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Abstract 

Cephalexin (CFX), a β-lactam antibiotic which is identified for the treatment of different disease infections, has been 
reported as a micropollutant in wastewater released from sewage, hospital, or pharmaceutical industries. Chlorella 
pyrenoidosa-2378, a green microalgal strain, is recognized for its degradation ability against wastewater pollutants 
and the potential of the biomass it produces. In this present study, the cultivation process of Chlorella pyrenoi-
dosa-2378 strain with CFX concentration of 50 mg/L, 100 mg/L, 150 mg/L, and 200 mg/L added to its culture medium 
labeled as test I, test II, test III, and test IV, respectively, is the process being observed for evaluation of its degrada-
tion ability and as sustainable approach for antibiotic degradation. chlorophyll a in test IV, chlorophyll b in test III, 
and carotenoid content in test I were observed to be higher in amount than control by 0.775 mg/L, .069 mg/L, 
and 0.356 mg/L, respectively. Using the HPLC method, the total removal efficiency was observed to be 79.09%, 
86.26%, 89.62%, and 88.03% against 50, 100, 150, and 200 mg/L concentrations of CFX, respectively. The observations 
that C. pyrenoidosa-2378 remained stable while being used as an alternative bioremediation method, provide an alibi 
for its novelty and potentiality to be used commercially for biomass production and at industrial scale for degradation.
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Introduction
Cephalexin (CFX) scientifically named as 7-(D-a-Amino-
a-phenylacetamido)-3-methyl-3-cephem-4-carboxylic acid 
monohydrate) (C16H17O4 N3S·H2O), a cephalosporin, is a 
combination of beta-lactam and a dihydrothiazide which is 
used against skin and skin structure, gastrointestinal and 
genitourinary tract infections [1–3]. This first-generation 
cephalosporin antibiotic, which is ranked among the top 
three antibiotics, globally has now been categorized as an 
emerging contaminant in water [4].

Current antibiotic market growth expects a CAGR of 
5.25% with a $ 20.59 billion increase in the global produc-
tion of antibiotics in 2021 (40.79 billion), at the end of the 
forecast period from 2021–2029. A 0.2–0.3% increase 
in cephalosporins sales was observed with a 10% rise in 
the monthly rate of COVID-19 cases between 2020 and 
2022 [5]. Cephalosporin Market was valued at USD 15.47 
Billion in 2023 and is expected to reach USD 19.75 Bil-
lion by the end of 2031 with a CAGR of 3.10% During the 
Forecast Period 2024–2031 [6]. This process of increase 
in production rate directly leads to a rise in pollutant 

concentration in wastewater effluents from household, 
municipal, and pharmaceutical factories [7]. Current 
existing pharmaceutical wastewater treatment strategies 
such as advanced oxidation, activated carbon, anaerobic 
digestion, and vacuum evaporation, are applied in com-
bination as they only offer partial treatment and a sudden 
rise observed might not make them able to deliver proper 
treatment efficiency individually [8]. These strategies 
when combined and applied, contribute to extra cost and 
energy requirements [9]. Also contributing to another 
set of contaminants added to the list of emerging pollut-
ants in the environment, the effluents when combined 
and mixed create another threat as the concentration of 
the antibiotic might change from ng/L to μg/L [10, 11]. 
Therefore, the treatment strategy applied should be sus-
tainable and able to treat every new pollutant in waste-
water along with the ability to deal with the unpredicted 
hike in antibiotic concentration [12].

Microalgae has been recognized as an effective and 
sustainable treatment strategy for many emerging and 
persistent environmental pollutants from any source, 
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including the contaminants from pharmaceutical 
industry [12–14]. As the pollutants are fixed perma-
nently in algal biomass, the toxic biomass produced can 
be processed into valuable bioactive compounds [15, 
16]. Chlorella pyrenoidosa-2378, a microalgal strain 
has been reported for its effectiveness in wastewater 
treatment from different sources, and the potential its 
biomass possesses to produce biodiesel, biogas, bio-
electricity, etc. [17–19]. This strain has a potential for 
degrading antibiotics such as Ciprofloxacin and Nor-
floxacin, with individual effectiveness in antibiotic 
removal achieved at 79% for Ciprofloxacin (initial con-
centration 0.029 µg/L) and 50% for Norfloxacin (initial 
concentration 0.032  µg/L) [20]. The main objective of 
this research study is to investigate the degradation 
ability, tolerance, and stability of Chlorella pyrenoi-
dosa–2378, a fresh-water green microalgae, against the 
relatively high concentration of CFX it encounters dur-
ing its cultivation process. Throughout the degradation 
process if the culture is stable, then the cultivation pro-
cess will not be affected by the antibiotic present in the 
medium and the biomass will be stable enough for fur-
ther processing into products.

Methods and methodology
Chemicals
Cephalexin (CFX) (CAS No.: 15686–71-2) (HPLC grade, > 99% 
purity) was purchased from Combi-Blocks, Inc, (USA). 
K2HPO4, NaNO3, Na2CO3, EDTANa2, Na2MoO4·2H2O, 
MgSO4·7H2O, CaCl2·2H2O, MnCl2·4H2O, ZnSO4·7H2O, 
CuSO4·5H2O, Co (NO3)2·6H2O, H3BO3, citric acid, and 
ferric ammonium citrate were purchased from Hi-Media 
Laboratories. Methanol and Acetonitrile were purchased 
from Advent Chembio Pvt. Ltd. in Mumbai, India, respec-
tively. All the chemicals and materials used in the experi-
ment were of HPLC and analytical grade respectively.

Algal strain and culture cultivation conditions
The microalgae strain, Chlorella pyrenoidosa-2378, was 
procured from the National Collection of Industrial Micro-
organisms (NCIM), CSIR-NCL, (Pune) India. The strain 
was cultured and subcultured in BG-11 Medium in 250 mL 
Erlenmeyer flasks to provide sufficient volume for experi-
mental runs. With the macronutrient solution composition 
of NaNO3 1500  mg/L, K2HPO4 40  mg/L, MgSO4.7H2O 
75  mg/L, CaCl2.2H2O 36  mg/L, citric acid 6  mg/L and 
micronutient composition of FeC6H5O7.NH4OH 6  mg/L, 
Na2-EDTA  mg/L, MnCl2.4H2O 1.81  mg, ZnSO4.7H2O 
0.222  mg, Na2MoO4.2H2O 0.39  mg/L, CuSO4.5H2O 
0.08 mg/L, H3BO3 2.86 mg/L, BG-11 Medium was pre-
pared. The macronutrient solution was sterilized in an 
autoclave at 15 psi, 121 °C for 15 min, while the micronutri-
ent solution was sterilized using a 0.45-μm pore size syringe 

filter (Axiva Sichem Pvt. Ltd.) and a 20-ml plastic syringe. 
The medium was then inoculated with the above-prepared 
1.5% C.pyrenoidosa suspension (Vinoculum/Vmedium). The 
inoculated medium flasks were incubated for 11  days, at 
27 °C with constant shaking at 150 rpm, provided with illu-
mination under a white, fluorescent lamp of light intensity 
of 30–35/mol photon m−2 s−1 and 16/8 h photoperiod [21]. 
The microalgal suspension (11 days old), to be used as an 
inoculum for further experiments, was first diluted with 
sterilized BG-11 Medium till the optical density (O.D.) 
of 1.0 was achieved at 680  nm. Absorbance values were 
observed using a UV/Visible spectrophotometer (Evolution 
201, Thermo Scientific, USA).

Experimental design for growth inhibition assay
Further, for the assessment of antibiotic degradation 
ability, and evaluating the stability and tolerance of 
the procured strain, sterilized 150  mL BG-11 Medium 
was prepared in fifteen 250  mL Erlenmeyer flasks. The 
medium was inoculated with the above prepared 1.5% 
C.pyrenoidosa suspension (Vinoculum/Vmedium). The stock 
solution of CFX was prepared by dissolving the antibi-
otic in ultra-pure distilled water. For performing growth 
inhibition assay, the algal culture in inoculated flasks was 
exposed to different CFX concentrations of 50  mg/L, 
100  mg/L, 150  mg/L, and 200  mg/L labeled as test I, 
test II, test III, and test IV, respectively. The flasks were 
incubated for 11 days under the conditions mentioned in 
the “Algal strain and culture cultivation conditions” sec-
tion. The experiment was performed in triplicates, for 
evaluation of the complete removal efficiency of CFX 
by C. pyrenoidosa by comparing the analytical results in 
test samples I, II, III, and IV (50, 100, 150, 200 mg) with 
control (C) (inoculated medium without antibiotic). For 
determining the abiotic removal of CFX, the same con-
centration of CFX was added to the culture flasks in the 
absence of microalgae.

Determination of biomass concentration and total 
chlorophyll and carotenoid content for Chlorella 
pyrenoidosa‑2378
The biomass concentration was determined by observing 
the optical density of C. pyrenoidosa at 680 nm (OD680) 
using the UV/Visible spectrophotometer [22]. The 
extraction of the photosynthetic pigments, chlorophyll a, 
chlorophyll b, and carotenoid, was performed by carrying 
out centrifugation of the culture, at 4500  rpm (15  min) 
[23]. The pellet was suspended in 10 mL of 90% metha-
nol and incubated for 10 min. This was performed twice 
before the absorbance of the supernatant obtained was 
measured at 665 nm, 652 nm, and 470 nm, and the chlo-
rophyll a (Chla), chlorophyll b (Chlb), and carotenoids 
were estimated using the formulas mentioned below [24]:
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Morphological characterization
Light microscopy
Microalgae strains were investigated under a light micro-
scope using a bright field and differential contrast on 
rehydrated biofilms as well as liquid cultures. Morpho-
logical modifications were photographed at × 10–40 
magnifications before and after the test using a (Radical 
RXLT-4 IT) microscope linked to a digital camera system.

Scanning electron microscopy
However, the more detailed morphology of the cells C. 
pyrenoidosa-2378 was studied using JSM 6490 Scanning 
Electron Microscope (SEM) [25]. The samples were pre-
pared by centrifuging 100 ml of culture (control and test) 
at 4000 rpm for 10 min and rinsing them in 0.1 M phos-
phate buffer (pH 7.5). Following many rounds of washing 
with the same buffer, the samples were dehydrated in eth-
anol at various concentrations of 25%, 50%, 75%, 95%, and 

Chla (mg L−1) = 16.82A665 − 9.28A652

Chlb (mg L−1) = 36.92A652 − 16.54A665

Carotenoid (mg L−1) = (1000 A470 − 1.91Ca − 95.15Cb)/225

100% (v/v). A scanning electron microscope (JSM 6490) 
was used to conduct the treatment observations at various 
magnifications operating at 10 kV (as observed in Fig. 1).

HPLC analysis
Two milliliters of culture were withdrawn from each 
flask on days 0, 2nd, 4th, 7th, and 11th. The withdrawn 
samples were centrifuged at the speed of 10,000 rpm for 
10  min. The residual concentration of CFX in aqueous 
medium was measured by filtering the sample’s superna-
tant through a 0.20-µm membrane filter and further car-
rying out analysis by performing HPLC.

CFX concentrations were determined by using HPLC 
(Agilent Technologies-1200) with an Auto-sampler and 
DAD. Five microliters of sample were injected into a C18 
column (250 × 4.6 mm, 5 µm) which was kept at ambient 
temperature. Water, methanol, and acetonitrile (60:20:20 
v/v) were used as the mobile phase at a flow rate of 
0.4 mL min1. The concentration of CFX was determined 
by measuring the column effluent at 254 nm.

Statistical analysis
The data were statistically analyzed using GraphPad 
Prism version 5.0 for Windows (USA), one-way analy-
sis of variance, and the Tukey–Kramer multiple com-
parison tests. When p < 0.05, differences were considered 
significant.

Fig. 1  Microscopic image of Chlorella pyrenoidosa pre- and post-treatment: A SEM image of control at × 1000 magnification. B SEM image 
of the test sample at 200 mg/L concentration at × 1000 magnification. C Light microscopy of the control sample at 40 × . D Light microscopy 
of the test sample of 200 × at × 40 magnification respectively
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Results and discussion
Effect of CFX on growth of Chlorella pyrenoidosa‑2378
The cells were observed morphologically through light 
microscopy and SEM and were observed to be ruptured 
and swelled up due to absorption of CFX as compared to 
the control. The optical density was used as the first ref-
erence to evaluate the stability of the culture throughout 
the degradation process.

The current research aimed to examine the growth pat-
terns of C. pyrenoidosa in cultures subjected to varying 
concentrations of CFX. Moreover, through the process 
of deducing the correlation between various concentra-
tions of CFX and the absorbance observed at 680 nm, the 
relationship between the biomass of C. pyrenoidosa and 
the different concentrations of CFX was then evaluated 
(Fig. 2). The OD680 values increased steadily from day 0 to 
day 11 in control and test III. The initial decline in OD680 
values by 0.012 and 0.015 were observed on day 2 in tests 
I and II, respectively. Although steady, the increase in 
OD680 values in test IV with every time period gap was 
observed to be minimal with only 0.02 difference from 
day 0 to day 2 and 0.07 from day 2 to day 4.

The observed growth patterns of C. pyrenoidosa in all 
experimental setups exhibited statistically significant 
differences (p > 0.05). These results suggest that higher 
concentrations of CFX (150  mg/L and 200  mg/L) had 
a significant inhibitory effect on the growth pattern of 
C. pyrenoidosa. Conversely, lower concentrations of 
CFX (50  mg/L) appeared to promote the growth of the 
microalgal culture. The findings of this study indicate the 
potential existence of hormesis, a phenomenon charac-
terized by a biphasic response to dosage. Specifically, 

it was observed that a low dose of the substance under 
investigation had a positive impact on the growth of the 
organism, while a high dose had an inhibitory effect on 
growth [26]. This can be supported by the observation 
that freshwater microalgal strains are observed to be get-
ting contaminated over time in the open cultivation pro-
cess, but the introduction of antibiotics might keep the 
culture in check, keeping it away from any aerial contam-
ination. The reported decline in growth can be attributed 
to the induction of oxidative stress in the chloroplasts 
because of antibiotic exposure, as reported by [27].

Effect of CFX on photosynthetic pigments of Chlorella 
pyrenoidosa‑2378
The phenomenon of pigmentation system modifica-
tion has been widely recognized as a defensive response 
mechanism in various stress-inducing scenarios, as 
documented by [28]. The pigments commonly found in 
microalgae, such as chlorophyll (including Chl-a, Chl-b, 
and carotenoids), are widely recognized as a hallmark of 
cellular adaptability. Chlorophyll, a vital pigment found 
in plants and other photosynthetic organisms, assumes 
a crucial role in the process of photosynthesis. In addi-
tion, it is notable that this phenomenon also assumes a 
significant function in the process of energy transfer, 
light energy conversion, and light harvesting. Addition-
ally, the process of growth inhibition and the complex 
production of organic components are closely related 
to these phenomena [29]. According to research by [30] 
antibiotics have a deactivating impact on the produc-
tion of photosynthetic pigments. The pigment con-
tent of Chlorella vulgaris dramatically reduced under 

Fig. 2  Effect of Cephalexin on biomass concentration deduced using absorbance at 680 nm and its relationship with the growth of C. pyrenoidosa 
(columns with different colors indicate significant differences (p < 0.05) between control and treatment)
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clarithromycin stress, according to a study [31]. While it 
is widely observed that stress-induced conditions often 
lead to a decrease in chlorophyll content, there have 
been reports documenting an intriguing phenomenon of 
increased microalgae content when exposed to low con-
centrations of antibiotics, and conversely, a reduction in 
content at higher doses. The impact of CFX stress on the 
composition of chlorophyll a, b, and carotenoids exhib-
ited similar patterns of alteration. The levels of chloro-
phyll a, chlorophyll b, and carotenoids. A steady increase 
in Chla values was observed from day 0 to day 11 in every 
sample (Fig.  3). A decline was only observed on day 
11(5.500 mg) from day 7 (5.363 mg) in test II. Almost 80% 

of values observed among Chla values test I, II, II, and IV 
were higher than the value observed in control from day 
2 to day 11. The highest recorded concentration of Chla 
was 5.740 mg in test III, followed by test IV, II, control, 
and test I. The highest increase in Chla content from day 
0 to day 11, was observed in test III by 5.319 mg (day 0 
0.421 mg to day 11 5.740 mg). Similarly, the Chlb values 
recorded were highest on day 11 (2.924 mg) in test III fol-
lowed by the Chlb content in control (Fig. 4). Comparing 
the increase from day 0 to day 11, the highest increase in 
content by 2.66 mg was observed in test III (day 0 0.264; 
day 11 2.924). A steady increase in carotenoid content 
was observed in control and all the test samples (Fig. 5). 

Fig. 3  Amount of chlorophyll “a” in mg/L of C. pyrenoidosa after 11 days of treatment

Fig. 4  Amount of chlorophyll “b” in mg/L of C. pyrenoidosa after 11 days of treatment
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A maximum increase of 1.455 mg from day 0 to day 11 
was observed in test I (day 0 0.116; day 11 1.571 mg). The 
initial values of test II and test III were at closest with 
only a gap of 0.004  mg and 0.007 on day 2 when com-
pared with the test I value and the gap reached 0.154 mg 
and 0.517 on day 11, respectively.

Removal of CFX by Chlorella pyrenoidosa‑2378
The degradation of CFX was measured and analyzed 
through HPLC analysis (Figs. 6, 7, 8, and 9). The 11 days 
microalgal cultivation in presence of CFX at different 
concentration resulted in total degradation efficiency 
to be in between 79-90%. Fifty-three to 59% CFX was 
observed to be degraded during the time of first 2  days 
(Fig. 10).

During the time interval day 2–day 11, only about 
21% of CFX of the sample was degraded in test I, while 
30.12% of CFX was degraded in test II. In test III and test 
IV, approximately 35% of CFX was degraded during this 
period. Only an amount between 10-21% remained after 
the 11-day period degradation testing process ended. The 
residual concentration of CFX  measured after degrada-
tion by C.pyrenoidosa on Days 2,4,7 and 11, analyzed 
using HPlC has been mentioned below in Table 1.

Discussion
The green microalgal strain, Chlorella Pyrenoidosa–2378, 
is not targeted by the antibiotic during the degradation 
process, yet its effect on this strain cannot be rendered 
null and void. The increase in OD680 values from day 0 
to day 11, was observed in the order of C > I > II > III > IV. 

Fig. 5  Total carotenoid content in mg/L of C. pyrenoidosa after 11 days of treatment

Fig. 6  HPLC chromatogram of degraded CFX in test I (day 11)
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The increase in Chla content from day 0 was observed 
as IV > III > II > C > I. The increase in Chlb content was 
observed as III > C > II > I > IV. The increase in Carotenoid 

content was observed as I > IV > II > C > III. The OD680 val-
ues were affected directly as the values decreased with 
respect to the increase in CFX concentration. The test IV 

Fig. 7  HPLC chromatogram of degraded CFX in test II (day 11)

Fig. 8  HPLC chromatogram of degraded CFX in test III (day 11)

Fig. 9  HPLC chromatogram of degraded CFX in test IV (day 11)
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had maximum CFX concentration but still had a maxi-
mum increase in its Chla content, around 0.611 mg more 
than the control. Also, Chlb content was still observed 
to increase nearly the maximum in test III (2.66  mg/L), 
followed by control (2.591  mg/L). No direct linear rela-
tionship was observed between CFX concentration and 
pigment concentration in the samples. As the pigment 
content observed was even in higher quantity than the 
control, this provides an alibi that the presence of anti-
biotics is a supportive choice while aiming for higher 
pigment concentration in C. pyrenoidosa. This directly 
points towards the fact that this microalgal strain has the 
ability to deal with antibiotic toxicity and cause its degra-
dation at an almost acceptable rate with 79–90% efficacy. 
The research conducted by Chen and coworkers high-
lights the significance of the heterotrophic capabilities 
and endogenous catabolic mechanisms demonstrated by 
microalgae [32]. C. vulgaris and C.pyrenoidosa are among 
the most studied microalgal cultures used for micropol-
lutant degradation, including cephalosporins [33]. In a 
research study, non-living Chlorella lipid extracted was 

used to remove CFX (49.17 ± 0.20  mg/L concentration) 
showed a maximum efficient removal to be 71.19% with 
respect to control (82.77%) using 14.17 ± 5.52 of lipid 
extracted biomass [34]. The research study conducted 
on the degradation of CFX using a microalgae-bacteria 
consortium by da Silva Rodrigues and his coworkers 
reported degraded 96.54% of CFX, which seems to prove 
great results but may become a threat as the repetitive 
use of bacteria for degradation might turn it into a threat 
[35]. Nano-zero-valent iron from Nettle leaf extract can 
remove 1667  mg of CFX, but its preparation requires 
Nettle leaf extract, which makes the process less sustain-
able as the production might become a threat to biodi-
versity leading to its loss in the near future [36].

Conclusion
Different sustainable approaches have been recognized 
for removing CFX For removing CFX [36]. Compar-
ing every single approach the most accepted approach 
should be the one with the least by-products that dam-
age the environment without leading to additional 

Fig. 10  Total removal percentage of CFX in test samples I (50 mg/L), II (100 mg/L), II (150 mg/L), and IV (200 mg/L) by C. pyrenoidosa with respect 
to different day intervals (day 2–day 11)

Table 1  Residual concentration of CFX measured after degradation by C. pyrenoidosa using the HPLC method

Time Measured concentration

Test I Test II Test III Test IV

Conc. mg/L % Std Dev Conc. mg/L % Std Dev Conc. mg/L % Std Dev Conc. mg/L % Std Dev

Day 0 50 100 – 100 100 – 150 100 – 200 100 -

Day 2 20.90 41.81 0.152 43.86 43.86 0.029 68.25 45.50 0.353 93.18 46.59 0.613

Day 4 18.99 37.98 0.072 27.02 27.02 0.341 48.18 32.12 0.237 63.68 31.84 0.217

Day 7 15.65 31.31 0.298 15.39 15.39 0.257 18.70 12.47 0.372 43.28 21.64 0.431

Day 11 10.46 20.91 0.100 13.74 13.74 0.189 15.58 10.38 0.321 23.93 11.965 0.047
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pollution or threat and the second is less costly. 
Microalgal-based treatment should be considered effi-
cient because (a) the by-products are not a threat, (b) 
Oxygen production, (c) considering air pollution, the 
combined process might even improve air levels when 
used in industrial areas (c) biomass can be used for bio-
diesel, bioelectricity, bioethanol, immune-supplement 
products, and protein production [37, 38]. The path-
way followed by microalgae for degrading antibiotics 
or any other micropollutant is bioabsorption, bioac-
cumulation, and biodegradation [33]. The findings of 
this research indicate that C. pyrenoidosa may estab-
lish resistance against CFX toxicity and consequently, 
efficiently remove CFX from aqueous environments. 
As a result, C. pyrenoidosa might be a potential micro-
alga for CFX-contaminated water remediation. Using 
this strain, which has been identified for bioremedia-
tion of different air, water, and soil pollutants, identi-
fying its additional application in CFX degradation, 
turns this strain into a novel promising approach and 
an economically feasible method that could be used at 
a large scale. In the future, the potential of C. pyrenoi-
dosa for the removal of other major contaminants can 
be investigated.
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