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Abstract

Extracellular polymeric substances (EPS) are secreted by microalgae and contribute to
protecting cells from damage induced by cadmium (Cd) exposure. However, the response
mechanism of Chlorella sp. to Cd(II) stress as well as associated changes in the chemical
properties (including functional groups and composition) of soluble EPS (SL-EPS), loosely
bound EPS (LB-EPS), and tightly bound EPS (TB- EPS) in this microalga, remain unclear.
This study aimed to investigate the role of EPS in enabling Chlorella sp. to resist Cd(II)
stress. The results demonstrated that Cd(II) stress resulted in a significant inhibition of algal,
chlorophyll a (Chl a) contents, and maximum photochemical quantum yield (Fv/Fm) of
Chlorella sp., with 7 d EC30 of 6 mg/L. Nevertheless, Cd(II) exposure significantly increased
both superoxide dismutase (SOD) activity and EPS content. Fourier transform infrared
(FTIR) spectroscopic analysis revealed that differences existed in the functional groups
involved in Cd(II) binding across algal cell density, SL-EPS, LB-EPS, and TB-EPS. The
carboxyl group was identified as the most prominent functional group and were found
to play a crucial role in the adsorption of Cd(II). Additionally, Tryptophan-like protein
substance in EPS may be the main component binding with Cd(II) in Chlorella sp. This
study indicated that Chlorella sp. resisted Cd(II) stress by increasing SOD activity and EPS
content, with protein-like substance containing tryptophan proteins in EPS which could
also contribute to protection against Cd stress.

Keywords: Chlorella sp.; cadmium; EPS; FTIR

1. Introduction
Cadmium (Cd) pollution has become a global challenge for environmental sustain-

ability due to its high toxicity, bioaccumulation potential, and persistence [1]. Driven by
industrial and agricultural development, Cd is continuously released into aquatic envi-
ronments, posing severe threats to ecosystem stability, food safety, and ultimately human
health through its accumulation in food chains. In Asia, the average concentration of Cd in
surface water reaches 17.75 ± 3.96 µg/L, exceeding the World Health Organization (WHO)
threshold limit of 3 µg/L. Cd [2,3]. In industrial effluents, particularly electroplating
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wastewater, Cd concentrations typically range from 0.03 to 102 mg/L, and in extreme cases
can be as high as 1570 mg/L [4]. These findings highlight the urgent need for sustainable
remediation technologies in highly contaminated regions.

Conventional remediation techniques, including adsorption, precipitation, chemical
reduction, ion exchange, and evaporation, are often limited by high operational costs,
secondary pollution, or inefficiency at low metal concentrations. In contrast, microalgae
have been widely employed in bioremediation of heavy metals due to their high metal
adsorption efficiency, environmental sustainability, and renewability [5–8]. For example,
certain Scenedesmus quadricauda can achieve exceptionally rapid metal removal, with one
study reporting a 100% removal rate of Cr(VI) within 4 h [9]. The high efficiency of
microalgae is also evident in the removal of Pb, with Chlorella sp. achieving a 78% removal
rate within 3 h [10]. These cases illustrate the remarkable potential of microalgae for rapid
and effective heavy metal removal.

To mitigate the toxic effects of heavy metals, microalgae employ various strategies,
such as extracellular immobilization, intracellular sequestration, and activation of an-
tioxidant defense systems [11]. Among these, biosorption is the primary mechanism
underlying extracellular immobilization, involving the binding of heavy metals to charged
macromolecules on the cell surface, typically through complexation, ion exchange, surface
precipitation, and redox reactions [12,13]. Due to the presence of numerous negatively
charged functional groups (e.g., carboxyl, hydroxyl, amino, and sulfhydryl groups) on EPS
associated with the cell wall, metal ions can be efficiently adsorbed onto the cell surface
during this process [12–14].The efficiency of this adsorption process is further modulated
by several environmental and biological factors. For instance, algae generally exhibit
higher adsorption efficiencies under neutral to weakly acidic conditions, whereas efficiency
decreases sharply at higher pH due to metal ion precipitation in alkaline environments [14].
Moreover, adsorption capacity tends to be greater for metal ions with higher electronegativ-
ity when comparing ions of similar size. The binding ability of EPS is strongly influenced
by the abundance of negatively charged groups on its surface.

At the intracellular level, heavy metals are chelated intracellularly by specific
molecules such as metallothioneins (MTs), phytochelatins (PCs), and glutathione (GSH),
which constitute the primary metal-binding systems in microalgae [11]. Metallothioneins
are cysteine-rich proteins that bind Cd via thiol groups, while phytochelatins are enzymati-
cally synthesized from glutathione by phytochelatin synthase (PCS) and play a central role
in intracellular Cd sequestration and detoxification. Meanwhile, oxidative damage caused
by heavy-metal-induced reactive oxygen species (ROS) is further mitigated by antioxidant
enzymes such as superoxide dismutase, catalase, ascorbate peroxidase, and glutathione
reductase. Notably, the structure and composition of EPS in different microalgae can be
altered in response to various heavy metal treatments [15–17]. Therefore, the specific strate-
gies employed by microalgae to counteract the toxicity of different heavy metals warrant
further investigation.

Chlorella sp. is a green algae well-known for its high production of lipids and polysac-
charides [18,19]. Studies indicate that Chlorella sp. mitigates heavy metal toxicity and
purifies wastewater through the secretion of large quantities of EPS [20]. However, it
remains unclear which specific aspects of the chemical structure of EPS are affected by
Cd(II) stress, particularly regarding the role of functional groups (e.g., carboxyl, hydroxyl,
amide), the relative protein–polysaccharide composition, and the differential responses
among SL-EPS, LB-EPS, and TB-EPS. In this work, we aim to illustrate the role of EPS in
protecting Chlorella sp. against Cd(II) stress by analyzing biochemical generation, composi-
tional characteristics, and functional group profiles of different types of EPS. These findings
are of great significance for the application of algae in bioremediation of heavy metal.
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2. Materials and Methods
2.1. Growth Conditions of Chlorella sp.

Chlorella sp. FACHB-1227 was obtained from the Freshwater Algae Culture Collection
of the Institute of Hydrobiology, Chinese Academy of Sciences. The algae were cultured
in Erlenmeyer flasks containing sterilized BG11 medium (pH 7.1). Cultures were main-
tained at 25 ± 1 ◦C under a 12/12 h light/dark cycle with an incident light intensity of
approximately 36 µmol photons m−2 s−1. Cells used for the experiments were in the loga-
rithmic growth phase, specifically within the range of OD680 = 0.2–0.5 (corresponding to
approximately 3 × 106–8 × 106 cells mL−1). To prevent contamination from residual metals,
all glassware underwent pretreatment involving a seven-day soak in 10% hydrochloric
acid and was then carefully rinsed with deionized water. Prior to use, culture flasks were
covered with sterile, gas-permeable sealing films and sterilized by autoclaving. During
cultivation, the flasks were periodically shaken and their positions were frequently changed
for ensuring uniform light exposure and avoiding adhesion of algal cells to the flask walls.

1000 mg·L−1 Cd(II) stock solution was prepared using CdCl2·2.5H2O and diluted with
BG11 medium to generate obtain five working concentrations: 3, 6, 10, 15, and 20 mg/L,
with an initial cell density about 5 × 106 cells/mL. Each treatment group and its CdCl2-free
control were prepared in three replicates. Cell growth was monitored daily by counting
cell numbers using a hemocytometer. EC50 was determined via a chemical algal growth
inhibition test following previously established methods [21].

2.2. Cd(II) Removal

Chlorella sp. cultures were treated with 6 mg/L Cd(II) in BG11 medium for a period
of seven days. Cd(II) removal was assessed by separating the metal into three fractions:
residual Cd(II) remaining in the medium, Cd(II) bound to EPS on the cell surface, and Cd(II)
accumulated within the cells. The extraction procedures followed the method described
by Ozturk et al. [21]. After centrifugation at 10,000× g, the supernatant was analyzed to
quantify the residual Cd(II) in the medium. On the 7th day, the resulting pellets were
treated with 10 mmol/L EDTA to desorb Cd(II) from the cell surface and centrifuged again
at 10,000× g. The supernatant obtained at this step was examined for EPS-associated
Cd(II). The remaining pellets were digested with nitric and perchloric acids to determine
intracellular Cd(II). Final Cd(II) concentrations were quantified using an atomic absorption
spectrophotometer (AA-6880, Shimadzu Corporation, Shimadzu, Kyoto, Japan).

Cd(II)removal efficiency (%) =
Initial Cd(II)amount − Residual Cd(II)amount in BG11

Initial Cd(II)amount

2.3. Determination of Chl a and Maximal Chlorophyll Fluorescence of PSII (Fv /Fm)

Pigments analysis of algal samples was carried out according to the procedure of
Sartory and Grobbelaar [22]. The algal samples were first centrifuged at 5000× g for 15 min.
The resulting pellet was then extracted with 95% ethanol for 24 h in the dark at 4 ◦C. After
a final centrifugation of the extract at 4000× g for 10 min, the resulting supernatant was
collected for subsequent analysis. The Chl a concentration was then quantified by recording
absorbance at 665 and 649 nm.

Meanwhile, 5 mL of Chlorella sp. suspensions were dark-adapted for 10 min, and
Fv/Fm was measured using a water sample chlorophyll fluorometer (WALZ, PAM-2500,
Effeltrich, Germany) with a saturating light intensity of 1500 µE·m−2 s−1.
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2.4. Measurement of Malondialdehyde (MDA) and Superoxide Dismutase (SOD) Content

Algal cells exposed to 6 mg/L Cd(II) or maintained without Cd(II) were sampled
at 0.5 h, 4 h, 24 h, 72 h, and 168 h. The algal suspensions were centrifuged at 3000× g
for 10 min at 4 ◦C to obtain cell pellets. The harvested cells were then resuspended in
PBS buffer and disrupted using a tissue homogenizer under the following conditions:
45 Hz, with 30 s of grinding followed by 10 s of rest, repeated for three cycles. The
homogenized mixtures were subsequently centrifuged at 2000× g for 5 min at 4 ◦C. The
resulting supernatant was used to determine the activities of MDA content and SOD
activity, using corresponding commercial assay kits (Nanjing Jiancheng Bioengineering
Institute, www.njjcbio.com (accessed on 15 September 2025). Measurements were strictly
performed in accordance with the manufacturer’s protocol.

2.5. EPS Extraction and Determination

The algal EPS was separated into three distinct fractions: SL-EPS, LB-EPS, and TB-
EPS [23,24]. Extraction of SL-EPS, LB-EPS, and TB-EPS was performed following previously
described methods [24,25]. First, samples were centrifuged at 2500× g for 15 min, and the
supernatant was collected to analyze SL-EPS. Next, the algal pellets obtained in the previous
step were suspended in 0.05% NaCl solution with a volume equal to that of the original
sample, and then centrifuged at 5000× g for 15 min. After collecting the supernatant for LB-
EPS analysis, the pellets were resuspended in 0.05% NaCl, heated at 60 ◦C for 30 min, and
centrifuged to obtain the TB-EPS fraction. Filtration of all EPS fractions through 0.45 µm
PTFE membranes was performed to remove intact cells and large debris, ensuring that only
extracellular polymers were collected and analyzed. Polysaccharide and protein contents in
the EPS samples were quantified via the phenol-sulfuric acid method [26] and the Bradford
method [27], respectively.

2.6. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectroscopy was used to analyze functional groups in organic matter. On 7th
day, algal cultures were centrifuged at 5000× g for 15 min to collect algal biomass for further
analysis. EPS fractions were subsequently isolated following the procedure outlined in
Section 2.5 and dialyzed according to the method of Ge et al. [28]. Both the EPS-containing
supernatants and algal pellets were lyophilized using a vacuum freeze dryer (FD-1A-50,
Bio-Equip, Shanghai, China). The dried materials were then subjected to characterization by
FTIR spectroscopy. (FTIR5700, Thermo Fisher Scientific, Waltham, MA, USA). Prior to FTIR
analysis, all EPS subjected to identical preparation procedures, including lyophilization,
fine grinding, and dialysis to remove salts and small molecules. To minimize spectral
variation, the same instrumental parameters were used for all measurements (ATR mode,
4 cm−1 resolution, 32 scans per spectrum), and baseline correction and normalization
were applied to each spectrum. Additionally, blank controls were measured to eliminate
background interference.

2.7. Measurement of Three-Dimensional Fluorescence Excitation–Emission Matrix (3D-EEM)

3D-EEM was used to analyze compositional changes in organic matter including EPS.
Due to the low EPS concentration after 7 days of culture, specific EPS components were not
detectable by 3D-EEM; thus, the culture duration was extended to 14 days. On the 14th
day, each type of EPS extracted using the method described in Section 2.5 was analyzed by
a 3D-EEM (Lumina, Thermo Fisher Scientific, Waltham, MA, USA). This work adopted the
specific parameters reported by Xu et al. [24].

www.njjcbio.com
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2.8. Statistical Analysis

All experiments and analyses were conducted based on three independent biological
replicates. Statistical analyses were performed with SPSS software (Version 22.0) via one-
way analysis of variance (ANOVA) and Student’s t-test. Standard errors were calculated
and displayed as error bars in figures. Differences were considered statistically significant
at p < 0.05.

3. Results and Discussion
3.1. Growth Inhibition and Cd(II) Removal by Chlorella sp.

The effects of different Cd(II) concentrations on the growth of Chlorella sp. are shown
in Figure 1a. The cell density decreased significantly with increasing Cd(II) concentration
(p < 0.05). Based on the growth inhibition results, the 2, 3, 4, and 7d EC50 were calculated
to be 3.873, 5.874, 7.126, and 9.547 mg/L, respectively. When the Cd(II) concentration
increased from 6 mg/L to 10 mg/L, a significant decrease in biomass was observed. Based
on growth inhibition data, an EC30 of 6 mg/L over 7 days was selected for subsequent
experiments. The inhibitory effects of Cd(II) on microalgal growth have been reported in
previous studies [29,30]. The decrease in growth observed at higher Cd(II) concentrations
in our study may be attributed to Cd(II)-induced damage to photosynthetic activity and
the triggering of oxidative stress [29,30].

Figure 1. Growth curve (a), and Cd(II) removal efficiency when Chlorella sp. was exposed to
6 mg/L Cd(II) (b). Data are presented as mean ± SD (n = 3). Columns sharing the same letter are
not significantly different (p > 0.05); columns with different letters indicate significant differences
(p < 0.05); the same applies below.

Biosorption is characterized by faster kinetics compared to bioaccumulation, which
requires the activation of intracellular metal transport systems [31]. Figure 1b shows the
removal efficiency of Cd(II) by Chlorella sp. at a concentration of 6 mg/L Cd(II). Within the
first 24 h, the adsorption of Cd(II) was a rapid process and Cd(II) removal efficiency was
71.6%. The removal efficiency of Cd(II) increased gradually within 24 h, reaching 71.6%,
after which the rate of increase slowed. By the conclusion of the·7th day, 13.2% of Cd(II)
remained in the culture medium, while 86.8% was adsorbed by the cells. Concurrently, the
proportions of Cd(II) remaining in the medium, adsorbed onto the cell surface EPS, and
accumulated within the cells were determined to be 13.2%, 82.6%, and 3.8%, respectively.
The fast binding of Cd(II) within 24 h implies that metal removal occurs primarily through
interactions with surface functional groups [32,33]. Heavy ions can be effectively adsorbed
by the cell surface, a finding consistent with previous studies [16,17]. This suggests that
B-EPS plays a major role in the Cd(II) adsorption. Cd(II) adsorption is a rapid process,
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probably because Cd(II) mainly interacts with acidic sites on the cell wall, such as uronic
acid and carboxyl groups [32,33].

The concentration of Cd(II) in natural water systems is typically below 1 µg/L [34],
and the presence of Cd(II) in municipal and typical electroplating wastewaters is typically
less than 2 mg/L [16]. As illustrated in Figure 1a, exposure to 3 mg/L Cd(II) resulted in
growth of Chlorella sp. comparable to that of the control group, indicating that Chlorella sp.
may not suffer significant harm from Cd(II) in actual wastewater. The removal efficiency of
Cd(II) was 71.6% within 24 h, indicating that Chlorella sp. may also serve as a promising
candidate for removing Cd(II) from wastewater [5,16].

3.2. Change in Chl a Content and Photosynthetic Activity

The Chl a content in the Cd(II)-treated group decreased with prolonged cultivation
time (Figure 2a). This observation is consistent with previous studies. The suppression of
Chl a content by Cd(II) is attributed to a decline in chlorophyllides, which act as essential
precursors for the synthesis of these photosynthetic pigments [35]. Additionally, the
reduction in chlorophyll levels caused by Cd may be linked to oxidative stress and thylakoid
lipid peroxidation, events that can cause subsequent chlorophyll degradation [36,37].

  
(a) (b) 

Figure 2. Changes in Chl a (a) and Fv/Fm (b) of Chlorella sp. with or without Cd(II) exposed. (“CK”
refers to the control group and “Cd(II)” refers to the treatment group exposed to 6 mg/L Cd(II). The
same definition applies to all figures in this manuscript.

During the initial stage of Cd(II) stress (0–24 h), Fv/Fm showed no statistically sig-
nificant difference from the control group (p > 0.05) (Figure 2b). However, a progressive
decline in Fv/Fm was observed in the Cd(II)-treated group after 120 h. Fv/Fm in Chlorella
sp. was reduced by 6.33%, and 8.51% at 120 and 168 h of Cd(II) exposure, respectively.
The inhibitory effect of Cd(II) on photosynthesis could be due to the competition of Cd(II)
with calcium, magnesium, manganese, and iron ions in the photosynthetic apparatus,
thereby damaging the photosynthetic electron transport chain [31,38–40]. On the other
hand, Cd(II) may damage the photosystems by regulating the genes involved in chlorophyll
and light-harvesting antenna protein synthesis, resulting in decreased Chl a contents and
photosynthetic activity [40].

3.3. Change in the MDA Content and SOD Activity

MDA serves as a key indicator of oxidative damage, reflecting the extent of lipid
peroxidation induced by environmental stress [35]. Significant increases in MDA content at
4 h (by 24.5%) and 24 h (by 27.9%) were observed in the 6 mg/L Cd(II) group compared
with the control group (Figure 3a). It has been established in many former studies that
heavy metals can induce oxidative stress [17,35]. In this work, the increased MDA content
can be attributed to Cd(II)-induced oxidative stress, which triggers the accumulation of



Ecologies 2025, 6, 65 7 of 15

ROS, causing lipid peroxidation and membrane damage [41,42]. However, MDA levels
exhibited no significant difference from the control group as exposure time prolonged
(p > 0.05). This finding demonstrates the metabolic adaptability of Chlorella sp., which can
alleviate lipid peroxidation by enhancing its intrinsic antioxidant mechanisms [43].

  
(a) (b) 

Figure 3. Changes in MDA content (a) and SOD activity (b) of Chlorella sp. with or without Cd(II) exposed.

SOD is a key enzyme involved in ROS scavenging and regulating cellular redox
homeostasis. Cd(II) significantly increased the SOD activity by 43.6%, 43.2%, 56.0%, 56.6%
and 46.4% at 4 h 24 h, 72 h, 120 h and168 h, respectively, compared with the control
group (Figure 3b). Elevated SOD activity in response to heavy metal exposure has been
documented in various algal species, including Desmodesmus armatus [35] and Microcystis
aeruginosa [14]. This phenomenon indicates the activation of a rapid antioxidant response
to scavenge ROS generated by heavy ions and prevent oxidative damage [44].

3.4. The Role of EPS in Metal Sequestration
3.4.1. Changes in Polysaccharides and Proteins Contents in EPS

As shown in Figure 4, the polysaccharides contents in EPS was higher than proteins
in both Cd(II)-exposed and unexposed conditions (p < 0.05). Cd(II) stress led to an ac-
cumulation of polysaccharides and proteins within the SL-EPS and B-EPS fractions. The
maximum polysaccharides and proteins contents in EPS reached 4.18 and 0.686 pg/cell,
respectively. This provides further support for the hypothesis that Cd(II) can induce EPS
production [16,17]. EPS secretion is considered as a defensive mechanism by Microcystis
aeruginosa [17] and Spirulina platensis [16] under Cd(II) stress, suggesting that Chlorella sp.
may also secrete EPS to defend against the Cd(II) stress in the present study.

  
(a) (b) 

Figure 4. Variations in the content of polysaccharides (a) and proteins (b) within the EPS of Chlorella
sp. with or without Cd(II) exposed.
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3.4.2. FTIR Analysis

FTIR can be used to reveal the differences in functional groups of biological materials,
thereby providing further confirmation of the binding mechanism between EPS and heavy
metals. FTIR spectra of algal cells and various EPS fractions (SL-EPS, LB-EPS, TB-EPS) from
Chlorella sp. treated with or without 6 mg/L Cd(II) are shown in Figure 5. The functional
groups responsible for the biosorption of Cd(II) by the algal cells or each EPS fraction were
analyzed by FTIR spectroscopy, and these groups are listed in Table 1. Characteristic peaks
were observed to shift before and after metal adsorption, suggesting the adsorption sites
were occupied by metal ions [45].

Figure 5. FTIR spectra of cellular biomass and EPS from Chlorella. sp. treated with 0 and 6 mg/L
Cd(II) exposure.

The absorption bands at 3270–3344 cm−1 are attributed to the stretching vibrations
of −NH2 or −OH groups [21,46]. The strong absorption peak at 2920–2990 cm−1 can
be assigned to stretching vibrations of unsaturated methyl group (−CH3) or a hydroxyl
group (−OH) on benzene ring [47,48]. The broad bands at 1622–1647 cm−1 correspond
to the stretching vibrations of quinone, amide, or ketone C=O bonds [49]. The peak
near 1596 cm−1 corresponds C=C stretching of aromatic and the COO− stretching of
deprotonated carboxylic acid [49]. The peak at 1360 cm−1 corresponds to the bending
vibration of −OH groups in the carboxyl group [46]. The broad bands at 1240–1255 cm−1

correspond to the stretching vibration of P=O [14], which is a functional group present in
nucleic acids, phospholipids and phosphoprotein, etc. The broad bands around 1047 cm−1

represent the stretching vibration C−O−C linkages in polysaccharides, which can be found
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in the dextran functional groups on algal cell walls [48]. The FTIR peak at 859 cm−1 is
commonly attributed to the C−H deformation vibrations of α-pyranose rings [20].

In this study, Cd(II) exposure led to pronounced modifications in the FTIR spectra
for algae cells and each type of EPS. Han et al. [17] also reported similar results in Cd(II)-
treated Microcystis aeruginosa. Moreover, differences in major peaks among the various EPS
fractions indicated that the functional groups involved in Cd(II) binding differed slightly
between algal cells, SL-EPS, LB-EPS, and TB-EPS. Thus, each type of EPS plays a distinct
role in adsorbing Cd(II). There were significant shift in peaks at around 1647 cm−1 and
1360 cm−1 in algal cells, SL-EPS, LB-EPS and TB-EPS (only at 1360 cm−1), which correspond
to C=O bond and −OH bond in the carboxyl group, respectively, before and after Cd(II)
adsorption. Carboxyl groups are the most common functional groups containing a C=O
bond that is negatively charged and abundant in algal cell walls [50]. These results indicated
that the carboxyl group served as the key functional group in the EPS, playing a primary
role in Cd(II) adsorption.

Table 1. FTIR peak wavenumber shifts in Chlorella sp. biomass and its EPS fractions before and after
Cd(II) adsorption.

Wavenumber (cm−1)

Algae SL-EPS LB-EPS TB-EPS Functional Group References

CK Cd CK Cd CK Cd CK Cd

- - 3290 3304 3288 3344 3318 3287 Amino group (−NH2) [46]

2923 2926 2934 2928 2932 2930 2987 2931 Methyl group (−CH3) or Hydroxyl group
attached to aromatic rings (X−OH) [47,48]

1647 1645 1633 1622 1622 1646 Quinone, amide, or ketone C=O bond
stretching [51]

- - 1594 1601 C=C and the COO− stretching [49]
1362 1386 1350 1354 1350 1360 1350 1362 Bending−OH (−COOH) [46]

- - 1255 1249 Phosphate group (P=O stretching vibration) [14]
1111 1108 - - Ether (C−O−C) in polysaccharides [52]

1047 1023 - - The elongation of bonds C−C and C−O in
polysaccharides [53]

859 833 - - - - - - furanose and pyranose rings of saccharides
α-glycosidic bonds [20]

-: no significant shift peak point.

3.4.3. 3D-EEM Analysis

As shown in Figure 6 and Table 2, the 3D-EEM contours of the EPS contained two peaks.
Peak A (Ex/Em = 280/325 nm) and Peak B (Ex/Em = 365/440 nm) were attributed to
tryptophan-like protein substance and humus-like substances originating from the de-
composition of macromolecular organics [54,55]. The results indicate that tryptophan-like
protein substance and humus-like substances were identified in the EPS under both CdCl2
exposure conditions (0 and 6 mg/L). The organic composition of the different EPS fractions
was remarkably similar between the control and 6 mg/L Cd(II)-exposed groups (Figure 6),
indicating that Cd(II) did not alter their organic composition.

SL-EPS exhibited two distinct fluorescence peaks (Peak A and Peak B), whereas LB-
EPS and TB-EPS showed only Peak A (Figure 6). These findings indicate that tryptophan-
containing substances are a shared component of the EPS in Chlorella sp., present con-
sistently across all its EPS fractions. For the SL-EPS, due to its direct exposure to the
external environment, it tends to accumulate a greater amount of soluble organics secreted
through metabolism (e.g., humic-like substances). This accumulation, in turn, enables
Chlorella sp. to respond effectively to external environmental stimuli. The treatment group
showed no marked changes in EPS fluorescence regions compared to the control, whereas
the fluorescence intensity of SL-EPS was significantly reduced. This finding aligns with
previous studies, which have demonstrated that CdCl2 and light intensity do not alter the
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EEM contour patterns of algal EPS, but the fluorescence intensity of peaks varies across
different EPS fractions depending on the treatment [15,17,56]. Specifically, Wang et al. [15]
reported that 20 mg/L CdCl2 did not modify the organic composition of EPS from Spirulina
platensis; however, the fluorescence intensities of peaks in EPS were significantly lower
in the 20 mg/L CdCl2 treatment group than in the control group. Notably, the carboxyl
(—COOH) and amino (—NH2) groups of tryptophan are recognized as key coordination
sites for heavy metals. In the present study, Cd(II) exposure reduced the fluorescence inten-
sity of Peak A in SL-EPS relative to the control. This observation suggests that tryptophan in
EPS forms highly stable complexes with heavy metal ions via functional groups including
carboxyl and amino groups, leading to fluorescence quenching. Such complexation effec-
tively reduces the toxicity of free heavy metals and prevents their entry into algal cells [14].
Collectively, these results support the inference that tryptophan-containing protein-like
substances are the primary components involved in Cd(II) binding in Chlorella sp.

Figure 6. 3D-EEM contour plots of EPS fractions from Chlorella sp. with and without 6 mg/L Cd(II).
Peaks A (Ex/Em 280/325 nm) and B (Ex/Em 365/440 nm) are indicated. (a) SL-EPS control (CK);
(b) SL-EPS under Cd(II) treatment; (c) LB-EPS control (CK); (d) LB-EPS under Cd(II) treatment;
(e) TB-EPS control (CK); (f) TB-EPS under Cd(II) treatment.

Table 2. Fluorescence spectral parameters of EPS fractions obtained from Chlorella sp. under Cd(II)
exposure and Cd(II)-free conditions.

Peak A (Tryptophan-Like
Protein Substance)

Peak B (Humic-Like
Substance)

Intensity Site (Ex/Em) Intensity Site (Ex/Em)

SL-EPS
CK 9309.2 280/325 nm 1727.6 365/440 nm

Cd(II) 5326.5 280/325 nm 1401.2 365/440 nm

LB-EPS
CK 1426 280/325 nm - -

Cd(II) 1223.8 280/325 nm - -

TB-EPS
CK 2323.4 280/325 nm - -

Cd(II) 2189.6 280/325 nm - -
-: no corresponding value or site.
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3.5. Correlation Analysis

Correlation analysis was utilized to assess the associations between critical physi-
ological responses in Chlorella sp. under Cd(II) stress. As shown in Figure 7, biomass
exhibited a significant negative correlation with MDA levels (p < 0.05), suggesting that
oxidative stress and lipid peroxidation directly contributed to growth inhibition. In contrast,
biomass exhibited a significant positive correlation with Fv/Fm (p < 0.05), indicating that
the maintenance of photosynthetic efficiency was essential for sustaining algal growth
under Cd stress [29,30]. Moreover, biomass exhibited a significant negative correlation
with the polysaccharide contents of EPS, suggesting that Cd(II) stress induced Chlorella sp.
to allocate more photosynthetic products and metabolic energy toward the synthesis of
EPS and antioxidant defenses. This reallocation likely diverted resources away from cell
division and growth, thereby inhibiting biomass accumulation.

Figure 7. Correlation of indicators of Chlorella sp. treated with 6 mg/L Cd(II). PN and PS represents
proteins and polysaccharides in the EPS, respectively.

Additionally, Fv/Fm showed a negative correlation with MDA, confirming that ox-
idative damage impaired photosynthetic efficiency. The positive correlations observed
between MDA levels and both protein (PN) and polysaccharide (PS) contents in EPS
(p < 0.05) highlight that oxidative stress acts as a major trigger for EPS secretion. This
suggests that Cd(II)-induced lipid peroxidation [57] not only damages cellular components
but also stimulates EPS production as a protective mechanism to immobilize heavy metals
and alleviate toxicity [16,17]. This may represent a self-protective response by Chlorella sp.
to resist Cd(II) toxicity.

4. Conclusions
This work systematically examined the adaptive response of Chlorella sp. to Cd(II)

stress. The final Cd(II) adsorption efficiency reached 86.8% when the Cd(II) concentration
was 6 mg/L. Cd(II) stress significantly decreased biomass, chlorophyll content, and Fv/Fm
values. Moreover, EPS played a crucial role in protecting Chlorella sp. against Cd(II) toxicity.
Under Cd(II) exposure, EPS secretion increased markedly, and functional groups such as
hydroxyl, carboxyl, and amide groups, together with tryptophan-containing protein-like
substances, actively participated in Cd(II) binding, thereby mitigating cellular damage.
These findings supply preliminary evidence for the potential application of EPS in heavy
metal bioremediation.

Nevertheless, limitations of this study should be acknowledged. The experiments were
conducted under controlled laboratory conditions with Cd(II) concentrations exceeding
those typically observed in natural waters. Furthermore, EPS characterization was limited
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to FTIR and 3D-EEM analyses. Future studies should be conducted under more realistic
environmental conditions to further validate the protective function of EPS in Chlorella sp.
against Cd(II) stress.
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