – 250 50 – Heterotrophic
H-3 – 500 100 – Heterotrophic
H-4 500 250 50 – Heterotrophic
H-5 500 500 100 – Heterotrophic
A-1 – – – 12: 12 (L:D) Autotrophic
M-1 – 250 50 12: 12 (L:D) Mixotrophic
M-2 – 500 100 12: 12 (L:D) Mixotrophic
M-3 500 250 50 12: 12 (L:D) Mixotrophic
M-4 500 500 100 12: 12 (L:D) Mixotrophic

Initial algal density: 10 × 106 cells/mL.
Cefradine concentration: 50 mg/L.
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Performance was undesirable when the algae were 
under heterotrophic pattern. Although microalgae can switch 
their metabolism between autotrophic and heterotrophic, 
light is one of the important growth factors of the algae [12]. 
Improved capability of microalgae may be explained by 
enhanced photosynthesis. Light supply is one of the most 
important variables that influence the first step of photo-
synthesis and are also correlated with the sequent process. 
Thus, microalgae-mediated antibiotics treatment was highly 
dependent on the bio-activity of the algae. Our previous 
study also indicated that light intensity was related to the 
algal growth and finally influenced the removal efficiency 
[20]. Additionally, compared to that in Group A-1, Figs. 1b 
and c also showed that the superior ability to remove anti-
biotics occurred when the algae were under the mixotrop-
hic pattern (Group M-1 to M-4). Nutrition regulation is 
usually viewed as an important and widely used enhance-
ment method. Especially, exogenous organic carbon (EOC) 
has been applied to influence the metabolism of microor-
ganisms and therefore promotes the removal of difficult- 
decomposition organic contaminants [21,22]. A previous 
study indicated that nitrogen and carbon sources act as an 
electron donor in the pharmaceutical compounds removal 
process [23]. Our previous work also indicated that glucose 

and NaAc was consumed as EOC to improve the treatment 
efficiency of cefradine and amoxicillin, respectively [19]. 
Thus, in the present study, not only organic carbon but 
also nitrogen and phosphorus has been considered. Our 
experimental design in this part was to evaluate whether 
and how the nutritional pattern (different concentrations 
of C, N, and P) could drive the algal treatment efficiency 
improvement. Fig. 1c indicates that there was a significant 
difference among the four groups (Group M-1, M-2, M-3, 
and M-4) in the mixotrophic pattern (p < 0.05). Our result 
could reveal that the effect of nitrogen and phosphorus was 
EOC-dependent. On one hand, under the EOC-free pattern 
(Group M-1 and M-2), the statistical result showed that the 
removal rate of cefradine at the relatively high concentration 
of N and P (Group M-2) was significantly lower than that 
at low concentration (Group M-1). While when NaAc was 
involved, a higher concentration of N and P drove higher 
removal efficiency (Group M-4).

Additionally, although Table 3 indicates that resident 
antibiotic was not detected in any group under the mixotrop-
hic pattern (final removal rate was about 100%), statistical 
analysis showed that the removal rate of cefradine varied 
during the removal process. Compared with Fig. 1b (autotro-
phic pattern), the C/C0 value in Fig. 1c (mixotrophic pattern) 
declined rapidly in the second step (20–40 h), which with a 
relatively slow decrease in the first step (0–20 h) and the last 
one (40–70 h), respectively. Significantly accelerated removal 
efficiency only occurred at the given period, which suggests 
a process-dependent effect occurred when organic carbon, 
nitrogen, and phosphorus were involved.

Population growth curves for the green algae during the 
removal process are presented in Fig. 2a. Generally, the algae 
exhibited satisfactory growth capacity during every period 
of the entire removal process. In the first period (0–24 h), the 
rate of population increased for the green algae under the 
mixotrophic pattern was significantly higher than that under 
the autotrophic one (Group A-1, p < 0.05). Considering that 
light was always provided both in the autotrophic and mix-
otrophic pattern, better growth capacity was might attribute 
to organic carbon, nitrogen, and phosphorus. Especially, 
there was no significant difference between that in Group 
A-1, Group M-1 and Group M-2, which indicated that nitro-
gen and phosphorus could not influence the algal growth 

Table 2
Summary of the fitting results of cefradine degradation

Group Best fitting 
linear

Equation R2 Final removal 
rate (%)

H-1 Linear y = 0.23x + 0.69 0.9902 17.7
H-2 Linear y = 0.23x + 0.96 0.9791 17.6
H-3 Linear y = 0.24x + 0.65 0.9958 18.2
H-4 Linear y = 0.32x–0.02 0.9913 24.1
H-5 Linear y = 0.28x + 1.03 0.9832 22.2
A-1 Linear y = 1.32x–1.97 0.98365 89.6
M-1 Linear y = 1.53x–5.10 0.96142 100
M-2 Linear y = 1.43x–8.87 0.95826 100
M-3 Linear y = 1.56x–5.02 0.95731 100
M-4 Linear y = 1.58x–5.29 0.94427 100

Fig. 1. Removal efficiency of cefradine drove by three nutritional patterns, heterotrophic pattern (a), autotrophic pattern (b) and mix-
otrophic pattern (c) (The shadow areas in figures represented significant differences (p < 0.05) among different groups).
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independently. When NaAc was involved, the rate of popula-
tion increased in Group M-3 and M-4 was 1.21 and 1.98 times 
of that in Group M-1 and Group M-2, respectively.

However, the trends have not occurred in the second 
period (24–48 h). The algae in Group M-1 and M-2 both 
performed high growth ability at this stage, and in the 
final period (48–72 h), the rate of population increased for 
the green algae in Group M-3 was higher than that in other 
groups. Our result indicated that, unlike the removal rate 
of the antibiotic, a higher concentration of N and P has 
not driven higher algal growth capacity even if NaAc was 
involved. Comparing the removal rates of the target com-
pounds by the dead and living algal cells, respectively, 
our previous studies also implied that green algae play a 
dominant role in the removal of cephalosporin, including 
cefradine, depending on the population density and vital-
ity [20,24]. Considering that the algal population density 
also changed during the removal process, the removal rate 
of the unit algal density per hour, i.e., the “cellular removal 
rate”, should better reflect the removal capacity at the 
given period. Fig. 2b shows the average removal rates of 
the antibiotic by the unit algal density when the algae were 
under the autotrophic and mixotrophic pattern. The highest 
removal efficiency of the unit algal cells in different patterns 
was obtained in the second period (24–48 h). Generally, 
the removal capacity of the unit algal cell displayed a 
sequence of responses during the algae-mediated treatment 
in three steps: in step I, the algae received the stimulation 
of the changing pattern (N and P with/without NaAc) and 
released a possible compensatory response. In Step II, the 
algae accelerated the consumption of the antibiotic, and the 
algae performed a low-level increase in population while no 
more antibiotic could be consumed in step III. The results 
provide our hypothesis 2 that the response was period-spe-
cific. It’s worth noting that compared with the group under 
the autotrophic pattern, the average removal rate of the unit 
algal cell not always increased when the algae were under 
the mixotrophic pattern. Our result provided the hypothesis 
2 that a carbon linkage effect occurred when N and P were 
involved in the algae-mediated removal process. Under 
NaAc-free pattern (Group M-1 and M-2), the relative higher 

removal rate was obtained when a low concentration of N 
and P were involved (Group M-1), while higher concentra-
tion of N and P drove higher removal rate when NaAc was 
involved (Group M-4). Additionally, most antibiotics were 
removed in Group M-1, M-3 and M-4 after 48 h, while up 
to 40% antibiotic in Group M-2 was not removed in the first 
two periods (see in Fig. 1), the residual antibiotic, therefore, 
caused a relate high removal rate in this group in the last 
period.

3.2. Response of algal photosynthetic pigment under 
the nutritional patterns

The removal rate for the target antibiotic by the dead 
and the living alga was compared before the present study. 
It indicated that the living alga had a better removal capac-
ity, which was about double that by the dead alga. The 
analysis of the metabolic product of the target antibiotics 
underwent the algal treatment was performed for reveal-
ing the algal biodegradation of the antibiotic involved (see 
supporting material). Thus, due to the green algae played a 
dominant role in the removal of the antibiotic, algal physi-
ological response (such as photosynthetic pigment and car-
bon metabolism key enzymes) during the removal process 
should be considered. Our results in Fig. 1 showed that even 
exogenous C, N and P were added into the algal removal 
process, the removal efficiency and the final removal rate 
of the algae under the heterotrophic pattern were much 
lower than that under the mixotrophic one. It suggests that 
light also played a non-negligible part in the algal treat-
ment. Photosynthetic pigments usually play a critical role 
when microalgae can capture light efficiently and convert 
light energy into chemical energy. Thus, the algal photosyn-
thetic pigments under the mixotrophic pattern were also 
considered. The contents of three photosynthetic pigments 
under the autotrophic and mixotrophic patterns are pre-
sented in Fig. 3. Generally, the content of these three pig-
ments increased during the algal removal process, regard-
less of nutritional stress. Our previous study pointed out 
that although algae could grow after exposure to the target 
antibiotic chlortetracycline, its photosynthesis function was 

 
Fig. 2. Algal population growth curves (a) and removal rate of unit algae density (b) at the given period in the algae-mediated removal 
process.
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also disrupted [25]. A decrease of chlorophyll-a content also 
occurred when Microcystis aeruginosa was exposed to the 
antibiotic cefradine in a relatively shorter-term (24 h), while 
conversely, for cefradine, the impact on the pigments did 
not occur in C. pyrenoidosa [20].

Fig. 3a shows that the accumulation of chlorophyll-a in 
Group M-1 and M-2 (low concentration of N and P) were 
significantly higher than that in Group M-2 and M-4, respec-
tively. A previous study has also provided a similar result. 
Initial concentrations of both nutrients had a significant 
effect on the growth and chlorophyll-a content of the green 
algae Scenedesmus obliquus [26]. Additionally, the addition 
of NaAc significantly improved the level of chlorophyll-a 
(p < 0.05). After 72 h, compared with NaAc-free groups 
(Group M-1 and M-2), the content of chlorophyll-a in Group 
M-3 and M-4 increased by 5.73% and 8.45%, respectively. A 
previous study has also shown that the content of photosyn-
thetic pigments in green algae increased when acetate sub-
strate was added [27].

However, the increased total content of the given photo-
synthesis pigments was not representative of the algal light 
capture capacity. It is possible that the algal population growth 
caused the content of the increased pigment, while these con-
tents in every algal cell might be declined simultaneously. 
Thus, due to the varied algal population in these groups, the 
rate of chlorophyll-a content increase of unit algae density in 
the above-mentioned three periods should be considered. It 
could better indicate the detail in every algal cell in the given 
period. The results in Figs. 3a-2, b-2, and c-2 show that the 
change of these three pigments content varied in these three 
periods. The content of chlorophyll-a increased during the 
algae-mediated removal process, regardless of the nutritional 
patterns. And in most groups, the peak value of the increased 
rate occurred in the second period (24–48 h). Additionally, 
the content of carotenoids showed a similar result at the 
same time period (0–24 h and 24–48 h). While the increased 
rate of chlorophyll-b decreased first and then increased. 
chlorophyll-a, the key light-capturing pigment, participates 

 
Fig. 3. Contents of the three photosynthetic pigments during 72 h algae-mediated removal process, including chlorophyll-a (a-1 and 
a-2), chlorophyll-b (b-1 and b-2) and carotenoid contents (c-1 and c-2).



F. Zhu et al. / Desalination and Water Treatment 180 (2020) 317–327324

directly in the light reaction of photosynthesis [28]. More 
chlorophyll-a means that more light could be captured and 
finally, more adenosine triphosphate (ATP) and nicotinamide 
adenine dinucleotide phosphate could be provided for the 
subsequent Calvin cycle. The previous study also indicated 
that chlorophyll-a was improved during the removal process 
when CO2 was added and it finally influenced the removal 
efficiency of the target antibiotic [20]. There was also a positive 
correlation between the photosynthetic performance and the 
removal rate. The most increased rate of chlorophyll-a content 
was obtained in the second period (24–48 h). This event was 
almost simultaneous with the removal rate (Fig. 2b). A pre-
vious study also suggested a positive relationship between 
leaf photosynthesis and leaf chlorophyll content has been 
widely observed in rice [29]. Therefore, we suggest that the 
enhanced algal photosynthesis drove the removal efficiency 
up. And, more remarkable, the accumulation chlorophyll-a 
content in Group A-1 (no nutrients addition) was signifi-
cantly lower than that in other groups. The results showed 
that the content of chlorophyll is sensitive to the change of 
inorganic nutrients. For example, the cellular content of chlo-
rophyll-a decreased when the algae under N-limit or P-limit 
condition [30]. Conversely, N and P in this study could also 
improve the cellular content of chlorophyll-a in 24–48 h, 
and there was no significant difference in the increased 
rate between high and low concentrations of N and P.

3.3. Response of algal carbon metabolism key enzymes under 
nutritional pattern

There are thousands of enzymes in the organism, which 
dominate different processes such as metabolism, nutrition, 
and energy conversion. Therefore, change in key enzyme 
content was also observed when the green algae underwent 
different nutritional patterns. Data in Fig. 4 indicate that the 
activity of CA reduced during the algae-mediated removal 
process under most nutritional patterns, especially, when 

EOC was involved (Group M-3 and Group M-4). Generally, 
there was a positive correlation between the photosynthetic 
performance and the activity of the enzyme, like CA and 
RuBisCO [31]. CO2 could be generated act on the active site 
of RuBisCO under CA function, thereby improve the fixed 
efficiency of CO2 in the presence of O2 [32,33]. Our previous 
study also indicated that the activities of CA and RuBisCO 
of the algae changed when CO2 at varying concentrations 
was added [20]. Previously reported results also indicated 
that the concentration of N and P could influence the level 
of RuBisCO and CA by restricting CO2 assimilation [34,35]. 
In the present study, light and CO2 were not considered as 
the nutritional pattern. Thus, a positive response of CA has 
not occurred, especially, when organic carbon, not the inor-
ganic carbon was added. RuBisCO represents the capacity 
of the CO2 fixture. Photosynthesis involves two processes, 
each with multiple steps. These two stages are known as 
light-dependent reactions (the photo part of photosynthe-
sis) and light-independent reactions (carbon fixation). In our 
present study, the content of chlorophyll-a increased during 
the process (Fig. 2). As the principal photosynthetic pigment, 
more chlorophyll-a means the algae-mediated removal pro-
cess could capture more light energy, contributing to faster 
startup of the light-independent reaction. Thus, a relatively 
high response values of RuBisCO were obtained in Group 
M-1 to M-4. Because of that, no more CO2 was provided into 
the system, we also found out a process-dependent reduc-
tion of the enzymatic activity during the subsequent periods.

The activity of PK and HK under different nutritional 
patterns was also presented (Fig. 4). Generally, the activity of 
these two enzymes decreased during the whole algae-medi-
ated removal process, regardless of the nutritional patterns. 
For PK, the statistical result showed that there was a sig-
nificant difference (p < 0.05) between the group at the low 
concentration of N and P (Group M-1 and M-3) and a rela-
tively higher one (Group M-2 and M-4). Additionally, at the 
end of the algae-mediated removal process, the activity of 

Fig. 4. Response of four key enzymes activities during the algae-mediated removal process, including ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO), carbonic anhydrase (CA), pyruvate kinase (PK) and hexokinase kinase (HK).
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HK only accounts for 53.82%, 32.59%, 36.02%, 38.13%, and 
43.53% of that at the beginning of the process, respectively 
(Group A-1, M-1 to M-4). Respiratory metabolism is the pri-
mary energy supply pathway for algae. Embden–Meyerhof–
Parnas (EMP) pathway is the process of transforming glu-
cose into pyruvic acid, which is also an important part of 
the whole respiratory metabolic activity. HK, PK, and PKF 
are the three regulatory sites of this pathway, which regu-
late the respiration of cells [36]. Photophosphorylation and 
oxidative phosphorylation are two main energy produced 
processes in the algal cell. NaAc and the antibiotic could not 
be transferred into the oxidative phosphorylation process 
directly. Thus, the reduced activity of HK and PK indicated 
that ATP produced during the algae-mediated removal pro-
cess was not dependent on the EMP pathway, especially 
under the mixotrophic pattern. Considering the results in 
Fig. 3, we noticed that the content of photosynthetic pig-
ments increased during the algae-mediated removal pro-
cess and the contribution of chlorophyll-a was improved 
simultaneously. After 48 h, the ratio of chlorophyll-a: chlo-
rophyll-b: carotenoids in Group M-4 was 1.24:0.14:1 × 102, 
which was higher than that in Group A-1 (1.12:0.33:1 × 102). 
Due to that, the initial ratio before the algal treatment was 
1.42:0.66:1 × 102, we could, therefore, find out that the ratio 
of chlorophyll-a among the photosynthetic pigment was 
improved mainly under the mixotrophic pattern. Compared 
with the activity of enzymes, the content of chlorophyll-a in 
the algal cell could be viewed as a positive response when 
C, N, and P were involved in the algae-mediated antibiotic 
removal process.

Exogenous nutrients have been applied to influence 
the metabolism of microorganisms and therefore promote 
the removal of the difficult-decomposition organic con-
taminants, such as antibiotics, fungicides, and hypnotics 
[21,22]. The previous study suggested that lincomycin was 
degraded effectively in a con-metabolic system with glucose 
as a growth substrate [37]. Co-metabolism is the mecha-
nism that microbial metabolism could consume the exter-
nal nutrition source, especially carbon source with a simple 
structure as the growth substrate to enable the body to grow, 
proliferate and maintain vitality and to induce some certain 
non-specific enzymes for transforming the organic contami-
nants (non-growth substrate) [38]. However, NaAc acted as 
an electron donor to enhance the ciprofloxacin removal by 
the freshwater microalga Chlamydomonas mexicana [39]. In 
this study, NaAc was not viewed as the substrate in the algal 
EMP pathway. Similarly, the previous study indicated that 
when the concentration of the added phosphorus increased 
from 0.5 to 5 mg/L, the biodegradation of amoxicillin by 
Microcystis aeruginosa increased from 11.5% to 28.2% [40]. 
It suggests that phosphorus affected photosynthesis and 
ATP-consumption. We have also observed increased algal 
population density and content of chlorophyll-a during the 
algae-mediated removal process which drove the removal 
efficiency up.

3.4. Consumption of NO3−N, PO4−P, and NaAc during the algal 
removal process

The consumption of NO3–N, PO4–P, and NaAc during 
the algae-mediated removal process is presented in Fig. 5. 

Generally, after 72 h, PO4–P was mainly consumed completely, 
regardless of the concentration of P (>97.0%). Phosphorous 
is also a key factor in the energy metabolism of microalgae. 
Inorganic phosphates play an important role in microalgae 
cell growth and metabolism [41]. A previous study reported 
that 99% of initial PO4–P was removed by Chlorella vul-
garis [42]. In the present study, more than 83% phosphorus 
consumed in the first period, which also showed a strong 
ability of C. pyrenoidosa to uptake of P [43]. In contrast, the 
consumption of NO3–N and NaAc (Figs. 5a-1 and 5c-1) was 
relatively low, ranged between 9.6%–32.9% and 7.5%–36.2%, 
respectively. And, more remarkable, the consumption level 
of NO3–N, and NaAc was be related to the concentration of 
N and P. Carbon is the essential component for algal growth. 
Nitrogen, as the basic element in the synthesis of nucleic 
acid, protein, and chlorophyll, plays an important role in the 
growth and metabolism of algae cells. In the present study, 
more NO3–N and NaAc could be consumed when the algae 
were under the relatively low concentration of N and P. The 
rate of C, N, and P usually influences the consumption. For 
example, the removal rate of total nitrogen (TN) is reduced 
to less than 30% when the ratio of N and P is higher than 26 
or below 3.7 [44]. In the current study, it indicated that the 
algae would uptake more organic carbon at low concentra-
tion of N and P, which might be attributed to an opportune 
rate of C, N, and P. On the other hand, the influence of the 
nutrient consumption taking by the target antibiotic has also 
been investigated. The consumption of NO3–N and NaAc in 
the cefradine treatment groups were significantly lower than 
those in the antibiotic-free groups (p < 0.05) under the low 
concentration of N and P condition, meanwhile there was 
no significant difference between different groups under the 
high concentration (p > 0.05). The previous study indicated 
that significant negative correlations were detected between 
the tetracycline concentrations and the removal rates of total 
nitrogen (TN) and total phosphorus (TP) by Chlamydomonas 
reinhardtii [45]. There was a stronger inhibitory effect of 
tetracycline on the removal of TN than that of TP. Similar 
results were also observed in our present study.

4. Conclusion

In this study, we evaluated the potential of an algae-me-
diated antibiotic treatment which drove by three nutri-
tional patterns. Generally, the removal efficiency and the 
corresponding algal performance varied under different 
nutritional patterns and the removal efficiency of the algal 
removal process could be exploited enough which drove 
by the mixotrophic pattern. The removal capacity of the 
unit algal cell displayed a sequence of responses during 
the algae-mediated removal process in three steps. The 
enhanced algal photosynthesis drove the removal efficiency 
up. Additionally, the effect of nitrogen and phosphorus was 
EOC-dependent. When NaAc was involved, a higher con-
centration of N and P drove higher removal efficiency. PO4–P 
was mainly consumed completely, regardless of the concen-
tration of P. However, the total consumption level of NO3–N 
and NaAc were relatively lower than that of P but relative 
more NO3–N and NaAc in total could be consumed when the 
algae were under the relatively low concentration of N and 
P. Thus, the algal antibiotic process, as a cleaner treatment, 
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could perform excellent potential in industrial applications 
in future.
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