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• Biochemical endurance of CS-N1 with 
ample AVD dissipation was first 
proposed. 

• CS-N1 growth and nutrient uptake 
robustness dropped for higher OT 
concentration. 

• Elevated and validated EPS by 3D-EEM, 
FTIR and amide I revealed high 
bioadsorption. 

• Bioadsorption and accumulation were 
the primary pathways for biodegrada
tion (58.8%). 

• DFT calculation elucidated algal 
enzyme-mediated biodegradation me
tabolites of OT.  
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A B S T R A C T   

Increased worldwide consumption of antiviral drugs (AVDs) amid COVID-19 has induced enormous burdens to the 
existing wastewater treatment systems. Microalgae-based bioremediation is a competitive alternative technology 
due to its simultaneous nutrient recovery and sustainable biomass production. However, knowledge about the fate, 
distribution, and interaction of AVDs with microalgae is yet to be determined. In this study, a concentration- 
determined influence of AVD oseltamivir (OT) was observed on the biochemical pathway of Chlorella sorkiniana 
(C.S-N1) in synthetic municipal wastewater. The results showed that high OT concentration inhibited biomass 
growth through increased oxidative stress and restrained photosynthesis. Nevertheless, complete OT removal was 
achieved at its optimized concentration of 10 mg/L by various biotic (82%) and abiotic processes (18.0%). The 
chemical alterations in three subtypes of extracellular polymeric substances (EPS) were primarily investigated by 
electrostatic (OT +8.22 mV vs. C.S-N1 − 18.31 mV) and hydrophobic interactions between EPS-OT complexes 
supported by secondary structure protein analysis. Besides, six biodegradation-catalyzed transformation products 
were identified by quadrupole-time-of-flight mass spectrometer and by density functional theory. Moreover, all the 
TPs exhibited log Kow ≤ 5 and bioconcentration factor values of < 5000 L/kg, meeting the practical demands of 
environmental sustainability. This study broadens our understanding of microalgal bioadsorption and biodegra
dation, promoting microalgae bioremediation for nutrient recovery and AVDs removal.  
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1. Introduction 

The recent outbreak of the coronavirus (COVID-19) pandemic has 
profoundly increased the consumption of antiviral drugs (AVDs) 
worldwide (Kumar et al., 2020), leading to higher loads of AVDs in 
sewer lines and wastewater treatment plants (WWTPs). The transport of 
AVDs and their residues into the existing pharmaceutically-sick eco
systems further exacerbate the toxicological threats to human and 
environmental ecosystems (Rambabu et al., 2020). Previous studies 
demonstrated the inefficient removal of AVDs by conventional activated 
sludge processes mostly consisting of the physical and biological sys
tems, which leaves AVDs and their metabolites in effluents (Funke et al., 
2016; Mlunguza et al., 2020; Wang et al., 2021). The inclusion of ter
tiary treatments in WWTPs could further remove AVDs to certain extents 
but increase operational costs, limiting their use in practice (Qiu et al., 
2021a). Therefore, the inadequate efficiencies of the current treatment 
approach critically encourage researchers to develop alternative 
technologies. 

Microalgal bioremediation has attained increased attention in 
wastewater treatment systems, with competitive merits including 
nutrient recovery, greenhouse gas mitigation, and value-added biomass 
production (Ge et al., 2018; Qiu et al., 2021b). The application of 
microalgae in the removal of pharmaceutical and other inorganic con
taminants like heavy metals has also been demonstrated as an ecological 
and sustainable reclamation approach (Chen et al., 2020b). For 
example, Matamoros et al. (2016) reported Chlorella vulgaris promoted 
40% caffeine removal compared to the biological activated sludge pro
cess. Removal rates of sulfamethoxazole (99.3%) and methyl
penantherine (99.8%) were achieved by C. pyrenoidosa and 
Pseudokirchneriella subcapitata, respectively (Xiong et al., 2020). Simi
larly, Haematococcus pluvialis, C. vulgaris, and Selenestrum capricornutum 
achieved almost complete removal of trimethoprim, azithromycin, and 
levofloxacin, respectively (Kiki et al., 2020). Nonetheless, due to 
increasing global consumption, knowledge of the occurrence, transport, 
and ecotoxicity implications of AVDs and their metabolites in down
stream environments is essential. However, inadequate research has 
been conducted on AVD removals through sustainable approaches such 
as microalgae bioremediation. Taking into account the potentials of 
bioaccumulation and biomagnification of AVDs in food chains, micro
algal cultivation in wastewater has the potential to simultaneously 
remove pharmaceutical pollutants and produce value-added biomass 
(Cheah et al., 2016; Rambabu et al., 2020). This study attempted to 
investigate the feasibility of microalgal systems as an alternative tech
nology to minimize the AVD-triggered environmental pollution sus
tainably thereby filling a significant research gap. 

To date, microalgae-mediated bioremediation of pharmaceutical 
contaminants has been believed to be governed by several biological 
pathways (Xie et al., 2020). However, some conflicting conclusions were 
reported on the specific microalgal removal pathways for pharmaceu
ticals. For example, Xiong et al. (2020) reported that biodegradation was 
the most effective way of degrading complex parent compounds, while 
Song et al. (2019) and Avila et al. (2021) insisted that bioaccumulation 
or bioadsorption was observed in eliminating florfenicol and carba
mazepine, as well as chlorpyrifos (61.9%) and cypermethrin (60.1%), 
respectively. As such, it is essential to determine the most efficient 
elimination route, and minimal information is available on 
pollutant-algae interaction that exists after exposure to AVDs. Moreover, 
extracellular polymeric substances (EPS) have attracted focus as biofilm 
formers and exhibit potentials in adsorbing organic and inorganic pol
lutants, involving mechanisms such as chelation/complexation, elec
trostatic interactions, and is governed by different binding moieties (Jia 
et al., 2017). Previous reports have successfully delineated EPS func
tions in bioadsorption with attribution to the hydrophobicity of EPS 
proteins and also carbohydrates (Abbew et al., 2021; Hena et al., 2020). 
However, knowledge of the innermost mechanism of hydrophobicity 
and its manipulative nature resulting from pollutants interaction entails 

further research. Therefore, an in-depth analysis of the hydrophobic 
mechanisms of microalgal EPS is imperative, as it would aid in a better 
understating of the role of EPS in bioadsorption. 

This study aimed to investigate microalgae (Chlorella sorokiniana)- 
based AVD removal with oseltamivir (OT) as the representative AVD due 
to its 80–90% distribution in sewage wastewaters through excretion 
(Nannou et al., 2020). Specifically, the physiological and growth dy
namic responses of C. sorokiniana were investigated against different OT 
concentrations in synthetic municipal wastewater (SMW). Subse
quently, the biological and abiological OT removal pathways were 
comprehensively evaluated, with a focus on bioadsorption via EPS 
analysis, and biodegradation by the quadrupole-time-of-flight mass 
spectrometer (UPLC-QToF-MS). Quantum chemical calculations were 
also conducted by the density functional theory (DFT) to confirm the 
biological metabolite structures of OT. The environmental toxicity 
profiles of OT metabolites were evaluated using the Estimation Pro
grams Interface (EPI) Suite™ and Ecological Structure Activity Re
lationships (ECOSAR) class program. These findings offer new insights 
into the microalgal growth kinetics, nutrient and pharmaceutical re
movals from wastewater, enhancing the understanding of the 
microalgal-EPS hydrophobic mechanism, DFT-derived microalgal TPs of 
AVDs, and various ecotoxicity benchmarking of produced metabolites. 

2. Materials and methods 

2.1. Pre-culture of microalgae and oseltamivir 

The microalgal species C. sorokiniana was isolated from municipal 
wastewater in Nanjing, China (accession NO.: MN906179), namely C.S- 
N1, and pre-cultured in BG-11 medium. Microalgal pellets were har
vested by centrifugation at the exponential phase and transferred to 
SMW (Chen et al., 2020b). A stock solution of 1 mg/L OT (99% purity) 
was prepared in methanol. The detailed composition of BG-11 medium 
and SMW has been presented in Table S1-S2 in Supplementary infor
mation (SI) Section 1. 

2.2. Experimental setup 

The first experiment involved four OT treatment groups with 
different concentrations (i.e., 1-, 10-, 20-, and 30 mg/L) in SMW to 
assess microalgal physiological responses. Similar cultivation conditions 
were adopted as described in Section 2.1. All the groups were performed 
in triplicates with initial pHs at 7.0 ± 0.2. The parameters investigated 
included biomass growth, photosynthetic (the potential quantum effi
ciency photochemistry (Fv/Fm) and relative electron transport rate 
(rETR)) and oxidative cellular stress (reactive oxygen species (ROS)) 
indicators, nutrient uptake efficiencies (ammonium NH4

+-N, phosphate 
PO4

3--P), and chlorophyll pigments analysis. The detailed information 
on pre-culture experimental conditions is presented in Section S1. 

2.3. Microalgal biochemical analysis and three EPS-subtypes extraction 

Microalgal growth was monitored daily by measuring the optical 
density at 680 nm (OD680) using a spectrophotometer (UV-2100, U.S.). 
The intracellular ROS levels were determined for each treatment on 
Days 3, 5, and 8 using the ROS assay kit (Cat. S0033, Beyotime, 
Shanghai, China). Photosynthetic parameters, including Fv/Fm and 
rETR, were determined with a chlorophyll fluorometer measuring sys
tem (Water Pam, Walz GmbH, Effeltrich, Germany), as previously re
ported (Shen et al., 2020). The chlorophyll contents in cells were 
measured every other day using the spectrophotometer method, 
including the relative concentrations of chlorophyll a (Chl-a), chloro
phyll b (Chl-b), total chlorophyll (Chl-a + Chl-b), and Chl ratio 
(Chl-a/Chl-b). The details for the above-mentioned tests are shown in SI 
Section S2. 

At the end of the experiment, three microalgal EPS-subtypes, 
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including soluble-EPS (S-EPS), loosely-bound EPS (LB-EPS), and tightly- 
bound EPS (TB-EPS), were extracted by the modified heating method 
(Wang et al., 2020b). The characterization of the extracted EPS solution 
was conducted by the Fourier transform infrared spectroscopy (FTIR, 
NICOLETIS 10, Thermo Scientific Instruments LLC, U.S.). Moreover, 
three-dimensional-excitation emission matrix (3D-EEM) analysis was 
performed with a fluorescence spectrometer (F-7000, Hitachi, Japan). 
The role of secondary structure hydrophobic proteins of EPS in 
adsorption was analyzed on the second-derivatized and deconvoluted 
spectra of the amide I region (1600–1700 cm− 1) through the quantita
tive determination of each peak area using Peakfit software (version 
4.12, Seasolve Software Inc.). The details of EPS-subtype extraction and 
characterization are presented in Section S3. 

2.4. Evaluation of different removal pathways with their relative 
contribution 

Based on the above experimental results, the second experiment was 
conducted to evaluate different removal pathways of OT by C.S-N1, by 
selecting the 10 mg/L OT group and the control. Similar cultivation was 
carried out as the first experiment. In general, pharmaceutical elimi
nation routes were separated into two parts: biotic removal pathways (i. 
e., bioadsorption, bioaccumulation, biodegradation) and abiotic 
removal pathways (i.e., hydrolysis, photolysis) (Xiong et al., 2017). 
Details of possible removal pathways with respective contributions are 
summarized in Section S4 and Table S3. 

2.5. Quantification and computation of OT metabolites involved in 
biodegradation 

The dissolved, bioadsorbed, bioaccumulated, and biodegraded frac
tions of OT were determined by a recent method (Kiki et al., 2020). 
Firstly, the residual OT concentration was routinely quantified using 
HPLC (instrument: U3000-UV, Agilent, USA) at electrospray ionization 
(+ESI) mode. Biodegradation-based TPs were identified using 
UPLC-QToF-MS/MS in high resolution-mass spectrometry (HRMS) with 
positive ESI mode. To explore the environmental implications of the 
produced TPs, their persistence (P), bioaccumulation (B), and ecotox
icity (T) were assayed by EPI Suite™ software (version 4.11) and 
ECOSAR class program developed by United States Environmental 
Protection Agency (US-EPA) (Xie et al., 2020). The description of 
removal mechanisms for OT, HPLC operating conditions, TPs identifi
cation by UPLC-QToF-MS, and PBT parameters are provided in Section 
S4 and Fig. S2. 

DFT was applied for the structural calculations of OT metabolites in 
the Gaussian 16 package (Frisch et al., 2019). The B3LYP functional 
protocol assessed the geometrical optimizations, and the 6–311 + + G 
(3df, 3pd) basis set was employed for observing all the atoms (Liu et al., 
2019). The solvation model density (SMD) was applied for the solvation 
effect to explore the reaction energy pathway for all the reactants and 
products (Luo et al., 2020). Besides, the vibrational frequency calcula
tion was provided to crosscheck the stable point on the potential energy 
surface. Finally, all the reported energies in the study were obtained 
with zero-point energy correction and given in Kcal/mol at 298.15 K and 
1 atm. 

2.6. Statistical analysis 

One-way analysis of variance (ANOVA) with a post-hoc Tukey’s test 
or t-test was conducted at a significant level of 0.05 with Graphpad 
Prism (Version 8.4.3, GraphPad Software Inc., USA). The presented re
sults are the average values ± standard deviation from the indepen
dently replicated experiments (n = 3). 

3. Results and discussion 

3.1. OT impacted the biochemical viability of C.S-N1 

3.1.1. OT induced biomass reduction, nutrient uptake suppression, and 
oxidative stress elevation 

Compared to the control, the exposure to OT concentrations (1, 10, 
20, and 30 mg/L) resulted in descending trends in the growth kinetics of 
C.S-N1 in SMW. As presented in Fig. 1a, a dose-dependent biomass 
growth inhibition was observed in C.S-N1 . Specifically, a significantly 
reduced growth was observed in both the 20 mg/L and 30 mg/L OT 
groups (0.27 g/L and 0.24 g/L, respectively) compared to the control 
and lower OT treated groups (p < 0.01 one-way ANOVA with Tukey’s 
post-hoc test). This observation was consistent with previous reports 
showing similar suppressions on microalgal growth under high phar
maceutical levels (Gomaa et al., 2021; Rempel et al., 2021). However, 
the biomass was increased in all OT treatment groups in the exponential 
growth periods on later days (Days 2–5) (p < 0.05, one-way ANOVA 
with Tukey’s post-hoc test), implying the gradual acclimatization of C. 
S-N1 under relatively stable pH conditions of 7.0–9.0 (Fig. 1a, Fig. S3) 
(Zhang et al., 2021b). The results were in line with previous literature 
which suggested that the pH range of 6–10 was optimal for microalgae 
cultivation (Chia et al., 2018). This further elucidated that the growth 
inhibition was non-pHdependent and proportional to the increasing OT 
doses. Table 1 compares the growth performance of C.S-N1 until Day 10 
under different OT concentrations. As indicated by the similar specific 
growth rates, no differences were observed in the growth performance 
among the control and the first two lower OT groups (p > 0.05, one-way 
ANOVA with Tukey’s post-hoc test). However, the respective 3.0-fold 
and 4.0-fold reduction in biomass productivity were observed in the 
20 mg/L and 30 mg/L OT groups in comparison to the control (p <
0.001, one-way ANOVA with Tukey’s post-hoc test). As expected, the 
highest doubling time (46.82 ± 0.2 h) and the lowest. 

biomass growth rate (0.35 ± 0.1/d) were achieved in the 30 mg/L 
OT group. These results indicated a concentration-oriented adaptive 
response of C.S-N1 to OT levels lower than 20 mg/L. 

The different growth performances correlated well with the cellular 
ROS levels in the five treatment groups. As shown in Fig. 1b, the cellular 
ROS generation significantly increased with the increasing OT concen
trations on the three tested days (p < 0.05, one-way ANOVA with 
Tukey’s post-hoc test). For example, a 69% higher ROS was observed in 
the 30 mg/L group compared to the control on Day 3 (p < 0.001, one- 
way ANOVA with Tukey’s post-hoc test). This was in line with a 
recent study that showed an instant rise in ROS levels in C. pyrenoidosa 
with exposure to butyl xanthate and nickel mixture between 1–20 mg/L 
concentration (Li et al., 2021). It was reported that the presence of 
pollutants such as nanoplastics induced mitochondrial hyperpolar
ization in microalgae, further accelerating the ROS levels to resist the 
toxic effects (Wang et al., 2020a). Nonetheless, the ROS levels in higher 
OT groups tended to decrease during later days. A 50.0% decrease of 
ROS was observed on Day 8 compared with Day 3 (62.9 ± 2.00 vs. 
121.6 ± 4.10, respectively), further supporting the gradual acclimation 
of C.S-N1 to OT-induced stress (Fig. 1b). Additionally, C.S-N1 suffi
ciently neutralized the ROS levels in the four lower OT groups with no 
significant differences on Day 8 (Fig. 1b). This observation could be 
consistent with the previous findings that an acceptable dose of a 
stressful stimulus could trigger an adaptive response against the stress 
factor (Peter et al., 2021). 

Delayed nutrient uptake performance (i.e., uptake kinetics, uptake 
efficiencies, uptake rate) was observed for NH4

+-N and PO4
3--P with the 

supplementation of different OT treatment groups (Fig. 1c-d). Specif
ically, NH4

+-N was completely assimilated in the control on Day 3 with a 
28.1 ± 0.3% higher uptake rate compared to the 30 mg/L OT group 
(p < 0.05, one-way ANOVA with Tukey’s post-hoc test). Similarly, a 
54.3 ± 0.3% PO4

3--P removal in the control while only a 38.0 ± 0.6% 
removal for the 30 mg/L OT group was achieved on Day 10 (p < 0.05, 
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one-way ANOVA with Tukey’s post-hoc test). This observation was also 
supported by the nutrient removal rate, as indicated by the 4.0-fold 
(2.97 ± 0.05 mg/(L•Day)) and 1.0-fold (0.74 ± 0.1 mg/(L•Day)) re
ductions for the 30 mg/L OT group compared to the control, respec
tively. BothN and P are the core components of nucleic acids and 
proteins. P plays a role in energy conservation through adenosine 
triphosphate, polyphosphate and information delivery through post- 
translational modification of proteins (Hu et al., 2020). Therefore, the 
deficit assimilation of N and P in higher OT levels might contribute to 
the hampered microalgal growth and physiological disruption (Hu et al., 
2020). However, C.S-N1 adapted to higher OT dose-driven harsh envi
ronments during progressive cultivation days with sufficient assimila
tion of NH4

+-N and PO4
3--P and improved growth, which might be 

attributed to the activation of the algal antioxidant system. A similar 
observation was also reported, demonstrating that NH4

+-N and PO4
3--P 

might have a supportive role in pollutant toxicity alleviation in micro
algae (Chawla et al., 2020). Thus, the progressive assimilation of nu
trients might also favor C.S-N1 in withstanding the potential cellular 
damage. Overall, the uptake of both NH4

+-N and PO4
3--P optimized the 

response against OT-induced stress conditions on later days with feasible 
growth recovery and biomass production. 

3.1.2. OT inhibited photosynthetic activities of C.S-N1 
Reduced biomass production was associated with decreased photo

synthetic efficiency and reduced pigment synthesis, possibly due to the 
diminished absorption of light energy through electron transfer 
blockade (Mao et al., 2021). Two important indicators of algal photo
synthetic status (i.e., Fv/Fm and rETR) were assessed in C.S-N1 during 
the 10-day incubation. Particularly, the initial Fv/Fm value (0.62) was 
higher than 0.5 (Fig. 1e), suggesting satisfactory physiological 

Fig. 1. Influence of various OT treatment groups on (a) the biomass content (g/L) (b) ROS (c) NH4
+-N (d) PO4

3--P removal efficiency (e) potential maximum 
quantum efficiency photochemistry (Fv/Fm) and (f) relative electron transport rate theory (rETR) of C.S-N1. 

Table 1 
Growth performance of C.S-N1 under different OT concentrations.  

OT treatment group Specific growth rate (µ/d) Biomass productivity (g/ (L•d)) Doubling time (h) NH4
+-N removal (mg/ (L•d)) PO4

3-P removal (mg/L•d) 

Control  0.49 ± 0.2a  0.11 ± 0.02a  33.62 ± 0.6d  10.53 ± 0.03a  1.22 ± 0.01a 

1 mg/L  0.45 ± 0.2a  0.09 ± 0.04a  36.43 ± 0.2cd  10.14 ± 0.4a  1.21 ± 0.03a 

10 mg/L  0.42 ± 0.3a  0.07 ± 0.03ab  39.19 ± 0.2c  5.67 ± 0.02b  1.14 ± 0.02b 

20 mg/L  0.37 ± 0.2b  0.04 ± 0.03bc  44.34 ± 0.2b  3.75 ± 0.03 cd  1.06 ± 0.5bc 

30 mg/L  0.35 ± 0.1b  0.03 ± 0.01c  46.82 ± 0.2a  2.97 ± 0.05d  0.74 ± 0.1c  
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endurance in all groups towards ambient cultivation conditions (light, 
temperature, light: dark cycle) (Abbew et al., 2021). On Day 3, however, 
the Fv/Fm increased in all treated groups and subsequently declined. 
Compared to the control, the 30 mg/L OT group exhibited the most 
significant decrease in the Fv/Fm values (36.1 ± 0.02%) on Day 10. 
Significant reductions (17.2 ± 0.8%, 19.01 ± 0.4%, and 15.6 ± 0.3%) 
were observed in 1 mg/L, 10 mg/L and 20 mg/L treatments (p < 0.05, 
one-way ANOVA with Tukey’s post-hoc test). The decline in the Fv/Fm 
values indicated photosynthetically unhealthy cells, inferring 
OT-induced susceptibility to photoinhibition in C.S-N1. 

Consistent with the Fv/Fm results, a transient increase in rETR 
values was observed in all groups till Day 3, followed by a decline in all 
groups on subsequent days (Fig. 1f). Diminished rETR values in the 
>10 mg/L groups corresponded to the inhibited electron transport rates, 
indicating reduced carbon-assimilation capacity. This hinted that the OT 
treatment has considerable dose- and time-oriented effects on photo
synthetic efficiencies, with the following considerations. Firstly, the 
exposure to higher OT concentrations might adversely impact the Fv/Fm 
due to the reduced light absorption, restricting the electron flow rate 
from H2O to NADP by PSII electron carriers (Zhang et al., 2020). Sec
ondly, this could also trigger the retardation of PSII in C.S-N1 through 
secondary effects on several metabolic pathways, mainly by producing 
superoxide radicals and elevating non-photochemical quenching of 
excitation energy (Qiu et al., 2021). Moreover, these high-energy radi
cals strongly disrupted chloroplast proteins and membranes of photo
synthetic cells, hence reducing the overall photosynthetic efficiency in 
C.S-N1 (Shen et al., 2020). Additionally, a recent study depicted that the 
primary site of photosynthetic damage is the light reaction centers (Mao 
et al., 2021). This implies that OT-prompted decline in photosynthesis 
defines a reduction in light energy conversion to chemical energy, 
thereby decreasing microalgal growth. 

3.1.3. OT reduced chlorophyll contents in C.S-N1 
Chlorophyll contents (Chl-a and Chl-b) are one of the integral 

components that indicate microalgal photosynthetic robustness in 
response to the external environments. As shown in Fig. 2a, Chl-a values 
were significantly decreased in both 20 mg/L and 30 mg/L OT groups 
(p < 0.05, one-way ANOVA with Tukey’s post-hoc test), while no 
remarkable variations of Chl-b were observed between the control and 
the 1 mg/L group (Fig. 2b). Moreover, a small and significant difference 
was observed in the control versus the 10 mg/L OT group on Day 10 
(p < 0.05, one-way ANOVA with Tukey’s post-hoc test). This indicated 
that C.S-N1 might have potential tolerance against the lower OT con
centration, which was further supported by the visual comparison on 
each day with nearly similar culture color at lower OT groups (Fig. S4). 

Compared with the control, the recorded inhibition percentages of 
Chl-a on Day 10 in the 30 mg/L, 20 mg/L, 10 mg/L and 1 mg/L OT 
groups were 53.1 ± 0.4%, 47.1 ± 0.6%, 29.7 ± 0.1%, and 
24.8 ± 0.03%, respectively (p < 0.05, one-way ANOVA with Tukey’s 
post-hoc test). Chl-b, on the other hand, is deemed alternatively a radical 
accessory pigment that is often converted into Chl-a under stressed en
vironments (Chu et al., 2021). Hence, a lower Chl-b level was recorded 
on Day 10 in all OT groups compared to the control, implying an altered 
photosynthetic metabolism in response to high OT-induced oxidative 
stress (Fig. 2b). Additionally, the total Chl concentration showed a 
similar trend as Chl-a and Chl-b (Fig. 2c). Moreover, an obvious negative 
correlation between the OT level and the ratio of Chl-a to Chl-b was 
observed and the maximum value of 2.7 ± 0.02 was achieved in the 
30 mg/L OT group on Day 10 (p < 0.01, one-way ANOVA with Tukey’s 
post-hoc test) (Fig. 2d). OT-incited imbalances in the optimal 
Chl-a/Chl-b ratio impacted the microalgal light energy harvesting effi
ciency, resulting indecreased photosynthesis. Particularly, the lower 
chlorophyll contents observed in the 20 mg/L and 30 mg/L OT groups 
were primarily due to the OT-induced inhibition of NADH dehydroge
nase subunits in the electron transport chain. This resulted in higher 
oxidative stress response, peroxidation of chloroplast membranes, and 
reduced chlorophyll density (Carstensen et al., 2018; Gao et al., 2017). A 
recent study indicated that exposure to polystyrene nanoplastics 

Fig. 2. The effect of OT on chlorophyll profiles of C.S-N1 (a) Chlorophyll-a (b) Chlorophyll-b, (c) Chlorophyll-(a+b), (d) Chlorophyll-a/b over 10 Days of cultivation.  
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ruptured chloroplast membranes and deteriorated chloroplast viability 
of Platymonas helgolandica (Wang et al., 2020a). Another possible 
explanation for the reduced chlorophyll level was that higher OT con
centrations would disturb PSII metabolic pathway and invoke the 
non-photochemical quenching of excitation energy, producing radicals 
like singlet and triplet chlorophyll energized states (Zhang et al., 2021a). 
Consequently, these highly reactive molecules could trigger oxidative 
damage to the chloroplast physiology, reducing the chlorophyll syn
thesis at high OT treatment groups. 

3.2. Concentration-dependent removal pathways of OT by C.S-N1 

The removal dynamics of OT by C.S-N1 were evaluated through five 
elimination pathways, including abiotic losses (hydrolysis and photol
ysis) and biotic losses (bioadsorption, bioaccumulation, and biodegra
dation). As revealed in Fig. 3a, OT was completely removed in two lower 
OT groups (1 mg/L and 10 mg/L), while only 54.0–63.0% removal was 
observed in the 20 mg/L and 30 mg/L groups, respectively. Therefore, 
the 10 mg/L OT treatment group was selected to investigate the 
mechanism-specific OT removal kinetics. As shown in Fig. 3b, the pri
mary OT removal was driven by the biotic losses (82.0%) in comparison 
with the abiotic losses (18.0%). A detailed description of the respective 
removal mechanisms is provided in the following sections. 

3.2.1. Hydrolytic and photolytic removal pathways 
The abiotic control experiments under illuminated or dark condi

tions yielded the photolytic and hydrolytic removals of OT. As shown in 
Fig. 3b, the contribution of hydrolysis to the total OT removal was 8.0% 
which was similar to a recent study demonstrating an approximately 3% 
hydrolysis of ciprofloxacin by Chlamydomonas sp. (Xie et al., 2020). This 
low OT removal by hydrolysis was likely due to its relatively higher 
water partitioning coefficient and lower water solubility with the log 
Kow of 0.95 (Olisah et al., 2021). Moreover, photolysis induced 9.0% OT 
removal, and it was in agreement with a 5–14% photolytic removal of 
sulfamerazine, sulfamethoxazole, levofloxacin, and flumequine by 
microalgae (Kiki et al., 2020). The photolytic loss was primarily gov
erned by light irradiation through the cleavage of C-H and C-N bonds, 
hydrogen abstraction of radicals, disproportionation of alkyl radicals, 
and the consecutive free-radical oxidations (Luo et al., 2020). In this 
study, it was believed that photo-transformation of OT was possibly 
triggered by the hydroxyl radical (OH.) formation during the photolysis 
of nitrate present in the culture medium (Gen et al., 2019; Zhang et al., 
2018). Hence, the rapid consumption of nitrate by C.S-N1 led to the 
lower photolytic removal of OT compared with the other biotic pro
cesses (Fig. 3b). 

3.2.2. Bioadsorption induced by electrostatic and hydrophobic interaction 
Various studies have debated on microalgal bioadsorption potentials 

under higher concentrations of pollutants (Ubando et al., 2021; Wang 

et al., 2020c). However, the underlying mechanism remains unknown. 
Bioadsorption, corresponding to electrostatic charge difference and 
hydrophobicity mechanisms, is often governed by EPS adsorption 
(Wang et al., 2020b). Consistently, the average zeta potential of C.S-N1 
was − 18.31 mV compared to the positive zeta potential (+8.22 mV) of 
OT in this study (Fig. S5). Therefore, the definite electrostatic charge 
neutralization between C.S-N1 and OT molecules was one of the integral 
factors contributing to bioadsorption. 

Microalgal EPS was systematically analyzed to gain better insights 
into EPS-mediated hydrophobic interactions with subsequent OT bio
adsorption. For this, the 30 mg/L OT group with the most stressful 
condition was selected and compared with the control to investigate 
bioadsorption and chemical alterations in three EPS-subtypes (i.e., S- 
EPS, LB-EPS, TB-EPS) as follows. 

(1) Qualitative analysis with 3D-EEM and FTIR spectroscopy. The 3D-EEM 
results (Fig. S6) demonstrated that fluorescence intensities of EPS- 
subtypes increased with increasing OT concentration, with more 
concentrated peaks in the 30 mg/L group, versus lower peak intensities 
in the control. The concentrated peaks revealed increased secretions for 
hydrophobic proteins in all EPS-subtypes for the 30 mg/L OT group, 
implying that more binding sites were available to form OT-EPS com
plexes. Specifically, the Ex/Em peaks at 230–250/330–350 nm, 
270–330/300–375 nm, and 300–345/400–420 nm corresponded to 
tyrosine-, tryptophan-like proteins, and humic acid compounds, 
respectively (Wang et al., 2020b). However, humic acid-related peaks 
were only detected in S-EPS samples of both groups (Hena et al., 2020). 

As shown in Fig. 4a-b, six predominant FTIR spectral bands ranging 
from 1044 to 3365 cm− 1 were observed in both samples. Particularly, 
the bands between 3297 and 3365 cm− 1, 2888–2945 cm− 1, and 
1653 cm− 1, corresponded to O-H bonded with N-H stretching vibra
tions, C-H stretching vibrations, and C––O stretching vibrations in both 
carbohydrates and proteins (Jia et al., 2017; Wang et al., 2020b). Be
sides, the peaks at 1457–1507 cm− 1, 1108–1128 cm− 1, and 
1044–1054 cm− 1 were assigned to N-H deformation vibrations, C-O-C, 
and C-H ring vibrations, respectively (Chen et al., 2021; Wang et al., 
2020b). The presence of characteristic functional groups in 
EPS-subtypes further suggested the involvement of hydrophobic protein 
and carbohydrate molecules, contributing to OT adsorption. Neverthe
less, all these spectra comparably differed in their transmittance (%), 
and S-EPS was prominent relative to LB-EPS and TB-EPS in both sam
ples. The C––O group was ascribed to the carboxylic group of proteins, 
indicating the acidic nature of algal EPS. This comprises a negative 
charge, which may further facilitate bioadsorption. Importantly, EPS 
structures expand and become loose after binding, facilitating the 
improved mass transfer and pollutant capture. Similarly, a previous 
study reported spontaneously accelerated binding processes of sulfa
methazine with EPS through hydrophobic interactions (Zou et al., 
2021). These EPS protein and carbohydrate molecules are vigorously 

Fig. 3. Time course (Days) profiles of (a) 1 mg/L, 10 mg/L, 20 mg/L, and 30 mg/L of OT dissipation (b) percentage removal kinetics of OT by biodegradation, 
bioaccumulation, bioadsorption, hydrolysis, and photolysis at 10 mg/L. 
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hydrophobic, hence facilitating bioadsorption (Naveed et al., 2020). 
Asharuddin et al. (2021) reported that the side chains of carbohydrates 
(e.g., glucose, rhamnose, and galactose) served as viable binding sites 
due to the long-carbon backbone and actively promoted EPS in
teractions. This was also supported by previous studies, which suggested 
that the C-H groups in carbohydrates interacted with π-electron of het
erocyclic aromatic compounds forming C-H-π bonds through van der 
Waals interaction (Escobar and Ballester, 2021; Hena et al., 2020). 
Considering these observations, it can be concluded that OT stimulated 
the EPS protein and carbohydrate secretions. This made more functional 
groups available especially in the 30 mg/L group and demonstrated 
interactions with OT molecules. Therefore, the increasing EPS secretions 
would offer more binding sites with OT, facilitating the complexation 
and adsorption as well as the subsequent degradation. 

(2) Quantitative analysis with EPS-subtypes and secondary structure 
proteins. It was found that higher protein and carbohydrate levels were 
achieved in the 30 mg/L OT group in all EPS-subtypes, indicating 
elevated EPS secretions (Fig. 4c-d). The highest carbohydrate 
(45.32 ± 0.03 mg/g DW) and protein (0.33 ± 0.001 mg/g DW) contents 
were reported in the S-EPS of 30 mg/L group versus relatively lower 
carbohydrate (36.6 ± 0.02 mg/g DW) and protein (0.29 ± 0.03 mg/g 
DW) contents in those of the control (p < 0.005, t-test). It was believed 
that these competitively elevated EPS contents offered protective stra
tegies for microalgal survival and growth in OT-stressed environments. 
Moreover, a recent study suggested that EPS production is a metabolism- 
independent process, hence, increased EPS secretions were reported 
despite compromised growth and inhibited photosynthetic efficiencies, 
and therefore, our results were strongly coherent with these previous 
findings (Mohite et al., 2017). 

Alternatively, FTIR spectra in the1600–1700 cm− 1 region were also 
analyzed by the second derivative resolution curve fitting and decon
volution process to explain the differences in the protein secondary 
structures of the amide I region and the hydrophobic mechanism (Lu 

et al., 2021). As shown in Fig. 5, considerable differences were observed 
in second derivative peaks between the control (Fig. 5a-c-e) and the 
30 mg/L group (Fig. 5b-d-f). This was ascribed to the OT-triggered 
structural rearrangement and conformational changes in the EPS 
proteins. 

Table 2 illustrates the relative proportions of the secondary structure 
proteins in both groups. Specifically, the proportions of β-sheet, which 
exhibits sorptive and surface-active action and confers enhanced 
bonding strength and stiffness, considerably increased in all EPS- 
subtypes in the 30 mg/L group. The OT-induced elevated β-sheet level 
resulted in improved complexation, physical adsorption, as well as 
precipitation (Wu et al., 2019). Although no remarkable differences 
were found in random coil and β-turn, the proportions of α-helix 
significantly decreased, further indicating the distinctive involvement in 
the adsorption (Farhadian et al., 2021). Additionally, the hydrophily 
degree of the EPS-subtypes in the 30 mg/L group exhibited 28.6%, 
31.9%, and 22.2% less hydrophily in comparison with the control. 
Therefore, the OT-influenced higher EPS hydrophobicity promoted the 
formation of the OT-EPS aggregates, and the accelerated carbohydrate 
and protein secretions facilitated the bioadsorption (Chen et al., 2021). 

It should be noted that a similar removal contribution (11.3%) was 
obtained for the bioaccumulation process as that of bioadsorption, both 
of which are involved as initial steps during the microalgal OT removal 
processes. Specifically, after entering the microalgal cells, the bio
adsorbed OT molecules were converted to bioaccumulated fractions, 
which subsequently stimulated the detoxification mechanisms. This 
further promoted biodegradation catalyzed by the cytochrome-P450 
enzyme system (Wang et al., 2018; Xiong et al., 2018). 

3.3. Biodegradation: metabolites identification and computation 
confirmation 

The specific biodegradation process was systematically investigated 
through both the identification of metabolites and the DFT computation. 
The UPLC-QToF-MS analysis indicated that a total of 6 transformation 

Fig. 4. Chemical composition of three EPS-subtypes. Fourier transform infrared (FTIR) spectroscopy (4000–500 cm− 1) of S-EPS, LB-EPS, and TB-EPS in (a) the 
control, (b) 30 mg/L OT group. Carbohydrate and protein profiles of S-EPS, LB-EPS, and TB-EPS in samples for (c) the control, (d) 30 mg/L OT group. 
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products (TP-360, TP-301, TP-299, TP-245, TP-197, and TP-128) were 
detected to be involved in the biodegradation process. No photolytic TPs 
were observed due to the lower removal proportion (8.8%, Fig. 3b) in 
this study with reference to literature (Chen et al., 2020a; Omar et al., 
2017). 

Fig. 6 illustrates the proposed biodegradation reactions with specific 
metabolites, considering the Gibbs free energy ΔG (Kcal/mol) scheme, 
chemical formula, and structural description for all TPs and related re
actions (Table S4). 

Specifically, the negative ΔG values in all the reactions indicated the 
spontaneous nature of transformations. The formation of TP-360 from 
OT (m/z 312) was maximally exothermic and most energetically 

favorable (ΔG − 856.16 Kcal/mol). This conversion was attributed to 
successive hydroxylation and carboxylation of OT (m/z 312) at the 
carbon (C)11 site (Fig. 6b). The highest absolute value of ΔG for this 
reaction suggested that the C11 site was more active than other C sites 
(Luo et al., 2020), which might be related to the action of hydroxylases 
and carboxylases during algal metabolism (Ding et al., 2017; Xiong 
et al., 2018). Alternatively, the parent compound (m/z 312) might 
directly undergo demethylation and hydroxylation at the C11 site and 
transform into TP-301 (ΔG − 13.42 Kcal/mol). This is evidenced by a 
study demonstrating that algal hydroxylases and demethylases from the 
cytochrome P450 family were actively involved in xenobiotics meta
bolism (Ding et al., 2017; Xiong et al., 2018). Progressively, the C3 site 

Fig. 5. Second derivative resolution curve-fitted amide I region (1600–1700 cm− 1) of (b) S-EPS, (c) LB-EPS, and (d) TB-EPS in control and in the (f) S-EPS, (g) LB- 
EPS, and (h) TB-EPS of the 30 mg/L group. 
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in TP-360 could be attacked by C-C bond cleavage, and simultaneous 
dehydroxylation produced TP-299. This reaction was linked with a 
highly negative ΔG of − 448.59 (Kcal/mol), demonstrating that it could 
quickly proceed and get catalyzed by algal dehydroxylases (Avila et al., 
2021). However, TP-299 was not detected in the later cultivation days, 
possibly due to its rapid metabolism into other TPs. Guengerich (2018) 
reported that cytochrome P450 enzymatic reactions involve multiple 
steps where the product of one reaction is a substrate of the subsequent 
reaction with the same or different enzymes. In this study, it was 
believed that six TPs were produced through progressive breakdown 
into simpler products. For example, the removal of ethoxypropanol from 
TP-360 coupled with deamination yielded TP-245, provided that 
deamination could be triggered by algal deaminases (Hu et al., 2021). 
The negative value of ΔG (− 20.30 Kcal/mol) further supported that this 
reaction was kinetically feasible and could proceed at ambient condi
tions (Liu et al., 2019). Similarly, TP-197 was generated by cyclohexane 

Table 2 
The relative proportion of secondary protein structures in control versus 30 mg/ 
L OT group. Bands at 1610–1640 cm− 1 and 1680–1695 cm− 1 were attributed to 
β-sheet, and bands at 1640–1650 cm− 1, 1650–1660 cm− 1, and 1660–1680 cm− 1 

corresponded to strong absorption by random coil, α-helix, and β-turn, respec
tively. Hydrophily was calculated by dividing α-helix to the β-sheet+random 
coil.  

Category 
β-sheet 
(%) 

α-helix 
(%) 

random coil 
(%) 

β-turn 
(%) Hydrophily 

Control 
S-EPS  43.29 26.5  19.51 10.70  0.42 
LB-EPS  47.17 29. 34  14.03 9. 46  0.47 
TB-EPS  38.36 27.47  21.55 12.62  0.45 
30 mg/L OT 
S-EPS  53.72 21.45  17.47 7.36  0.30 
LB-EPS  51.69 20.71  14.47 13.13  0.32 
TB-EPS  52.93 22.56  9.93 14.58  0.35  

Fig. 6. (a) Gibbs free energy ΔG (Kcal/mol) scheme for transformation products of OT, calculated at 0 K and 1 atm (b) Proposed biodegradation pathways for OT.  
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ring cleavage with subsequent methylation of algal product TP-299 (ΔG 
− 26.93 Kcal/mol), which was likely attributed to algal methyl
transferases (Xiong et al., 2018). The cyclohexane ring cleavage in 
TP-301 with substitution of the hydroxyl group by methyl group might 
generate TP-128 with a strong reaction energy value (ΔG − 246.15). 
Taken together, the aforementioned results suggested that different 
algal enzyme sets were consistently performing biodegradation, and 
simpler TPs (e.g., TP-128, TP-197) might be further oxidized and 
mineralized into CO2 and H2O. 

3.4. Environmental sustainability assessment of the produced TPs 

To inspect the environmental impacts of OT and subsequent TPs, 
their PBT properties were assessed by the EPI Suite™ and ECOSAR 
analysis. Table S5 lists the values of five typical physicochemical pa
rameters for OT and its TPs. These include octanol-water partition co
efficients (log Kow), air-water partition coefficients (log Kaw), long- 
range transport (days), bioconcentration factors (BCF), and the 
chronic value for major environmental food web organisms viz. fish, 
daphnids, and others (ChV). In compliance with the benchmarking 
criteria, all the intermediates were characterized with a log Kow of ≤ 5 
and, a BCF value of < 5000 L/kg, suggesting that these TPs did not 
exhibit the risk of bioaccumulation and associated biomagnification 
(Tepper et al., 2020). Also, according to the PBT criteria proposed by 
US-EPA and the European Commission (EC), none of the produced TPs 
exhibited long-range transport potential in water bodies (Table S5). 
Besides, the ECOSAR analysis indicated that TPs had no potential toxi
cological impacts due to the ChV values < 10 mg/L (Li et al., 2018), 
indicating that all identified TPs presented limited toxicity to life 
resources. 

It is thereby reasonable to conclude that all the microalgal-based TPs 

of OT might prudently meet the practical demands of environmental 
sustainability. Fig. 7 illustrates a model of the overall OT exposure with 
EPS as well as the algal cell and the systematic OT metabolic mechanism 
according to reported-degradation pathways. The execution of mutually 
collaborative removal mechanisms and the microalgal enzyme- 
mediated biodegradation revealed the suitability of microalgal remedi
ation as a promising alternative and environmentally friendly 
technology. 

3.5. Environmental significance 

This study illustrated microalgal bioremediation as a promising 
alternative for removing AVDs from wastewater through multiple 
elimination pathways. With the impressive adaptation and easy nutri
tional uptake capacities, this technology is considered to be suitable for 
application in environmental remediation of pharmaceuticals and AVDs 
in wastewater. Previous reports successfully correlated quantum 
chemical calculation in chemical reaction systems for studying the 
radical-mediated degradation pathways of polycyclic aromatic hydro
carbons in soil, water, and atmospheric ecosystems (Gu et al., 2019; Lin 
et al., 2021; Zhao et al., 2016). To the best of the authors’ knowledge, 
this is the first report that deployed DFT calculations for assessing the 
microalgal-mediated biodegradation pathways of AVDs in wastewater. 

This suggests that the understanding of the biodegradation by 
microalgal enzyme-mediated reactions also complies with the chemical 
reaction standards. Thus, it is feasible to apply quantum chemical 
calculation in studying the microalgal enzyme-catalyzed degradation 
pathways. Moreover, the appropriate environmental safety profile of 
microalgal-mediated produced TPs of AVDs in the present work suggests 
that microalgae treatment technologies could substantially minimize the 
bioaccumulation and biomagnification of AVDs in food webs. Further 

Fig. 7. The proposed illustration of OT interaction with CS-N1 and it`s systematic metabolic mechanism according to reported enzymatic-degradation pathways.  
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investigation on the life cycle assessment of the proposed approach will 
help evaluate its sustainability for remediating the current 
pharmaceutically-sick ecosystems. Therefore, considering the ecological 
importance of microalgae in environmentally sustainable remediation 
principles and increasing AVDs pollution, more studies are recom
mended to evaluate the adaptive removal strategy of microalgae-based 
remediation in wastewater treatment. 

4. Conclusions 

Worldwide wastewater treatment facilities have been challenged by 
COVID-19-induced AVD consumption. The microalgal system was firstly 
and successfully exploited against variable dose-treatments of an AVD 
(OT). This suppression resulted in significant reductions in the micro
algal biomass growth, photosynthesis efficiencies, chlorophyll contents, 
as well as NH4

+-N and PO4
3--P uptake. Likewise, complete OT removals 

were observed in the 10 mg/L OT group while 63% and 54% removal 
efficiencies were recorded in the 20 mg/L and 30 mg/L groups, 
respectively. Notably, quantitative and qualitative EPS investigations 
revealed the EPS secretions correlated well with the cell hydrophobicity 
in the OT exposed groups. As the primary removal pathway, microalgae- 
mediated biodegradation was elucidated through experimentation and 
DFT-supported computation. The environmental sustainability assess
ment suggested limited toxicity of microalgal-metabolic TPs of OT. 
Therefore, in the presence of globally elevated AVD consumption and 
subsequent environmental pollution, systematic and sustainable ap
proaches with microalgae could be a competitive alternative to control 
of the spread of AVDs in wastewater and recipient environments. 
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