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Abstract

Heavy metals such as copper and zinc serve as essential trace elements for photosynthetic
organisms at appropriate concentrations. However, at elevated levels, these metals (along
with non-essential metals like chromium, lead, mercury, and cadmium) exert severe toxic
effects on aquatic life. Heavy metal toxicity primarily relates to oxidative damage in living
systems through a direct increase in reactive oxygen species (ROS) and reduction in cellular
antioxidant capacity. Previous research on algae of different types with different coverings
led us to complete the comparative framework. For this purpose and to assess biotechno-
logical potential, we investigated chromium effects on Euglena gracilis, which possesses a
unique pellicle covering, to determine whether it could serve as a chromium biosensor or
bioremediation agent. Using Raman spectroscopy and absorption microspectrophotometry
(MSP), we found that chromium concentrations of up to 500 pM had no effect on Euglena
chlorophyll or carotenoid profiles, consistent with the pellicle preventing chromium entry
and protecting the photosynthetic apparatus. However, concentrations > 10 uM severely
inhibited growth through extracellular interference with essential nutrient utilization (am-
monium phosphate and vitamin Byy). Growth inhibition was reversible upon transfer to
fresh medium, confirming that cellular machinery remained intact. These results suggest
that E. gracilis cannot serve as a chromium biosensor (photosynthetic apparatus unaffected)
or bioremediation agent (no chromium internalization), but its ability to maintain photo-
synthetic functionality in chromium-contaminated environments suggests the potential for
alternative applications in polluted water biomass production.

Keywords: heavy metal; chromium; photosynthesis; algal pigments; algae growth; Euglena
pellicle

1. Introduction

Heavy metals such as copper and zinc serve as essential trace elements for photosyn-
thetic organisms at appropriate concentrations. However, at elevated levels, these metals
(along with non-essential metals like chromium, lead, mercury, and cadmium) exert severe
toxic effects on aquatic life [1]. These contaminants originate from diverse anthropogenic
sources, such as industrial effluents and wastes, urban runoff, sewage treatment plants or
mining operations. The prevalence of these sources has led to progressive contamination
across increasingly diverse ecosystems [2,3].

Appl. Sci. 2026, 16, 6078

https:/ /doi.org/10.3390/app16126078


https://crossmark.crossref.org/dialog?doi=10.3390/app16126078&domain=pdf&date_stamp=2026-06-16
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0008-6275-0479
https://orcid.org/0000-0001-7203-948X
https://orcid.org/0000-0002-1871-0647
https://doi.org/10.3390/app16126078

Appl. Sci. 2026, 16, 6078

2 of 14

Heavy metal toxicity primarily relates to oxidative damage in living systems, which
occurs through two primary mechanisms: a direct increase in cellular concentrations of
reactive oxygen species (ROS) and reduction in cellular antioxidant capacity [4]. At high con-
centrations, ROS can be extremely harmful, oxidizing proteins, lipids, and nucleic acids, often
resulting in altered cell structure and mutagenesis. Chloroplasts are particularly vulnerable
due to their complex membrane systems that are rich in polyunsaturated fatty acids, which
are prime targets for peroxidation. Consequently, the modulation of chloroplast antioxidants
represents a crucial strategy allowing photosynthetic organisms (both plants and algae) to
acclimate to environmental stress [5]. Under acute exposure conditions, metal toxicity may
overwhelm antioxidant defenses, resulting in cell death or the complete shutdown of cellular
machinery. In algae, common symptoms include growth inhibition and chlorosis, but the
specific effects vary depending on the algal species, nature and concentration of the metal,
environmental conditions accompanying heavy metal stress and nutrient availability [6].

Algae can tolerate certain concentrations of heavy metals through two primary mecha-
nisms: adsorption, i.e., physical sequestration at the cell surface, or absorption, i.e., metabolic
uptake into the cell. While adsorption occurs directly onto the cell wall in some algae, the
presence of mucilage or extracellular polymeric substances in others plays a key role in metal-
binding. The cellular uptake of heavy metal ions via intracellular transport and chelation
may follow surface adsorption. Once inside the cell, heavy metals undergo detoxification
through several mechanisms, such as binding with metal-binding peptides and proteins,
binding and precipitation within the cytoplasm and/or vacuoles, or sequestration with
electron-dense polyphosphate granules [7-10].

Chromium (Cr) occurs naturally as chromite, a compound formed with oxygen, iron,
and magnesium [(Fe, Mg)Cr,O4]. Its concentrations in non-polluted waters range from
1 to 10 uM in fresh waters, and from 0.03 to 1 uM in oceanic waters [11,12]. However, these
concentrations may increase up to 1.5 mM and 48 mM in paper mill effluents and tanning
wastewaters, respectively [13,14].

Two stable oxidation states of chromium persist in natural environments: Cr>* and
Cr®*. These forms exhibit contrasting toxicity, mobility, and bioavailability. The EPA regu-
lates the total chromium discharge limit (including Cr**, Cr®*, and other forms) at 0.1 mg/L
(100 ppb), about 1.92 uM [15,16]. Trivalent Cr (Cr¥*)is relatively innocuous and immobile,
and sparingly soluble at neutral pH; it enters cells through simple diffusion after forming
appropriate lipophilic ligands, without using specific membrane carriers. For humans it is
an essential trace element that plays a role in glucose metabolism and insulin function, and
is generally considered safe at normal dietary levels [17]. Like in humans, Cr®* serves as a
micronutrient for many animals, particularly in carbohydrate and lipid metabolism, and it
is commonly added to animal feeds as a nutritional supplement [18]. In the case of plants,
Cr3* has relatively low toxicity and can sometimes be tolerated at moderate concentrations.
Some plants can even uptake and sequester Cr** without severe immediate effects [19].

Hexavalent chromium (Cr®*) is highly toxic and carcinogenic [17]. It forms stable an-
ions (Cr,O,2~, HCrO,~, CrO,42~, HCr,0; ") depending on concentration and pH; below
a pH of 6.2, HCrO,~ predominates, while above a pH of 7.8, CrO4>~ dominates. Its high
mobility due to water solubility allows it to easily cross cell membranes, making it a strong
oxidizing agent inside the cells that causes widespread cellular damage. Cr®" is also ex-
tremely toxic to animals, causing oxidative stress, DNA damage, reproductive issues, and
various organ dysfunctions. It bioaccumulates in tissues and can cause death at relatively
low concentrations. In the case of higher plants and algae, Cr®* is highly phytotoxic, inhibit-
ing photosynthesis, causing cell membrane damage, and enhancing antioxidant enzyme
activity. It also interferes with nutrient uptake, thus reducing growth rates significantly
and eventually leading to death [20]. Cr®" has been shown to generate hydroxyl radicals
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from hydrogen peroxide and replace magnesium ions at the active sites of many enzymes.
Moreover, it induces both a degradation and an increase in carotenoids (the latter potentially
serving as an antioxidant mechanism to scavenge ROS) [21].

Previous research analyzed the effects of Cr®* on three freshwater microalgae with
different cell coverings: naked-celled Chlamydomonas, mucilage-covered Eudorina, and
cell-walled Chlorella. These structural differences correspond to distinct tolerance capacities:
Chlamydomonas undergoes rapid and complete pheophytinization at >10 uM, Eudorina
shows gradual damage with complete pheophytinization only at >40 pM, while Chlorella’s
robust cell wall protects cells even at concentrations of up to 40 mM [22-27].

However, the response of algae possessing pellicles, such as euglenoids, remains
unexplored [28]. Understanding how this intermediate structural protection influences
chromium-—cell interactions has both fundamental significance for comparative cell biology
and direct implications for developing algae-based environmental technologies.

Raman spectroscopy is a molecular analysis technique that uses interactions with the
sample through a process of inelastic light scattering to obtain information about the struc-
ture or properties of a material. This technique provides information about the vibrations
of chemical bonds within molecules (intramolecular) and between different molecules (in-
termolecular) by studying the characteristic spectrum produced by these specific vibrations.
Each molecule produces a unique pattern of peaks in its Raman spectrum—Ilike a ‘molecular
fingerprint’—which allows researchers to identify unknown samples by comparing their
spectral patterns to known reference spectra. When joined to a confocal microscope, Raman
spectroscopy becomes well-suited for investigating the biochemical nature of pigmented
structures. Since Raman-active water modes are weak, matrix interference phenomena
are minimized. In this experiment, Raman spectroscopy proved particularly useful for
measuring growth medium molecules that did not absorb visible light [29].

As for MSP, it identifies chromophores present in pigmented structures, providing
information about possible energy transfer mechanisms. Using this technique preserves
the integrity of subcellular components, allowing examination of intact physiological
functions in uninjured cells [30]. Due to the fundamental connections between optical
parameters and molecular structure properties, MSP enables the assessment of molecular
state changes or the aggregation degree. In this experiment, MSP proved especially valuable
for measuring chlorophyll content, which is typically masked by intense carotenoid signals
in Raman spectroscopy.

2. Materials and Methods
2.1. Strains and Culture Conditions

Euglena gracilis (Sammlung von Algenkulturen accesion #1224-5/10, Gottingen, Ger-
many) was used for the experiments. Stock cultures of this strain were maintained as
pure axenic cultures on modified Cramer and Myers medium [31]. The pH of the Cramer
and Myers medium as prepared was 6.8 & 0.1; the addition of K,Cr,O; did not signifi-
cantly alter the pH (6.7 £ 0.1 at 500 uM Cr), placing chromium speciation predominantly
in the HCrO4~ /CrO,4%~ transition zone and consistent with the Raman assignment of
the 845 cm~! peak to chromate species [32-34]. All stock and experimental cultures were
grown at 24 °C under constant illumination (2 x 10?> pmol photon m~2 s~!). For Raman
analysis, cells were separated from the growth medium by gentle centrifugation and rinsed
twice with sterilized tap water to remove all the chemicals of the medium. About 10 pL
of cells were then pipetted on a quartz slide and allowed to air dry for the measurements.
Air-drying is a standard practice for Raman investigation of microalgae [35-38]: measuring
cells in aqueous suspension introduces intense OH stretching/bending bands that can
mask biological signals and creates sample instability. The hydrophobic membrane-bound
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carotenoid and chlorophyll molecules targeted in this study are spectrally robust to dehy-
dration. Rinsing was necessary to remove Raman-active medium components (chromate,
phosphate, acetate) that would otherwise contaminate the cell spectra; the pellicle provides
mechanical stability to Euglena cells during the brief washing steps.

Chromium was added to the basal medium as K,Cr,O7 to the required final Cr concen-
tration, i.e., 10, 100, 250, 500 uM. The initial cell concentration was about 6.5 x 10* cell/mL.
Cellular density was determined once a day for the 7 days of the experiment with a
Neubauer chamber [39]. The final cell concentration is the average of 10 counts per day for
each different chromium concentration. Paramylon production was assessed according to
the method of Barsanti et al. 2001 [40].

2.2. Microscopy and Photography

Cells harvested by low-speed centrifugation (1000x g, 5 min) were examined with a
Zeiss Axioplan microscope (Zeiss, Jena, Germany) equipped with a 100x (N.A. 1.3) plan
apochromatic objective, and a 100 W mercury lamp. Photographs were recorded with an
Olympus Camedia C-30303 digital camera (Olympus, Hachioji, Japan) mounted on the
Zeiss Axioplan microscope (Zeiss, Jena, Germany).

2.3. Absorption Microspectrophotometry (MSP)

Visible-range absorption spectra were recorded from living chloroplasts and eyespots
within Euglena cells. Multiple configurations are available for absorption MSP, with com-
prehensive descriptions of these experimental setups provided in reviews by Gualtieri [41].
The MSP system employed in the experimental work presented here featured a high-quality
inspection probe containing a bundle of 20 light-guides positioned within the back focal
plane of a microscope’s binocular tube port. Each light-guide collected the transmitted light
from specific regions within the sample. This inspection probe was vertically positioned at
the exit pupil level and directed light onto a flat field imaging concave grating polychro-
mator, which functioned as a diffraction element to separate the incoming light into its
constituent wavelengths. The resulting dispersed probe image was subsequently focused
and projected onto a digital slow-scan cooled CCD camera target that provided high signal-
to-noise performance. During measurements, the inspection probe was positioned over
the target region so that one or two light-guides captured light from an unoccupied area,
while the remaining guides were aligned with the light-absorbing structure. Light-guides
over the absorbing compartment measured transmitted light intensity, whereas those over
empty regions measured incident light intensity. This configuration enabled absorbance
measurements in the visible spectrum for compartments as small as 0.5 pm in diameter [41].

2.4. Raman Spectroscopy

Raman spectra were recorded on both the growth medium separated from the cells, and
inside the cells, by means of a Renishaw confocal micro-Raman in Via system, coupled with
an optical Leica DLML microscope, equipped with an NPLAN objective 50 x with a numeri-
cal aperture of 0.75. The laser source used was an Nd:YAG laser at 532 nm with an average
spot of 5 um on the plane of the sample. These parameters turned out the best compromise
between the sample stability (no contamination by photoproducts) and the signal/noise
ratio. The spectrometer consisted of a single grating monochromator (1800 lines mm™1)
coupled with a CCD detector, a RenCam 578 x 400 pixels (22 ym x 22 um) cooled by a
Peltier element. All the air-dried samples were irradiated by the 532 nm laser source with
a laser power of about 30 mW on the sample. Spectral resolution of the spectrometer was
0.5 cm 1. Spectral calibration of the instrument was performed on the 520.0 cm ! band of a
pure silicon crystal [42]. Spectra were recorded on growth medium and ten different Euglena
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cells for each chromium concentration. Within a single exposure of 10 s, 100 acquisitions
were made and averaged to improve the signal-to-noise ratio.

2.5. Statistical Analysis

For each sampling time, triplicate samples were collected from the control setup and the
four chromium concentration setups. Data were analyzed using Origin Version 2025 (USA).
All parameters in both the cell-containing and cell-free setups satisfied the Shapiro-Wilk
normality test. Data presented in Figure 1b,c represent the mean values £ SD (standard
deviation). Inter-group differences were examined using one-way ANOVA followed by
post hoc Bonferroni testing.

All Raman spectra underwent systematic preprocessing prior to statistical analysis.
Baseline correction was performed using the asymmetric least squares (ALS) algorithm
with the smoothness parameter A = 1 x 10° and asymmetry parameter p = 0.01 to remove
fluorescence backgrounds. Spectra were smoothed using a Savitzky-Golay filter (window
length: 7 points; polynomial order: 3) to reduce noise while preserving spectral features.
The Raman spectra of cells were normalized to 1 (maximum intensity = 1), which was a
standard prectice in comparative Raman spectroscopy to remove instrument and sample
intensity variations and allow comparison of spectral shapes and peak positions across
conditions. For the medium spectra, all spectra were normalized to 1 except the control
medium spectrum at the end of the experiment, which was normalized to 0.8: this graphical
choice was made solely for visual clarity, as normalizing this spectrum to 1 would have com-
pressed the other three medium spectra and obscured the comparison; all spectral features
and peak positions are fully preserved. MSP absorption spectra were baseline-corrected us-
ing third-degree polynomial fitting to remove residual optical artifacts. Absorption spectra
represent actual absorption values.

Spectral similarity was quantified using the Pearson correlation coefficient (r). Within-
group variability (biological replicates) was compared to between-group variability (differ-
ent treatments) to assess whether chromium effects exceeded natural variation. Variations
within individual setups were assessed using Student’s ¢-test. Data were considered statis-
tically significant at p < 0.001.

3. Results and Discussion

Figure 1 illustrates the effects of Cr exposure on Euglena gracilis appearance (Figure 1a),
the growth pattern (Figure 1b), and paramylon production (Figure 1c) over the 7-day ex-
perimental period. Microphotographs of the cells provided immediate and clear evidence
of chromium’s overall effects: no detectable color differences were observed between
untreated and treated cells, with all cells displaying the characteristic green color of chloro-
phyll, suggesting no damage to these pigment molecules. Furthermore, both untreated
and treated cells retained their eyespots (see below for quantitative assessment). Since the
appearance of cells treated with 100, 250, and 500 uM Cr showed minimal differences, the
250 uM concentration was selected as the representative of chromium effects in this and
subsequent figures.

In Figure 1a, the untreated cells (0 M Cr®*) exhibited peak production of the reserve
carbohydrate paramylon within 24 h of inoculation, readily visible as whitish granules that
filled and enlarged the cell body. This reserve was then progressively utilized for protein
synthesis necessary for cell division and growth; consequently, the granules gradually disap-
peared and the cells resumed their elongated shape [43,44]. The treated cells (250 uM Crt")
maintained the same green coloration and orange eyespot as the control cells throughout
the 7-day experiment. They also accumulated high levels of paramylon granules after 24 h;
however, unlike the controls, this reserve was not consumed, and the granules persisted un-
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til the experiment’s conclusion. Additionally, after only two days, cells developed brownish
intracellular inclusions. These inclusions typically increase in number and size as Euglena
cells age and are particularly prominent in cultures maintained for extended periods or
under suboptimal conditions. They are likely homologous to lipofuscin bodies commonly
found in aging cultures of many organisms and have been proposed as universal markers
of senescence and oxidative stress [45,46].
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Figure 1. The effects of Cr®* exposure on Euglena gracilis cells: appearance (a); growth pattern (b)
and paramylon production (c¢) during the 7 days of the experiment. Refer to text for acquisition
parameters and sample sizes. Scale bars = 10 pum.

The kinetics of intracellular paramylon content (Figure 1c) were consistent with mi-
croscopic observations (Figure 1a). Control cells and 10 uM treated cells exhibited normal
metabolism with paramylon utilization for growth. These curves showed no significant
differences among themselves (Bonferroni post hoc, p < 0.05), both exhibiting a peak at
24 h, followed by a sharp decrease as reserves were utilized for growth. Similarly, the
curves for 100, 250, and 500 uM treated cells showed no significant differences among
themselves (Bonferroni post hoc, p < 0.05), with comparable peaks occurring after 24 h.
However, in the higher concentration treatments, the initial rise (days 1-4) was followed by
maintenance at elevated levels, suggesting that these cells were actively synthesizing and
retaining paramylon reserves rather than mobilizing them. This indicates a metabolic shift
toward energy storage rather than growth [43,44]. Moreover, impaired growth coupled
with functional chloroplasts suggests that chromium interferes with cell division through
extracellular mechanisms rather than direct intracellular toxicity.

https:/ /doi.org/10.3390/app16126078


https://doi.org/10.3390/app16126078

Appl. Sci. 2026, 16, 6078

7 of 14

This pattern contrasted with normal growth conditions where paramylon would typi-
cally be utilized during active cell division. Impaired growth coupled with increased energy
storage is characteristic of cells experiencing chronic but sub-lethal stress. The cells are essen-
tially “hunkering down” metabolically, building reserves while growth remains suppressed.
This strategy would allow survival during the stress period with potential for recovery when
conditions improve [43,44]. ANOVA analysis confirmed a significant difference between
the two groups of curves: control/10 pM treated cells versus 100/250/500 uM treated cells
(p < 0.001).

Control cells and 10 uM treated cells had statistically superimposable growth curves
(Figure 1b) (Bonferroni post hoc, p < 0.05), indicating that this low Cr®" concentration (too
low to be detected by Raman spectroscopy) did not impair cell metabolism. For 100, 250,
and 500 uM treated cells, the curves showed no significant differences from each other
(Bonferroni post hoc, p < 0.05), with growth inhibition immediate and sustained until the
experiment’s conclusion.

The one-way ANOVA essentially identified a threshold effect: chromium toxicity
appeared at concentrations >10 uM, but increasing concentration beyond 100 pM did
not produce proportionally greater effects. This suggests that the mechanism of toxicity
(interference with nutrient utilization in the medium) saturates at lower concentrations.

Figure 2 presents the Raman spectra recorded from untreated (blue line) and 250 uM-
treated cells (magenta line) at the beginning (solid line) and end (dotted line) of the experi-
ment. Both cell groups exhibited the same prominent peaks around 1152 and 1520 cm ™!,
characteristic of (3-carotene and other carotenoids present in Euglena cells [35,36]. Due
to resonance enhancement from the excitation laser source (A = 532 nm), the carotenoid
signal dominated, rendering chlorophyll signals (1046, 1142, 1328, 1535 cm ™~ !) barely dis-
tinguishable [37,38]. The Raman spectra showed matching of all the peaks indicating that
carotenoid synthesis was not overtly affected by chromium presence. All the Pearson’s
coefficients r of the different experimental conditions are higher than 0.977.

1.4 9 non-treated cells at the beginning the experiment
—— 250 uM treated cells at the beginning of the experiment
- - - - non-treated cells at the end of the experiment
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Figure 2. Raman spectra recorded inside untreated (blue line) and 250 uM treated cells (magenta
line) at the beginning (solid line) and end of the experiment (dotted line). Refer to text for acquisition
parameters and sample sizes.
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The assignments at 1152 and 1520 cm ™! are consistent with the published reference
Raman spectra of 3-carotene and chlorophyll reported in the literature for microalgae and
isolated pigments under comparable excitation conditions [35-38].

However, this lack of detectable effect could also reflect the limited sensitivity of
Raman spectroscopy to capture subtle shifts in carotenoid composition ([3-carotene versus
other carotenoids) that might indicate stress responses. The cells may have maintained
total carotenoid content, which Raman spectroscopy detected, while altering their specific
carotenoid profiles.

The qualitative observation of chloroplast color retention in treated cells was quanti-
tatively confirmed by in vivo absorption microspectrophotometry (MSP). This technique
can monitor chlorophyll degradation and the consequent formation of pheophytins—the
magnesium-free derivatives of chlorophyll—within single cells (demetallation). Pheo-
phytins are characterized by absorption spectra that are entirely different from those of
chlorophyll [39] and possess a grayish color.

Figure 3 presents the absorption spectra of a chloroplast (solid blue line) and eyespot
(solid magenta line) from a 250 uM Cr®*-treated Euglena cell at the experiment’s conclusion,
compared with spectra recorded from a chloroplast (dotted blue line) and eyespot (dotted
magenta line) of untreated cells. For these subcellular organelles, microspectrophotometry
is the optimal choice, as Raman spectroscopy is inadequate for characterizing chlorophyll
due to its weak signal being completely obscured by the dominant carotenoid signal (see
above). MSP, conversely, provides high spatial resolution, typically in the micrometer
range, enabling precise targeting of specific cellular structures. This precision is essential
for isolating the spectral contributions of chloroplast-associated chlorophyll or the eyespot
without interference from surrounding cellular components. Moreover, due to its high
signal-to-noise ratio, microspectrophotometry can detect weak absorption signals from
small cellular structures, compensating for the limited sample material [41].

1.0

chloroplast of a 250 uM treated cell at the end of the experiment
eyespot of a 250 pM treated cell at the end of the experiment
094 ----- chloroplast of an untreated cell

4 ----- eyespot of an untreated cell

0.8 +

0.7
0.6
0.5 +

0.4

Absorbance (a.u.)

0.3
0.2

0.1

00 I 4 I i I ! I ! I ' 1 ' I
400 450 500 550 600 650 700
Wavelength (nm)

Figure 3. The microspectroscopic spectra of a chloroplast (solid blue line) and the eyespot (solid
magenta line) of a 250 uM Cr®* treated Euglena at the end of experiment compared with spectra
recorded on a chloroplast (dotted blue line) and the eyespot (dotted magenta line) of untreated cells.
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Both chloroplast and eyespot spectra were nearly identical across all chromium concen-
trations and matched those of cells under physiological conditions. The two chloroplast spec-
tra had a Pearson’s coefficients r equal to 0.978, and showed matching of all the peaks. The
two eyespot spectra also had a Pearson’s coefficient  equal to 0.993. Thus, the chloroplasts
were unaffected by chromium, as chlorophyll was not transformed into pheophytin—a con-
version that occurs within two hours in Chlamydomonas and Eudorina similarly treated with
hexavalent chromium [22,23,39]. Likewise, the eyespot absorption spectrum showed no indi-
cation of a chromium-induced disturbance. These data strongly suggest that chromium did
not enter the cells in biologically significant quantities: even trace intracellular Cr®* would
produce detectable pheophynization within hours, as demonstrated in the comparative
species cited above.

Figure 4 presents the Raman spectra of growth medium from untreated and 250 pM
Cr*-treated cells at the first and last days of the experiment. The spectrum of the control
medium (solid blue line) at the experiment’s beginning showed a broad peak at 780 cm !,
along with peaks corresponding to dihydrogen phosphate (875 cm ') and sodium acetate
(925 cm 1) [47,48]. At the experiment’s conclusion, the Raman spectrum (dotted blue line)
exhibited the disappearance of the peaks of the two nutrients depleted by cell growth. In
contrast, the spectra recorded from the 250 uM chromium medium (solid magenta line) at
the beginning and end of the experiment (dotted magenta line) were characterized by the
clearly detectable peak of chromium at 845 cm~! in addition to the nutrient peaks [32-34].
The two spectra were nearly superimposable (Pearson’s coefficient r = 0.967), with the
Raman bands associated with nutrients still present, indicating that nutrients were not
utilized, and chromium remained in the medium, exerting its toxic effect from outside
the cells. No peaks from vitamin By, could be identified because its concentration in the
culture medium was too low (0.5 ug/L) to produce a detectable Raman signal [49]. The
band assignments at 875, 925, and 845 cm ! are consistent with the published Raman
reference spectra of dihydrogen phosphate, sodium acetate, and chromate species reported
in the literature [32-34,47 48].

1.4
growth medium of non-treated cells at the beginning of the experiment
growth medium of 250 uM treated cells at the beginning of the experiment

- - - - growth medium of non-treated cells at the end of the experiment

124 ... growth medium of 250 uM treated cells at the end of the experiment

104 780 845

0.8

0.6

Relative Intensity (a.u.)

04

0.2

0.0

* ' I ' I ! I ! I ! I
700 750 800 850 900 950
Wavenumber (cm™)
Figure 4. Raman spectra of the growth medium of untreated (blue line) and 250 uM treated cells

(magenta line) at the beginning (solid line) and end of the experiment (dotted line). Refer to text for

acquisition parameters and sample sizes.
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These data strongly support the evidence that chromium does not fully enter the cells
but likely interferes with their metabolism through several external or surface-mediated
mechanisms. Several converging observations support this interpretation: intact chloro-
phyll (no pheophytinization detectable by MSP after 7 days at 250-500 uM), unchanged
carotenoid profiles (Raman), chromium remaining in the medium (Raman of medium,
r = 0.967), and full reversibility of growth inhibition upon transfer to fresh medium. While
direct quantification of intracellular chromium (e.g., by ICP-MS) was not performed in this
study, the convergence of these independent lines of evidence made intracellular accumu-
lation of biologically significant chromium quantities highly unlikely. Euglena possesses a
unique cell covering called the pellicle [28]. Several plausible mechanisms may account
for its barrier function against chromium, though these remain hypotheses consistent with
the data rather than directly demonstrated facts. Its physical barrier properties arise from
the distinctive structure of proteinaceous strips arranged in a helical pattern beneath the
plasma membrane, creating a semi-rigid external layer that may act as a size-selective bar-
rier capable of restricting passage of larger chromium-containing complexes or aggregates.
Moreover, at the pH of the growth medium (6.8 % 0.1), the pellicle surface carries nega-
tive charges [50]. Since hexavalent chromium (VI) typically exists as negatively charged
oxyanions (chromate CrO,%~ and dichromate Cr,0727) in aqueous solutions, electrostatic
repulsion between the negatively charged pellicle and chromium species could reduce cellu-
lar uptake. Additionally, pellicle proteins contain functional groups (particularly sulthydryl
groups in cysteine residues) that may bind to chromium species, potentially sequestering
them at the cell surface rather than allowing free passage into the cytoplasm. Furthermore,
hexavalent chromium can be reduced to chromium (III) at the cell surface, which may
exhibit different uptake characteristics. The pellicle may thus serve as the first line of de-
fense against chromium toxicity in Euglena, though it provides partial rather than complete
protection [51,52].

Ammonium phosphate serves as the source of both phosphorus and nitrogen; phos-
phorus is absolutely essential and must be provided externally since the cell cannot syn-
thesize phosphorus-containing compounds without an exogenous phosphorus source [53].
The phosphorus requirement becomes particularly critical during active growth phases
when the organism needs to synthesize new cellular components for division [53]. Without
adequate exogenous phosphorus, growth eventually ceases and the culture declines [54].
Regarding nitrogen, since Euglena lacks nitrate reductase (and thus cannot reduce nitrates
(NO3™) to ammonia), it requires reduced nitrogen sources such as ammonium (NH4),
amino acids, or other organic nitrogen compounds that the cell can directly utilize [54]. In
this growth medium, ammonium phosphate also serves as the sole nitrogen source for the
cells. Cr(VI) is known to compete with phosphate uptake mechanisms; this competition
occurs because chromate (CrO4%~) is structurally similar to phosphate (PO43~), potentially
reducing ammonium phosphate utilization by Euglena cells.

Vitamin By is also truly essential for Euglena: unlike many other vitamins, the cell
cannot synthesize this vitamin de novo and it must be provided externally in the growth
medium. By, serves as a cofactor for essential enzymes, particularly those involved in
methylation; it is required for proper DNA replication and repair through its role in folate
metabolism, and its deficiency eventually leads to impaired cell division, abnormal cell
morphology, and reduced motility. Cr(VI) interaction with the vitamin cannot occur through
direct metal substitution of the cobalt ion in the By, structure, mainly because of its much
higher oxidation state, which would create severe electronic and geometric mismatches
within the corrin macrocycle, as well as differing coordination geometry. Cr(VI) typically
prefers tetrahedral coordination (as in chromate, CrO42~) and would not satisfy the octahe-
dral coordination geometry required by the corrin binding site. Nevertheless, Cr(VI) could
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oxidize the corrin ring of the vitamin or its peripheral functional groups and interfere with
By, transport proteins that recognize the specific cobalt—corrin structure, eventually leading
to its complete unavailability [55,56].

Sodium acetate is an excellent carbon source for Euglena, easily incorporated into
central metabolism, but it is merely one of many possible carbon sources, since the alga
can grow without acetate if other carbon sources are available or under photosynthetic
conditions [57]. Cr(VI) can oxidize organic compounds like acetate and interfere with
cellular respiration pathways that utilize acetate. This oxidative stress could reduce the
efficiency of acetate utilization.

To verify the hypothesis that chromium present in the growth medium interferes
with essential nutrient metabolism, thereby inhibiting Euglena growth, at the experiment’s
conclusion we separated the 100, 250, and 500 uM treated cells from their medium and
resuspended them in fresh medium without chromium. After a brief latency period, the
cells regained their physiological division and growth capacity.

4. Conclusions

Previous research on algae with different types of cell covering led us to complete
the comparative framework by investigating Euglena gracilis, whose pellicle represents an
intermediate protective structure. This investigation demonstrates that E. gracilis exhibits
strong tolerance to hexavalent chromium, with the pellicle likely serving as an effective
barrier that prevents or strongly limits metal penetration even at concentrations up to
500 uM. Although the photosynthetic apparatus remained unaffected—with no chloroplast
damage, pigment degradation, or pheophytinization—cell growth was severely inhibited
above 10 uM through extracellular interference with nutrient uptake, particularly ammo-
nium phosphate and vitamin By,. This inhibition was completely reversible upon transfer
to fresh medium, confirming intact cellular machinery and distinguishing Euglena from
naked-celled or mucilage-covered algae that experienced direct intracellular toxicity. These
results establish a structural hierarchy of chromium tolerance: naked cells < mucilage <
pellicle < cell wall. Finally, because the photosynthetic apparatus provides no measurable
response to chromium, E. gracilis cannot serve as a biosensor for this heavy metal.
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